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Zusammenfassung

Die Entwicklung neuartiger Geréte zusammen mit dem technologischen Fortschritt unserer Zeit
verlangt Miniaturisierung und Kompartmentbildung, und damit Nanotechnologie. So werden
beispielsweise dringend innovative Losungen fiir ein vom Leben inspiriertes nachhaltiges
Wasser- und Energiemanagement angestrebt. Nanoskalige Poren und Kanéle, als ein Bereich
innerhalb der Nanotechnologie, bergen ein groles Potential, die herausragende
Transportphdnomene ihrer biologischen Vorbilder zu imitieren. Solche Transporteigenschaften,
wie sie in biologischen Poren und Kanélen zu beobachten sind, beruhen auf einer komplexen
Architektur und werden von der Porengeometrie, der Oberflachenladungsverteilung, der
chemischen Zusammensetzung und der Benetzbarkeit beeinflusst. Die gewiinschten
Transporteigenschaften in fortschrittlichen Anwendungen erfordern jedoch eine verbesserte
Kontrolle der Oberflachenfunktionalisierung in nanoskaligen Poren und Kanélen zusammen mit
dem Design nanoporoser Materialarchitektur.

In dieser Hinsicht stellen mesoporose Silicadiinnfilme geeignete Modellmaterialien fiir die
Entwicklung nanopordser Materialarchitekturen dar, die geordnete nanoskalige Poren und
nanoskalige Filmdicken bieten. In dieser Arbeit wurden mesoporose Silicadiinnfilme
untersucht, um mesopordse Stufengradientenarchitekturen in Bezug auf Porengrole,
Oberfldchenbenetzbarkeit und Oberfldchenladung zu erzeugen. Diese Arbeit gliederte sich in
drei Hauptabschnitte: i) Erstellung einer Materialbibliothek, die das Design von
Stufengradienten ermoglicht, ii) Herstellung mesoporoser Architekturen und iii) (nano)lokale
Platzierung von Polymeren in solchen Mehrschichtarchitekturen.

Um mesoporose Architekturen zu erzeugen, wurde zunichst eine Materialbibliothek erstellt.
Dabei wurde die ionische Porenzugénglichkeit hydrophiler mesopordser Silicadiinnfilme in
Abhéngigkeit von Préaparationsparameter, genauer der Templatentfernung, untersucht.
Hydrophobe mesoporose Silicadiinnfilme mit einstellbarer Oberflichenbenetzbarkeit wurden
durch Co-Kondensation von Tetraethylorthosilicat und methylierten Silicaprakursoren
entwickelt, was zu mesoporosen (Organo)Silicadiinnfilmen fiihrte. Dabei wurde bei den
hydrophoben Diinnfilmen eine erh6éhte chemische Stabilitét in basischer Umgebung festgestellt.
Um Erdol-basierte Templatmakromolekiile zu ersetzen, wurde Hydroxypropylcellulose
erfolgreich als biobasiertes strukturgebendes Templat fiir die Herstellung mesoporoser
Silicadiinnfilme mit permselektiver ionischer Porenzuginglichkeit eingesetzt.

Mesoporose Stufengradientenarchitekturen wurden durch Verwendung der entwickelten
Materialbibliothek und durch Kombination mesopordser Schichten mit orthogonalen
Eigenschaften hergestellt. Beispiele hierfiir sind: die Herstellung hydrophiler

Porengroflenstufengradienten, und die Kombination von Schichten mit unterschiedlicher




Benetzbarkeit. Interessanterweise zeigte die Untersuchung mesoporoser
Benetzbarkeitsstufengradientenfilme in Bezug auf die ionische Porenzuginglichkeit in
Abhingigkeit von der Dicke der oberen hydrophoben Schicht eine Uberwindung der
hydrophoben Schicht durch elektrostatische Anziehung der hydrophilen unteren Schicht im
Falle der diinnsten oberen hydrophoben Schicht.

Hinsichtlich der lokalen Polymerplatzierung erwies sich die mehrschichtige
Stufengradientenbildung mesoporoser Diinnfilme ebenfalls als vorteilhaft. So wurde
beispielsweise die schichtselektive Polymerfunktionalisierung hydrophiler zweischichtiger
Silicadiinnfilme durch Vorprdgung einer einzelnen Schicht und anschliefender selektiver
Iniferteranbindung erreicht. Die schichtselektive Polymerpfropfung fiihrte zu Stufengradienten
mit Ladungsdichtekontrolle. Um die Grenzen der Polymerplatzierung in mesoporosen
Filmarchitekturen weiter zu untersuchen, wurden plasmonische Metallnanopartikel in
mesoporose Silicadiinnfilme eingebaut. Diese Partikel dienten als nanoskopische plasmonische
Lichtquelle und wurden mit Photopolymerisationen kombiniert. Die Untersuchung der
hergestellten mesoporésen Kompositmaterialien ermoglichte eine prazise Platzierung der
Nanopartikel in mesoporosen Silicadiinnfilmen mit einstellbarer Dichte. Das Konzept der
nanolokalen Polymerplatzierung unter Verwendung von plasmonischen Metallnanopartikeln in
Kombination mit Photopolymerisation wurde fiir zwei verschiedene Polymerisationsansétze
demonstriert. Aufgrund der Sensitivitdat der Oberflichenplasmonen der Nanopartikel auf den
umgebenden Brechungsindex, haben sich solche mesoporésen Kompositmaterialien auch als
Sensoreinheit bewahrt, die es ermdglichen, lokale Brechungsindexdnderungen, z. B. in Folge

der nanolokalen Polymerplatzierung, zu detektieren.
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Abstract

The development of novel devices along with technological progress of our time requires
miniaturization and compartmentalization, and with this nanotechnology. For example, future
innovative solutions are urgently pursued for life-inspired sustainable water and energy
management. Nanoscale pores and channels, as one field within nanotechnology, hold great
potential in mimicking the outstanding transport phenomena of their biological paragons. Such
transport properties, as observed in biological pores and channels, originate from complex
architectures and are influenced by pore geometry, surface charge distribution, chemical
composition, and wettability. However, desired transport properties in advanced applications
require enhanced control of surface functionalization in nanoscale pores and channels along
with nanoporous material architecture design.

In this regard, mesoporous silica thin films represent suitable model materials for nanoporous
material architecture design providing ordered nanoscale pores and nanoscale film thicknesses.
In this work, mesoporous silica thin films were investigated to create mesoporous step gradient
architectures with respect to pore size, surface wettability, and surface charge. This work was
divided into three main sections: i) generating a material library allowing step gradient design,
ii) the fabrication of mesoporous architectures, and iii) (nano)local polymer placement into
such multilayer architectures.

To create mesoporous architectures, a material library was built in the first place. Thereby, the
ionic pore accessibility of hydrophilic mesoporous silica thin films was investigated in
dependence of preparation parameters, i.e. the template removal. Hydrophobic mesoporous
silica thin films with tunable surface wettability were developed using co-condensation of
tetraethylorthosilicate and methylated silica precursors resulting in mesoporous (organo)silica
thin films. As a side note, an enhanced chemical stability in basic environment was observed
for hydrophobic thin films. To replace petro-based templating macromolecules, hydroxypropyl
cellulose was successfully applied as bio-based structure directing template for the generation
of mesoporous silica thin films with permselective ionic pore accessibility.

Mesoporous step gradient architectures were prepared by applying the developed material
library combining mesoporous layers with orthogonal properties. Examples are: the fabrication
of hydrophilic pore size step gradients, and the combination of layers with different wettability.
Interestingly, investigation of mesoporous wettability step gradient films with respect to the
ionic pore accessibility in dependence of the hydrophobic top layer’s thickness showed an
overcoming of the hydrophobic layer through electrostatic attraction of the hydrophilic bottom

layer in case of the thinnest hydrophobic top layer.




Regarding local polymer placement, multilayer step gradient mesoporous film formation turned
out to be advantageous, too. For example, the layer-selective polymer functionalization of
hydrophilic double layered mesoporous silica thin films was achieved by predisposition of a
single layer, followed by selective iniferter binding. Layer-selective polymer grafting was
achieved resulting in step gradients with charge density control. To further investigate the limits
of polymer placement in mesoporous film architectures, plasmonic metal nanoparticles were
incorporated into mesoporous silica thin films. These particles served as nanoscopic plasmonic
light source and were combined with photopolymerizations. Investigation of the prepared
mesoporous composite materials allowed precise placement of the nanoparticles in mesoporous
silica thin films with tunable density. The concept of nanolocal polymer placement using
plasmonic metal nanoparticles in combination with photopolymerization was demonstrated for
two distinct polymerization approaches. Due to the sensitivity of the nanoparticle’s surface
plasmons on the surrounding refractive index, such mesoporous composite materials further
demonstrated application as sensing unit allowing to detect local refractive index changes, e.g.

in consequence of nanolocal polymer placement.




1. Introduction

The unfailing thirst for knowledge of human kind has led to numerous breakthroughs that
emerged in today’s technological advancement of our present age. In that way, scientists and
engineers have ever been inspired by nature and living organisms. For example, water-repellent
and self-cleaning surfaces have been inspired by the superhydrophobic properties of the lotus
leave which originates from their specific micro- and nanostructured surface,! or self-cooling
buildings encouraged by the architectural design of termite nests.? Miniaturization and
compartmentalization are ongoing challenges to meet the ever-growing requirements of novel
devices along with the technological progress of our time.? Future innovative solutions for life-
inspired sustainable water and energy management are urgently pursued.* In this context,
nanoscience and nanotechnology bear great potential. Interestingly, scientific efforts in the
fields of chemistry, physics, and biology have explored quite different material behavior when
it comes down to the nanometer scale compared to micrometer and bulk dimensions, as well
known as the confinement effect. For example, reaction rates are significantly increased in the
nanoconfinement of ~2.3 nm mesopores.” Furthermore, simulations and experimental data
showed that water is freezing above 100 °C in the confined space close to 1 nm in carbon
nanotubes.®® Another example is differences in apparent pH value inside nanopores compared
to the pH in the bulk solution determined by experiment and simulations,? or local pKa shifts of
polyelectrolytes in the confinement of mesopores demonstrated via an electrochemical study.!°
These endeavors will not only advance the possibility of constructing materials at the nanometer
scale, but also provide insights into natural processes to learn from. For example, understanding
and mimicking the outstanding performance of biological ion channels, truly natural
nanomachines that show adaptive, self-regulated, highly selective, directed and gated transport,
which originates from a complex arrangement and interplay of several different areas at
nanoscale and lower dimension.'!'®* These areas are either neutral, positively or negatively
charged, hydrophilic or hydrophobic. Interestingly, active sites of biological ion channels are
often concentrated to a few angstroms indicating the relevance of engineering on the nanometer
scale and beyond. The underlying understanding of these complex architectures and resulting
transport properties of biological ion channels becomes increasingly important for transport
modulation of nanoporous materials which would enable life-inspired sustainable future water,
energy and sensing concepts.'* With this background, synthetic nanopores and channels have
been intensively studied with respect to modulation and regulation transport properties in the
last decades.'>1® As a result, for instance, it has been demonstrated that a break in symmetry of
nanoscale pores and channels can lead to a preferential transport direction of mass and charge

similar to the outstanding performance of biological pores and channels.'”'® Side-selective




transport or oil-water separation, for example, is obtained by an asymmetric wettability design
of porous materials and membranes.?®2® Furthermore, a preferential transport direction is
observed for nanoporous channels with asymmetric pore geometry, which is known as diode-
like ionic current rectification (ICR).2*2* For instance, conical pores show enhanced ICR ratios
as compared to cylindrical pores as demonstrated by Siwy and co-workers.2® Regardless of the
pore geometry, an asymmetric charge pattern of nanopore surfaces also results in enhanced ICR
ratios, which has been demonstrated in comprehensive studies in experiment along with
simulations.?”** Based on this asymmetric design, bio-inspired artificial ion pumps have been
realized by Jiang and co-workers by selectively functionalizing the tip ends of an hour-shaped
nanochannels with cooperative pH-responsive polyelectrolytes.>*3” Furthermore, transient
capping of the nanopore entrance allows controlled release of guest molecules trapped inside
the pores, or gating/switching of ionic transport can be realized by selective functionalization
of the outer surface of nanoporous materials.?®*° Thus, transport properties of nanoporous
materials are influenced by pore geometry, surface charge distribution, chemical composition,
and wettability, as Guo et al. summarized.*! However, directed transport of mass and charge in
advanced applications requires enhanced control of surface functionalization in nanoscale pores
and channels along with a detailed understanding of ion transport phenomena in nanoscale
confinement.

One prominent class of such nanoporous materials is represented by mesoporous silica thin
films (MSTFs), which have been utilized as model materials to manipulate and understand the
transport of mass and charge for the last three decades.***® Particularly, the functionalization
of such materials by organic matter has led to a variety of hybrid materials allowing to modulate
ionic transport providing fundamental insights into the transport properties in nanoscale
confinement.*** In general, hybrid MSTFs are prepared either by the manufacturing process
through the combination of inorganic precursors together with precursors containing organic
functional groups, or by post-modification of the silica surface.** % The latter is rather versatile
and accomplished by physical as well as chemical adsorption. Besides the molecular attachment
of functional groups the silica surfaces, various polymerization techniques have been applied
for the generation of hybrid MSTFs, i.e. atom transfer radical polymerization (ATRP)?,
reversible addition-fragmentation chain-transfer polymerization (RAFT) along with iniferter
initiated polymerizations*®, dye-sensitized polymerization*’, and ring-opening metathesis
polymerization (ROMP)>°. Thereby, modulation of transport of hybrid MSTFs was
demonstrated mainly by utilizing polymers with responsiveness to pH, temperature, oxidation
or light.*+*>>1 Above all, tunable functional densities and, thus, tailored transport properties as

a consequence of the functionalization of MSTFs have mainly been reported for free radical and




controlled radical polymerization methods such as ATRP and iniferter initiated
polymerizations.*’*® 5256 [n addition, the research group of Annette Andrieu-Brunsen recently
demonstrated that not only the amount of polymer, thus the functional density is controllable
by iniferter initiated polymerization, but further allows the generation of block-co-oligomers,
hence control of the polymer chain architecture.>® In addition, several approaches have been
reported for the selective post modification of the inner or outer surface of mesoporous
materials, for example by soft template, kinetic or size protection.>’

Although many different techniques are available for the functionalization of MSTFs, these
approaches have only been demonstrated for single layers of mesoporous silica films. However,
mesoporous multilayers are well established in the scientific community. Although their
preparation mainly focused on optical properties, promising applications in photonics, sensing,
and photocatalytic processes have been demonstrated.>®%° By that, in mesoporous multilayer,
mesoporous silica and mesoporous titania are often combined resulting in photonic crystals due
to the high difference in optical properties of the individual layers.®°2 Combining mesoporous
films with distinct properties, e.g. surface functionalities, wettability, or pore size, into
multilayer would allow the generation of complex mesoporous architectures via sequential
deposition. Nonetheless, only a few publications investigating the fabrication and resulting
transport properties of mesoporous double layer can be found in literature, and selective post-
modification of a single layer had not been demonstrated at the beginning of this work. The
latter was expected to allow implementation of functionalities with nanoscale precision in
mesoporous multilayer, since the film thickness of mesoporous silica can be tuned from a few
tens up to several hundred nanometers by adjusting the deposition parameters.®

Further pushing the limit of function placement with nanoscale precision in mesoporous
multilayer, would require focusing of light at the nanoscale in combination with photo-sensitive
reactions, such as photopolymerization, for example. In the recent past, a new research field
evolved investigating the induction of photo-sensitive reactions by the high-energetic
electromagnetic near-field of plasmonic metal nanoparticles (NPs), known as localized surface
plasmon resonance (LSPR). For instance, photopolymerizations induced by the LSPR of
plasmonic metal NPs immobilized on flat surfaces were successfully applied for nanoscale
polymer placement in pioneering works of Bachelot, Soppera and co-workers.®+°

Integration of the concept into porous materials would allow function placement with nanoscale
precision independently of the film thickness of individual layers in a multilayer arrangement.
The combination of plasmonic metal NPs and mesoporous thin films has just recently been
demonstrated in previous studies.®”% Thereby, plasmonic metal NPs can be precisely positioned

in mesoporous films with spatial control being accessible for further chemical reactions. The




growing and branching of randomly distributed gold NPs in mesoporous films has been

demonstrated by Angelomé et al.”®




2. State of research

In this chapter, the current research with respect to nanopore and nanochannel architectures
and the resulting properties are discussed. Thereby, asymmetries in pore size, charge
distribution, and surface wettability are discussed in detail. In addition, the state of research
with respect to plasmonic metal NPs and the utilization of these as nanoscale light sources to

trigger chemical reactions are described.

2.1. Asymmetry in nanoscale pores and channels

Asymmetries in geometry and surface properties of nanopores (length comparable with radius)
and nanochannels (length much larger than radius) have been identified as key factors to
control transport.' 7! For example, the transport of ions through nanoscale pores and channels
is based on interaction between the surface charge of the pore wall and ions. Attraction of the
surface charge and counterions leads to an increase in ion concentration within the pore
compared to bulk concentration, while ions carrying the same charge as the pore wall will be
depleted, if the pore diameter is sufficiently small, thus the electric double layer is in the same
scale as the pore radius.> 3% 7

Recent research has explored a phenomenon known as ICR mostly observed in nanoscale
channels, in which the current at a voltage of one polarity is significantly higher or lower than
the current at the voltage of opposite polarity indicating preferential transport direction similar
to biological ion channels. Such artificial nanochannels that show non-linear current-voltage
curves are also described as voltage-gating or voltage-responsive in consequence of their
comparable transport properties of electrical semiconductors, diodes and transistors.*° In most
cases, ICR is observed in consequence of a break in symmetry in the electric potential of the
pores determining the interaction of ions and the pore wall.”>7® Similarly, an asymmetric
distribution of different components is observed in most biological nanochannels, e.g. areas of
different charges and/or different wettability, to implement complex biological functions.’”*7°
In 1997, the first example of a synthetic rectifying nanochannel based on a glass nanopipette
prepared by conventional micropulling was reported.”” The nanopipette with an opening
diameter of 20 nm (tip) and 200 nm (base), and a tip length of approx. 9 mm showed larger
currents at a voltage of negative polarity indicating that cations are moving from the tip towards
the wide opening of the nanopipette. Notably, the ICR was strongly dependent on high pH
values leading to the formation of deprotonated, negatively charged surface silanolate groups
and electrolyte solution lower or equal to 0.1 M KCl. The ICR phenomenon observed in glass
nanopipettes was further studied by Umehara et al.”® Interestingly, they demonstrated that the

selectivity of the glass nanopipette was inversed from cationic to anionic by modification of the
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pipette’s surface with positively charged polylysine. In addition, theoretical studies on ICR in
glass nanopipettes were conducted by White and Bund.”” Furthermore, ICR was observed in
conically shaped nanopores in track-etched polymer films.?* 88! Thereby, the track-etching
technique relies on irradiating polymer films with single energetic heavy ions, followed by
developing the resulting latent tracks by chemical etching into single pores with opening
diameters down to several nm.3* 82 Conical pores are obtained by asymmetric performance of
the etching process, i.e. side-selective etching.3® 8 Compared to glass nanopipettes, the conical
pores in thin polyethylene terephthalate (PET) films with a sub-10 nm opening diameter
showed strongly non-linear current-voltage curves at much higher salt concentration, but the
effect was only observed in presence of surface charges on the pore walls, likewise to glass
nanopipettes.?* Besides in track-etched PET films, ICR was also observed in track-etched films
prepared from polyimide®* and polycarbonate®>. The same observation of ICR based on ion
selectivity and pore asymmetry was discovered in nanoscale channels fabricated in silicon
nitride membranes prepared by drilling with a focused ion beam.®® As result of the fabrication
process, the pore diameters on the two sides were different, thus causing ICR.

To explain the ICR phenomena observed in conical pores, two models have been proposed. One
model is based on the asymmetry in the electrochemical potential determining the interactions
between the transported ions and the immobilized static surface charges on the pore wall.*
The other model assumes voltage-induced changes in the pore structure: free dangling groups
of polymer chains near the small opening, which are generated in the etching process, might
move out of the pore inducing an enlarging of the pore opening, thus allowing for higher ionic
flux, when a voltage of a given polarity is applied, and/or partially blocking the pore at a voltage
of opposite polarity.3* 8487 In addition to conical glass nanopipettes, polymer pores, and porous
silicon nitride, ICR was further demonstrated for conical gold nanotubes, which were prepared
by covering conical polymer pores with gold by applying electroless plating.®® The satisfying
study nicely demonstrated the requirement of surface charges to obtain ICR in conically shaped
nanopores by modification of the gold surface with chloride ions, which are known to adsorb
onto gold.®¥# Contrary, no ICR was observed, when the pores were immersed in a solution of
KF, since fluoride anions do not adsorb on gold, thus the conical gold nanotube had no surface
charge.®% Since the first observation of ICR in non-biological nanopores in 1997, these early
examples of nanochannels with ICR properties depicted above represent the first mode of ICR,
ergo a phenomenon indicating preferential ion transport direction through nanochannels, in
which an asymmetric potential along the channel axis together with homogenously distributed

surface charges on the channel walls are required.*°




The second mode of ICR, which has gained considerable interest recently, is represented by
non-homogenous charge pattern, and does not require an asymmetric pore geometry.*°

In 2005, the first example of ionic diodes bearing asymmetric surface charge patterns was
suggested in a theoretical study by Daiguji et al., in which a zone of a nanochannel with positive
surface charges is located next to a zone with negative surface charges.?” Notably, the current
in bipolar ionic diodes is carried by both cations and anions, thus the diode is not ion selective.>°
Furthermore, the operation of the nanofluidic diode is analogous to the ICR observed with
bipolar membranes, which are composed of anion- and cation-selective membranes brought
into physical contact and used for electrochemical splitting along the production of acids and
bases.?® 992 The first experimental realization of bipolar diodes was conducted by applying
single conically shaped polymer nanopores bearing asymmetric charge pattern, published by
Vlassiouk et al. in 2007.%3

To construct the bipolar nanopore, negatively charged carboxyl groups on the surface of conical
nanopores in PET films were modified into amine groups at the narrow opening (tip) by
covalently attaching ehtylenediamine with the coupling agent
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC). Thereby, only the tip
side of the PET membrane was brought into contact with the reaction solution. In consequence
of the conical geometry, the concentration of the reagents was high at the first tens of
nanometers of the narrow opening and decayed rapidly along the pore axis. The asymmetric
charge patterned conical shaped nanopore showed almost total suppression of the current at
negative potentials, and high currents at positive potentials indicating ion flow only in one

direction (Figure 1a).
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Figure 1: a) Current-voltage curves of bipolar ionic diodes based on polymer nanochannels. Blue and red lines
correspond to negative and positive surface charges respectively. Reproduced from Ref. 30 with permission from the
Royal Society of Chemistry. b) Schematic representation, epifluorescence image (avidin fluorescently labeled), and
current-voltage curve of a unipolar ionic diode based on nanochannels patterned with positively charged avidin in
one half of the channels and close to neutral charged biotin in the other half of the channels. Reprinted with

permission from Ref. 94. Copyright 2007 American Chemical Society.

By reversing the surface charge pattern, the current-voltage curves flipped and even higher
currents at negative potentials were observed. This approach of asymmetric modification of
nanochannels, the so-called diffusion limited patterning (DLP), was developed by Karnik et al.
and firstly introduced in 2006, in which silica nanochannels were firstly modified with the
amine bearing silane (3-aminopropyl)trimethoxysilane, subsequently functionalization of the
entire channel with biotin, which resulted in a neutral pore surface, followed by diffusion
limited grafting of the complementary receptor streptavidin, which carries a positive net charge
and has a high affinity to biotin.”® Implementing this modification strategy, Karnik et al. also
demonstrated asymmetric rectifying nanochannels in 2007.%* There, half of the nanochannels
were modified with the neutral biotin, the other half modified with positively charged avidin,
hence an asymmetric unipolar ionic diode was built (Figure 1b). However, diode-like behavior
was only observed for low ionic concentration, most likely due to the large dimension of the
channels, particularly 30 nm in height.®® Viassiouk et al. further demonstrated the sensing
potential of nanofluidic diodes by selectively immobilizing antibodies on the tip side of conically
shaped nanopores, which allows detection of the complementary antigen, when binding to the

antibody and thus blocking the tip side of the pore, therefore leading to a change of the
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electrochemical signal.®® Similar observations were obtained by asymmetric immobilization of
DNA aptamers via DLP for the detection of lysozyme.?” Furthermore, dangling DNA strands
selectively immobilized at the tip end of conically shaped polymer nanochannels were applied
to tune the pore opening diameters in dependence of salt concentration and the voltage applied,
thus allowing to regulate transport of neutral and charged species.'” °® By increasing the
complexity of the pore geometry into a double-conical geometry, in which a narrow negatively
charged channel section in the middle of the channel and two positively charged zones at the
wider opening on both sides of the membrane are present, two diode-like junctions in series
similar to a semiconductor npn junction are observed in the current-voltage curves.®® Here, the
charge pattern was generated by two consecutive amine modifications, in which one side of the
PET nanochannel was brought into contact with the reagent solution comprising
ethylenediamine and EDC buffered at pH 5.5, and a buffer solution of pH 10 at the other side
of the membrane. Since EDC amidation is strongly pH dependent, reactions only occurred at
high rate on the side with acidic buffer, but not on the side with basic buffer. Thus, low reaction
rates in the narrow region were caused by diffusion of the basic buffer leading to an asymmetric
charge pattern.

Accordingly, DLP has been demonstrated for single nanochannels, respectively arrays of
nanochannels to generate asymmetric charge patterns resulting in a preferential transport
direction of ions through the nanochannels. Hence, the approach has not been validated for
multipore materials. Furthermore, the modification approach was demonstrated on channels
with nanoscale pore diameters and pore lengths at the microscale, and might not apply to
nanoporous materials with pore length of a few or several hundred nanometers, as well as to
nanoporous materials deposited on dense substrates. Nevertheless, different approaches for the
fabrication and modification of multipore materials with nanoscale pores and asymmetric
charge distributions are discussed later in this chapter.

The insights of preferential transport direction observed in nanochannels with a broken
symmetry in either geometry or surface charge distribution, or both, have encouraged scientists
to develop new strategies with respect to asymmetric fabrication and asymmetric modification
of nanochannels and nanopores,'® #- 19 which will be introduced and discussed in detail in the
following. Before that, interfacial materials with asymmetric surface wettability are introduced,
as these interfaces are able to allow directed transport of fluids. Although nanochannels are
discussed in this work, porous materials with more than one nanochannel or nanopore are
predominantly reviewed, as multipore or multichannel materials, respectively, are favored with
respect to applications such as filtration and separation, energy conversion, and catalysis.!® 1%
Differently, single nanochannels and nanopores have been well-established in (bio)sensing

applications.!%!
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Similar to the preferential transport direction of ions in nanochannels with asymmetric pore
geometry and homogenous surface charge distribution, as well as with nanochannels containing
asymmetric charge patterns, interfacial materials presenting side-specific opposite wettability,
i.e. hydrophilic and hydrophobic surfaces, also show diode-like transport of liquid, and are
commonly described as Janus-type materials.?®> 10219 The name origins from the two-faced
Roman god of beginning and ending, doors, and gates in the Roman mythology.>* Thus, bipolar
membranes also represent Janus-type materials, as they consist of negatively charged areas next
to positively charged areas along the pore axis. Early fabrication and utilization of Janus
materials have been inspired by the desert beetle, which is able to survive by collecting water
from humid air by using hydrophilic bumps on a hydrophobic surface.'® The first example of
Janus materials was demonstrated by Casagrande et al. in 1989.1% In this study, Janus particles
were obtained by side specific hydrophobization of spherical glass particles with
octadecyltrichlorosilane resulting in particles with a hydrophilic hemisphere and a hydrophobic
hemisphere that showed different behavior at an oil/water interfaces as compared to polar or
apolar particles. Early examples of Janus membranes focused on directional transport of
liquid.’®> One of the first example of nanoporous Janus interface materials showing a
preferential transport direction of water was demonstrated in 2010 by Wang et al.!9’ In this
study, a polyester fabric was first modified by a superhydrophobic layer containing TiO- and
hydrophobic silica NPs, followed by UV exposure of only one side of the hydrophobic fabric
leading to a hydrophilic side, thus an asymmetric wettability through the fabric thickness was
created. Directional water transport through the Janus membrane was observed, when a water
drop was placed on the hydrophobic side. Placing a water drop on the hydrophilic side lead to
spreading of the drop, but no transport through the membrane occurred. Likewise, Lim et al.
generated a Janus membrane by electrospinning of hydrophobic polyacrylonitrile (PAN) fibers
mixed with tetraethylorthosilicate (TEOS), followed by a heat treatment to imply
superhydrophilicity, and subsequent electrospinning of the identical PAN-TEOS solution.!%®
There, water imbibition occurred on the superhydrophilic side, whereas water was repelled on
the superhydrophobic side. Furthermore, Jiang and co-workers published a theoretical study in
2011, in which molecular dynamics (MD) simulations were utilized to demonstrate preferential
water transport direction through carbon nanotubes (CNTs) asymmetrically modified with
hydrophilic groups (-COOH) at one tip and hydrophobic groups (-CFs) at the other tip.'® Tian
et al. extended the theoretical observation of directed liquid transport by a membrane model
composed of spaced microcylinders with a wettability gradient along the thickness and
concluded that a critical breakthrough pressure can be improved by reducing the spacing ratio

of the cylinder membrane along with increasing the wettability gradient.!!® A highly
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sophisticated study was demonstrated by Jiang and co-workers in 2012, in which a Janus
membrane was formed by sequential deposition of hydrophobic polyurethane (PU) fibers and
hydrophilic cross-linked poly(vinyl alcohol) fibers via electrospinning governing water

111

transport from the hydrophobic side to the hydrophilic side.
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Figure 2: Proposed mechanism of unidirectional water penetration through a Janus-type membrane. Reprinted from

Ref. 111 with permission from the Royal Society of Chemistry.

In this study, the hydrostatic pressure in dependence of the layer thickness of the fibrous films,
respectively, were investigated and a mechanistic model for the observed preferential water
transport direction was postulated (Figure 2): a water drop on the hydrophobic side suffers
from two opposite forces, the hydrostatic pressure (HP) and hydrophobic force (HF). The HF
tends to prevent the waters downward penetration, which is provided by the HP. With
increasing HP, i.e. increasing the drop volume, the water drop goes deeper, while the HF is
constant. Once the penetration depth reaches the thickness of the hydrophobic layer, water will
contact the lower hydrophilic layer, and water penetrates due to the capillary force provided by
the hydrophilic layer along with the HP. Contrary, if the water drop is on the hydrophilic side,
spreading occurs due to capillary effects, and the HF prohibits water penetration once water
reaches the interface.'!!

Since the last decade, many fabrication and modification techniques have been introduced to
generate asymmetry in nanoporous materials. '8 23 41,100, 102104 Tn mogt cases, these techniques
apply for both ionic diodes with asymmetric surface charge pattern and liquid diodes with
asymmetric surface wettability. The latter is related to multipore Janus-type materials, and has,

to the best of my knowledge, not been experimentally demonstrated for single nanopores or
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single nanochannels. In the following chapter, several techniques for the generation of
asymmetric charge pattern and asymmetric surface wettability are summarized and categorized
into asymmetric fabrication and asymmetric modification. By that, selected publications will be

highlighted.

2.1.1. Asymmetric fabrication

The sequential deposition of materials with opposite wettability, opposite charge or
heterogeneous chemical nature is a common way for asymmetric nanoporous material

fabrication (Scheme 1).
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Scheme 1: Schematic illustration of asymmetric fabrication routes for the generation of ionic diodes and Janus-type

membranes. Reproduced and adapted with permission from Ref. 104. Copyright 2020 Wiley.

For example, Cheng and Guo constructed bipolar diodes with positively and negatively charged
zones obtained lithographically in inorganic materials by generating a junction between a
positively charged Al,O3 and negatively charged SiO- channel in 2009.28 Due to the high charge
density on the pore walls and small pore height of 20 nm, the highest rectification ratio for ionic
diodes of 300 at 1 mM KCI was reported by that time. Wu et al. further investigated the
combination of Al,O3; and SiO. with respect to ICR by sequentially depositing amorphous silicon
and aluminum by sputtering and evaporation, respectively, followed by applying a pattern
transfer of self-organized anodized aluminum oxide (AAO) to generate a Al»03-SiO, hetero-
structured nanopore membrane, which behaved as a parallel array of ionic diodes with ICR at
112

relatively high salt concentration and low aspect ratios compared to previous approaches.

Sequentially electrospinning allows the deposition of hydrophobic fibers onto hydrophilic fibers
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and vice versa to generate Janus-type membranes with opposite surface wettability.!!? 113-117
Furthermore, electrospinning can also be applied to deposit a fibrous matt of a certain
wettability onto a porous substrate with opposite wettability. For example, Zhou et al. very
recently generated a Janus membrane by depositing fibrous hydrophobic polyvinylidene
fluoride via electrospinning on a hydrophilic cellulose acetate membrane and realized
outstanding forward osmosis performance as compared to state-of-the-art thin film composite
membranes.!*® Similar to sequential electrospinning, Janus-type membranes with opposite
surface wettability can be generated by sequential filtration.'''2° For example, Zhang et al.
reported in 2014 the formation of a heterogeneous membrane by sequential filtration of MnO-
nanowires and CaWQ4 nanowires.'?! The heterogeneous nanochannels showed versatile
biomimetic properties: Initially, the bilayer was hydrophilic carrying negative surface charges
and water was able to penetrate from both directions. At low salt concentration, thus large
electric double layer, positively charged ions were attracted and negatively charged ions were
depleted from the membrane. When the CaWOQ;, layer was changed to a hydrophobic state, pH
gated ionic transport properties were observed. Moreover, by changing both layers to a
hydrophobic state, voltage-gated channels were obtained. Another preparation of ionic diodes
is represented by sequential deposition of oppositely charged NPs. In 2010, Lei et al. loaded one
side of an inverse-pyramid-shaped micro cavity of a silicon substrate with negatively charged
hydroxyl carrying silica particles and loaded the cavity on the other side with positively amine
bearing silica NPs to realize an ionic diode.'?? Based on polystyrene stabilized gold NPs, Rao et
al. firstly introduced free-standing asymmetric bilayered NP superlattice nanosheet membranes
with diode-like ion transport behavior in 2015.'2® Thereby, the bilayer forms a conically shaped
gap between three adjacent NPs, which can be tuned by varying the size of the NPs.
Interestingly, it was demonstrated in theory and experiment that the asymmetric ion transport
can be regulated by the NP’s size.!?® A quite simple and low-cost approach to fabricate
asymmetry in geometry, surface wettability or surface charge is the direct integration of
heterogeneous materials. For example, Cao et al. built a fog collector by simply combining a
hydrophobic copper mesh with hydrophilic cotton in 2015.!2* Similarly at the same time, Meng
et al. combined PET track-etched polymer foils with columnar nanochannel arrays varying in
size or in surface charge.'®® Thereby, modification of the PET nanochannel with histidine, which
is either negatively or positively charged or neutral depending on the pH, allowed converting
the bichannel from a nanofluidic diode to a normal nanochannel or to a reverse diode by
changing the pH values, thus changing the surface charge polarity or charge density. By the
same time, Zhang et al. demonstrated the combination of PET track-etched conically shaped

nanochannels with a porous block co-polymer (BCP) membrane by deposition of a BCP solution
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onto the PET film via spin coating, which then formed an asymmetric membrane by microphase
separation (Figure 3a).'2° Due to the pH dependent negatively charged surface carboxyl groups
of the PET membrane and the positively charged poly(4-vinylpyridine) groups inside the BCP
membrane’s pores, a heterogeneous anion-selective membrane with rectification ratios up to
1075 at 10 mM KCl was built, which was supported by numerical simulations. Furthermore, the
dependence of the BCP membrane’s thickness on the rectification ratio of the asymmetric
membrane had been investigated in simulations, in which a maximum rectification ratio of 1100
was determined for a BCP membrane thickness of 100 nm that rapidly decreased with
increasing BCP thickness demonstrating the relevance of implementing ultrathin membranes
for the improvement of ion transport properties (Figure 3b). In addition, a potential application

as concentration-gradient-driven energy harvesting device had been demonstrated.
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Figure 3: a) Schematic representation of an asymmetric heterogeneous ionic diode membrane composed of a pH-
responsive porous BCP membrane and pH-responsive porous PET membrane with conical nanochannels. b) Influence
of the BCP nanochannel length on the theoretical rectification ratio. Reprinted with permission from Ref. 126.

Copyright 2015 American Chemical Society.

The same group recently supported their findings by building ultrathin bipolar nanofluidic
diodes of approximately 500 nm thickness prepared by sequential deposition of two different
BCP membranes.'”” BCP membranes have further been combined with inorganic AAO
membranes to form ionic diodes for osmotic energy conversion that showed ionic rectification
of a broad pH range due to the synergistic effect of carboxyl groups from the BCP and hydroxyl
groups of the AAO, which was also supported by numerical simulations.!?® Although these
approaches appear simple and low-cost, and clear boundaries between different layers are
obtained, one might consider weak interfacial bonding between the heterogeneous building

parts due to incompatibility, particularly when hydrophobic and hydrophilic materials are
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combined.'® In terms of Janus materials with opposite surface wettability, interfacial
incompatibly could be avoided by applying nonsolvent-induced!?*'3? or evaporation-induced
phase separation strategies'®* 1%, In terms of ionic diodes, interfacial bonding can be enhanced
by deposition of a precursor sol on a porous substrate to form heterogeneous membranes. For
example, Zhang et al. combined TiO; and Al,O3 by spin coating a precursor sol of TiO, onto
AAO membranes, whereby the immobilization of TiO, was achieved by oxygen bridge bonds
produced by the hydrolysis of the TiO, precursors with the surface hydroxyl groups of Al,0s.!34
In this study, the surface of the bichannels were functionalized with octadecyltrimethoxysilane
(OTS), which lead to hydrophobization of the channel’s surface, and subsequently irradiation
of the sample with UV light induced a TiO, photocatalyzed and irreversible decomposition of
OTS leading to a shortening of the OTS molecules and formation of negatively charged carboxyl
groups. Thus, the generation a Janus-type unipolar ionic diode membrane was realized in
consequence of wettability conversion and asymmetric surface charge distribution through UV
irradiation in the TiO, regions. Although the charge density and ICR performance could be
increased by longer UV irradiation time, the thickness of the hydrophilic and charged layer was
determined by the deposited TiO; layer. At the same time, Gao et al. reported a membrane-
scale rectifying ionic diode for energy harvesting from salinity gradient in natural waters by
combining ultrathin mesoporous carbon and AAO membranes through spin coating a
mesoporous carbon precursor sol onto AAO.'3> Thereby, numerical simulations were applied to
investigate the relative length of the negatively charged and positively charged zones in the
ionic diode concluding that the highest rectification ratios are observed for a length percentage

range of 20-40% of the negatively charged layer (Figure 4).
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Figure 4: a) Schematic representation of an ionic diode membrane based on mesoporous carbon on top of
macroporous alumina. b) Current-voltage curves of the ionic diode membrane at salt concentrations of 0.1 M
(magenta), 1 M (black), 3 M (red), and at saturated salt concentration (green). c-d) Numerical simulation of the
concentration profile inside the nanochannels and resulting rectification ratios for symmetric nanochannel
configuration (2), and after introducing structural (2), electrostatic (3), and length asymmetries (4). e) Calculated
rectification ratios of the ionic diode membrane in dependence of the length percentage of mesoporous carbon
nanochannels, whereas the total length of the heterogeneous nanochannels is set to be 4000 nm. f) Calculated
rectification ratios in dependence of the length of mesoporous carbon nanochannels, whereas the length percentage
of the mesoporous carbon channels is set to be 50%. Reprinted with permission from Ref. 135. Copyright 2014

American Chemical Society.

Concluding, several approaches of asymmetric fabrication to generate nanoporous interfaces
with asymmetric surface charge or wettability for directional transport of ions or liquids,
respectively, have been demonstrated with the advantage of low-cost, fast and simple
preparation protocols. However, a significant drawback could be the incompatibility and thus
bad interfacial bonding between different layers. To overcome this issue, some alternatives are
available for both ionic and liquid diode-like membranes, as discussed above. Furthermore,
manifold asymmetric modification approaches of nanoscale pores and channels have been

demonstrated in the last decade, which will be discussed in the following.
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2.1.2. Asymmetric modification

Most of asymmetric modification techniques of nanoporous interface materials such as

membranes are based on single side modification (Scheme 2).
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Scheme 2: Schematic illustration of asymmetric modification routes for the generation of ionic diodes and Janus-type

membranes. Reproduced and adapted with permission from Ref. 103. Copyright 2018 Wiley. Reproduced and
adapted with permission from Ref. 104. Copyright 2020 Wiley.

The earliest example is represented by diffusion limited modification introduced by Karnik et

al.?® in 2006 and experimentally applied by the same author to build unipolar ionic diodes with

19



asymmetric charge distribution®, as well as by Viassiouk et al.”® for the generation of bipolar
ionic diodes, which has been discussed earlier. Ma et al. advanced the single side modification
method applying a half-cell-reactor for asymmetric modification of AAO membranes in 2014 by
simultaneous chemical polymerization reactions on both sides of the membrane combining
ATRP, dopamine self-polymerization (DOP-SP) and ROMP to generate double hydrophilic
bipolar, temperature and pH-responsive polymer brush modified asymmetric AAO
nanochannels.'*® Parallel processes can also be performed in electrochemical approaches. By
placing a hydrophobic membrane parallel to an anode and cathode, He et al. developed an
electric-field-driven asymmetric deposition of polydopamine (PDA) and various polyelectrolytes
on hydrophobic membranes with short deposition times to generate Janus-type membranes
with opposite wettability introduced in 2016.*” Very recently, Herzog and Nau et al.
demonstrated a facile fabrication of Janus-type membranes with opposite wettability by
controlling the diffusion and evaporation of a silica precursor sol in paper-based membranes
based on controlling the environmental pressure in the drying and curing process of silica,
respectively.?? Other diffusion defined asymmetric functionalization processes of porous
materials are represented by single side spray coating techniques, which are dependent on the
relative pore size of the membranes and the drop size.!%® 138139 Gimilarly, asymmetric
modification of membranes can be achieved by single side exposure of the interface to
modification reactants applying chemical vapor deposition (CVD)4%142 as well as atomic layer
deposition (ALD)'#1%, For example, Tian et al. generated a Janus-type membrane with
opposite surface wettability by side specific exposure of a hydrophilic cotton membrane to the
vapor phase of a fluorinated silane allowing the selective transport of water or oil, respectively,
thus enabling the application for oil-water separation.#! Thereby, the modification depths could
be controlled by the exposure time of the membrane to the vapor phase. An interesting study
has been published by Yang et al. in 2017 that implemented the asymmetric modification by
side specific CVD to generate a nanoporous Janus-type membrane by depositing a hydrophobic
layer of polydimethylsiloxane (PDMS) on a hydrophilic nanoporous silica membrane.'** By
investigating the transport properties of ions through the membrane applying cyclic
voltammetry, cation-selective unidirectional transport from the hydrophobic to the hydrophilic
side was observed at basic pH and low ion concentration, thus demonstrating that the
hydrophobic force of the PDMS layer can be overcome through electrostatic attraction of the
negatively charged surface of silica underneath in dependence of pH and salt concentration,
which affects the thickness of the electric double layer. Recently, Tufani et al. extended the CVD
approach to selectively deposit two different polyelectrolytes on different sides of an AAO

membrane by sequential and side specific initiated CVD (iCVD), and thereby built a cooperative
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pH responsive gating membrane enabling the transport of proteins in one favored direction
demonstrating the application as drug delivery device with controlled release of biomolecules

(Figure 5a).'%
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Figure 5: a) Demonstration of directed protein transport through a double pH-responsive membrane showing the
concentration of bovine serum albumin (BSA) as a function of time and pH values of feed and permeate. Reproduced
and adapted from ref. 145, Copyright 2019, with permission from Elsevier. b) Schematic illustration of open and
closed states of a single hourglass-shaped PET nanochannel modified with the temperature-responsive polymer
poly(Atisopropylacrylamide) (red) and pH-responsive polymer polyacrylic acid (blue) in dependence of temperature

and pH. Reprinted with permission from Ref. 74. Copyright 2010 American Chemical Society.

In analogy to the latter strategy, side specific/asymmetric deposition of polymers has been
already introduced in the early years of ICR diodes using plasma-induced graft polymerization.
In 2010, Hou et al. functionalized the two different sides of an hourglass-shaped PET
nanochannel with the temperature responsive polymer poly(N-isopropylacrylamide) (PNiPAM)
and the pH responsive polymer polyacrylic acid (PAA), respectively, using plasma-induced graft
polymerization, allowing both temperature and pH control over asymmetric ionic transport
properties (Figure 5b).”* Implementing this strategy, Jiang and co-workers built a biomimetic
ion pump by functionalizing the tip ends of a cigar-shaped PET nanochannel with
polyvinylpyridine (PVP) and PAA, respectively, by sequential plasma-induced graft
polymerization (Figure 6).%> The cooperative pH responsive double gate nanochannel realized
three key ionic transport features of biological ion pumps including alternating gates ion
pumping under symmetric pH stimuli, transformation to an ion channel under asymmetric pH
stimuli, i.e. disparate pH values at the different sides of the nanochannel, and ion pumping
under both symmetric and asymmetric pH stimuli. Based on this architectural principle, the

same group reported a biomimetic ion pump with a more complex architecture by combining
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direct integration of a BCP membrane bearing pH responsive PVP pores with a PET membrane
with conically shaped channels, which tip ends were functionalized with the pH responsive

PAA, demonstrating high anion selectivity and unidirectionality.3®
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from switching the pH values of PVP and PAA sides of the nanochannel, respectively (bottom). Reprinted with
permission from Ref. 35. Copyright 2013 American Chemical Society.

In addition to diffusion-based asymmetric modification, radiation can also be applied
asymmetrically to introduce asymmetry in nanoporous materials, since most of membranes are
opaque, thus radiation through the material is limited. Therefore, hydrophobic membranes can
easily converted to Janus-type membranes with opposite wettability by single-side
photodegradation®® 146147 and photoetching?#®14° through energy irradiation.'® One of the
early examples has been introduced by Lin and co-workers in 2010, which first modified a
hydrophilic membrane with a hydrophobic coating and subsequent degradation of the
hydrophobic layer with UV by single-side irradiation to generate opposite wettability, as has
been discussed earlier.!®” Generally, hydrophobic surfaces can be in situ converted to

hydrophilic amino and hydroxyl bearing surfaces by direct activation using a plasma of nitrogen
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and oxygen, respectively.1%* 159152 Contrary, Gu et al. applied UV radiation to functionalize CNT
membranes with hydrophilic poly(N,N-dimethylaminoethyl methacrylate) and hydrophobic
polystyrene on each side, respectively, sequentially applying self-initiated surface
photopolymerization and photografting (SIGP).!>® The resulting Janus-type membrane with
opposite surface wettability showed side-selective oil/water transport able for selective
oil/water separation, even from surfactant stabilized emulsions. Similar results were obtained
by Wang et al., who applied SIGP on a cotton fabric.!** Although energy-based irradiation holds
the control of modified thickness through radiation time or etching time, mostly energy sources
such as lasers and UV are utilized, and a structural damage of the materials from the high-
energetic light or plasma have to be considered. In terms of the fabrication of Janus-type
membrane with opposite surface wettability by asymmetric modification, an interesting
approach based on creating an additional interface evolved recently. For example, Yang et al.
created asymmetric wettability by a mussel-inspired, controllable, single-side deposition
strategy with a gas-liquid interface, particularly air-water interface.'*> Thereby, a hydrophobic
polypropylene (PP) membrane was placed on an aqueous solution containing dopamine and
polyethyleneimine (PEI) creating a stable air-water interface due to the hydrophobicity of the
PP membrane, thus deposition/modification of PDA and PEI only occurred on the wetted
surface of the membrane. Based on this strategy, hollow fiber membranes were also modified
by circulating the modification solution in the lumen side of the membrane.*® Thereby, the
depth of the hydrophilic layer could be controlled by the deposition time. Lee et al.
demonstrated asymmetric modification of an AAO membrane by first infiltration of the
membrane with a photoresist, followed by air plasma etching and subsequent grafting of
fluorinated silanes at the exposed surface, thus utilizing a gas-solid interface.'” In principle,
the depth of removed photoresist, thus the thickness of the hydrophobic layer could be adjusted
by the etching time.!%® Vice versa, Wang et al. obtained Janus-type membranes with opposite
surface wettability by a “peel-off” process.?! Thereby, a hydrophobic polytetrafluoroethylene
membrane was coated with PDA and subsequently removed from one side of the membrane by
using an adhesive tape, thus creating a gas-solid interface. However, thickness control of the
hydrophilic or hydrophobic layers could not be adjusted by this method. The asymmetric
modification methods presented above are versatile and offer several techniques for the
fabrication of ionic and liquid diode-like nanoporous interfaces/materials from organic and
inorganic substrates, and further allow thickness control of the functional layer in most cases.

Concluding, asymmetry in nanoporous interfaces can be generated via asymmetric modification
of as-prepared interfaces utilizing several approaches from diffusion-based modification to

energy irradiation induced modification based in single-side exposure to modifiers or radiation.
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Furthermore, asymmetric modification can also be accomplished by creating an additional
interface. Added together, the functionalization strategies presented are mainly combined with
stimuli-responsive polymers, as they can provide high function density and responsiveness to
common stimuli, such as pH, temperature, light or voltage allowing to gate molecular
transport.’>® Nevertheless, most of the nanoporous interfaces presented so far are based on
bifunctionality and, as we know, biological paragons are more complex with respect to their
architecture and asymmetrically distributed functional patterns. However, bifunctionality
cannot be overcome by the approaches of asymmetric modification of nanoporous interfaces
presented above in consequence of the synthetic protocols, i.e. single-side modification of as-
prepared interfaces. In addition, precise placement of functionalities, e.g. polymers, inside a
pore or channel with spatial control along the pore or channel axis and nanoscale precision
cannot yet be achieved.

An interesting approach to place more than two functionalities in a nanochannel with spatial
control has been introduced by Voelcker and co-workers in 2010, which functionalized the pore
surface of an AAO membrane by a series of anodization and silanization cycles with
hydrophobic  pentafluorophenyldimethylpropylchlorosilane, =~ amine  group  bearing
(3-aminopropyl)triethoxysilane (APTES), and polymeric
N-triethoxysilylpropyl-O-polyethyleneoxide urethane, respectively, achieving a range of
functionalities and wettabilities.’® Adapting this approach, Li et al. prepared an ionic diode
applicable over a broad pH range by modifying half of the AAO channels with the amine group
bearing 3-aminoprolytrimethoxysilane concluding that the rectification ratio is mainly
determined by the nanochannel size and less sensitive to the patterned length of the amine
groups.®! Applying this functionalization strategy, Wu et al. studied the ICR of AAO membranes
in theory and experiment in dependence of multiple arrays of bipolar regions, negatively
charged Al>Os and positively charged amine groups of covalently bound APTES defined as one
tandem unit, along the pore axis, in combination with a multiple number of parallel
nanochannels very recently.>* Thereby, a nonlinear increase with tandem number is observed,
while the ICR ratio of parallel bipolar circuits rapidly decreased with the parallel number mainly
governed by the interfacial resistance induced by the overlap of ion concentration polarization
regions. Nevertheless, the approach of alternating anodization and silanization can be quite
time consuming and functionalization after the first couple of layers might be limited due to
interactions of modifiers and already modified regions. Furthermore, the thicknesses of
functionalized layers are on the microscale and function placement at the nanoscale has, to the

best of my knowledge, not yet been reported utilizing this or similar approaches.
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To further advance the performance of technological porous materials, precise placement of
responsive functionalities along nanoscale pores — ideally together with compartmentalization
- is required, but still remains experimentally challenging with respect to nanoscale
resolution.'*!® This has thoroughly been investigated by Szleifer and co-workers using
molecular theory to understand the behavior of polymers in nanoscale confinement,'*® and to
demonstrate the importance of spatial charge distribution for transport direction, which can,
for example, be controlled by the polymer chain’s architecture.'®! Very recently, Szleifer and co-
workers applied equilibrium and nonequilibrium molecular theories to investigate the
molecular organizations and transport properties of an asymmetric nanopore, which inner wall
is coated with an asymmetric weak polyampholyte brush whose main component changes
gradually from acidic to basic along the axis of the pore.'®? Thereby, they concluded that the
asymmetric charge pattern turns the nanopore into an ionic diode with a rectification factor
above 1000 at optimized pH and salt concentration. Furthermore, the nanopore behaves like a
double-gate nanofluidic device with pH-triggered opening of the gates, which can serve as an
ion pump and pH-responsive molecular filter.

Hence, the key factors for biomimetic transport of mass and charge through synthetic nanopores
and nanochannels rely on asymmetries in pore geometry, surface charge pattern as well as
surface wettability. Thereby, nanoscale function placement as well as thickness control at the

nanoscale are required to enhance the overall performance, which still remains challenging.

Approaches to overcome the thickness limitation of function placement in nanoscale pores
might be related to nanoscale layer fabrication in a multilayer architecture and, to further push
the limits of function placement, to the utilization of nano-objects that can trigger chemical

reactions at the nanoscale, such as gold NPs, which will be discussed in the following.

2.2. Gold nanoparticles as nanoscale source to trigger chemical reactions

Metal NPs, especially gold NPs (Au-NPs) have attracted tremendous attention in research due
to their distinct physical and chemical properties making them an attractive platform for the
fabrication of novel chemical and biological sensors, as they allow to detect metal ions, small
molecules, proteins, nucleic acids, malignant cells, etc. in a rapid and efficient manner.'%17° In
addition, Au-NPs can be synthesized in a straightforward manner with high stability possessing
a high surface-to-volume ratio and excellent biocompatibility by application of appropriate
ligands.'®® Au-NPs feature surface plasmon resonance (SPR), a result of collective oscillation of
the conduction electrons across the NPs due to resonant excitation by interaction with incident

light. Upon oscillation, these electrons, which are confined in three dimensions, create an
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electromagnetic field near the NPs’ surface which energy intensity is enhanced as compared to
the incident light.}”* The SPs allow to amplify, concentrate and manipulate light at the
nanoscale, overcoming the diffraction limit of traditional optics and increasing the resolution
and sensitivity of optical probes.!”? Therefore, Au-NPs can be used in a wide range of
applications, such as biomedical’’>'7®, energy'’®'’®, environment protection'’8! and
information technology'”* '82. Consequently, and most important for the here discussed local
porous material functionalization, Au-NPs allow to trigger (photo)chemical reactions on the
nanoscale, which will be further discussed below.

After plasmon resonance was mainly applied in sensing applications, many photochemical
reactions induced by the enhanced electromagnetic field of plasmons have been studied, mainly
in the context of surface enhanced Raman scattering (SERS), in which the Raman scattering
signal from molecules leaving the surface of metal NPs is enhanced.!®!8> SERS further allows
to monitor plasmon enhanced photochemical reactions, for example, Sun et al. probed the
plasmon enhanced in situ chemical reaction of 4-nitrobenzenethiol dimerization applying
vacuum tip-enhanced Raman spectroscopy.'®® The phenomenon of plasmon-enhanced
photochemical reaction is accompanied with physical effects, such as optical near-field
enhancement, heat generation, and excitation of hot electrons. Therefore, plasmonic NPs can
behave as efficient nanosources of heat, light or energetic electrons controllable by light to boost
the yield of chemical reactions as well as improving their spatial and temporal control.'®” By
that, several mechanisms can be considered: thermal-induced reactions enhanced by
temperature increase around plasmonic NPs, light concentration enhancing incident photon
rate experienced by nearby reactants, hot electron created by photon absorption and transfer
to adjacent reactants, photocatalytic activity enhanced by temperature increase, catalytic
activity enhanced by optical field enhancement at the catalytic location, and hot electron

transfer from plasmonic NPs to a catalyst (Figure 7).1%”
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adapted from Ref. 187 with permission from the Royal Society of Chemistry.

Photochemical reactions are thus promoted by providing more photons per unit volume, along
with control over the reactions down to the nanometer scale. Thereby, an efficient
photochemical reaction field can be efficiently build by excitation of SPs induced at the surface
of metallic NPs.!8818 The electromagnetic field enhancement is thought to be a result of
localization of electromagnetic field along the incident polarization direction and plasma
oscillation, and is 10-100 times larger than the incident electromagnetic field intensity
depending on the size and shape of plasmonic nanostructures.'®® A much larger enhancement
can be achieved by the interaction between NPs, when two or more plasmonic NPs are in close
proximity at a distance of several nanometers, a phenomenon known as dipole coupling.!**
Thereby, the electromagnetic field enhancement increases with decreasing distance of the
plasmonic nanostructures due to concentration of the electromagnetic field in the nanogap
space leading to theoretical enhancement up to ~10°-fold.'**'%® Early investigations of plasmon-
enhanced photochemical reactions can be assigned to the visualization of the near-field
intensity distribution. Huber et al. applied surface plasmon-enhanced photochemical reaction
of azobenzene-dye polymer, which was investigated theoretically as well as in experiment.!%*
This approach has been applied as powerful tool for the visualization of the spatial distribution
of near-field intensity of metallic nanostructures.!?>'°® Furthermore, the concept can also be
applied oppositely to observe the near-field intensity distribution. For example, Sundaramurthy
et al. visualized the hot site of bowtie gold structures with a nanogap applying two-photon
induced photopolymerization of a negative type photoresist.'*” Besides the visualization of the
near-field, this approach is conceptually important, as it demonstrates that non-linear chemical
reactions induced by two-photon absorption can be initiated even under continuous instead of

pulsed illumination due to the localization of photons at the nanometer scale.??° In addition to
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that, it has also been demonstrated that weak incoherent light sources can be applied for
photochemical reactions.!*> 2°' Another plasmon-enhanced photochemical reaction that has
been investigated is assigned to isomerization reaction. The most prominent example is the
isomerization of diarylethene (DE). In 2009, Tsuboi et al. demonstrated the ring opening of DE
molecules in solution assisted by continuous illumination of Au-NPs and investigated the
photochromic reaction quantitatively.?°> There, a two-photon absorption mechanism was
proposed, as the wavelength of 800 nm did not match the absorption of the molecules. Nishi et
al. as well investigated the cycloreversion reaction by applying Au-NPs supporting the DE
polymer for quantitative analysis of the photochromic reaction influenced by the near-field
intensity distribution.?®® Thereby, the quantity of the poly(DE) on NPs could be precisely
controlled. Furthermore, it has been demonstrated that reaction efficiency is affected by the
distance of the chromophore from the gold surface by varying the chain length of the DE
polymer. Quantitative analysis of the localized surface plasmons of metallic NPs has also been
investigated applying photopolymerization by Deeb et al.®> As the light is concentrated to the
nanoscale in SPs, nanolithography has been proposed based on near-field lithography
overcoming the diffraction limit and transferring nanopatterns to a photoresist film,2042%
Experimental investigation has been performed by Srituravanich et al.?” and was further
demonstrated for nanogap-assisted SP nanolithography by Ueno et al.?®® Another promising
concept is the imprinting of specific chemical functional groups at predefined locations of
metallic nanostructures with nanometer accuracy, firstly illustrated in 2012 by Dostert et al.,
who were investigating the cleavage of nitroveratryloxycarbonyl groups of an organosilane
upon pulsed near-infrared (NIR) illumination.?”” There, free amine groups are formed at the
tips of gold crescent nanostructures, where the plasmonic field is more intense, by absorption
of two NIR photons. After illumination, the samples were then incubated in COOH
functionalized gold colloids forming an amide bond with the free amine groups of the gold
crescent nanostructures. Another example is the light assisted molecular immobilization, in
which disulfide bridges of proteins and peptides are disrupted upon absorption of UV photons
by the nearby aromatic amino acids and subsequent immobilization of the proteins or peptides
with the generated free thiols to a thiol-reactive substrate. Galloway et al. demonstrated the
immobilization of proteins with nanometer accuracy in the nanogap of two adjacent Au-NPs
applying this plasmonic approach.?'® Another approach for selectively functionalizing the tip
ends of gold crescent nanostructures has just recently been demonstrated by Vogel and co-
workers applying a passivation layer covering the central parts of the nanocrescents followed
by thiol functionalization of the tip ends, which are selectively uncovered.?!! Recently, plasmon-

enhanced local functionalization has also been demonstrated by plasmon-induced reduction of
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aryl diazonium salts.?!>2!3 Thereby, multifunctionalization of Au-NPs has been achieved by
consecutive reduction of two different aryl diazonium salts at two different polarizations of the
incident light, respectively.>!*

The context of polymer placement at the nanoscale by utilization of plasmonic NPs has been
intensively studied and demonstrated in pioneering works of Soppera, Bachelot and co-
workers.%+%¢ For example, Deeb et al. utilized silver NPs to induce and study dye-sensitized
photopolymerization, a free-radical photopolymerization, and thereby postulated the

mechanism responsible for the nanoscale polymer placement (Figure 8).5°
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Figure 8: a) Schematic illustration of plasmon induced near field photopolymerization demonstrated by Deeb et al.
b) Mechanism of plasmon induced dye-sensitized photopolymerization including the polymerization of the
methacrylate monomer, the inhibition processes, and the eosin Y regeneration pathways, proposed by Deeb et al.

Reprinted with permission from Ref. 66. Copyright 2011 American Chemical Society.

Investigation of the dye-sensitized photopolymerization mechanism induced by LSPR has
further been studied in depths by Kameche et al. very recently.?’® Thereby, a high-resolution

characterization method based on transmission electron microscopy (TEM) was developed to
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reveal the physicochemical mechanism concluding the photochemical pathway is the main
mechanism under the mild irradiation conditions applied. In 2020, Kameche et al. extended
plasmon induced photopolymerization to living atom transfer radical polymerization
demonstrating thickness control at the nanometer scale as well as the possibility to reinitiate
the polymerization allowing the architectural design of the polymer shells formed around the
NPs.2%6 In addition to that, the concept has been further demonstrated for different geometries

of plasmonic nano-objects.

Based on the state of the art introduced in this chapter, following research questions have been

identified:

e Can MSTFs be combined in multilayer architectures for the generation of nanoporous
step gradient architectures with nanoscale dimensions?

e  Which method can be used to selectively functionalize a single MSTF with polymer in a
multilayer arrangement?

e Which strategies allow precise nanoscopic polymer placement in MSTF architectures?

e How can the nanoscopic polymer placement be verified?
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3. Aim and Strategy

In order to advance the performance of technological/artificial nanopores and nanochannels
towards the outstanding performance of biological paragons, e.g. a preferred transport
direction, complex architectures and advanced modification strategies for the generation of
nanopore and nanochannel step gradients are required as indicated in the preceding chapters.
To address the research questions concluded from the state of the art, this work is divided into
three main sections comprising a material library, mesoporous architecture, and (nano-)local

polymer placement as indicated in Figure 9.

Mesoporous thin films

pore size, wettability,
chemical composition,
layer thickness

Asymmetric modification Asymmetric fabrication

advanced modification sequential deposition via
strategies dip coating

Figure 9: Schematic illustration of the strategic outline of this work.

MSTFs are versatile in pore size and chemical composition, and further allow the combination
of such by sequential deposition with adjustable film thicknesses from a few tens up to several
hundred nanometers.

The preparation of mesoporous film architectures with step gradients in pore size, surface
wettability, and/or charge requires a material library with various MSTFs and a fundamental
understanding of physical and chemical properties of multilayered mesoporous thin films.
Therefore, hydrophilic MSTFs that exhibit a pore size of 6-8 nm and 8-16 nm according to
literature?!”-2!® respectively were systematically investigated with respect to the ionic pore
accessibility in dependence of preparation parameters and the environmental pH of
measurement. To realize mesoporous surface wettability step gradients, hydrophilic and

hydrophobic MSTFs are needed. For this purpose, MSTFs with tunable surface wettability were
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developed by co-condensation of methylated silica precursors with TEOS. In addition, MSTFs
with increased chemical stability were developed ensuring the application in harsh conditions,
i.e. in basic environment. With respect to sustainable structure directing templates as alternative
to petro-based macromolecules, hydroxypropyl cellulose (HPC) was used for the fabrication of
MSTFs, which were examined regarding chemical composition, structural properties and ionic
pore accessibility.

For the purpose of creating mesoporous architectures with pore size or surface wettability step
gradients, MSTFs from the material library were combined by asymmetric fabrication, and the
influence of the fabrication in layers was examined. To fabricate a mesoporous pore size step
gradient, two hydrophilic MSTFs with different pore sizes were combined. To realize
mesoporous surface wettability step gradients, a combination of hydrophilic and hydrophobic
MSTFs was chosen.

Mesoporous double layer thin films were then applied to evaluate a suitable functionalization
strategy allowing the modification of an individual layer. Thereby, the advantages of well-
known functionalization methods of single layer MSTFs were transferred to double layer thin
films. In a first step, an asymmetric fabrication of the mesoporous double layer was performed.
By that, co-condensation was used to predispose one layer of the double layer architectures
with organic groups, which were further selectively modified. Suitable polymerization
techniques allowing a layer-selective functionalization of the predisposed layer were then
evaluated. For the generation of a mesoporous charge step gradients, photoiniferter initiated
polymerization in a layer-selective approach was conducted.

To further investigate the local placement of polymers in mesopores with nanoscale resolution,
advanced functionalization strategies are required. For the purpose of nanoscale polymer
placement, plasmonic metal NPs were incorporated in MSTFs to serve as nanoscale light source
and combined with suitable photopolymerization techniques. Firstly, the preparation of the
composite material comprising MSTFs and plasmonic metal NPs was investigated to allow a
precise positioning of the plasmonic NPs in MSTFs. Secondly, suitable photopolymerization
formulations which could be used in combination with plasmonic metal NPs were then
optimized in solution by a colleague within the research group to establish near-field induced
polymerizations. The photopolymerization formulations were then applied to functionalize the
constructed composite material with polymer at the nanoscale. The results on these approaches

are summarized in Chapter 5.
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4. Methods

In the following chapter, the preparation and functionalization methods of mesoporous silica
thin films, which are applied in this thesis are introduced. Furthermore, the versatility of surface
modification by polymerization at interfaces are discussed, and photo-induced polymerization
techniques that are applied for local placement of functional groups in mesoporous silica thin
film architectures are described in detail. Additionally, fundamentals of surface plasmon
resonance and the synthesis of plasmonic metal NPs are depicted. As a last point, a theoretic
introduction to cyclic voltammetry, which is utilized to investigate the ionic pore accessibility
of mesoporous thin films, as well as ellipsometry, which is applied to investigate structural

properties of mesoporous thin films, is presented.

4.1. Mesoporous silica thin films and strategies for functionalization

Mesoporous silica materials (MSM) have attracted considerable interest in research due to their
high specific surface area, chemical as well as thermal stability,** uniform pores in the range of
2-50 nm as classified by IUPAC,?" and the possibility of functionalization with organic
molecules.** 229 Naturally occurring porous silica materials are known as zeolites discovered by
the Swedish mineralogist Cronstedt in 1756 and have been utilized in the 20™ century in
applications such as molecular sieves, ion exchange for water purification, adsorbents in
dishwasher, catalysts, among others.??!222 However, the pore sizes of zeolites are typically
smaller than 1 nm which limits the accessibility of larger molecules, thus reducing the
possibility of surface functionalization. The size limitation has been solved by the pioneering
work of the Mobil Group in 1992 allowing the synthesis of MSM through supramolecular
templating.??® Prominent synthetic materials are MCM-41 (Mobil Composition Matter)*?* and
SBA-15 (Santa Barbara Amorphous)??®> with pore sizes of 3-8 nm. MSM can be produced in
various forms such as powders, (nano-)particles or thin films, by one of the following major
routes: direct precipitation, exo-templating, true liquid crystal templating, or evaporation-
induced self-assembly (EISA).** 226 In case of MSTFs, these routes require flat and smooth
surfaces to obtain homogeneous MSTFs. In 2007, Walcarius et al. introduced the electro-
assisted self-assembly of MSTFs which allows the homogenous deposition on non-planar or
even fibrous supports with uniform structure and vertically aligned mesopores.?*” The EISA
process, introduced by Brinker et al. in 1999,%?® in combination with dip coating as deposition
technique was selected as synthetic route of choice in this work due to its simplicity and high
reproducibility.

Liquid crystal templating, in which surfactant liquid crystal structures serve as organic templates

for the condensation of the inorganic phase to a stabilized mesophase, and a co-operative self-
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Scheme 3: Schematic representation of MSTF preparation via dip coating and EISA for single and multilayer.

assembly, in which hybrid intermediates are formed by the surfactant and inorganic species as
independent blocks of hybrid structures, are the two mechanisms discussed in literature with
respect to the nanoscale organization of inorganic mesoporous structures.??3-224 229

Based on sol-gel chemistry*°, a precursor solution containing the silica precursor, a template,
a condensation promoting catalyst, and a volatile solvent is deposited under controlled
conditions (temperature, humidity) on a smooth hydrophilic substrate with defined and
constant withdrawing velocity (Scheme 3). Typical templates are amphiphilic surfactants such
as cetyltrimelhylammonium bromide (CTAB) or triblock-co-polymers of the Pluronic® family
like F127, P123 or P103, which determine the pore size of the final material.2*! In a first stage,
a mesostructured phase of the inorganic building blocks and an entrapped organized
supramolecular template is generated. Thereby, the inorganic precursor, here TEOS, the
catalyst and the template molecules enrich in the sol due to solvent evaporation promoting the
hydrolysis and condensation of the precursor as well as self-assembly of the template, which
forms micelles when the concentration of the critical micellar concentration is reached.?3* Well-
ordered mesophases are only obtained, if the process of phase separation/organization of the
template is faster than the polycondensation of the inorganic building blocks, which leads to a
“freezing” of the inorganic network.** The organization of the template molecules to the final
equilibrated mesophases, also known as module steady state, has been intensively studied by
Grosso et al. by combining small angle x-ray scattering and interferometry.?** Thereby, it has

been observed that the template molecules start from a worm-like towards a 2D-hexagonal
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structure not only due to the interaction of the template with the inorganic building blocks, but
as well due to the interaction of the air/sol and sol/substrate interface from which the micelles
start to form, thus determining the orientation of the mesophase. Complete condensation of the
inorganic network is achieved by further promoting the hydrolysis and condensation using
elevated temperatures between 60 °C and 130 °C. Sequential deposition of MSTFs via dip
coating, after one mesostructured film has been stabilized upon temperature treatment, allows
the formation of double or even multilayered films.> 2> The final mesoporous film is obtained
after template removal, which can be either performed by calcination or chemical extraction

using suitable solvents.?31: 235

Functionalization of MSTFs
The variety of possible applications of MSM is broadened by the functionalization with organic

molecules.*> 4 46 Thereby, synergetic or even new material properties arise from the
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Scheme 4: Schematic representation of various synthetic routes towards hybrid mesoporous silica thin films. a) Post

modification with organosilanes, b) co-condensation of inorganic and organosilane precursors, c) bridged precursor

for the generation of periodic mesoporous organosilicas, and d) application of functional templates.
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combination of the inorganic framework having a high specific surface area and organic
molecules providing a plethora of functionalities that can be incorporated in the hybrid
material. In principle, two main synthetic routes can be followed: 1) incorporating the organic
function whilst synthesis of the mesostructured phase or 2) subsequent modification of the
inorganic surface.?*® The latter contains a two-step synthetic approach and is described as post-
grafting (Scheme 4a) allowing the functionalization of the surface not only in solution, but as
well via the gaseous phase.?*”-®® QOne-step synthetic routes towards the formation of hybrid
mesoporous materials (HMM) are co-condensation of the inorganic precursor with
organosilanes bearing the desired organic functionality (Scheme 4b) or the application of
bridged organosilane hybrid precursors (Scheme 4c). A novel one-step approach for the
formation of HMMs has been intensively explored by Gérardin and co-workers for silica powders
by utilizing functional templates that also serve as structure directing molecules,?**?** and has
further been demonstrated for MSTFs by Tom et al. and Herzog et al. of the research group of
Annette Andrieu-Brunsen allowing the in situ functionalization of MSTFs (Scheme 4d).24>-246
The choice of functionalization route is determined by the desired degree of functionalization,
localization of functionality, limitation of the strategies respectively, and are further discussed

below with respect to hybrid mesoporous silica thin films (HMSTF).

Post-Grafting

MSTF have a high surface area with good pore accessibility and are rich on chemically active
surface silanol groups (-Si-OH ~1-2 nm),%47-248 which allows simple surface modification by
applying bifunctional organic molecules bearing suitable anchor groups and the desired organic
functional group. Such anchor groups are typically alkoxy, silazane or halogenous nature, which
undergo nucleophilic substitution reactions with surface silanol groups forming covalent
bonds.** 220: 249 Thereby, the synthetic procedure is determined by the different reactivity of the
anchor group. Whereas anchor groups of halogenous nature show the highest reactivity and
can be applied at room temperature or even in the gaseous phase, the reactivity of ethoxy
groups, for instance, is decreased compared to methoxy groups, thus elevated temperatures are
required.>*° For homogeneous modification of the surface of MSTF, several aspects have to be
considered. While the hydrophilicity/hydrophobicity of the inorganic surface and the
organosilane needs to be tuned to prevent local condensation of the latter, competing reactions
of the anchor group and other nucleophilic components in the reaction solution, such as water,
need to be avoided.** Furthermore, the presence of more than one anchor group can lead to
self-condensation of the organosilane inducing the formation of multilayer on the surface and

even pore blockage, as the surface reaction is favored on pore openings and interpore
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connections.?*® Nevertheless, post modification of MSTF also holds the great potential to locally
functionalize either the outer surface, which can result in transient capping of the mesopores
allowing controlled release of cargo molecules trapped inside the pores,*®*3° or gating/switching
of ionic transport*® 4756 or functionalization of the inner surface area allowing asymmetric
design of functional placement.*® %57 On the one hand, the outer silica surface can selectively
be modified, when the functionalization is carried out on a mesostructured surface still bearing
the structure directing template.?>! Subsequent template removal reveals the inner silica
surface, which is then accessible for further modification. On the other hand, selective
functionalization of the inner silica surface is achieved by destroying the organic functionalities,
for example by CO.-plasma treatment.>? The approaches for the selective functionalization of
the inner or outer surface of mesoporous materials have been summarized by Tiemann and

Weinberger.>”

Co-Condensation

For the preparation of HMSTF via co-condensation, an organosilane bearing the functional
organic group is present in the precursor solution containing the inorganic precursor, for
example TEOS. Thereby, the different precursors co-condensate in the precursor solution as
well as in the process of EISA forming the mesostructured hybrid phase. Although this approach
represents the simplest way to incorporate organic functionalities in MSTF, again several
aspects need to be considered. Template removal of the mesostructured hybrid phase needs to
be performed under mild conditions, e.g. by selective extraction, to avoid damage of the organic
functionality upon high temperature treatment (calcination).** 229 As result of different kinetics
and thermodynamics of organosilanes compared to the inorganic precursor, differences in the
co-assembly have to be considered.?*° Therefore, the kinetics of hydrolysis and condensation of
the precursors have to be adjusted to prevent clustering of the organosilane and thus formation
of a patchy functional density.?*’ Furthermore, increasing the concentration of organosilanes in
the precursor solution results in a decreased mesophase separation in the EISA process leading
to a loss of homogeneity and order of the mesostructure. Thus, the amount of organosilane is
typically kept to a minimum.** %2° Several studies demonstrated that a co-condensate
concentration above 20% with respect to the total amount of precursors can lead to significant
loss of the mesoporous ordering.?>32%> In consequence of the precursor solution’s composition
containing the inorganic precursor as well as the organosilane, the organic functionality is not
only present at the surface, but also incorporated in the silica network, thus the resulting
materials exhibit different chemical and mechanical properties compared to pure inorganic

silica materials.** For example, Calvo et al. demonstrated that only 16% of the co-condensed
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amino groups of APTES are chemically available after co-condensation compared to 37% when
the material is functionalized via post-grafting.2°® Similar observations have been concluded by
Kobayashi et al. comparing the spatial distribution of organic functional groups on mesoporous
silica NPs incorporated via post-grafting and co-condensation respectively utilizing dynamic
polarization (DNP)-enhanced ?°Si solid-state nuclear magnetic resonance (ssNMR).?*” Thereby,
the co-condensation route lead to less homogenous distributions compared to post-grafting and
also produced clustered organic moieties which were partly embedded into the silica walls.

The formation of HMSTF by applying bridged precursors is a ‘one-pot’ approach analogue to
the strategy of co-condensation, in which bis- or polysilylated —trialkoxysilyl-organosilane
precursors are utilized. Compared to co-condensation, one advantage is that the organic part is
integrated in the framework walls and remains accessible, it has neither influence on the pore
formation nor the pore size.**22° Combination of different bridged precursors among each other
and also the combination with terminal trialkoxysilyl-organosilanes allows the preparation of
bi- or multifunctional HMSTF. However, hydrothermal treatment and extreme pH values are

required synthesis conditions,** 2°® which might lead to Si-C bond cleavage.

Functional Templates

In regard of the preparation route of mesoporous thin films, the EISA process involves organic
template molecules directing the mesophase structure. The route of employing functional
templates to form HMSTF (Scheme 4d) strongly differs from the approaches discussed above
with respect to Scheme 4a-c, as the functionality originates from the structure directing
template rather than by application of organosilanes. It is noteworthy that many structure
directing templates have been proposed to prepare mesoporous materials. Common templates
for utilization of the latter are: poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (Pluronic® P123), poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (Pluronic® F127) as nonionic surfactants, CTAB and
cetyltriethylammonium bromide as cationic surfactants, sodium dodecyl benzenesulfonate
SDBS and sodium dodecyl sulfate as anionic surfactants, as well as ionic liquids.?*® However,
these templates are typically removed to obtain mesoporous materials throughout various
techniques, such as calcination and solvent extraction.?*® The synthesis of functional templates
for the preparation of in situ functionalized mesoporous materials, which are not designated to
be removed from the hybrid materials is a completely new research field, which has been
intensively studied by Gérardin and co-workers,?**?** and further represents current research

in the group of Annette Andrieu-Brunsen.?*>246
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Although an in situ functionalization with high functional density is achieved after deposition
and stabilization of the mesostructured hybrid phase, functional templates have to be carefully
designed and synthesized upfront guaranteeing an amphiphilic nature, which results in micelle
and thus pore formation without hindering the co-assembly process and the development of the
inorganic framework.2*>24¢ However, this strategy has just recently evolved and in situ
functionalized mesoporous materials with responsive properties to stimuli such as temperature,
redox, and pH have been reported lately, it further could open the opportunity of simple and
automated material deposition, e.g. through additive manufacturing of HMSTF in a single step.
As discussed above, the formation of HMSTF can be performed by application of various
approaches, but has to be chosen thoughtfully with respect to the desired hybrid material.
Whereas co-condensation leads to a homogenous distribution of the organic function and a
minimum of synthetic steps are required, the application of functional templates and the post-
grafting approach lead to a higher degree of function placement. The latter has extensively been
studied and reported with respect to surface-initiated polymerization in the last two decades,
due to a wide range of applicable monomers and different polymerization techniques available,

which is further reviewed in the section below.

4.2. Polymerization at the surface

Polymer functionalization of surfaces, particularly flat surfaces and surfaces of porous materials,
has attracted tremendous attention in the recent past, as it easily allows tailoring of chemical
and physical properties of surfaces.2%0-2! For example, antifouling properties of surfaces can be
implemented by polymer functionalization applying zwitter-ionic monomers.?%? Furthermore,
polymer functionalization of porous materials with stimuli-responsive polymers allows
transport modulation, often combined with gating properties granting the opportunity of
transporting and controlled release of cargo molecules trapped inside the pores.'*® In principle,
polymer functionalization of surfaces can be either performed by physisorption via van-der-
Waals, hydrogen-bond, or electrostatic interactions of the surface and the polymer, or by
chemisorption implying the covalent attachment of the polymer at the surface. The latter can
be performed by utilization of following main strategies: grafting-(on-)to, grafting-from and
grafting-through. The former implies a covalent grafting of a pre-synthesized polymer chain
bearing an anchor group, which binds to a suitable binding group on the surface. The advantage
of this route is the possibility to design and characterize the as-synthesized polymer chain
upfront. However, the generation of high grafting densities and thus formation of polymer
brushes at the surface is restricted due to the radius of gyration together with entropic penalty

resulting in limited chain density at the surface.?®® Furthermore, access of the polymer chain to
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porous materials can also be limited due to the small pore entrance of nanoporous materials,
for instance.’? In the grafting-through approach, a growing polymer chain can covalently anchor
to a surface, if a monomer functionality is present on the surface.2%® This strategy requires
surface functionalities that can be involved in the polymerization growth reaction. Therefore,
the attachment of a polymer chain through this approach consists of both grafting-to and
grafting from steps.?®* The grafting-from approach allows high functional density, thus the
generation of polymer brushes at the surfaces.?%> However, one drawback of the approach is
that controlled architectural design of the polymer chain as well as characterization of the same
is challenging, due to low material amounts. Nevertheless, in terms of polymer functionalization
of nanoporous materials, the grafting-from approach has mostly been applied, in which the
polymer chain is polymerized from the surface.!®® With respect to different polymerization
techniques that can be performed at surfaces, especially controlled radical polymerizations have
attracted reasonable interest as they are well-established and very convenient for surface
polymerizations.?®® Key technologies in this regard are ATRP, RAFT polymerization and the
analog photoiniferter-mediated polymerization (PIMP). The latter is mechanistically related to
RAFT polymerization, but does not require an external radical source compared to RAFT
polymerization as the iniferter is able to initiate, transfer, and terminate the polymer chain. In
the recent past, ATRP has become the most extensively utilized technique for surface
modification.?%¢2% Here, the polymerization control is obtained via an activation/deactivation
equilibrium of a transition metal complex and a dormant alkyl halide-terminated polymer
chain-end propagating in the presence of monomers. In case of RAFT polymerization, control
is achieved based on a reversible chain transfer and combines a chain transfer agent (CTA) such
as dithiocarbamates, dithioesters, and dithiocarbonates, and an external radical initiator,
azobisisobutyronitrile for instance. RAFT polymerization at the surface can be performed either
by surface immobilization of the CTA or the free radical initiator. In SI-PIMP, polymerization
control is accomplished by the intensity of applied irradiation, and therefore allows spatial as
well as temporal control.

In the following, SI-PIMP and dye-sensitized (radical) polymerization are further discussed in
detail with respect to the functionalization of mesoporous thin films, as these represent the
main polymerization techniques used in this work. At this point, a detailed review article on SI-
polymerizations of surfaces published the group of Harm-Anton Klok?® as well as a review on
recent trends in polymer functionalization of nanopores published by the group of Annette

158 are recommended for further reading. In addition, detailed articles on ATRP

Andrieu-Brunsen
published by its inventor Krzystof Matyjaszewski*’°, as well as an article on RAFT polymerization

published by the group of Michael Whittaker?”! are recommended for further reading. For this
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work, Si-PIMP polymerization has been chosen due to its simplicity and good applicability in
terms of functionalization of porous materials, and dye-sensitized polymerization due to the

possibility of initiation via visible light irradiation.

4.3. Photopolymerization

Polymerization reactions, in which many monomer units are added to each other to create a
macromolecule, are often thermally initiated by decomposition of a molecule. Instead of
thermal activation, other stimuli such as electron beam, x-rays, plasma, microwaves, or light
can also be used for polymer initiation.?’? Applying light of a suitable wavelength represents a
convenient way to initiate polymerization (photopolymerization), which has firstly been
demonstrated in pioneering works from more than half a century ago allowing the performance
of polymerization under mild conditions with spatial as well as temporal control.?”® It is
noteworthy that photopolymerizations differ from classical photochemical transformations, as
the initiation process typically becomes photo-induced, but chain growth polymerizations are
thermally driven chain reactions, hence following Arrhenius law.?”* Thus, increasing light
intensities does not necessarily lead to faster or better polymerizations, since a too high radical
concentration can be counterproductive.?’*

In photopolymerization, the initiators can be either unimolecular or multimolecular.?”527
Unimolecular initiators comprise one component that forms active free radicals initiating the
polymerization upon absorption of a photon and subsequent homolytic bond cleavage.
Multimolecular initiators require at least two species: an initiator/photosensitizer that forms an
excited state upon photon absorption and further reacts by red-ox, hydrogen abstraction or an
electron transfer mechanism with a so-called co-initiator that quenches the excited molecule
creating radicals to initiate the polymerization reaction. Typical unimolecular photoinitiators
are represented by benzoin ethers or benzyl ketals, whereas bimolecular techniques often
consist of benzophenones or thioxanthones as photosensitizer in combination with alcohols,
amines and thiols as hydrogen donors.?’”” However, a plethora of photoinitiators and
photoinitiating molecules are available and have been summarized in a book by Fouassier and

Lalevée.?’®

4.3.1. PIMP in mesopores

Iniferter initiated polymerizations are one of the oldest controlled polymerization
techniques.?’?-289 Thereby, initiation is conducted either thermally or by irradiation with light.

The latter is also known as PIMP and holds several advantages: Using light for initiation allows
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performing the polymerization under mild conditions granting the utilization of thermally
instable compounds such as pharmaceuticals, peptides, and enzymes.?®1282 In addition,
photoinitiation offers a temporal and spatial control by controlling the light intensity or
concentration of the photosensitive compounds unlike to thermal initiation.2%

Furthermore, SI-PIMP of mesoporous thin films has already been successfully demonstrated
allowing not only to adjust the function and thus charge density in case charged monomers are
applied,*® but also the re-initiation for the synthesis of block-co-oligomers enabling architectural
design of the polymer chains.>®

Upon irradiation with light of a suitable wavelength, mostly UV, the photoiniferter undergoes
a homolytic C-S bond cleavage (eq. 4.1), followed by polymerization and end-capping of the
polymer chains. The structure of the iniferter determines the polymerization control by the
properties of the free radical leaving group R- and the Z-group that can either activate or
deactivate the thiocarbonyl bond of the iniferter modifying the stability of intermediate
radicals.?®* Thereby, the iniferter cleaves either in two identical radicals (cc-type) or two
different radicals (ab-type). Is the Z-group represented by a suitable anchor group that can bind
to a surface, SI-PIMP can be carried out.?®

The mechanism of PIMP is exemplarily depicted in the following:

Initiation
S S—R S S
Y L Y + R-
z z (4.1)
M M
R+ ———> R-M: ——— P, (4.2)
Reversible chain transfer
S S—R P,—S.. _S—R P,—S S
P, + Y _— " Y _— n \l// + R
z z z (4.3)
Re-initiation
R M R-M M P
m (4.4)
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Chain equilibrium and propagation

Termination

Pnt + P,» ——> dead polymer (4.6)

Initiated through irradiation, the photoiniferter splits into the dithiocarbamate radical and the
free radical leaving group R- (eq. 4.1). The latter is not stabilized and most likely to react with
present monomer forming the propagating chain P,- (eq. 4.2). By addition of the latter to
another iniferter, the first equilibrium is accomplished generating the centered radical in
eq. 4.3. This radical can fragment in both directions either reverting to the original structure
releasing P,- or generating the macro-iniferter by releasing the new radical R-. In the second
case, the radical R- forms another propagating radical Pn- by reaction with monomer. The
second equilibrium is achieved (eq. 4.5, chain equilibrium and propagation) by addition of the
propagating radical Pn,* to the macro-iniferter. There, an equal probability for all chains to grow
is provided by a rapid equilibrium between the active propagating radicals P,- and Py and the
dormant macro-iniferter allowing the synthesis of low dispersive polymers. Termination
reactions by recombination or disproportion are present, but significantly suppressed and, in
case of SI-polymerization, even less likely compared to polymerization in solution, as only two
adjacent chains can undergo termination reactions. As highlighted before, no radicals are
formed after irradiation and the polymerizations stops allowing re-initiation of the dormant

species.

4.3.2. Dye-sensitized polymerization in mesopores

Although not representing controlled polymerizations, dye-sensitized polymerizations offer the
application of a broad wavelength range in the visible light spectrum, thus possible degradation
by using high-energetic light, e.g. ultraviolet, could be limited. The application of light to induce
the polymerization further allows to control the introduced energy, and the polymerization can

be carried out in aqueous solutions. On top of these advantages, dye-sensitized polymerizations
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have been successfully combined with surface plasmons to functionalize plasmonic metal NPs, %>
66,215 and also mesoporous silica thin films deposited on thin metal layers.4® 28

In this work, a bimolecular initiating approach comprised of a photosensitizing dye in
combination with a tertiary amine has been applied. The mechanism postulated by Kim et al. is
further discussed below (eq. 4.7).2%"

By irradiation with light of a suitable wavelength, the dye is excited to a singlet state (D*) by
absorption of a photon. The excited dye can either relax to its ground state (D) by emitting
electromagnetic radiation or undergoes a non-radiative transition to a triplet state (°D*) by
intersystem crossing. Excited in the triplet state, the dye is photoreduced by a tertiary amine
leading to a semi-oxidized form of the amine and a semi-reduced protonated form of the dye.
The latter is colorless and also known as leuco form of the dye, which can either proportionate
to its primary form or to its double-protonated form. By hydrogen abstraction of a neighboring
methylene group with respect to nitrogen of the amine, the polymerization initiating form of

the amine (Am-) is generated.

intersystem
hv crossing Red-Ox nM
D === 'px —» 3D*+Am —— D'7+ Am'Jr — DH'+ Am' ——>» Polymer
hv (4.7)

Although oxygen should be avoided in radical polymerizations, as peroxo compounds unable
to promote the chain growth are formed, oxygen can react with the protonated and double-

protonated form of the dye regenerating its primary form according to equation 4.8 and 4.9.%%8

DH+0, —— D+HO, 4.8)

DH, + O,

D + H,0O, (4.9)

In this regard, the acidity of the reaction medium is crucial, since the protonated form of the
dye can as well be a result of the acid-base equilibrium of the semi-reduced dye and a proton.?”®
In this work, dibromofluorescein absorbing at 530 nm as photosensitizing dye and
N-methyl diethanolamine as co-initiator have been used for photopolymerization, since
preliminary work showed successfully the application in mesoporous silica thin films by
application of visible light irradiation.*® Thereby, the enhanced electromagnetic field of the
evanescent wave of surface plasmons of a nanometer thin gold layer underneath the MSTF has
been applied to induce the polymerization inside the mesopores. Furthermore, Soppera and

Bachelot have thoroughly investigated such photopolymerization formulations in combination
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with metal NPs allowing nanolocal polymer formation by taking advantage of the high energetic

field of localized surface plasmons of metal NP.54-66 216

4.4. Surface plasmon resonance and synthesis of plasmonic metal NPs

The phenomenon of surface plasmons (SPs) has been used for a long time, particularly in
coloring of glass. For example, glasses from the Bronze Age (1000-1200 BC) found in northern
Italy exhibit coloration by presence of copper NPs.?8” The Lycurgus cup (400 AC) is one of the
most prominent example showing different coloration when observed upon illumination inside
or outside the cup.?®%2°! Furthermore, the Mayan civilization used metallic NPs to develop blue
paints.?®? Likewise, there is evidence of metallic NPs in glass and pottery of Egyptian
dynasties??, Celtic enamels?**, Japanese?®> and Chinese glasses?%°.

The SPR is influenced not only by the size of plasmonic nanostructures, but as well by solvent,
i.e. the refractive index /dielectric of the surrounding medium, ligands, interparticle distance,
and temperature.'’!2°7 Compared to symmetric spherical Au-NPs, unsymmetrical NPs, such as
rods, wires, cubes, nanocages, triangular prism and other structures have also received
significant attention to research, as their unique and fine-tuned properties strongly differ.?%®

A simplified classical picture can help to understand SPs: Metallic NPs can be described as a
lattice of ionic cores with conduction electrons moving almost freely inside the NP, also known
as Fermi sea.'”! Upon illumination, the electromagnetic field of the incident light exerts a force
on the conduction electrons moving them towards the NP surface. Since the electrons are
confined in the NP, negative charge will be accumulated on one side and positive charge will
be accumulated on the opposite side creating an electric dipole (Figure 10). The electrons are
then forced to return to the equilibrium position, as the dipole generates an electric field inside
the NP opposite to that of light. Here, the electric dipole is larger, the more intense the electron
displacement is, similar to a linear oscillator with restoring force proportional to the

displacement from the equilibrium position.
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Figure 10: Schematic illustration of the LSPR of metal NPs upon irradiation.

If the electrons are displaced from the equilibrium position and the field is removed later, they
will oscillate with a certain frequency, which is called plasmon resonant frequency.!”* 2°° The
wave motion of charge density by the collective oscillation of conduction electrons can also be
described as plasma oscillation.?”° The resonant conditions are mainly reached in the visible
wavelength range for which the NPs possess a distinct coloration like blue, red, green or brown
depending on the nanostructure size, shape, composition, or environment of the NPs caused by
the interaction of electrons in the metal NPs with incident light.2?® 30939 For instance, the
resonant conditions undergo a redshift with increasing size of spherical Au-NPs.3%% 304
Furthermore, the resonant wavelength of alloy NPs can be tuned by variation of the
composition. For example, alloy gold/silver-NPs (Au/Ag-NPs) show a blue shift with increasing
amount of Ag.3® The optical extinction of SP can simply be measured by optical absorption
spectroscopy>°6-3%7, but as well directly probed by far-field extinction microscopy®%¢-3%°, electron
energy loss spectroscopy>'%3!! or cathodoluminescence3!2313,

The synthesis of Au-NPs can be performed either by a top down (physical manipulation) or
bottom up (chemical transformation) approach,'®® and can be retraced to Faraday’s work in
1857, in which gold hydrosols were prepared by reduction of an aqueous solution of
chloroaurate with phosphorous dissolved in carbon sulfide.?'* In 1951, Turkevich developed one
of the most popular approach using citrate reduction of chloroauric acid in water.3'® In addition,
Frens reported the control over size by feed ration of gold salt to sodium citrate.!¢ Finally, the
kinetics to the Turkevich approach were provided by Chow and Zukoski.?!” Since these first
developments, a plethora of synthetic protocols, especially with respect to different NP shapes,
but also with respect to the compatibility with various media have been published.!6% 318-323

In this work, the synthetic protocols of spherical plasmonic metal NPs based on the Turkevich

method were extracted from the doctoral thesis of Meike Roskamp??**. Thereby, the type of metal
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and the size of the NP’s were chosen according to the wavelength of the LSPR that matches the
necessary wavelength of the selected photopolymerizations. Furthermore, metal NPs
synthesized via the Turkevich method exhibit citrate ligands which shall allow the

immobilization of the NPs on the surface of amine functionalized silica films.

4.5. Cyclic Voltammetry for investigation of ionic pore accessibility

Cyclic voltammetry (CV) is a potentiodynamic electrochemical method allowing the
investigation of electrochemical reaction mechanisms, redox potentials of molecules, as well as
kinetics of electron transfer processes.®?>32° In this work, CV is used to investigate the pore
accessibility of mesoporous thin films in dependence of pH by applying positively or negatively
charged redox-active probe molecules. Thereby, the charged probe molecules can either pass
the mesoporous structure generating an electrochemical signal due to an electron transfer
reaction at the electrode located underneath the mesoporous thin film, or be rejected due to,
for example, electrostatic repulsion of the surface charge. In addition, the influence of mesopore
functionalization can be studied via CV, as the pore size along with additional intrinsic reactivity
of integrated functional groups might affect the mesopore accessibility.??” For further reading
on electrochemical characterization methods of mesoporous materials, the fabrication of such
materials by electro-assisted deposition, as well as applications of mesoporous materials for
electrochemical purposes, a review article of Walcarius®*” is recommended. Additionally,
Steinberg et al. very recently published an article correlating experimental voltammograms of
mesoporous titania with a previously developed model of partially covered electrodes.>?8

Generally, the measurement setup consists of three electrodes, namely a working electrode, a
counter electrode, and a reference electrode (Figure 11). By that, electrochemical reactions of
interest occur on the working electrode. The reference electrode measures the true potential
and the counter electrode compensates differences between the measured and applied
potential. In a cyclic voltammetric measurement, the initial potential (U,) is linearly increased
until a desired potential is reached (U2). Subsequently, the potential decreases linearly until the
initial potential is reached again, as schematically illustrated in Figure 11b. This potential

change proceeds in a controlled way by applying a potentiostat.

47



G

Function
Generator

U,

potential

0 U, U,

Reference i

Counter Electrode Working t| me
Electrode Electrode

Figure 11: a) Schematic representation of the measurement setup of CV. b) lllustration of potential variation in cyclic

voltammetric measurements.

In this work, CV is used to investigate the ionic pore accessibility of mesoporous thin films
utilizing the charged and redox-active probe molecules ferricyanide [Fe(CN)e]*/% and
ruthenium hexamine [Ru(NHs)s]?>*/3*. Therefore, mesoporous thin films were deposited on
indium-tin oxide (ITO) covered glass substrates. In this case, ITO represents the working
electrode and electrochemical reactions can only be monitored, if the probe molecules can pass

the mesoporous structure reaching the working electrode below (Figure 12).
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Figure 12: Schematic representation of mesoporous thin films deposited on ITO covered glass substrates to perform
cyclic voltammetric measurements to investigate the ionic pore accessibility. The current density refers to the

measured electrode area without considering the covered surface area below silica.

Fundamentally, mass transport is determined by diffusion, migration and convection. To
increase the conductivity of the probe molecule solution, a background electrolyte is added that
also suppresses mass transport as result of migration. In presence of a redox-active probe
molecule, the electrochemical signal increases until the oxidation or reduction potential of the

probe molecule is reached, and decreases once the concentration of the probe molecule
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becomes depleted at the working electrode surface. For reversible reactions, the same
electrochemical signal with a negative current is observed, when the potential is decreased to
the initial potential. In case of redox reactions, the electrode potential (E) correlates with the
concentration of the oxidized and reduced form of the probe molecules, which can be described

by the Nernst equation (eq. 4.10)

E=E°+

RT [ox]
ZF log [red]

(4.10)
with the standard electrode potential E° the ideal gas constant R (8.31446 J/mol), the
temperature T in Kelvin, the number of transferred electrons 2z, the Faraday constant
F (96.48534 kJ/Vmol), and the concentration of the oxidized [ox] and reduced [red] form of
the probe molecule.

The detected peak current (i,) correlates with the temporal change of the potential, which is
known as the scan rate (v), and is further dependent on the concentration of analyte c;, the
electrode area A, and the diffusion coefficient D according to the Randles-Sevcik equation
(eq. 4.11). Hence, diffusion processes can be investigated by observing the peak current in
dependence of different scan rates, as the scan rate determines the time for the probe molecules
to diffuse to the working electrode. A diffusion controlled mass transport is governed, when a

linear correlation of the peak current versus the square route of the scan rate is present.
3 1 1
i, =(2.69-10°)-nz-A-Dz-c;-v2 (4.11)

However, Steinberg et al. just recently investigated the application of the Randles-Sevcik
equation for mesoporous insulating materials, and thereby concluded that this model is
insufficient, since mesoporous insulating materials, including mesoporous silica, behave as
planar electrodes under certain conditions, although a great fraction of the electrode is covered,
thus the electrode area A should not be applied.3?® They further propose the application of the
model for partially covered electrodes previously developed by Matsuda and co-workers®?,
which could be successfully applied to interpret experimental results.3?8

CV not only provides the investigation of ionic pore accessibility of mesoporous thin films, but
also allows to determine various properties. For example, only a homogeneous and crack-free
mesoporous thin film shows a suppressed electrochemical signal in case the template has not
been removed. Hence, the presence of well-defined electrochemical signals after template
removal gives information on the quality of template removal. Furthermore, it has been shown

that CV can be used to identify the structure (type, pore size, orientation)2?”> 330331 of

49



mesoporous thin films as well allows the investigation of the applied probe molecules
(concentration, size, charge)®*?. In addition, it has been demonstrated by utilizing CV that
enhanced transport rates can be induced by periodically hierarchical pore structures.333334
Besides that, ionic pore accessibility is mainly governed by the charge of the probe molecules
and the charge of the pore wall, as the Debye-Screening length plays an important role in such
nanoscale pores. For example, MSTFs exhibit a naturally negative charge in basic environment
in consequence of deprotonated silanol groups on the surface. Therefore, positively charged
probe molecules are more likely to pass the porous structure reaching the electrode below, and
are often pre-concentrated in the porous network due to electrostatic attraction. Contrary to
this, negatively charged probe molecules are rejected due to electrostatic repulsion of the
negatively charged mesopore. However, by modification of the surface functionality of
mesoporous thin films, the ionic pore accessibility can be modulated. Thus, CV allows to
evaluate functionalization of the pore walls, not only for single mesoporous thin films, but also
for double-layered mesoporous thin films.2#24¢ Moreover, it has been demonstrated that the
nature of transport of charged probe molecules through mesopores can be investigated in
dependence of the wetting state of the pores.?*® In this regard, Khalil et al. were able to
distinguish between transport across the mesopores and transport along the mesopore walls. In
another context, Brilmayer et al. demonstrated the possibility of determining pK, values of
functional groups on the mesopore walls from cyclic voltammetric measurements in
dependence of pH (titration).!° Thereby, a shift of the pK, values was observed in consequence

of the confinement effect in such nanoscale pores.

4.6. Ellipsometry

Ellipsometry is a non-destructive and very sensitive optical method, which determines the
polarization change of light that is reflected at a surface. If a thin film is deposited on a reflecting
surface, the optical system comprised of a thin film and the substrate will influence the
polarization of light, thus optical/dielectric properties of the thin film, such as thickness and
refractive index, can be determined.

Light can be described as an electromagnetic wave, which electric field E undergoes higher
interaction with matter as compared to the magnetic field.>*> Further, the electric field can be
allocated into two components: the p component running parallel to the propagating plane of
incidence of the light wave, and the s component running perpendicular to the plane of
incidence. Since these p and s components undergo different phase shifts as well as different
reflectivities through the interaction with the sample, a change of polarization of the reflected

light is induced.
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In this work, nulling-ellipsometry is applied to determine the refractive indices and film
thicknesses of MSTFs. Fundamentally, the setup consists of a light source, a polarizer (P), a
compensator (C), an analyzer (A), and a photosensitive detector as schematically depicted in

Figure 13.

Source Detector

Polarizer

Compensator Analyzer

Sample

Figure 13: Schematic PCSA setup of nulling-ellipsometry.

Firstly, a laser light beam is linearly polarized by the P and becomes elliptic after passing the C
(quaterwave plate), which has a designated position with respect to the P capable to shift the
phase of one component of E along the axis of the P. The elliptic light beam impinges on the
sample (S) interacting with matter and is then reflected on the substrate, where the sample is
deposited. By a suitable angle of P, the reflected light is linearly polarized and passes the A,
which is in principle a polarizer as well that is able to measure the ratio of the p and s
components of E. If the A is in a 90° position with respect to the axis of the reflected and linearly
polarized light, the light intensity passing the polarizer will be zero and the light beam is
“extinguished”. The polarization changes throughout the setup of nulling-ellipsometry is

schematically depicted in following Figure 14:

@S®@5:>®5:>.5

Polarizer Compensator Sample Analyzer

Figure 14: Schematic representation of the polarization of light in the PCSA configuration of nulling-ellipsometry.
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The detector, which is generally a photosensitive charge-coupled device, measures the intensity
of light. In case of nulling-ellipsometry, the angles of P and A are varied until the detector
quantifies a minimum of light intensity. Thus, a set of angles for P, C, A and the angle of
incidence (AOI) is the result of an ellipsometric measurement, and correlates with the

ellipsometric angles A and ¥ as follows:

Y =A A= 2P+§ (4.12)

for Az 0.

The ellipsometric angle A describes the difference in phase of the p and s component of light

before (5;) and after reflection (J,):
A= §; — &, (4.13)

The second ellipsometric angle % describes the ratio of the amplitudes of the p and s

components of light and can be deduced from the Fresnel equation:

R
tan¥ = Ry (4.14)
[Rss|

with the reflectivity of the p component R,, and the reflectivity of the s component Ry of the
incident light.
The reflectivities of the p and s components can be expressed by equation 4.14 applying the

reflection coefficients of the p (rp) and s component (r;) according to Snell’s law (eq. 4.15):

—i24
R _ Toip—T12p€

—i2A
To1s—T125€
PP 147pqpTiapei28

and Ry = (4.15)

1+7gqsT12s€ 24

for a single-layer model with two boundary layers between air and the porous layer, and
between the porous layer and substrate. Exemplary, the boundary layers between air and

porous layer (ro1p/7015) are given by:

__nycosa-ngcospf

__Mpcosa—ngcosf
Toip = — .

and 1y, = (4.16)

nq cos a+ngcosf ng cos a+n, cos B’

Consequently, the fundamental equation of ellipsometry that implies both ellipsometric angles

is obtained:
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e tany = -E2 (4.17)

SS

In case the wavelength of the light is known, as well as the AOL and the refractive index of the
surrounding medium along with the substrate, the thickness of the thin film together with the

refractive index is obtained with a periodical result according to:

d=—=2 (4.18)

2 /n%z—nglsinz 6

Plotting the ellipsometric angles A and ¥ versus a set of AOIs allows the calculation of the
refractive index and the film thickness by applying a suitable layer model and a graphical fit.
Thereby, the root mean square error (RMSE) determines the quality of the graphical fit.
According to the manufacturer, a RMSE=1 indicates an optimal fit taking into account the
experimental errors provided with the data, whereas a RMSE<1 represents a fit better than
may be expected from the data errors and a RMSE>1 indicates a sub-optimal match. With
respect to the latter, RMSE values below 2-3 may usually still be regarded as a good fit,
depending on the sample’s complexity.

Since P, C and A can be rotated in a range of 360°, four zones of linear polarized light can be
detected, thus fourfold zeroing can be performed in the measurement. Thereby, four-zone
measurements take four times longer than a zero-zone measurements. In this work, one-zone
measurements are performed.

In addition to the determination of film thickness and the refractive index of MSTFs, the
porosity can be determined by applying the Bruggeman®?® effective medium approximation

(BEMA, eq. 4.19) and the refractive index obtained by following equation

(0~ %) [£5] + () [—2] Fa-p[EE] =0 (4.19)

Eqirt2&s Egit2¢&g

with the porosity of the layer p, the volume fraction of polymer V,, the dielectric constants of
air &qr , silica €s;, the measured sample €5 and of polymer ¢, respectively, assuming e=n? (nair=1
and nsiica=1.46%7).3% Furthermore, by determining the refractive index of MSTFs before and
after functionalization, one can calculate the pore volume fraction of organic molecules, e.g.

polymer, by applying the BEMA.3%°

53



5. Results and Discussion

The scientific results obtained in this work are presented and discussed in this chapter. The
results of this work, which have partially been published as scientific articles, are introduced

and discussed by following outline:

I.  Material library for mesoporous architecture (Chapter 5.1)
II.  Mesoporous thin films with asymmetries in pore size and surface wettability prepared
by asymmetric fabrication (Chapter 5.2.1 and 5.2.2)
III.  Asymmetric modification of mesoporous film architectures by layer-selective polymer
functionalization of mesoporous double-layer thin films (Chapter 5.2.3)
IV. Asymmetric modification of mesoporous film architectures by mnanolocal

functionalization of mesoporous thin film architectures (Chapter 5.2.4).

In Chapter 5.1, the preparation of mesoporous single thin films is presented. Thereby, two
hydrophilic MSTFs with different pore sizes, respectively, that are mainly used in this work are
intensively studied with respect to the ionic pore accessibility in dependence of the
environmental pH. Furthermore, MSTFs with adjustable surface wettability are introduced,
which allow asymmetric fabrication of mesoporous architectures to generate mesoporous
wettability step gradients by sequential deposition of hydrophilic and hydrophobic MSTFs,
respectively, using dip coating. In addition, mesoporous thin films prepared with a bridged silica
precursor that result in increased chemical stability in basic environment are introduced and
discussed. Moreover, MSTFs templated with bio-based and sustainable macromolecules are
proposed as alternative to petro-based block-co-polymers used as structure directing templates.
Based on the introduced material library, prepared mesoporous film architectures with respect
to the fabrication of MSTFs with asymmetries in pore size, surface wettability, and charge
distribution are discussed in Chapter 5.2. Thereby, hydrophilic MSTFs with different mesopore
sizes are combined in order to prepare MSTFs with pore size step gradients. Further, hydrophilic
and hydrophobic MSTFs are merged to generate MSTFs with wettability step gradients. The
selective polymer functionalization of an individual MSTF layer in double layer arrangements
is represented. By that, well-established functionalization strategies of single layer MSTFs are
transferred to double layer MSTFs to generate mesoporous charge step gradients by asymmetric
modification. The ionic mesopore accessibility of the resulting step gradient architecture is
investigated. Finally, nano-local functionalization strategies by applying plasmonic metal NPs
as nanoscale light source to induce photosensitive polymerizations in the confinement of MSTFs
are illustrated. The concept is demonstrated for two mesoporous film architectures and two

different polymerization techniques.
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5.1. Material library for mesoporous architecture

In terms of the generation of mesoporous architectures with step gradients in pore size,
wettability, or charge, a mesoporous film library was built, which is represented in this chapter.
Firstly, two distinct MSTFs with different pores sizes?!”-21®, which were used to fabricate MSTFs
with pore size step gradients, are systematically investigated with respect to chemical and
structural properties, as well as ionic pore accessibility in dependence of preparation
parameters. Secondly, MSTFs with tunable wettability are introduced. With respect to the
fabrication of MSTFs with defined surface wettability — from a hydrophilic to hydrophobic
nature — by co-condensation of different silica precursors represents a facile route for
asymmetric fabrication of Janus-type materials with wettability step gradients. Recently,
Nakanishi and co-workers introduced marshmallow-like gels and aerogels from di- and
trifunctional alkoxysilanes as co-precursors through sol-gel reaction.>*® By applying the
methylated precursors methyltrimethoxysilane (MTMS) and dimethyldimethoxysilane
(DMDMS), a porous material was obtained that shows superhydrophobicity and high
mechanical stability over a wide temperature range.>**' Inspired by this work, MTMS and
DMDMS were used for co-condensation with TEOS to develop MSTFs with tunable surface
wettability.

Besides mechanical stability of MSTFs, several researches have recently investigated the
stability of mesoporous materials in aqueous solutions in dependence of the environmental pH
and concluded a lack of stability especially in basic environment, whereas silica dissolves in
acidic environment slowly.3*?-3#* Thereby, one relevant aspect affecting the chemical stability is
the high specific surface area due to the mesoporosity, while other aspects such as ionic
strength, attractive interaction between probe molecules and silica walls, as well as multiple
cycles, e.g. in electrochemical investigation via cyclic voltammetry, further affect the chemical
stability.>*3-3* Hence, the time scale in applications such as permselective sensors, drug delivery
devices, and separation membranes have to be considered.*** Recently, ten Elshof and co-
workers studied the hydrothermal stability of organosilicas, i.e. organically bridged
silsesquioxanes compared to pure silica derived from the precursor TEOS, for example.>*
Thereby, significant improvement of the chemical stability, not only in acidic, but as well in
basic environment was observed for bridged precursor molecules with two or more CH:
bridging units.>*> Mesoporous materials generated by applying silica precursors with two CH>
bridging units, and the surfactant assisted approach were firstly demonstrated by Inagaki and
co-workers in 1999 that used octadecyltrimethylammonium chloride as structure directing
template.>*® Further studies have also applied the common surfactants CTAB**-*%# and

Pluronic® P123%°. By that, Melde et al. observed an improved hydrothermal stability of
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mesoporous organosilicas compared to pure silica MCM-41 analogously prepared.**” However,
in this study no explicit pH value was mentioned nor adjusted, thus the effect on the chemical
stability at basic conditions was not explicitly investigated. To address an improvement of
chemical stability, also in basic environment, MSTFs prepared by applying a bridged silica
precursor and the structure directing template Pluronic® F127 are discussed in the third
subchapter. The last subchapter of the mesoporous film material library focuses on structure
directing templates used in the preparation process of MSTFs, since research nowadays focuses
on the development of porosity and ordered mesoporous materials derived from sustainable
biomass raw materials or biomolecules.*? By that, cellulose derivates have gained tremendous
attraction, since these are cheap, easily available, and hold a whole range of structural
motifs.>*!3>2 For example, MacLachlan and co-workers generated free-standing micro-scale
thick mesoporous silica and titania films templated with cellulose nanocrystals.3>3-3>* The
resulting helical pore structure of the mesopores showed tunable chiral reflectance across the
entire visible spectrum and into the near-infrared towards possible applications in optical filters
or reflectors, for example.?>*** Thomas and Antonietti used the cellulose derivate HPC as a
template to generate macroscopic mesoporous silica, as HPC is known to form nematic
structures in water with very well defined cholesteric superstructures.®*! Investigations of the
porous silica through polarization microscopy, circular dichroism, along with TEM and sorption
measurements indicated that the complex hierarchical superstructure is essentially kept in the
solid hybrid materials and also replicated as a pore structure into the calcined silica.%!
Encouraged by the scientific works discussed above, MSTFs were prepared by using
hydroxypropyl cellulose as structure directing template, and were investigated with respect to

their chemical composition, structural properties, as well as ionic pore accessibility.

5.1.1. lonic pore accessibility of hydrophilic MSTFs

In this paragraph, the MSTFs mainly used in this work that result in MSTFs with different pore
sizes, respectively, are discussed with respect to the thin film properties in dependence of
preparation parameters, along with the determination of ionic pore accessibility.

In the context of mesoporous thin film architectures and the functionalization of the pore wall,
MSTFs with different pore sizes have been applied in this work ensuring the functionalization
agents can enter the porous structure. For the preparation and investigation of hierarchical
mesoporous architectures, along with the investigation of a local and controlled
functionalization strategy thereof, MSTFs with high homogeneity together with uniform pore
size and structure (pore orientation perpendicular to the substrate) are required. Further, the

preparation of mesoporous multilayer thin films with respect to the formation of step gradients
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requires pore connections between the individual layers to study the pore accessibility, if mass
transport through the porous material shall be provided. The EISA process in combination with
dip coating is a well-established method for the deposition of mesoporous thin films on flat
substrates. Together with Robert Brilmayer, investigation of the ionic pore accessibility by
comparing two methods for template removal — either by calcination or acidic ethanol
extraction — was performed, which resulted in temperature treatment dependent permselective
behavior. Thin films that have been treated up to 200°C show more intense the pre-
concentration of the positively probe molecule at basic conditions due to electrostatic attraction
of an increased number of deprotonated, thus negatively charged surface silanolate groups as
compared to thin films that have been calcined at 350 °C. This is consistent to the observation
of a higher silanol vibration at ~950 cm™! in the attenuated total reflection fourier transform
infrared (ATR-IR) spectrum for MSTFs that were treated up to 200 °C as compared to MSTFs
that were treated up to 350 °C indicating a lower degree of silica condensation at lower
temperatures.>>®

The deposition of multilayer films using dip-coating can be quite time-consuming, as each layer
has to be thermally stabilized to avoid dissolution before deposition of the following layer.
Furthermore, thin films deposited via dip coating exhibit substrate rim effects that result in
inhomogeneities of the film thickness on the edges of the substrate. Nicole Rath (born Herzog)
Anastasia Kalyta, and Dieter Spiehl demonstrated that film thickness of MSTFs can be adjusted
in a controlled manner, from a few tens up to several hundred nanometers, by variation of
process parameters such as the withdrawing speed in the dip coating process, and by variation
of the cylinder cell depth along with the contact force in the process of gravure printing for two
different formulations resulting in MSTFs with a pore size of 3-8 nm and 8-16 nm respectively.
Thereby, the thin films deposited via gravure printing show higher homogeneity, since no
substrate rim effects are present. Furthermore, the deposition of thin films is much faster
applying gravure printing and does not require thermal stabilization of individual layers in case
of the preparation of multilayer thin films. In addition, less precursor solution is necessary by

using gravure printing as compared to dip coating.
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Contribution to the publication in RSC Advances, 2019, 9, 23570: Together with Robert Brilmayer,
who developed mesoporous silica thin films with enlarged pore size, investigation and data curation
of cyclic voltammetry measurements of single layer mesoporous silica thin films prepared via dip
coating in dependence of the template removal were performed. This allowed the correlation of
template removal on the concentration of surface silanol groups. Furthermore, I contributed to the
data discussion with respect to the chemical composition and structural properties in dependence
of withdrawing speeds in the dip coating process, especially with respect to IR characterization.
Nicole Rath (born Herzog), Dieter Spiehl (Institute of Printing Science and Technology, TU
Darmstadt) and Anastasia Kalyta developed the preparation of mesoporous silica thin films via
gravure printing. Structural characterization using ellipsometry and scanning electron microscopy,
characterization of chemical composition using ATR-IR spectroscopy, and investigation of ionic pore
accessibility using cyclic voltammetry of gravure printed mesoporous silica thin films were
performed by Nicole Rath. Furthermore Nicole Rath prepared double layered mesoporous silica thin
films using gravure printing as well as performed functionalization thereof together with the
characterization using ellipsometry, ATR-IR spectroscopy, and cyclic voltammetry. Edgar Dorsam
(Institute of Printing Science and Technology, TU Darmstadt) was intensively involved in
discussions with respect to gravure printing as preparation method for mesoporous silica thin films.
Christian Hess (Eduard-Zintl-Institut fiir Anorganische und Physikalische Chemie, TU Darmstadt)
provided access to XPS measurements and was involved in data curation of such. Annette Andrieu-

Brunsen acquired funding, supervised the project and supported in manuscript writing.
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The results of this paragraph are published in RSC Advances:

Nicole Herzog, Robert Brilmayer, Mathias Stanzel, Anastasia Kalyta, Dieter Spiehl, Edgar
Dorsam, Christian Hess, Annette Andrieu-Brunsen, Gravure printing for mesoporous film

preparation, RSC Advances, 2019, 9, 23570.

The Supporting Information is not replicated here, but can be found in the electronic version

of the article (DOI: 10.1039/c9ra04266k).

Published by the Royal Society of Chemistry under the Creative Commons Attribution 3.0
(CC BY-NC) Unported Licence.
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Gravure printing for mesoporous film preparationt
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This study presents gravure printing as a new strategy for rapid printing of ceramic mesoporous films and
highlights its advantages over conventional mesoporous film preparation using evaporation induced self-
assembly together with dip-coating. By varying the printing process parameters, the mesoporous coating
thicknesses can be adjusted between 20 and 200 nm while maintaining a very high film homogeneity
allowing the printing of ultrathin mesoporous films. Step gradients in film composition are accessible by
consecutively printing two different “inks”. Thereby, gravure printing is a much faster process than
mesoporous single- and multilayer preparation using conventional dip-coating because lower amounts
of solution are transferred and dissolution of previously deposited layers is avoided. The effect of printing
process parameters on resulting film characteristics as well as the resulting mesoporous film's icnic
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Introduction

Printing is a powerful tool for manufacturing thin films and
coatings. Mesoporous ceramic coatings or thin films are of
special interest because they provide an ordered porous
framework able to include a variety of functional molecules,
resulting in hybrid materials with organized and specific
features such as a large surface area and functionalized meso-
pore walls. These features enable tuning of material character-
istics such as ionic permselectivity or optical properties.’®
Therefore, functional mesoporous materials and coatings play
a key role in many technological applications such as nanoscale
reaction vessels, sensors, optics, separation, catalysis or lab on
chip devices.*"* Commonly, mesoporous ceramic coatings are
prepared by Evaporation-Induced Self-Assembly (EISA) and sol-
gel chemistry using a dip- or spin-coating process." Within this
process mesoporous film characteristics, especially the film
thickness, can be easily adjusted by varying the solvent or
withdrawal speed and by varying the geometry of the solution
level within the solution reservoir.'*'* Despite this versatility,
the fabrication of structured or patterned films as well as the
automated fabrication of complex coating architectures or
ultrathin films of interest e.g. in electronic applications, is not
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accessibility is systematically investigated.

easily possible and film homogeneity, especially with respect to
film thickness, varies significantly within the coating. For
example, composition control along the film thickness by dip-
coating requires multiple dip-coating steps with intermediate
temperature-stabilization, to avoid dissolution of previous
layers. Aside from being very time consuming, this procedure
affects film homogeneity along the film thickness. In addition,
substrate rims induce film inhomogeneities, limiting the
fabrication of small patterns, for example those desired in
microelectronic devices. As another example ultrathin meso-
porous films with film thicknesses down to 10 nm, of interest
e.g. in electronic devices, have been recently prepared by wet-
etching previously deposited films." Printing such films
would be much faster and allow much more precise local
control. Interestingly, only a few examples of ink-jet printed,
structured mesoporous coatings are reported. A technology
allowing the construction of highly defined multiple layer and
step gradient coatings with the potential for scale up is still
missing.””** Nevertheless, porous structures with well
controlled compositions along the film thickness are of special
interest in advanced molecular transport control and porous
material compartmentalization, and thus in technologies such
as sensors, separation or energy conversion. Consequently,
a technology allowing homogeneous large area coatings as well
as structured deposition while being scalable to an industrial
scale that is fast and allows well defined multilayer generation
at the nanoscale is required.

These criteria are fulfilled by printing technologies. With
respect to mesoporous materials, printing is mainly based on
paste printing usually to fabricate net-like macroscopic archi-
tectures of mesoporous silica, mostly intended to be used for
cell growth,?*** Thereby ordered mesoporous structures such as
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hexagonally arranged mesopores have been demonstrated.®
Only a few studies focus on printing with higher local resolu-
tion. For example, Kotz et al. show the possibility to print fused
silica 3D structures by using stereolithography.?? Instead of a sol
used for EISA-based dip-coating, SiQ, particles within a Uv-
curable polymer are applied. Thereby, the polymer matrix
stabilizes the 3D structure upon hardening with UVv-light fol-
lowed by sintering resulting in a silica structure. This approach
allows the design of transparent 3D silica structures but does
not directly allow printing of ordered mesoporous 3D materials.
Other experiments to create a 3D ceramic structure are based on
ink-jet printing using a layer-by-layer approach, depositing
ceramic suspension micro droplets ejected via nozzles.* **
Additionally, the group of Brinker demonstrated silica nano-
structures prepared by micro-pen lithography and ink-jet
printing. Printing is performed with functional organosilanes
on patterned self-assembly monolayers, which leads to func-
tional, hierarchically organized structures.” Unfortunately, ink-
jet printing of microdot arrays of mesoporous silica is limited by
the homogeneity of the dots. For optimal results this technique
is limited to hydrophobic organosilanes as co-condensates.?
The hydrophobic organosilanes are required to avoid clogging
of the nozzle aperture.”

Currently, gravure printing is explored as an alternative
fabrication process to be combined with sol-gel chemistry. A
recent study published in 2018 demonstrates gravure printing
of silica nanoparticles for metal oxide thin film formation.*
Gravure printing has not yet been used to generate ordered
mesoporous silica coatings. Thereby, gravure printing of mes-
oporous architectures bares a strong potential for automated
thin film production with highly defined composition. As a roll
to roll process it allows relatively high manufacturing speed of
up to 15 ms™" at up to 4 m width.® For example, literature
describes gravure printing as a good candidate for thin film
production in electronics as it allows high throughput, high
control of film characteristics and provides the opportunity to
print well-defined multiple layers.*” With respect to production
of complex mesoporous film architectures, gravure printing
bares the potential to generate more homogeneous films in
much shorter production time as compared to established EISA
using dip- or spin-coating and ink-jet printing. In addition,
standardization and automation of the film preparation process
as well as complex film architecture fabrication should be
relatively easy, Combining structuring by gravure printing with
different sol inks and co-condensation approaches, known from
conventional sol-gel chemistry, and using subsequent post-
functionalization strategies further supports complex film
architecture design. In general, gravure printing allows nano-
scale adjustment of film thickness and film homogeneity based
on the substrate, ink viscosity, cell volume, printing speed and
printing force. Consequently, smart process design is expected
to not only allow the deposition of nanometer thick, homoge-
neous, and structured mesoporous film architecture in an
automated fashion but layer
placement.

Here, we establish gravure printing as a rapid and scalable
process to prepare homogeneous mesoporous thin film

also selective functional
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architectures with nanoscale thickness resolution, including
multilayer and thus step gradient design, using layer-selective in
situ functionalization exemplified for co-condensation of amine
functional groups. The gravure printed mesoporous silica film
properties, especially ionic mesopore accessibility, are
compared to films prepared viz conventional dip-coating based
evaporation induced self-assembly. The gravure printing
process has been optimized by exploring different curing
processes and their influence on functional film properties.
Regarding functional film properties mesopore ionic permse-
lectivity and the apparent pK, values of silanol groups in the
confinement of printed mesopores have been explored.

Results and discussion

The mesoporous silica film preparation process combining
evaporation induced self-assembly (EISA) and gravure printing
is schematically shown in Fig. 1 and compared to convention-
ally used dip-coating. The working principle of the gravure
printing process starts with filling the cells of the rotating
gravure cylinder in an inking unit. A doctor blade removes
excess ink so that a defined amount of ink remains within the
cells. The layout of the cells determines the printed layout. After
further rotation of the cylinder, the cells come into contact with
the substrate and most of the ink is transferred onto it. On the
substrate, these transferred dots of ink start to merge into
a homogeneous layer and the solvent evaporates. Thereby the
influence of process parameters such as the cell volume,
printing force, withdrawal speed and co-condensate solution
composition are systematically controlled and the effect on film
characteristics such as film thickness, porosity, and
morphology is investigated. In general, gravure printing
produces very homogeneous mesoporous silica films on large
areas (here 6 x 20 cm?) in an automated fashion. Micro-
meterscale patches are accessible printing individual spots
(Fig. S1bt).

Gravure printed versus dip-coated mesoporous film
characterization

Structural characterization by transmission electron micros-
copy (TEM) reveals similar mesoporous structures with pores 6-
8§ nm in diameter (Fig. 2a and b) for dip-coated and gravure
printed mesoporous films. Furthermore, SEM images (ESI
Fig. 82%) do not show any microscale cracks or structural
defects, Gravure printed films appear to be very homogeneous
microscopically as well as macroscopically as deduced from very
homogeneous optical interference colors (Fig. 2d). Notably,
substrate rim effects resulting in thicker films close to the
substrate rims are absent when using gravure printing, as
observed in electron microscopy and based on the reflected
interference color visible for mesoporous films printed onto
silicon wafer substrates (Fig. 2e and f). This makes gravure
printing a versatile technique to print homogeneous micro-
scopically small area mesoporous film architectures. In contrast
to dip-coating, gravure printing easily allows for film thickness
and film composition patterns and gradients by adjusting

RSC Adv, 2019, 9, 235/0-235/78 | 23571
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(a)

e inorganréaprecursor: TEOS
® Diwater H(o /ﬁ{o
m ethanol (bp. ~78 °C)
catalyst: HCI
21— @ surfactant. Pluronic® F127

doctor blade y
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Fig. 1 Comparison of the two mescporous film preparation strategies, evaporation-induced self-assembly (EISA) by dip-coating or
gravure printing. (a) Gravure printing using a metal cylinder transferring the “ink” (sol-gel-sclution) to the substrate. The ink is filled out
of a reservoir into the cells of the gravure cylinder and directly transferred to the substrate. Excess ink is scraped off by a doctor blade.
The cells are not completely emptied, as it comes to a film splitting. The settled fluid spots on the substrate extend to a surface at
appropriate ratios of the surface tension of fluid and substrate. The arrangement of the cells specifies the layout to be printed film. The
layout repeats after one cylinder revolution. (b) Conventional dip-coating process based on withdrawing a substrate with a defined
speed from the sol—gel-solution. The film thickness and quality mainly depends on the used withdrawal speed, solution viscosity and
substrate wetting.
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Fig.2 Comparison of dip-coating (a, b and fl and gravure printing (c—e) as a mesoporous thin film preparation process, (a) Photograph of
the dip-coating process as well as TEM image of a mesoporous silica film prepared by dip-coating with a withdrawal speed of 2 mm s and
template calcination at 350 “C showing a statistic pore distribution (7.2 + 0.8 nm). (b} Infrared spectra of the mesoporous film after
template calcination at 350 °C measured directly on a glass substrate. (c) Photograph of gravure printed mescporous silica films and a TEM
image of mesoporous silica prepared by gravure printing and calcination at 350 °C using a cylinder with a cell volume of 8.5 mL m™2 with
a statistic pore distribution (6.8 £ 1.2 nm). (d) Photograph showing the homogeneity of gravure printed mesoporous silica films with
different cylinder cellvolume field (3.19 MLm=, 83 mLm ™", 598 mLm ™", 471 mLm~7, 272 mLm~" and 1.67 mL m~ from left to right).
By using gravure printing, it is possible to print mm-scale patterns. Substrate size is demonstrated with 6 cm x 20 cm. The different film
thickness is visible by the different interference colors. (e) Image of a printed homogeneous mesoporous silica film prepared with a cell
volume of 8.5 mL m “. (f} Image of a dip-coated mesoporous silica film prepared with 2 mm s ' withdrawal speed. Inhomogeneity's
because of edge effects are indicated by the black arrow and are visible by a colour change at the end of the substrate indicating a different
film thickness ariginating from drop formation during dip-coating (rim effects).
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gravure cylinder cell volume and sol composition (ink),
respectively. Without special optimization, our experiments
allow resolution down to 10-20 nm for film thickness while
maintaining film homogeneity (Fig. 3) allowing to homoge-
neously print ultrathin mesoporous films. In accordance with
literature, film thicknesses between 60 nm and 400 nm are
achieved by dip-coating upon varying the withdrawal speed
between 0.05 and 30 mm s ' as shown in Fig. 2b.*" In gravure
printing, the film thicknesses and homogeneity is mainly
determined by the cell volume of the grounded cylinders (we
used a range from 1.6 to 24 mLem- ) resulting in film thickness
variation between 20-240 nm (Fig. 3b) for a contact force of
500 N. In addition, film thickness can be tuned by varying the
contact force between gravure cylinder and substrate,
Increasing contact force from 500 N to 700 N leads to increasing
film thickness of 10-20 nm (ESI, Fig. $3t). Consequently,
gravure printing yields thinner homogeneous films compared
to dip-coating. Porosity (pore volume) of 40-45 vol% as calcu-
lated from ellipsometry data (refractive index) using Brigge-
mann effective medium approximation (please refer to the ESI,
Tables $1-83%1) is detected for dip-coated as well as gravure
printed films. High refractive indices resulting in low porosities
of below 20 vol% are observed only when very small cell volumes
of less than 1.67 mL em ™ * are used. This can be attributed to
insufficient ink transfer resulting in inhomogeneous film

(a) e00— S — —1,35
5004 } 11,30
£ i P om
g 4001 i % 11,25 %
o b ' 2
< 3004 o 11,20 @
E] e g
£ . o
£ 200 i ABER
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0 5 10 15 20 25 30
withdrawal speed / mm*s™

b) L2 g

. !

o 100 Lt 5
11,8 @

£ 801 ;o »
¢ ool L1,6 2
$ b, 'a
£ 40 b 5 L1458
s & = g | - 5 =
] = . L =

04 F1.2

0 2 4 6 8 10 12 14
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Fig. 3 (a) Film thickness (black} and refractive index (blue) determined
by ellipsometry in dependence of the dip-coating withdrawal speed.
(b) Film thickness (black) and refractive index (blue) determined by
ellipsometry in dependence of the cell volume of the used gravure
printing cylinder.
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formation (ESI, Fig. S1%), which is supported by SEM and
microscopy results. Using a critical cell volume (above 2 mL
em™?) seems to be crucial for obtaining homogeneous meso-
porous silica films by gravure printing with a comparable pore
volume to dip-coated mesoporous silica films.

Changing the ink composition can introduce functional
groups into the mesopore wall {co-condensation) and produce
films with varying pore diameters. Here, we demonstrate pore
diameters of about 16 nm instead of about 8 nm. These films
show higher film thickness under identical gravure printing or
dip-coating conditions and the calculated pore volume is
slightly larger reaching up to 70 vol% (ESI, Tables S4 and S5+).
Interestingly, film thickness variation for these films is more
sensitive to withdrawal speed and cylinder volume (ESI,
Fig. S21) allowing a thickness variation range of 750 nm
between film thickness of 250-1000 nm.

Functional integrity is characterized by using ATR-IR of
350 °C calcinated mesoporous silica films deposited on glass
substrates. Three different silica stretching vibrational bands
are observed (Fig. 2b):** the asymmetric stretching vibration of
bridged Si-O-Si at 1260-1000 c¢m ' and the symmetric
stretching vibration of Si-O-Si ring structure at around
800 cm™', both originating from the silica network Si-O-Si as
well as the stretching vibrational band of free silanol (Si-OH)
groups in the range of 900-980 cm™'. Based on these ATR-IR
results no significant difference within the chemical struc-
tures, such as degree of silica condensation, can be observed for
mesoporous silica films prepared under different process
conditions or location on the supporting substrate (compare as
well Fig. S41).

Gravure printed mesoporous film performance

With respect to technological applications, such as separation,
sensing, or catalysis, performance-limiting mesoporous film
characteristics are mesopore accessibility and ionic permse-
lectivity. Mesoporous silica ionic permselectivity and meso-
porous silica film ionic uptake capability is mainly determined
by structural characteristics such as pore size and porosity,
together with pore wall functionalisation depending interface
characteristics such as charge but might as well be affected by
mesoporous film thickness. Walcarius and co-workers for
example demonstrate an increasing peak current in cyclic
voltammetry, representing, according to Nernst equation, an
increasing molecule concentration, with increasing number of
mesoporous silica layers produced by dip-coating.®* As gravure
printing allows very precise adjustment of homogeneous
mesoporous layer thickness the correlation of film thickness
and ionic permselectivity is shown in Fig. 4 as detected by the
maximum peak current density deduced from cyclic voltam-
metry. Ionic mesopore accessibility of gravure printed and dip-
coated mesoporous silica thin films with increasing film
thickness using anionic and cationic probe molecules
[FE(CN(,)]S_M_ and [Ru(NH_;](,]Z”J’ at acidic and basic pH are
compared. Thereby film stability has to be considered as
recently demonstrated by Alberti et al.** Within the discussed
experiments, cycling time has always been kept below 6
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Fig. 4 Cyclic voltammograms of mesoporous silica thin films using [Ru(NHg)g]:“K* (06to+ 0.2V)and [Fe(CN)g]K’M’ (- 0.2to+0.6V)as an
ionic redox probes at pH 3 (red) and 9 (blue). The dip-coated mesoporous silica films are prepared with different withdrawal speeds (a) 0.5 mm
sty 2mms tand (@10 mmst resulting in film thicknesses of (a} 140 nm (47 vol2 porosity}, (b) 180 nm (44 vol% porosity), (c) 300 nm (39 vol%
porosity). Mesoporous silica films prepared by gravure printing are prepared using different cell volumes of (d) 8.5 mLm ™ () 16 3 mL m~” and (f}

24mlm ?

minutes and a strict data quality control has been applied
ensuring stable and reproducible cyclic voltammograms as
described in Experimental section and Fig. S13.1 At basic pH
values (Fig. 1a-c blue) the silica mesopore wall is negatively
charged due to deprotonated silanol groups. Under these
conditions an exclusion of [Fe(CNg)]™*~ due to overlapping
Debye screening layers reflected by zero maximum peak
current density (j,,) as well as a preconcentration of positively
charged [Ru(NH3)s]*' " in the silica mesopores reflected by
increased maximum peak-current densities and peak broad-
ening is expected. At acidic pH, and thus neutral pore wall
charge, no ion discrimination in pore accessibility and thus
similar j, is expected. In accordance with this expectation both
probe molecules show similar, and thickness independent,
maximum peak cutrrents at acidic pH (Fig. 41, red). As well in
accordance with expectation, electrostatic exclusion of
[Fe(CNg)]* ™ at basic pH is observed indicating a defect-free
film structure. Except for very thin films with a film thickness
of below 100 nm a thickness dependent peak current reduc-
tion is observed (Fig. 41d-f). Interestingly, the pre-
coneentration of [Ru(NH;)s]”'""*" at basic pH and the simulta-
neously observed broadening of the cyclic voltammograms
seems to be film thickness and thus preparation process
dependent, although no direct correlation can be drawn due to
the dependence on multiple parameters especially on the free
electrode area which is not directly accessible. Reference
measurements of unmodified ITO electrodes are shown in
Fig. §5.f These are not showing any peak broadening or pre-
concentration at basic or acidie pH values. In addition, the
ATR-IR spectra (Fig. $11) do not show differences in the Si-O-

23574 | RSC Adv, 2018, 9, 23570-23578

resulting in film thicknesses of (d) 100 nm (48 vol% porosity), {e) 162 nm (40 vol% porosity}, (f) 250 nm (48 vol% porosity).

Si to Si-OH ratio in dependence of film thickness or prepara-
tion process, and ellipsometry indicates comparable pore
volumes for all investigated films. Together, this indicates that
the variation of 8i-O-8iasm.sm. t0 Si-OH band intensity with
varying cylinder volume is probably caused by the mesoporous
film thickness but not by a difference in Si-OH concentration
and thus charge density at the mesopore wall. In addition,
data evaluation using Randles-Sevcik's equation (Fig. S6%)
indicates that non-diffusional transport becomes significant
for mesoporous films thicker than 250 nm for basic pH values
and positively charged probe molecule and thus with existing
attractive electrostatic interaction between pore wall and
diffusing ions. This is reflected by a non-linear correlation of
peak currents to the square root of scan rates. All these results
indicate good accessibility and a comparable behavior for
gravure printed to dip-coated mesoporous silica films.

Gravure printing of complex mesoporous film architectures

Besides the opportunity of printing different inks and thus
creating gradient architectures, an advantage of mesoporous
film gravure printing is the rapidity of the printing process
itself. The very short contact time between supporting
substrate and the sol-gel solution leads to fast drying, avoid-
ing penetration of sol into a pre-printed layer and thus facili-
tating complex but homogeneous, defect-free multilayer
fabrication. This allows printing of multiple mesoporous silica
layers directly on top of one another without using stabilizing
temperature treatments between layer deposition steps, which
may negatively affect film homogeneity. Specifically, two-layer
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Fig.5 Cyclic voltammaograms of mesoporous silica thin films using [RUlNH=)6)” 3" and [Fe(CN)g]*~'*~ as ionic redox probes at pH 3 (red) and 9
(blue). Mesoporous silica films prepared by gravure printing are prepared using the cell velumes 8.5 mL m~? resulting in film thicknesses 150 nm
for ane layer and 300 nm for two layers. (a) Two gravure printed layers of unfunctionalized mesoporous silica. (b) Two gravure printed layers
consisting of a first mesoporous silica layer and a second mesoporous silica layer containing 5 mol% co-condensed (bis(2- hydroxyethyl)-3-
aminopropyl-triethoxysilane) (c) TEM image of a two-layer mesoporous silica film prepared by gravure printing with two different inks corre-
sponding to (b). (d) Two gravure printed layers of 5 mol% co-condensed mesoporous silica. (e) Two gravure printed layers consisting of a first
mesoporous silica layer containing 5 mol% co-condensed (bis{2-hydroxyethyl)-3-aminopropyl-triethoxysilane) and a second mescporous silica
layer, (f) TEM image of a two-layer mesoporous silica film prepared by gravure printing with two different inks. The first layer consists of
mesoporous silica with 5 mol% co-condensed (bis(2-hydroxyethyl)-3-aminopropyl-triethoxysilane} and a secend layer of unfunctionalized

mesoporous silica. The mesoporous films are thermally treated up to 200 °C and template extracted with acidic ethanol.

gravure printed mesoporous silica films using two different
inks resulting in two different functional layers are prepared
(Fig. 5). The corresponding characterization concerning
porosity, contact angles, temperature treatment dependent
ionic permselectivity, and morphology are summarized within
the ESI (Fig. S9-811 and Table S6t). Thereby it must be
considered that layer functionalization by co-condensation of
organic functional groups limits the maximum applicable
temperatures, here to 200 “C. Successtul multilayer step
gradient preparation is as well supported by XPS measure-
ments (ESI, Fig. $12 and Table §71). XPS results show one
nitrogen atom per seven Si-atoms after printing two layers of
5 mol% co-condensed mesoporous silica. When printing one
layer of 5 mol% mesoporous co-condensed silica followed by
a second top layer of mesoporous silica only one nitrogen
atom per 32 Si-atoms is detected by XPS. Printing 5 mol%
mesoporous co-condensed silica on top of mesoporous silica
leads to one nitrogen atom per 17 Si-atoms. The reference
sample of two printed mesoporous silica layers shows no
nitrogen within the XPS. The discussed double layer gravure
printed films (Fig. 5) have a film thickness around 280 nm.
According to this estimation XPS detects around 10 nm of the
entire film.**

In Fig. 5 cyclic voltammetry measurements of double layer
gravure printed films consisting of one mesoporous silica layer

This jaumal is © The Roya

by of Chemistry 2019

and one mesoporous silica containing 5 mol% of co-condensed
(bis(2-hydroxyethyl)-3-aminopropyl-triethoxysilane) are depic-
ted. The cyclic voltammograms for two layer films consisting of
two identical layers of mesoporous silica, measured as refer-
ence, are comparable to those shown above for one layer with
a comparable film thickness (Fig. 5a and 4d) co-condensation of
(bis(2-hydroxyethyl)-3-aminopropyl-triethoxysilane) results into
inclusion of amino groups with a pk, value around 8 inducing
a change of the mesopore wall charge. This results in a reduced
exclusion of the negatively charged probe molecule [Fe(CN)¢]® '
" at pH 9 visible by a detected jj, of 100 pA em * instead of 30
pA em™? for unmodified mesoporous silica (Fig. 5d). When
printing two layers as a step gradient with different functional
composition and individual film thicknesses of 140 nm, here
mesoporous silica and 5% co-condensed mesoporous silica
(Fig. 5b and c), the top layer which is in contact with the probe
molecule solution seems to determine the overall transport
characteristics. When the 5 mol% co-condensed mesoporous
silica film is located on top (Fig. 5b) the observed pore acces-
sibility is very similar to the pure 5 mol% co-condensed meso-
porous silica layers (Fig. 5d) showing no exclusion of
[Fe(CN)s]*"" at pH 9. But when the unmodified mesoparous
silica layer is located on top of a 5 mol% co-condensed meso-
porous film the exclusion of negatively charged [Fe(CN),]* "~ at
pH 9 is again observed (Fig. 5e).

RSC Adv, 2019, 9, 23570-23578 | 23575
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Experimental section

Mesoporous silica film preparation

Mesoporous silica films are synthesized via sol-gel-chemistry using
tetraethyl orthosilicate (TEOS) in the presence of the template
Pluronic® F127. The precursor solutions
(1TEOS : 0.0075F127 : 40EtOH : 10HO : 0.2HCI) resulting in 8 nm
mesopores or (1TEOS : 0.02F127 : 40FtOH :  34.5H,0 : 0.08HCIP*
resulting in 16 nm mesopores or ({1 — xJTEOS : x(bis(2-hydroxyethyl}-3-
aminopropyl-triethoxysilane) : 0.0075F127 : 40EtOH : 10H,0 : 0.2HCI)
with x being between 0 and 25 mol% are stirred for 24 h at room
temperature before being used to produce mesoporous silica films by
evaporation induced self-assembly (EISA)* on silicon wafer, glass, or
indium tin oxide coated glass substrates at 40-50% relative humidity
and 298 K.

Dip-coating

The mesoporous silica films are dip-coated using varying
withdrawal speeds between 0.1 and 30 mm s~ . After deposition
the films were kept at 50% relative humidity for 1 h followed by
a stabilizing thermal treatment and extraction like for films
treated to 200 °C. After successful film deposition a stabilizing
thermal treatment is carried out in two successive 1 h steps at 60
and 130 °C. Consecutively, the temperature is increased to
350 °C, or to 200 °C, with a gradient of 1 °C min™". This final
film stabilization temperature is applied for 2 h. Finally, the
films treated up to 350 °C are rinsed with ethanol and stored
under ambient conditions. Template extraction of the films,
treated only up to 200 °C, are treated with acidic ethanol (0.01 M
HCI in abs. ethanol) for 3 days to remove the mesopore
template.

Gravure printing

The mesoporous silica films are gravure printed using a labo-
ratory scale gravure printing machine G1-5 (IGT Testing
Systems) with different gravure cylinder cell volumes between
0.2and 24 mLm 2 A printing speed of 0.6 m s 'anda printing
force of 700 N are used. Freshly deposited films are stored at
50% relative humidity for 1 h. In case of printing two layers the
cylinder with 8.5 mL m~? cell volume was used. Between the
first and the second layer an aging time of 10 min is used. After
deposition of the second layer films were kept at 50% relative
humidity for 1 h followed by an identical stabilizing thermal
treatment and chemical template extraction used for dip-coated
films treated up to 200 °C: after successful film deposition
a stabilizing thermal treatment is carried out in two successive
1 h steps at 60 and 130 °C. Consecutively, the temperature is
increased to 350 °C, or to 200 "C in case of co-condensed
mesoporous silica films, with a gradient of 1 °C min~*. This
final film stabilization temperature is applied for 2 h. Finally,
the films treated up to 350 °C are rinsed with ethanol and stored
under ambient conditions. Template extraction of the films
with co-condensed organic groups, treated only up to 200 °C,
are treated with acidic ethanol (0.01 M HCl in abs. ethanol] for 3
days to remove the mesopore template.

23576 | RSC Adv, 2019, 9, 23570-23578
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Infrared spectroscopy (IR)

IR is performed using a Spectrum One (PerkinElmer) instru-
ment in attenuated total reflection mode. The measured spectra
are automatically background corrected, measured at glass
surface and normalized to the Si-OH vibrational band at

912 em .

Ellipsometry

Film thicknesses and refractive indices are determined on
silicon wafer substrates using a Nanofilm EP3 imaging ellips-
ometer. One zone angle of incidence (AOI) variation measure-
ments are captured between AOIs of 38 and 68° using a 658 nm
laser. The relative humidity is constantly adjusted to 15% using
a humidity control (ACEflow, Solgelway). The apparent film
thickness and refractive
measured angles ¥ and 4 using the EP4 analysis software
supplied with the instrument. The fitting parameters for the
silicon oxide layer thickness on the wafer substrate (d(Si0,) =
2.8 nm) are measured separately. The measured data is fitted
with a one-layer box model. The fitting program is allowed to
vary film thickness of the mesoporous silica thin films between
100 and 500 nm and the refractive index between 1.1 and 1,7, All
films are measured at three defined positions before and after
each functionalization step. Changes in film thickness and
refractive index are calculated for each specific position. Error
bars result from the changes in n and d at these three different
positions. To determine the porosity from refractive indices the
Briggemann effective medium approximation was used as
discussed elsewhere.*™*

indices are calculated from the

Transmission electron microscopy (TEM)

TEM measurements are recorded using a FEI CM20 TEM
microscope with a maximum resolution of 2.3 A, equipped with
a LAB-6 cathode and a charge coupled device camera (Olympus),
using an acceleration voltage of 200 kV. Samples are scratched
from substrate, dispersed in ethanol and sonicated. Subse-
quently, the suspension is placed onto a TEM grid.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) micrographs were
acquired using a Philips XL30 FEG scanning electron micro-
scope operated at an acceleration voltage of 30 kV. Samples are
sputtered prior to analysis with a platinum/palladium layer of
3 nm using a Sputter Coater 208 HR comprising a thickness
controller MTM-20 (both Cressington).

Cyclic voltammetry (CV)

Quantitative variations of ionic mesopore permselectivity are
studied by following the changes of voltammetric peak currents
associated with cationic [Ru(NH,)s]*"** and anionic
[Fe(CN)s]**~ redox probes. Cyclic voltammograms and thus
maximum peak currents, are recorded using an Autolab
PGSTAT302N (Metrohm). All probe molecule solutions are
prepared with a concentration of 1 mM in 100 mM KCI as
supporting electrolyte resulting in a pH 5-6 solution besides
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measurements shown in ESI (Fig. §71) which are measured in
150 mmol PBS solution as supporting electrolyte. Acidic or basic
conditions (pH 3 and pH 9) are adjusted by adding a drop of
a concentrated HCl or NaOH solution directly before starting
the measurement. Mesoporous silica films are prepared on
indium tin oxide (ITO) coated glass substrates being used as
working electrode. An Ag/AgCl electrode (BASI RE-6) serves as
reference electrode, and a carbon electrode as counter elec-
trode. Various scan rates between 25 and 1000 mV s~ ' are
measured. The electrode area is 0.21 em®. Cyclic voltammetry
data are strongly quality controlled by measuring the scanrate
of 200 mV s~ " at the beginning and at the end of each scanrate
variation. Only if both scans are comparable the data are further
evaluated. In addition each scanrate is measured three times
and the data is only further evaluated if these scans are
comparable. Finally, the first pH-value is re-measured for all
scanrates after screening all pH-values in between and the data
are only further evaluated if the first and the last measurement
of one pH series are comparable. For an example please refer as
well to Fig. $13 (ESIt).

Contact angle

Macroscopic static contact angle measurements are performed
using model TBUYOE from company Dataphysics Instruments
GmbH with the Program SCA-Software. The static contact
angles are measured using a 1 pL s ' rate with a final DI water
drop volume of 2 pL.

X-ray photoelectron spectroscopy (XPS)

XP spectra were recorded on a SSX 100 ESCA spectrometer
(Surface Science Laboratories Inc.) equipped with a mono-
chromatic Al Kz X-ray source (100 W). XPS analysis reveals
peaks at around 103 eV, 154 eV, 200 eV, 285 eV, 400 eV, 533 eV,
and 1073 eV, which are attributed to Si2p, Si2s, Cl2p, C1s, N1is,
01s, and Nals photoemissions, respectively,”® The observed
Si2p, Si2s and O1s peaks are consistent with the presence of
silica, whereas the N1s peak originates from the nitrogen in the
co-initiator. The presence of small amounts of K, Na, indium
and CI may result from indium-thin-oxide coated glass support
substrate.

Conclusions

In summary, this study demonstrates the versatility of gravure
printing for preparation of homogeneous, large area and
complex architecture mesoporous coatings in comparison to
conventionally used dip-coating. The resulting printed meso-
porous silica films are more homogeneous and show no
substrate rim effects even on very large areas. The fabrication of
ultrathin homogeneous films down to a film thickness of 20 nm
is possible and film thickness can be tuned by adjusting process
parameters such as the printing cylinder cell depth and the
contact force. Fast and homogeneous multilayer fabrication
with nanoscale thickness resolution has been demonstrated
relying on preventing sol incubation into bottom, pre-printed
layers due to the controlled, low solution volume applied to

View Article Online
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the substrate. Thereby, the achieved film properties, such as
high porosity and pH-dependent ionic permselectivity, are
comparable to dip-coated films. Using co-condensation and
different sol compositions for gravure printing enables the
fabrication of homogeneous multi-layer films with nanoscale
step gradient in porosity, pore size, or layer functionalization
and thus charge density. For such multilayer films the ionic
permselectivity is influenced by the condensation degree of the
mesoporous silica (due to temperature treatment), film thick-
ness, and in case of double layer films with pore sizes below the
Debye screening length and layer thicknesses of about 280 nm,
seems to be determined by the second layer which is in contact
with the probe molecule solution. Based on the advantages of
gravure printing for mesoporous film preparation and its
potential for automation and complex film architecture design
we expect these results to impact scale up and application
potential of mesoporous films.
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5.1.2. MSTFs with tunable surface wettability for asymmetric fabrication of

mesoporous wettability step gradient architectures

MSTFs can be sequentially deposited on a substrate using, for example, dip coating to realize
mesoporous step gradient architectures by consecutive deposition of different types of MSTFs.
In order to fabricate MSTFs with wettability step gradients, thin films with tunable wettability
were developed. Therefore, MTMS and DMDMS were used as co-precursors in combination
with TEOS and Pluronic® F127 as templating agent. The chemical structures of these precursors
are depicted in Figure 15a. In order to obtain MSTFs with adjustable surface wettability, the
mole fraction of TEOS was varied, whereas the methylated precursors MTMS and DMDMS
maintained in a fixed molar ratio of 3:2 according to following molar ratios of the dip coating

sol:

xTEOS/(1-x)-0.6 MTMS/(1-x)-0.4 DMDMS/40 EtOH/0.0075 F127/10 H20/0.028 HCl
with x=0, 0.2, 0.5, and 0.8.

It is assumed that MSTFs with hydrophobic surface wettability are observed for low molar
fractions of TEOS and hydrophilic MSTFs for high molar fractions of TEOS. Furthermore, an
increase of the refractive indices of MSTFs with higher molar fractions of the MTMS and
DMDMS are expected. To investigate the chemical compositions, MSTFs with various molar
fractions of TEOS have been characterized via ATR-IR spectroscopy and compared to a MSTF

without methylated precursors (Figure 15b).
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Figure 15: a) Chemical structures of the silica precursors TEQS, MTMS and DMDMS. b) ATR-IR spectra of MSTFs co-
condensed with TEQOS, MTMS and DMDMS with different mole fractions of TEQS, x=0 (black curve), 0.2 (red curve),
0.5 (blue curve), and a MSTFs without the methylated precursors (magenta curve). All spectra were normalized to

the stretching vibration of free silanol groups at ~ 905 cm-'.
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Comparing the ATR-IR spectra of MSTFs produced with different mole fractions of TEOS
depicted in Figure 15b, all spectra show typical bands for MSTFs in the range of 650 and
1280 cm? implying the presence of Si-OH (~905cm?!) and Si-O-Si (~ 1050 cm™ and
~ 770 cm™). MSTFs co-condensed with MTMS and DMDMS display additional bands in the
range of 2800-3000 cm'! that can be assigned to CH,/CHjs vibrational bands. It can further be
noticed that the broad band in the range of 2700-3700 cm™, which can be assigned to O-H
stretching vibration of adsorbed water, increases with higher mole fractions of TEOS indicating
increasing hydrophilicity.

The structural characterization was carried out by ellipsometry to determine the film thickness
and refractive indices (see Appendix, Table Al). The obtained values are depicted in

dependence of the mole fraction of TEOS in Figure 16a.
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Figure 16: a) Film thickness and refractive indices of MSTFs co-condensed with TEOS, MTMS and DMDMS with
different mole fractions of TEOS, x=0, 0.2, 0.5, 0.8, and a MSTFs without the methylated precursors obtained from
ellipsometric measurements at 15 rH%. b) Apparent water contact angle of a 2 uL water drop on MSTFs co-condensed
with TEOS, MTMS and DMDMS with different mole fractions of TEOS, x=0, 0.2, 0.5, 0.8, and a MSTFs without the
methylated precursors determined at 23 °C and 50 rH%.

Comparing the film thicknesses obtained from ellipsometric measurements, an increasing film
thickness with higher mole fraction of TEOS can be observed. Simultaneously, the refractive
indices decrease with higher mole fraction of TEOS. The latter was expected, since higher
amount of MTMS and DMDMS results in higher amount of incorporated organic groups, i.e.
methyl groups, and the refractive index of organic materials is assumed to be 1.5, whereas silica
has a refractive index of 1.46%°. Furthermore, increasing the concentration of co-condensates,
here the methylated precursors, results in a decreased mesophase, thus lower porosity, as

mentioned in Chapter 4.1.
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The surface wettability was investigated by determining the apparent water contact angle of a
2 uL. water drop on top of the MSTFs (see Appendix, Table A2). Comparing the apparent water
contact angles obtained from MSTFs with different mole fractions of TEOS, apparent water
contact angles decrease with increasing mole fraction of TEOS (Figure 16b). The MSTF without
TEOS shows the highest value of 113° and the MSTF without MTMS and DMDMS shows the
lowest contact angle of 10°. Thus, MSTFs with defined water wettability can be generated in
situ by co-condensation of TEOS and the methylated precursors MTMS and DMDMS - from
hydrophobic to hydrophilic - in dependence of the mole fraction of TEOS.

5.1.3. MSTFs with improved chemical stability

In terms of enhancing the chemical stability of MSTFs, especially in basic environment,
mesoporous (organo)silica thin films (MOSTFs) were prepared by using the bridged silica
precursor 1,2-bis(triethoxysilyl)ethane (BTESE), which chemical structure is depicted in Figure
17a, and the structure directing template Pluronic® F127. Thereby, a precursor sol recipe of a
mesoporous silica thin film templated with Pluronic® F127 that is common in the working group
of Annette Andrieu-Brunsen was applied and the amount of substance of the silica source

bisected resulting in following molar ratios of the components in the precursor sol:

1 BTESE / 80 EtOH / 0.015 F127 / 20 H20 / 0.56 HCl.
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Figure 17: a) Chemical structure of the bridged (organo)silica precursor BTESE. b) ATR-IR spectrum of the MOSTF

obtained with the bridged precursor BTESE normalized to the stretching vibration of free silanol groups at ~ 905 cm-.

It is assumed that the MOSTF results in comparable film thickness to pure mesoporous silica
thin films prepared with the silica precursor TEOS based on the precursor sol recipe that was

used. Due to the incorporation of organic groups, i.e. CH, bridging units, organic groups are
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expected in the chemical composition resulting in a higher macroscopic contact angle compared
to pure MSTFs (~ 10°). Furthermore, an improved chemical stability in basic environment is
pursued in consequence of higher hydrophobicity and chemically more stable Si-C and CH>-CH>
bonds.

To investigate the chemical compositions, the MOSTF has been characterized via ATR-IR
spectroscopy (Figure 17b). The ATR-IR spectrum of the MOSTF displays typical bands of
MSTFs in the range of 650 and 1280 cm™ implying the presence of Si-OH (~ 905 cm™) and
Si-O-Si (~ 1050 cm™ and ~ 770 cm™'). MOSTFs further show additional bands as compared to
pure MSTFs in the range of 2800-3000 cm! that can be assigned to C-H vibrational bands.
Again, a broad band in the range of 2700-3700 cm™, which can be assigned to O-H stretching
vibration of adsorbed water, can be observed. Additional bands can be found in the region of
2750-3000 cm™ and 1330-1500 cm that can be assigned to C-H stretching vibration, and
another band at 1272 cm™ that is assigned to the Si-C bond.** Another additional band can be
observed at 1735 cm™!, which is in a typical range of C=0 vibrations and might be assigned to
either residues of the template or oxidation products of the bridging groups upon heat treatment
of the MOSTF.

The structural characterization through ellipsometry (see Appendix, Table A3) revealed a film
thickness 219 + 5 nm, which is in good agreement to the film thickness of pure MSTF withdrawn
with a speed of 2 mm/s in the dip coating process®”’. The MOSTF has a refractive index of
1.313 £0.006 (RMSE=0.62+0.09), which results in a porosity of 31 vol% calculated by
applying the BEMA. Compared to pure MSTFs, the refractive index of the MOSTF is slightly
higher, thus the porosity decreased. Contact angle measurements were conducted on three
spots on the film surface to determine the surface wettability. Thereby, an apparent water
contact angle of 40 + 1° (see Appendix, Table A4) was determined which is in agreement with
the before mentioned expectation due to the incorporation of the organic bridging units.
Investigating the structural properties via scanning electron microscopy (SEM) (Figure 18), a
smooth and crack-free surface of the MOSTF and a film thickness of 191 + 9 nm derived from
cross sectional measurement are observed, which is in good agreement to the film thickness

determined via ellipsometry.
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Si substrate

<+—— film cross section

Figure 18: a) SEM micrographs of the top view of the mesoporous (organo)silica thin film (right) and the film cross
section (right). Scale bar: 200 ym left, 500 nm right. b) TEM micrographs of the mesoporous (organo)silica thin film.
Scale bar: 100 nm left, 20 nm right. The inset on the left displays the pore size distribution obtained from TEM analysis,

N=50. TEM measurements were conducted by Ulrike Kunz.

Further structural analysis of the MOSTF using TEM reveals a mesoporous structure with a
mean pore size of 8.6 nm as derived from the micrographs shown in Figure 18.

To investigate the chemical stability various mesoporous thin films, i.e. pure MSTFs prepared
with the precursor TEOS, MSTFs co-condensed with MTMS and DMDMS, as well as MOSTFs
prepared with the bridged precursor BTESE, were immersed in buffered solution at pH 10.
Thereby, the film thickness of individual pieces of the thin films were determined on three spots
via ellipsometry before immersion in the basic solution and after immersion in the basic solution
every 30 minutes over a total immersion time of 240 minutes (four hours). It is expected that
the chemical stability is increased for mesoporous thin films with lower porosity, i.e. higher
refractive indices, and for higher organic composition of the thin films resulting in higher
hydrophobicity. The change in film thickness in dependence of immersion time in buffered pH

10 solution is depicted in following Figure 19.
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Figure 19: lllustration of the film thickness in dependence of immersion time in buffered pH 10 solution for MSTFs
co-condensed with TEQOS, MTMS and DMDMS with different mole fractions of TEQS, x=0 (black), 0.2 (red), 0.5 (blue),
0.8 (magenta), a MSTFs without the methylated precursors (green), and the MOSTF prepared with the bridged

precursor BTESE (marine).

Comparing the film thicknesses of various mesoporous thin films in dependence of the
immersion time in basic solution, it is clearly observable that the pure MSTF prepared with the
precursor TEOS shows almost total degradation after an immersion time of 90 minutes in a pH
10 solution. The MSTF that has been prepared via co-condensation of TEOS, MTMS and
DMDMs with a high mole fraction of TEOS of 0.8 displays a degradation between 120 and 240
minutes, whereas less than 50% of the initial film thickness is observed after an immersion time
of 150 minutes. MSTF that has been prepared via co-condensation of TEOS, MTMS and DMDMs
having lower mole fraction of TEOS, i.e. 0.5-0, are stable throughout the total investigated
immersion time of 240 minutes, as well as the MOSTF prepared with the bridged precursor
BTESE. This can be explained due to lower porosity (higher refractive index), which determines
the specific surface area for potential chemical etching, and lower surface wettability (higher
values for apparent water contact angles) in consequence of the incorporation of organic
moieties. As expected from literature®*, improved chemical stability in basic environment, i.e.
pH 10 has been successfully demonstrated for the MOSTF prepared with the bridged precursor
BTESE, and as well for MSTFs prepared by co-condensation of TEOS, MTMS, and DMDMS with

TEOS mole fractions lower than 0.8.
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5.1.4. MSTFs templated with sustainable cellulose-derived macromolecules with

possible chiral pore structure

In order to investigate the possibility of using bio-based and sustainable macromolecules as
templates for the preparation of MSTFs, MSTFs with a thickness at the nanometer-scale were
developed using HPC (Figure 20a) as structure directing template. Thereby, the precursor

solution with following molar ratios:

1 TEOS / 40 EtOH / 0.001 HPC / 10 H>0 / 0.28 HCl

was used to deposit MSTFs onto various flat substrates via dip coating.
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Figure 20: a) Chemical structure of HPC. b) ATR-IR spectrum of a MSTF templated with HPC normalized to the
stretching vibration of Si-O-Si at ~ 1054 cm-.

Investigation of the chemical composition of the MSTF templated with HPC was performed
using ATR-IR spectroscopy. In the ATR-IR spectrum (Figure 20b) of the MSTF typical bands of
MSTFs in the range of 650 and 1280 cm! implying the presence of Si-OH (~905cm™) and
Si-O-Si (~ 1050 cm™ and ~ 770 cm™), as well as a broad band in the range of 2700-3700 c¢cm™
that are assigned to O-H stretching vibration of physisorbed and chemisorbed water, can be
observed. Thereby, a sharp and strong band is observed for the asymmetric stretching vibration
at ~ 1050 cm™ compared to the band of free silanol groups at ~ 905 cm™. This can be explained
due to the high temperature treatment up to 540 °C that was used to remove the template HPC
by calcination compared to 350 °C for Pluronic® F127 templated MSTFs, which results in
reduction of chemisorbed water, thus reduction of surface silanol groups.®*®

Structural characterization was performed using ellipsometry to determine the film thickness

and refractive index. Thereby, a mean value of the film thickness of 382 + 54 nm and a mean
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value of the refractive index of 1.169 + 0.084 were determined (see Appendix, Table A5). From
the latter, a mean value of the porosity can be calculated by applying the BEMA, which results
in a mean value of the porosity of 61 + 2 vol%, hence MSTFs templated with HPC result in silica
films with high porosity comparable to MSTFs templated with Pluronic® F127%7. However, the
ellipsometry measurements, respectively the fitting of the determined ellipsometric angles to
obtain the values for film thickness and refractive index were obtained with quite high RMSE
values of 6.1 + 0.3 indicating a sub-optimal match, which could be the result of an inapplicable
model. Likewise, one can imagine that the elliptic polarized light, which penetrates the MSTF
while measurement, might interfere with a potential helical structure of the pores.3>*

Further structural characterization via electron microscopy reveals a smooth and crack-free film
obtained from SEM (Figure 21a). A mesoporous structure with a mean pore size of 2.9 nm is

captured by TEM analysis (Figure 21b).

a)

Figure 21: a) SEM micrograph of the top view of the MSTF prepared by using HPC as template. Scale bar: 50 nm. b)
TEM micrograph of the MSTF prepared by using HPC as template. Scale bar: 20 nm. The inset shows the pore size

distribution obtained from TEM analysis, N=25. TEM measurements were conducted by Ulrike Kunz.

From the mesoporous structure of the MSTF prepared with HPC as template as obtained from
TEM analysis, permselective ionic pore accessibility is expected, so that negatively charged
probe molecules can only enter at pH 2 and are repelled in consequence of the repulsive
electrostatic interaction with the negatively charged pore walls in basic environment, whereas
positively charged probe molecules can enter the pore at pH 2, and are pre-concentrated in
basic environment due to the attractive electrostatic interaction with the negatively charged
pore walls. To investigate the ionic pore accessibility, CV was performed at pH 2-3 and pH 9

(Figure 22).
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Figure 22: a) Cyclic voltammogram of the MSTF prepared with HPC as template using the redox active probe
molecules [Ru(NHz)s]2*/3* and [Fe(CN)s]3/4 at a concentration of 1 mM, respectively, in 100 mM KCl supporting
electrolyte solution at pH 2-3 (black curves) and pH 9 (red curves). Scan rate: 100 mV s™'. The current density refers
to the measured electrode area without considering the covered surface area below silica. b) Illustration of the
apparent water contact angle measurement by capturing a 2 pL water droplet on top of the MSTF prepared by using

HPC as a template. The inset displays the mean value of the determined apparent water contact angles.

Comparing the cyclic voltammograms obtained from CV measurements with the redox active
and counter-charged probe molecules [Ru(NHs)6]?*/3* and [Fe(CN)¢]3>/%, a permselective
behavior of the MSTF prepared with HPC as template is observed as expected. At pH 2-3 (Figure
22a, black curves), low current densities are detected for both, positively and negatively
charged probe molecules. Contrary at basic pH value of 9, no current density is observed for
the negatively charged probe molecule due to the electrostatic repulsion with the negatively
charged silica pore walls, whereas high current densities are present for the positively charged
probe molecule in consequence of the attractive electrostatic interaction of the positively
charged probe molecule with the negatively charged silica pore walls leading to a pre-
concentration of the probe molecules in the negatively charged silica.

In addition, the surface wettability of MSTF prepared with HPC as template was investigated
by determining the apparent water contact angle of a water droplet on the surface of the MSTF
(see Appendix, Table A6). From three measurements on top of the MSTF, a hydrophilic surface
with a mean water contact angle of 25 + 1 ° is obtained (Figure 22b).

Investigation of the pore structure with respect to a possible helical structure due to the intrinsic
nature of HPC to form chiral nematic structures did not lead to a clear conclusion due to the
low amount of material that is deposited on substrates, and as well due to a lack of
complementary characterization methods. However, hydrophilic MSTFs were successfully

prepared with HPC as template that show typical mesopore ionic pore accessibility.
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5.2. Mesoporous architecture and step gradient formation

The following chapter illustrates the mesoporous film architectures that have been prepared
based on the material library introduced above. Thereby, approaches for the fabrication of
mesoporous films with pore size step gradients, and surface wettability step gradients are
described. Following, two strategies for an asymmetric modification of mesoporous films after
film fabrication are presented. Thereby, the first strategy is based on a layer-selective
functionalization of a double layered MSTFs. The second strategy outlines the possibility of
utilizing plasmonic metal NPs as nanoscopic light source to induce photopolymerizations in the

confinement of mesoporous thin films with nanoscale precision.

5.2.1. Preparation of MSTFs with pore size step gradients by asymmetric fabrication

In order to fabricate MSTFs with pore size step gradients, MSTFs with two different pore sizes
are combined by asymmetric fabrication via sequential dip coating. Therefore, MSTFs templated
with the surfactant CTAB that result in mesopores with a size of 1-3 nm,* 224 232,249 and MSTFs
templated with Pluronic® F127 that result in mesopores with a size of 6-8 nm have been

chosen.?”

Double layered MSTFs are combined in both sequential arrangements, so that the
CTAB templated MSTF serves as bottom layer in one arrangement and as top layer in the other
arrangement. To verify the pore connection between the two different MSTFs, which is
mandatory, if transport of mass and charge through the mesopores is required, double layered
MSTFs have been investigated with respect to their ionic pore accessibility by utilization of CV.
By that, an electrochemical signal can only be observed, if an interpore connection between the
two layers is granted. Thus, in case of an interpore connection between the two different MSTFs,
an ionic pore accessibility is expected.

Initially, structural characterization of the single layer MSTFs templated with Pluronic® F127
and CTAB, respectively, has been performed via ellipsometry to determine the film thicknesses
and refractive indices (see Appendix, Table A7). For MSTFs templated with Pluronic® F127, a
film thickness of 176 + 4 nm and a refractive index of 1.212 + 0.001 are obtained. From the
latter, a porosity of 52 vol% can be calculated applying the BEMA. MSTFs templated with CTAB
show a film thickness of 224 + 3 nm and a refractive index of 1.203 + 0.002, which results in a
porosity of 54 vol% calculated by applying the BEMA.

Structural characterization was then conducted for the double layered MSTFs by using
ellipsometry (see Appendix, Table A8). For the double layer film bearing a MSTFs templated
with CTAB as bottom layer, a bottom layer thickness of 208 + 1 nm with a refractive index of

1.22 +0.001, and a total thickness of the double layer of 282 + 3 nm with a refractive index of
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1.357 £ 0.009 are obtained. From the latter, a film thickness of the top layer of 74 nm can be
calculated by subtracting the bottom layer thickness from the double layer thickness. For the
double layer film bearing a MSTFs templated with Pluronic® F127 as bottom layer, a bottom
layer thickness of 161 nm with a refractive index of 1.237 + 0.001, and a total film thickness of
the double layer of 239 + 1 nm with a refractive index of 1.374 + 0.002 are obtained. The film
thickness of the top layer can be calculated to 78 nm. The film thicknesses and refractive indices
obtained for the bottom layers are in very good agreement to the values obtained for single
layer MSTFs discusses above. Contrary, the film thickness calculated for the top layers are much
smaller compared to single layers, which could be explained due to lower adhesive forces on
the mesostructured hybrid bottom layer still bearing the template. The template of the first
deposited layer was not removed to prevent infiltration of the precursor sol of the second layer
during deposition. Furthermore, the refractive indices of the double layered MSTFs show higher
values compared to the single layers, which cannot be explained at this stage. At this point, it
is noteworthy to mention that ellipsometry measurements of the bottom and double layered
films have been performed only at one spot on the films. However, the film thicknesses have
further been determined three times by using a profilometer (see Appendix, Table A9).
Profilometer measurements revealed a film thickness of the CTAB templated bottom layer of
176 + 1 nm and a film thickness of the Pluronic® F127 templated top layer of 64 + 1 nm. For the
Pluronic® F127 templated bottom layer, a film thickness of 168 + 39 nm, and a film thickness
of the CTAB templated top layer of 77 + 2 nm. Hence, the film thicknesses determined by using
a profilometer are in very good agreement to the values obtained from ellipsometry

measurements. Additional structural characterization was performed by SEM (Figure 23).
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Figure 23: a) SEM micrograph of the double layered MSTF with the CTAB templated film as bottom layer and
Pluronic® F127 templated film as top layer. Scale bar: 500 nm. b) SEM micrograph of the double layered MSTF with
the Pluronic® F127 templated film as bottom layer and the CTAB templated film as top layer. Scale bar: 200 nm.
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The SEM micrographs of the double layered MSTFs in Figure 23 display the successful
fabrication of double layered MSTFs. Furthermore, a thinner top layer compared to the bottom
layer can be observed in both sequential arrangements, which confirm the structural
observation from ellipsometry as well as profilometer measurements. Due to the transversely
perspective of the SEM micrographs, no film thickness determination was conducted.

In order to proof an interpore connection of the double layered MSTFs, the ionic pore
accessibility has been investigated using CV with the redox active and charged probe molecule

[Ru(NHs)6]?*/3* (Figure 24).

a) b)

300 300

150
-150 ?
-300 T

06 04 02 00 02 04 06 -04 02 00 02 04

potential / V potential / V

1504

-150 -

current density / pAcm™
current density / pAcm

-300

Figure 24: Cyclic voltammogram of the double layered MSTFs with the CTAB templated film as bottom layer in a)
and as top layer in b) using the redox active probe molecule [Ru(NH3)s]2*/3* at a concentration of 1 mM in 100 mM
KCl supporting electrolyte solution at pH 10. Scan rate: 100 mV s'. The current density refers to the measured

electrode area without considering the covered surface area below silica.

From the cyclic voltammograms of the double layered MSTFs depicted in Figure 24, peak
current densities can be observed indicating an interpore connection of the bottom and top
layers. Thus, ionic transport through both double layered MSTF arrangements indicate

successful preparation of MSTFs with pore size step gradients via asymmetric fabrication.

5.2.2. Preparation of MSTFs with wettability step gradients by asymmetric fabrication

In order to prepare MSTFs with asymmetric surface wettability, more precisely wettability step
gradients, hydrophilic and hydrophobic MSTFs were combined by sequential deposition via dip
coating. Therefore, the hydrophilic MSTF templated with Pluronic® F127 (pore size 6-8 nm)
was deposited on substrates first, followed by deposition of the hydrophobic MSTFs prepared
by co-condensation of the precursors TEOS, MTMS, and DMDMS with a mole fraction of TEOS
of 0.2 (Chapter 5.1.2.) By deposition of the hydrophobic MSTF on top of the hydrophilic
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bottom layer via dip coating, withdrawal speeds of 1, 2, and 3 mm s were used to vary the
thickness of the hydrophobic layer. It is assumed that the film thickness increases with higher
withdrawal speeds according to literature®?3, Various thicknesses of the hydrophobic layer
were intended in order to investigate a possible overcoming of the hydrophobic layer of
positively charged ions due to attractive electrostatic interaction with the negatively charged
pore walls of the hydrophilic bottom layer (Figure 25a). This has been observed by Yang et al.
for a nanoporous membrane covered with a thin (~1.6nm) PDMS layer that shows
unidirectional transport of positively charged ions at basic pH and low ion concentration.#?

In terms of structural characterization, film thicknesses of the hydrophilic bottom layer as well
as from the hydrophobic top layers deposited with different withdrawal speeds in the dip
coating process were determined via ellipsometry (see Appendix, Table A10). The hydrophilic
bottom layer shows a film thickness of 171 + 1 nm, whereas the hydrophobic top layers
deposited with withdrawal speeds of 1, 2, and 3 mm s! show film thicknesses of 62 + 2, 86 + 3,
and 114 +7nm, respectively (Figure 25b), hence increasing film thicknesses of the
hydrophobic top layer are obtained with faster withdrawal speeds in the dip coating process as

expected from literature®?3,
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Figure 25: a) Schematic illustration for the investigation of charge-wetting effects on ionic pore accessibility of MSTFs
with wettability step gradients and different film thicknesses of the hydrophobic top layer. b) Film thicknesses
obtained from ellipsometry measurements of a hydrophobic MSTF prepared by co-condensation of the precursors
TEOS, MTMS, and DMDMS with a mole fraction of TEOS of x=0.2 on top of a hydrophilic MSTF prepared with the

template Pluronic® F127 (pore size: 6-8 nm).

The surface wettability of both deposited layers was investigated by determining water contact
angles of water drops casted on the surfaces (see Appendix, Table A11). For the mesoporous
bottom layer that has not been covered with a hydrophobic layer, a mean value of three

apparent water contact angles of 28 + 0.5° was obtained. The hydrophobic top layers that were
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deposited via dip coating with withdrawal speeds of 1, 2, and 3 mm s result in mean values of
apparent water contact angles of 108.3 +0.3°, 108.0 £ 0.1°, and 106.7 + 0.3°, respectively.
Hence, double layered MSTFs with wettability step gradients have been constructed.

The ionic pore accessibility of the MSTFs with wettability step gradients and different
hydrophobic top layer thicknesses was investigated using CV. Thereby, only the positively
charged probe molecule [Ru(NHs)6]?*/** was used at pH 2 and pH 11.5, as no pore accessibility
is assumed for negatively charged ions due to the hydrophobic barrier of the top layer. Peak
current densities are only expected for the positively charged probe molecule at basic pH in
consequence of electrostatic attraction of the negatively charged pore walls and overcoming of
the hydrophobic barrier. Cyclic voltammograms of the MSTFs with wettability step gradients

recorded at pH 2 and pH 11.5 are depicted in Figure 26.
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Figure 26: Cyclic voltammograms of the double layered MSTFs with wettability step gradients and different film
thicknesses of the hydrophobic top layer deposited via dip coating with a withdrawal speed of 1 (black curves), 2
(red curves), and 3 mm s (blue curves) using the redox active probe molecule [Ru(NH3)e]2*/3* at a concentration of
1 mMin 100 mM KCl supporting electrolyte solution at pH 2 in a) and pH 11.5in b). Scan rate: 100 mV s'. The current

density refers to the measured electrode area without considering the covered surface area below silica.

Comparing the cyclic voltammograms obtained from CV measurements with the MSTFs with
wettability step gradients using the positively charged probe molecule [Ru(NHs)6]%*/3*, no peak
current densities, hence no ionic pore accessibility is observed at pH 2 for all three MSTFs with
different thicknesses of the hydrophobic top layer (Figure 26a). In contrast at pH 11.5, peak
current densities are only obtained for the MSTFs with wettability step gradients and the
thinnest hydrophobic top layer deposited with a withdrawal speed of 1 mms™ in the dip coating
process (Figure 25b). MSTFs with wettability step gradients and thicker film thicknesses of the
hydrophobic top layer show no peak current densities, thus no ionic pore accessibility is
achieved. Consequently, MSTFs with wettability step gradients were successfully prepared by

asymmetric fabrication that show ionic pore accessibility for positively charged ions in case of
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a thin hydrophobic top layer of 62 + 2 nm (black cyclic voltammogram in Figure 26b) and
strong basic conditions, which results in a negatively charged bottom layer, thus electrostatic
attraction leading to an overcome of the hydrophobic barrier (Figure 27). Although a
dependence of the ionic pore accessibility on the hydrophobic film thickness is observed, no
quantitative statement with respect to a limiting film thickness is made due to a lack of film
thicknesses between 60 and 80 nm and further investigations. Nevertheless, a basis for the
observed effect was built and further investigation will be conducted in continuing work in the
research group of Annette Andrieu-Brunsen. Furthermore, an interpore connection of the
hydrophilic bottom and hydrophobic top layer is indicated due to the detected peak current

density of 10 uAcm? for the MSTFs with the thinnest hydrophobic top layer at basic conditions.
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Figure 27: Schematic illustration of the charge-wetting effect on ionic pore accessibility through MSTFs with
wettability step gradients bearing a hydrophobic top layer. a) In acidic environment (pH < 2), no transport of
positively charged ions is expected due to the hydrophobic barrier of the hydrophobic top layer. b) Transport of
positively charged ions through the porous network of MSTFs with wettability step gradients overcoming the
hydrophobic barrier with the lowest applied thickness due to electrostatic attraction of the negatively charged pore

walls of the bottom layer in basic environment (pH 2 10).

5.2.3. Layer selective functionalization of mesoporous double layered thin films for

step gradient formation by asymmetric modification

This paragraph describes the asymmetric modification of MSTFs in order to prepare MSTFs with
asymmetric surface charge distribution, more precisely a charge step gradient, at the nanometer
scale. In a double layer architecture, polymer functionalization is performed in only one
designated single layer. To achieve the layer-selective polymer functionalization in a double

layer arrangement, one layer is predisposed with amino groups applying co-condensation of
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APTES and TEOS resulting in an aminosilica film. The amino groups are then selectively
addressed to immobilize a polymerization initiator for further layer-selective placement of
poly(2-(methacryloyloxy)ethyltrimethylammonium chloride (PMETAC). Thus, advantages of
co-condensation and post modification techniques from single MSTFs are combined to
incorporate a permanent positively charged molecule to the mesopore wall resulting in a charge
step gradient architecture by layer-selective polymer functionalization. In addition, the ionic
pore accessibility of the asymmetric MSTFs is investigated.

For the preparation of mesoporous double layer thin films allowing surface-initiated
polymerization (grafting from) exclusively in one layer, MSTFs with a pore size of 6-8 nm that
have been introduced in Chapter 5.1 were applied, along with a co-condensed mesoporous
aminosilica thin films containing 20 mol% of an amine group bearing precursor, namely APTES,
in one layer of the double layer films. The thin films were deposited via sol-gel chemistry and
dip coating such that a double layer film was present in the middle of the substrate and each
individual thin film, the bottom and top layer, were present as single layer next to the double
layer that allowed characterization and direct comparison of each individual layer (see Fig. 1
in following publication). Furthermore, double layers were prepared in both sequential
arrangements, so that the aminosilica thin films was present as bottom layer in one
arrangement, and present as top layer in the other arrangement. Aminosilica thin films
produced by co-condensation applying the precursor APTES are well-investigated and have
further been chosen to integrate a certain predisposition to one mesoporous layer allowing
further modification. To increase the function density in the aminosilica layer, an iniferter
initiated polymerization was selected, as these polymerization methods are well-established for
the functionalization of MSTFs allowing to tune the function density as well as to design the
polymer chain architecture.!®> 4 5 A carboxylic acid bearing iniferter
4-(N,N-Diethyldithiocarbamoylmethyl)benzoic acid (BDC) was synthesized and selectively
bound to the amino groups of the aminosilica thin films utilizing the amide forming coupling
agent 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium-3-oxide
hexafluorophosphate (HATU), which is a common reagent in peptide synthesis. After careful
extraction of unbound BDC, polymerization of the permanent positively charged monomer
[2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) was performed by applying
UV light at a wavelength of 365 nm. The double layer as well as single layer mesoporous films
were then characterized regarding the chemical composition using ATR-IR spectroscopy.
Thereby, a selective functionalization of the aminosilica layer was observed, which was further
confirmed by EDX mapping of the top view of single and double layer thin films. By
investigation of the optical properties using ellipsometry, a pore filling fraction of up to 84% in

the aminosilica layer was calculated applying the BEMA. To further confirm the successful layer-
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selective functionalization, the single as well as double layer thin films were immersed in dye
solutions containing the positively charged dye rhodamine B and the negatively charged dye
fluorescein respectively. Thereby, rhodamine B was only detected in unfunctionalized silica
layers due to the electrostatic attraction of negatively charged silanolate groups on the
mesopore wall, and fluorescein was only present in the positively charged aminosilica layer due
to electrostatic attraction of the positively charged polymer PMETAC. At the last, the ionic pore
accessibility of the functionalized double layer thin films was studied utilizing CV and compared
to the double layer thin films before functionalization. By that, a significant change of the ionic
pore accessibility was observed further confirming the successful functionalization of an
individual layer. Interestingly, it was found that the bottom layer has a dominant role on the
pore accessibility and is able to induce an overcoming of local electrostatic repulsion of the top
layer, although it is not directly in contact with the probe molecule solution. This has
implications on data interpretation in hierarchical and complex porous materials, e.g. applied

in separation.
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Functionalisation of technological nanopores and investigation of their transport properties have attracted
considerable interest from scientific as from technological point of view, among others due to their potential
regarding molecular transport design. Asymmetric design of nanopore structure and functionalisation is expected
to trigger increased and directed transport of ionie species. Based on this motivation, we demonstrate a layer-
selective polymer functionalisation in a mesoporous double layer thin film to generate nanoscale step gradient
architectures with asymmetric charge distribution by taking advantage of co-condensation and polymer modi-
fication techniques. Thereby, mesoporous silica and co-condensed mesoporous amino silica thin films are
combined to double layered films with a film thickness of 300 — 400 nm in both sequential arrangements,
respectively. Iniferter initiated polymerisation is used to selectively functionalise only the amino silica layer with
polymers such as poly(2-(methacryloyloxy)ethyltrimethylammonium chloride) (PMETAC) in a grafting from
approach. Investigation of the ionic pore accessibility of the mesoporous double layered films before and after
layer-selective polymer functionalisation shows that the ionic pore accessibility is dominated by the bottom layer
when overcoming the electrostatic repulsion of the top layer.

1. Introduction

Modulation and understanding the transport of mass and charge in
nanoscale pores and channels has attracted reasonable interest in the
field of biology, chemistry, and physics, based on the transport phe-
nomena that arise in such nanoconfined environment, which can be
quite different to larger microscale dimension [ 1-4]. Particular interest
of such porous materials can be assigned to the field of nanofluidics, as
artificial nanoscale pores and channels have made major progress in the
last two decades emerging applications in the field of biosensing, mo-
lecular transport, separation, drug delivery, and catalysis [5-8].
Thereby, recent results show that a break in symmetry of nanoscale
pores and channels can lead to directional or gated transport of mass and
charge similar to the outstanding performance of biological pores and
channels [9-11]. For example, side-selective transport or oil-water
separation is obtained by asymmetric wettability design of porous ma-
terials and membranes [12-16]. Preferential transport direction in
nanochannels is also observed as diode-like ionic current rectification
(ICR) phenomena by applying asymmetric pore geometry [17,18]. For
example, Siwy et al. demonstrated enhanced ICR ratios in the case of a
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conical pore compared to cylindrical pores [19]. Likewise, regardless of
the pore geometry, enhanced ICR ratios have been observed, when the
pore surface exhibits an asymmetric surface charge pattern, which has
been comprehensively studied in experiment along with simulations
[20-27]. Implementing this asymmetric design, bio-inspired artificial
single ion pumps have been realized [28-30]. For example, Jiang and
co-workers achieved pH regulated ion pumping by selectively func-
tionalising the tip ends of an hour shaped nanochannel with cooperative
pH-responsive polyelectrolytes [31]. Furthermore, selectively func-
tionalising the outer surface of nanoporous materials can result in
transient capping of the nanopore entrance allowing controlled release
of guest molecules trapped inside the pores [32-34] or gating/switching
of ionic transport [35-39]. Thus, influential factors for asymmetric ion
transport behaviour that can be built in nanoscale structures are:
nanopore geometry, surface charge distribution, chemical composition,
and wettability on the channel wall, as has been summarised by Guo
etal. [40]. However, to meet the requirements for selectively regulating
ion transport for advanced applications would require enhanced control
over surface functionalisation in such nanoscale pores and channels, as
well as detailed understanding of ion transport behaviour in nanoscale
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confinement.

In this context, mesoporous silica thin films (MSTF) representing
solid-state nanopores have been utilised as model systems to manipulate
ionic transport upon functionalisation providing fundamental insights of
transport properties at the nanoscale.

In general, organic functionalities can be placed in MSTF by either
co-condensation of inorganic precursors containing organic functional
groups, or by post modification of the silica surface. Different poly-
merisation techniques, such as dye sensitised polymerization [41], ring
opening metathesis polymerisation (ROMP) [42], reversible addition-
fragmentation chain-transfer polymerisation (RAFT) as well as
iniferter initiated polymerisation [43], and atom transfer radical poly-
merisation (ATRP) [35] have been applied to generate hybrid MSTF.
Thereby, regulation of transport has been demonstrated using stimuli,
such as pH, temperature or light [44,45].

In particular, tuneable functional densities and thus tailored trans-
port properties arising from hybrid MSTF have been reported for the
living radical polymerisation methods RAFT and iniferter initiated po-
lymerisations [4G]. Recently, our research group demonstrated that
iniferter initiated polymerisations do not only offer the ability of
controlled polymer amount and thus controlled functional density in
mesopores, but also allow to control polymer chain’s architecture by
generation of block-cooligomers [47]. Nonetheless, in terms of MSTF,
scientific reports on polymerisation methods for preparation of hybrid
materials are limited to single layer system. Multilayered MSTF have
been mainly focusing on optical properties and have been demonstrated
as promising materials in photonics, sensing, and photocatalytic pro-
cesses [48-50]. Thereby, in mesoporous multilayer, MSTF are often
combined with mesoporous titania to form photonic crystals [51,52]. In
previous works, our group investigated transport properties of meso-
porous and mesostructured double layer silica thin films by applying
functional structure determining templates to form step gradient ar-
chitectures [53,54]. Yet, only a few examples investigating transport
properties of multilayered mesoporous system can be found in literature.

Here, we demonstrate a strategy for layer-selective polymer func-
tionalisation in mesoporous silica double layer films using iniferter
initiated polymerisation in a grafting from approach for the formation of
nanoscale step gradient architectures with asymmetric charge distribu-
tion on the nanoscale. We take advantage of the well-known co-
condensation and post modification techniques of MSTF by integration
of an amino group comprising precursor into one layer of a double layer
MSTF, followed by selective binding of the iniferter to polymerise the
positively charged monomer [2-(methacryloyloxy)ethyl]trimethy-
lammonium chloride (METAC) layer-selectively. Thereby, we evaluate
the functionalisation with respect to layer selectivity using IR spec-
troscopy, charged dye adsorption, as well as ellipsometry. Ionic pore
accessibility of the functionalised double layer is investigated by
applying cyclic voltammetry and discussed with respect to the layer
arrangement. Thereby, we demonstrate that the ionic pore accessibility
is dominated by the bottom layer that can overcome local electrostatic
repulsion.

2. Experimental
2.1. Chemicals

All materials and solvents were purchased from Sigma-Aldrich, Acros
Organics, and VWR and used as received unless stated otherwise. Mi-
croscope slides (VWR, glass, cut edges) were cleaned with ethanol and
dried under ambient conditions. Silicon wafers (Si-Mat, Kaufering,
Germany, 100 mm diameter, 525 + 25 pm thickness, type P/Bor, (10 0}
orientation, CZ growth method, 2-5 W resistivity, polished on 1 side)
and indium tin oxide (ITO, Delta Technologies, Ltd., Loveland, CO, USA,
polished float glass, 150 x 150 x 1.1 mm, SiO; passivated/Indium Tin
Oxide coated one surface, RS = 4-8 €, cut edges) were cut to desired size
using a diamond cutter, cleaned using technical grade ethanol, and dried
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under ambient conditions prior to dip coating of mesoporous films.
2.2. Preparation of mesoporous double layer

Mesoporous thin films were prepared as previously described [55]
via sol-gel chemistry using tetraethoxysilane (TEOS) and (3-amino-
propyl)triethoxysilane (APTES) as inorganic precursors and an amphi-
philic triblock copolymer, Pluronic® F127, as structure directing
template that undergoes micellisation upon solvent evaporation result-
ing in formation of a porous inorganic network. The molar ratios of the
compounds in the precursor solution used for dip coating were 1-x TEOS
/X APTES / 0.0075 F127 / 40 EtOH / 10 Hz0 / 0.28 HCl with x =0 for
silica thin films and x = 0.2 for amino silica thin films resulting in 6-10
nm mesopores. The precursor solutions were prepared at room tem-
perature and stirred overnight prior the deposition on glass, silicon
wafers and ITO covered glass applying the evaporation induced self-
assembly (EISA) [56]. The films were dip coated at a withdrawal
speed of 2 mm s~ ! at 23 “C and 50% relative humidity. After deposition,
the films were kept at 23 °C and 50% relative humidity for 1 h. The first
film was then stabilised by a temperature treatment at 60 °C and 130 °C
for 1 h respectively. The mesostructured bottom layer was then covered
with a second silica film via dip coating using the above mentioned
conditions and stored at 23 “C and 50% relative humidity for 1 h.
Finally, the mesoporous double layer was obtained, after template
removal that was performed by extracting the mesoporous double layer
in acidic ethanol (0.01 M HCI) for 3 days after consecutive temperature
treatments at 60 °C, 130 °C for 1 h respectively and at 200 °C for 2 h.

2.3. Surface grafting of 4—(N,N-Diethyldithiocarbamoylmethyl)benzoic
acid (BDC)

Surface grafting of BDC was performed under inert conditions and
water was removed from all glass ware by heating under high vaccuum.
A solution of 60 mg BDC (212 pmol, 1 eq) in 60 mL anhydrous DMF was
prepared. Then, 46.7 pL N,N-Diisopropylethylamine (DIPEA, 275 pmol,
1.3 eq) and 1046 mg 1-[Bis(dimethylamino)methylene]—
1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxide hexafluorophosphate
(HATU, 275 ymol, 1.3 eq) were added and the solution stirred at room
temperature for 15 min. The mesoporous double layer were immersed in
the solution at room temperature overnight. Afterwards, the samples
were intensively rinsed with DMF and ethanol to wash unbound BDC.

2.4. Iniferter initiated polymerisation of METAC

Polymer functionalisation was performed with BDC functionalised
samples. Therefore, an aqueous 1 M solution of METAC was prepared
and purged with nitrogen for 15 min. Then, the mesoporous double layer
films were placed in the monomer solution and irradiated with UV light
at a wavelength of 365 nm for 1 h. After polymerisation, the samples
were extracted in deionised water for 1 h to remove unreacted
monomer.

2.5. Amenuated total reflection fourier transform Infrared spectroscopy
(ATR-FTIR)

Infrared spectra of the prepared mesoporous films on glass substrates
were recorded using a Perkin Elmer Instrument Spectrum One FT-IR
Spectrometer equipped with a Universal ATR Polarisation Accessory
(Waltham, MA, USA). All spectra were normalised to the stretching vi-
bration of free silanol groups at ~ 905 cm ™. The spectra were recorded
using the Spectrum Software (Version 10.5.4.738, PerkinElmer, Inc.
Waltham, MA, USA, 2016) between 4000 and 650 em ™! with a resolu-
tion of 4 cm ™', A background and a baseline correction was automati-
cally performed. Additional bands of the glass substrate are visible in the
FTIR spectra: Mesoporous film signals are partially superimposed by
signals originating from the glass substrate in the region of 830 - 1250
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cm ! depending on the penetration depth of the ATR-IR evanescent
waves. Nevertheless, due to the comparable film thickness, IR-spectra of
different films can be compared. All further data processing was per-
formed in OriginPro9 (ADDITIVE Soft- und Hardware fiir Technik und
Wissenschaft GmbH, Friedrichsdorf, Germany, 2012).

2.6. Scanning electron microscopy (SEM)

SEM micrographs were obtained using a Philips XL30 FEG scanning
electron microscope equipped with a tungsten cathode and a back
scattered electron yttrium aluminium garnet (BSE YAG) detector with an
accelerating voltage of 15-25 kV, a 30 um aperture, and a spot size of
3-4. The samples were sputter-coated with a 7 nm coating of Pt/Pd. The
digital micrographs were recorded over a range of magnifications at a
working distance of 11 mm using an SE2 detector.

2.7. Transmission electron microscopy (TEM)

TEM micrographs were recorded using a Philips FEI CM-20 trans-
mission electron microscope (Philips, Netherlands) equipped with a
LaBg, cathode and Olympus CCD camera, and with a maximum resolu-
tion of 2.3 A operating at an accelerating voltage of 200 kV. Samples
were prepared by scratching off the mesoporous films from the substrate
and dispersion in filtered ethanol. After 5 min of sonication, scratched
mesoporous films were drop cast onto 3.05 mm Cu grids (mesh size 200)
with a Lacey carbon film (Plano GmbH, article number $166-2). The
samples were dried under ambient conditions. For ultrathin sectioning,
mesoporous double layer films were transferred on PET membrane discs
(OxyDisc®, 13 mm diameter, Oxyphen, Germany) following the pro-
cedure of Linetal. [57], embedded in Araldit® (polymerisation at 60 °C
for 10 h) and cut in 70 nm sections using an ultramicrotome (Ultracut E,
Reichert-Jung, Micro Star diamond knife).

2.8. Fluorescence imaging

Fluorescence images were recorded using a Fusion FX7 Edge imaging
system (Vilber Lourmat, Germany).

2.9, Ellipsomertry

The film thicknesses and refractive indices of mesoporous single- and
double layer films deposited on silicon wafer substrates are determined
using a Nanofilm EP3 imaging ellipsometer. By keeping the relative
humidity constant at 15% relative humidity (humidity control: ACE-
flow, Solgelway), the one-zone angle of incidence (AOI) variation
measurements are performed between AOIs of 38° and 68 in 2° steps
using a laser wavelength of 658 nm. Film thicknesses and refractive
indices are calculated using the measured ellipsometric angles 4 and ¥
with the software EP4 Model supplied with the instrument. The silicon
oxide layer thickness of the substrate is kept constant at 4 nm. Layer
thicknesses are fitted allowing an iteration between 100 and 200 nm for
silica layers and iteration between 150 and 250 nm for amino silica
layers respectively. The refractive indices are simultaneously fitted by
iteration between the values 1.0 and 1.5. All films are measured on three
spots along the direction of dip coating. Applying the Bruggeman
effective medium approximation (BEMA), porosities and pore filling
fractions are calculated with the refractive indices determined.

2.10. Cyclic voltammetry

The ionic pore accessibility of the mesoporous materials was inves-
tigated via cyclic voltammetry (CV) using [FE(CN)(;]J-/A- and [Ru
[NHg)@]Z_/:H- as charged, redox-active probe molecules. Measurements
were recorded using a Metrohm Autolab PGSTAT302N potentiostat.
Mesoporous films prepared on ITO coated glass substrates (Delta Tech-
nologies, Ltd., Loveland, CO, USA, polished float glass, 150 x 150 x 1.1
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mm, SiO; passivated/Indium Tin Oxide coated one surface, RS = 4-8 £,
cut edges) were characterised using a 1 mM solution of either the
positively- or negatively charged probe molecule in a 100 mM KCl
electrolyte solution. The pH-dependent pore accessibility was investi-
gated by adjusting the solution pH between 2 and 10 by the addition of
either concentrated aqueous NaOH or HCI to the probe molecule con-
taining buffer solutions. The pH was determined using a pH-meter
(pH110, VWR). An Ag/AgCl reference electrode (BASi RE-6) and
graphite counter electrode was used in the sample cell. The measured
working electrode area was 0.21 cm®. Pore accessibility for each pH was
measured using a scan rate sequence of 200, 100, 25, 300, 1000, and
200 mV s~!, with each scan rate being cycled three times. Quality
control of the cyclic voltammograms was performed by ensuring
comparability of the first and last scan rate, as well as between each scan
of one rate. In addition, the first pH applied is re-measured for all scan
rates ensuring reversible switching of charge and thus ionic pore
accessibility.

3. Results and discussion
3.1. Structural characterisation of mesoporous thin films

The mesoporous films were prepared via well-established sol-gel
chemistry and EISA [56] using TEOS and APTES as precursors and the
amphiphilic triblock copolymer, Pluronic® F127, as structure directing
template, as described in previous studies [55]. Thin multilayer layer
films were deposited on glass, ITO coated glass, and silicon wafers via
dip coating such that both individual layers, the bottom one as well as
the top one are accessible for characterisation as depicted in Fig. 1.
MSTF with 160-190 nm thickness, ~40 vol% porosity, and mesoporous
amino silica thin films with 230-240 nm film thickness and ~ 25-30 vol
% porosity are obtained as determined from ellipsometry measurements
(Table 51-52). Both layers present ordered mesopore arrays with mes-
opore diameters in a range of 6-10 nm as expected from manifold pre-
vious studies [43,47,58,59] and as analysed by TEM micrographs shown
in Fig. 1c, d. The resulting double layered mesoporous film architecture
is well observed in SEM cross sectional measurement depicted in Fig. le.

3.2. Layer-selective polymer functionalisation

Layer-selective polymer functionalisation was achieved following a
controlled iniferter initiated polymerisation approach which is sche-
matically presented in Fig. la. The photoiniferter BDC was synthesised
according to a published protocol [G0] and covalently bound to the
surface amino groups of the amino silica layer via HATU coupling under
formation of an amide (Figure 52 and S3). Investigation of chemical
functionality of the mesoporous layers using ATR-IR spectroscopy shows
layer-selective functionalisation with BDC exclusively on mesoporous
amino silica. As the selective binding of BDC to amine groups determines
subsequent local functionalisation, a careful extraction of unbound BDC
has to be performed before polymerisation. Polymerisation of the
monomer METAC was carried out in aqueous solution by applying UV
light at a wavelength of 365 nm.

In order to investigate the chemical functionality of each individual
layer as well as the double layer films through polymerisation of
METAC, ATR-IR spectroscopy measurements have been performed
before and after modification. Ideally, chemical modification as the
result of iniferter-initiated METAC polymerisation is limited to the
amino silica layer, as only these contain the covalently grafted initiator
BDC. Comparing the ATR-IR spectra shown in Fig. 2, all spectra display
typical bands for mesoporous silica in the range of 650 and 1280 em '
indicating the presence of Si-O-Si (~1050 cm_l) as well as Si-OH (~905
cm_l) bands as discussed in previous studies [55,61.62]. The successful
METAC polymerisation is validated based on the C = O vibrational band
at 1725 em™ ! corresponding to the acrylate group of PMETAC. This C —
O vibrational band originating from PMETAC functionalisation is
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observed for BDC functionalised amino silica single layers as well as in
the double layer films after polymerisation (Fig. 2, red curves) inde-
pendently of the layer arrangement (BDC containing amino silica layer
on top or at the bottom of a double layer film). This PMETAC C = O band
at 1725 cm ™! is not observed in the ATR-IR spectra of the silica single
layer indicating that these have not been functionalised with BDC and
consequently do not contain grafted PMETAC as well as no physically
adsorbed polymer. As mentioned above, layer-selective polymer func-
tionalisation using grafting from requires a selective and locally
confined binding of the iniferter for layer-selective polymer placement
in mesoporous double layer films. The successful layer-selective func-
tionalisation is achieved due to low unspecific adsorption of BDC, suit-
able MW of METAC allowing successful extraction of non-covalently
bound species.

As the presence of the PMETAC C = O band in the ATR-IR spectra
indicates a successful layer-selective polymerisation of METAC in the
amino silica layers and thus nanoscale step gradient formation, further
characterisation on layer selectivity has been conducted. Independently
of pH, the PMETAC functionalised layer exhibit positively charged
mesopores in consequence of the permanent positive charge of PMETAC.
On the contrary, the mesoporous silica layers can be negatively or
neutrally charged depending on the protonation state of surface silanol
groups and thus depending on pH. For visualisation, mesoporous single
layers as well as double layer, which were deposited on glass substrates,
as demonstrated in Fig. 1b, were immersed in aqueous fluorescein and
rhodamine B solution at pH ~ 5, followed by analysis via fluorescence
imaging. Charge-dependent dye adsorption is expected, as fluorescein
carries a negative charge and the PMETAC functionalised amino silica
layers exhibit a permanent positive charge, while rhodamine B carries a
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Fig. 3. Fluorescence image of single layers and double layer after subsequent
incubation in aqueous fluorescein and rhodamine B solutions marking posi-
tively charged layers in magenta which can be attributed to PMETAC func-
tionalised layers and negatively charged layers in cyan corresponding to the
unmodified silica layers. Substrate size: 76 » 26 mm (a). Note, that the colour
code does not represent the natural emission colour of the dyes used, but rather
match the colour code of the cartoons. TEM micrograph of the mesoporous
double layer film cross section after applying the polymerisation conditions,
scale bar: 100 nm (b). Refractive indices obtained from ellipsometric mea-
surements before (dashed columns) and after applying the polymerisation
conditions (filled columns) for mesoporous single layer films and double layer
films of the sequence: silica layer at bottom - amino silica layer at top (¢) and for
the sequence: amino silica layer at bottom - silica layer at top (d).
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positive charge and the unmodified silica layers exhibit a negative
charge. As shown in Fig. 3a, the functionalised and thus positively
charged PMETAC functionalised amino silica layers are coloured in
magenta due to the physisorption of negatively charged fluorescein. The
unmodified mesoporous layers are represented by the cyan coloured
regions due to physisorption of pesitively charged rhodamine B into the
negatively charged mesoporous silica. Note that the colour code
matches rather the cartoons than the natural emission colour of the dyes.
This charge selective dye adsorption further supports the successful
layer-selective PMETAC functionalisation and thus step gradient for-
mation, but as well indicates the potential relevance for transport
control.

Following a published protocol from Lin et al. [57], double layer
films were transferred from ITO coated glass substrates to PET mem-
brane discs (OxyDisc®) allowing ultrathin sectioning of the samples and
further analysis by TEM. Depicted in Fig. 3b, the TEM micrograph shows
the cross section of the mesoporous double layer film with the amino
silica layer at the bottom and silica layer on top. A layer thickness of 206
+ 2 nm for the amino silica bottom layer, and a thickness of 137 + 1 nm
for the silica top layer is obtained, which is in very good agreement to
the thicknesses derived from ellipsometry measurements (Table S3-54).
Furthermore, the mesopore structure of the layers is very well observed
indicating that no damage occurred upon the transfer from the solid
substrate. Additional TEM micrographs can be found in Figure S4.
Furthermore, EDX spectroscopy of the top-view of amino silica single
layer as well as double layer films using SEM shows the presence of
sulphur and nitrogen confirming successful iniferter coupling along with
successful functionalization via polymerization (Figure S6).

Comparing the refractive indices obtained from ellipsometry mea-
surements before and after applying the polymerisation conditions
(Fig. 3c-d, Table S1-54), layer-selective functionalisation is further
investigated. Thereby, an increase of the refractive index is expected in
consequence of successful polymerisation, since PMETAC (assumption:
npyrrac = 1.5 for organic molecules) replaces the volume of air (g, =
1.0} in the porous material. Considering the single layers, MSTF show a
slight decrease in refractive index indicating no functionalisation,
whereas the mesoporous amino silica show an increased refractive index
due to successful polymerisation of METAC. Pore filling of mesoporous
amino silica single layer of 35-56 vol% is calculated by applying the
BEMA and refractive indices before and after functionalisation. These
observations are in agreement with the respective layers of the meso-
porous double layer film, where the mesoporous silica layer is present as
bottom layer and mesoporous amino silica layer on top (Fig. 3d), and a
pore filling of 84 vol% of the amino silica layer is calculated. Comparing
the respective layers of the mesoporous double layer film, where the
mesoporous amino silica layer is present as bottom layer and meso-
porous silica layer on top (Fig. 3¢), again, an increased refractive index
of the amino silica layer with a pore filling of 59 vol% is observed upon
polymer functionalisation. Although the mesoporous silica bottom layer
as well shows an increase in refractive index with a theoretical pore
filling of 27 vol%, the initial refractive index (before functionalisation),
as well as the film thickness (Table S2), seem to be an artefact of the
complex model and undervalued from the fit, when compared to the
mesoporous silica single layer, which had been exposed to the same
experimental conditions (same substrate) showing no increase in
refractive index. In an additional dataset of refractive index changes
with lower polymer amount (pore filling 25 - 34 vol%) provided in the
Supporting Information (Figure S1), this artefact is not observed, but
again an increase of refractive index of mesoporous amino silica layers
after polymerisation is observed in single and double layer arrange-
ments. Thus, layer-selective functionalisation is further confirmed by
ellipsometry measurements and high pore filling seems to result in dif-
ficulties fitting the obtained two layer films with strong refractive index
step gradient.
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3.3. Correlation to ionic permselectivity of mesoporous thin films

The ionic pore accessibility of the differently and pH-responsively
charged mesoporous double layers deposited on conductive ITO
coated glass substrates is characterised by cyclic voltammetry using the
redox-active probe molecules [Ru(NHs)s]>*"** and [Fe(CN)¢)*7*,
which result in a detected current at their redox potential after diffusing
through the mesoporous film reaching the ITO electrode below. Mea-
surements were performed at pH 2 and pH 10 for investigation of pH
dependent negative charge of silica, which results from the deprotona-
tion of silanol groups present on the pore wall surface at basic condi-
tions. For the initial and hence unmodified double layers shown in
Fig. 4a, the expected pH-dependent ionic permselectivity is observed. At
pH 2, [Fe(CN)(,]‘q"/"' is able to pass through the mesoporous film
generating a current at the electrode upon oxidation and reduction.
Thereby, no current density is detected for [Ru(NH;;)E,]2 +/3+ , which can
be ascribed to electrostatic repulsion and thus [Ru(NHg]ﬁ]g_/ﬁ_ exclu-
sion by the positively charged amine groups present in the amino silica
layer. At pH 10, the negative charge of deprotonated silanol groups in
both layers dominate the ionic mesopore accessibility. At this basic pH,
[Fe(CN)s]g'M' is electrostatically excluded from the mesopores and no
relevant current density is detected at the corresponding oxidation and
reduction potential. Contrary to this, [Ru(NHz)s]*'"*" shows higher
peak current densities as compared to an unmodified ITO electrode for
both double layers, along with a peak broadening indicating a pre-
concentration of the probe molecule in the mesoporous film. Here, the
peak current densities are 1.7-1.8 times higher as compared to an un-
modified ITO electrodes (Figure 55). Considering the ionic pore acces-
sibility of the double layer films after modification of the amino silica
layer with PMETAC (Fig. 4b), significant influence of the PMETAC
functionalisation, but as well of the layer arrangement are observed,
especially for the positively charged probe molecule [Ru(MNHz)g]> /"
(Fig. 4b). At pH 2 (Fig. 4b-c, black), where the silica layer is neutral in
consequence of protonated silanol groups and the PMETAC functional-
ised amino silica layer positively charged, similar transport properties
with respect to [FE(CN)G]E'M' compared to before functionalisation are
observed for both layer arrangements into a double layer film. Only a
slightly reduced peak current density is detected compared to before
functionalisation, which might arise due to steric hindrance upon
functionalisation with PMETAC for both double layer arrangements.
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Fig. 4. Cyclic voltammograms of the mesoporous double layers using the redox
active probe molecules [Ru(NI;)e]***" and [Fe(CN)s]?“* at concentration of
1 mM respectively in 100 mM KCl supporting electrolyte solution at pH 2 (black
curves) and pH 10 (red curves) before (a) and after PMETAC functionalisation
(b). Scan rate: 100 mV s !

Euiropean Polymer Journal 156 (2021) 110604
Under the same conditions, [Ru(l"'ll-[;,)@]2 /3% is not able to reach the ITO
electrode underneath the mesoporous double layer film independently
of the layer arrangement induced by the electrostatic repulsion of the
PMETAC functionalised and thus positively charged layer. Differently to
the unmodified double layers (Fig. 4a) at basic conditions, an increase of
peak current density is detected for [Fe(CN)s]*7* at pH 10 after func-
tionalisation with PMETAC for both layer arrangements indicating a
weakening of the electrostatic repulsion of the negatively charged sila-
noate groups of the silica layer as result of incorporation of PMETAC in
the amino silica layer, and thus positive charges. Interestingly, [Fe
(CN)6]*7* is even able to pass the negatively charged silica top layer
(Fig. 4b, left). In case the PMETAC functionalised layer is present as
bottom layer, thus a step gradient from negatively charged top layer to
positively charged bottom layer, no current density for [RU(NH;});,]2+/3+
is observed due to electrostatic repulsion of the positive charge induced
by PMETAC functionalised amino silica bottom layer. A different result
is obtained for the double layer with inverted layer arrangement con-
taining the PMETAC functionalised, and thus positively charged amino
silica as top layer, hence a step gradient from positively charged top
layer to negatively charged bottom layer. For this layer arrangement, a
peak current density is detected at pH 10, as [Ru(NHz)s]>*/*" is able to
overcome the positively charged top layer probably by electrostatic
attraction of the negatively charged bottom layer. This is a very inter-
esting observation: a reduced peak current density is detected as
compared to the unmodified double layer, although the present film
thicknesses are much higher than the Debye Screening length (DBL) in
these films (DBL here around ~ 1 nm). This indicates that the electro-
static repulsion in such systems can be locally overcome and ionic pore
accessibility is dominated by the bottom layer, which is not in direct
contact with the solution. The mesoporous double layers and layer-
selective functionalisation presented serve as model systems for future
mesoporots architectures, whose complexity can be further enhanced
by, for example, increasing the number of the incorporated layers, which
can be precisely adjusted in film thickness and pore dimensions, or
compartmentalisation with other functional units like metal nano-
particles, along with further polymer functionalisation.

4. Conclusions

In summary, we described a layer-selective functionalisation strategy
of mesoporous double layered films resulting in charge step gradient
formation at the nanoscale. Key elements to this achievement are
consecutive layer deposition of mesoporous silica films and co-
condensed mesoporous amino silica films, thus predisposition of one
layer, followed by layer-selective and controlled iniferter initiated
polymerisation. The way of depositing the respective layers allows
investigation of single as well as double layered films upon functional-
isation granting indirect proof of layer-selective functionalisation by
concluding the collective results obtained from IR spectroscopy, ellips-
ometry, charged dye immobilisation experiment, and cyclic voltamme-
try. Furthermore, the pH dependent ionic pore accessibility of the
mesoporous double layered films before and after PMETAC functional-
isation is investigated using cyclic voltammetry. Thereby, the bottom
layer revealed a dominant role overcoming local electrostatic repulsion,
even it is not in direct contact with the solution. We consider these re-
sults will broaden the possibility of creating complex mesoporous
multilayer architectures toward multifunctional interfaces for nano-
fluidics and separation.
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5.2.4. Nanolocal functionalization of mesoporous thin films for step gradient

formation by asymmetric modification

An alternative asymmetric modification strategy of MSTFs for the incorporation of polymer step
gradients with nanoscale spatial control inside a mesoporous multilayer film is introduced in
this chapter. Thereby, plasmonic metal NPs are utilized as nanoscale light source to initiate
photopolymerizations inside MSTFs. By that, the plasmonic metal NPs additionally serve as
nanoscopic sensing unit due to the high sensitivity of LSPR to the dielectric of the NP’s
surrounding resulting in a nanoporous composite material offering the possibility to detect
nanolocal polymer functionalization.

Further pushing the local placement of organic molecules to the nanoscale would require, e.g.
nanoscale focusing of light by utilizing surface plasmons offering a highly confined
electromagnetic near-field in combination with photopolymerization. The plasmon induced
polymer functionalization of MSTFs that were deposited on planar gold or silver surfaces has
been successfully demonstrated by our group in previous works.*% 286 Thereby, the mesopores
can be fully functionalized by utilizing transversal modes or partially functionalized utilizing
the SPR of the planar metal surfaces. The polymer functionalization of plasmonic metal NPs has
been demonstrated in pioneering works of Soppera, Bachelot and co-workers,**%¢ as discussed
in Chapter 4.3.2. The combination of plasmonic metal NPs with mesoporous oxide films has
been demonstrated in many publications in the last 15 years, envisioning applications in
catalysis, optics, and sensing based on the synergy of the properties of the individual materials
and new properties arising from their composite materials.3>3-3%* Thereby, chemical accessibility
of Au-NPs inside mesoporous thin films has been demonstrated by Angelomé et al. showing the
growth and branching of Au-NPs inside mesopores.”? In addition, plasmonic metal
nanostructures offer great potential to be utilized as sensors as summarized in a review article
of Knoll and co-workers on photonic and plasmonic optical refractive index sensors.3¢>
Utilizing plasmonic metal NPs as nanoscale light source to induce photopolymerization with
spatial nanoscale resolution in MSTFs, required the precise positioning of the NPs inside the
mesoporous material. Therefore, Au-NPs were located between two individual MSTF layers of
a double layer film. Firstly, the mesoporous silica bottom layer was deposited using EISA and
dip coating, and was thermally stabilized so that the template remains in the porous structure
allowing to selectively functionalize the outer silica surface with amino groups for subsequent
immobilization of citrate stabilized Au-NPs (see Figure 1 in first following publication). After
immersion of the amine functionalized bottom layer in an aqueous Au-NP dispersion, the

second silica thin film was deposited as top layer. As the thickness of each individual MSTF can
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be adjusted by varying the process parameters of dip coating, the spatial location of the Au-NPs
along the mesoporous film cross section can be tuned. Furthermore, it was demonstrated that
the particle loading can be tuned by varying the immersion time of the amine functionalized
bottom layer in the Au-NP dispersion. A homogeneous distribution of the NPs was demonstrated
by TEM, and could be as well deduced from the absorption spectrum of the composite material
as no change of the absorption spectrum compared to the absorption spectrum of Au-NP
dispersion was observed. Utilizing UV/Vis spectroscopy to observe the LSPR band and varying
the refractive index of the composite material’s environment by changing the solvent from air
(refractive index n=1.0) to water (n=1.33) and DMSO (n=1.48) allowed the determination of
the sensitivity of the composite material for detection. A sensing sensitivity of 51 nm/RIU of the
composite material was obtained, which is in very good agreement to FEM simulations that
resulted in a sensing sensitivity of 55 nm/RIU and also in very good agreement with reported
sensing sensitivity for spherical Au-NPs in dispersion solutions®®. Locally resolved sensing close
to the NP surrounding inside the mesoporous material was proven by covering the composite
material with a hydrophobic polysiloxane layer showing no change in of the LSPR band by
changing the solvent, thus increasing the refractive index, as no liquid entered the mesoporous
composite thin film.

To utilize the Au-NPs as nanoscale light source to induce a photopolymerization on the
nanoscale, a suitable photopolymerization formulation was developed and optimized for near-
field induced polymerization. As the Au-NPs absorbed visible light at a wavelength of 530 nm,
a dye-sensitized polymerization with dibromofluorescein absorbing at 525 nm was selected.
The threshold energy of the polymerization reaction was investigated and determined to
5.7 mJ/cm?under the applied conditions. To ensure that only near-field induced polymerization
occurs in the composite material, only an energy dosage of 3.8 mJ/cm?, two-third of the
determined threshold energy, was applied. Successful nanoscale polymer functionalization was
then confirmed by ATR-IR spectroscopy compared to a reference material without Au-NPs, as
well by a 3 nm red shift of the LSPR band in consequence of an increase of refractive index of
the Au-NP’s surrounding determined by UV/Vis spectroscopy. Further proof for nanoscale
polymerization close to the NPs was obtained by TEM that revealed polymer shells of 5 nm
around the Au-NPs, and EDX spectroscopy that proofed the presence of phosphorus originating
from the incorporated polymer poly(2-methacryloyloxy)ethyl phosphate (PMEP). As the
polymer functionalization could be monitored by a red shift in the UV/Vis, the Au-NPs served
as in situ readout unit of successful polymer functionalization. After polymerization, a slight
decrease of sensing sensitivity was observed from experiment (44 nm/RIU) as well from FEM

simulations (31 nm/RIU) for refractive index sensing after polymer functionalization which was
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attributed to the polymer fraction in the sensing area of the LSPR resulting in a higher initial
refractive index.

The concept of utilizing plasmonic metal NPs as nanoscale light source inducing
photopolymerization inside MSTFs with spatial nanoscale resolution was subsequently
transferred to controlled radical polymerization. Thereby, suitable controlled radical and light
initiated polymerization reactions were developed and evaluated in grafting from and grafting
through approaches by Daniel John of the research group of Annette Andrieu-Brunsen
investigating  iniferter  initiated polymerizations of two  iniferters, namely
s-p-trimethoxysilylbenzyl-S’-dodecyltrithiocarbonate (SBDTTC) and 4-cyano-4-
((dodecylsulfanylthiocarbonyl)sulfanyl) pentanoic acid (CDTPA). SBDTTC bearing siloxane
anchors for covalent attachment on the mesopore wall was used to perform polymer
functionalization in a grafting from approach. CDTPA was used in a grafting through approach
in presence of polymerizable allyl groups attached to the mesopore wall. As demonstrated by
Daniel John, the latter allowed polymer functionalization limited to the laser spot, and was
further utilized to demonstrate 3D nanoscale resolution of plasmon induced iniferter initiated
polymerization.

The photopolymerization with the iniferter CDTPA developed by Daniel John was then
transferred to mesoporous composite architectures bearing Au/Ag-NPs, which plasmon
resonance conditions apply to the irradiation wavelength to induce the polymerization. To
demonstrate nanolocal polymer placement by utilization of the LSPR of Au/Ag-NPs, the applied
energy dosage was gradually reduced and the composite material bearing alloy Au/Ag-NPs was
compared to a reference material without plasmonic metal NPs. Applying an energy dosage of
0.6 J/cm?, only polymer formation was observed in the composite material containing Au-NPs
but not in the absence of Au-NPs, which was again confirmed by UV/Vis spectroscopy, TEM and
ATR-IR spectroscopy. The potentially controlled polymerization in combination with nanolocal
polymer deposition by utilizing plasmonic metal NPs as nanoscale light source for the
functionalization of mesoporous thin films is expected to open up new pathways for nanoporous

hybrid materials and device design.

Contribution to the publication in Analytical Chemistry, 2021, 2009732: My contribution to the
publication involves the development and performance of mesoporous composite material
preparation as well as polymer modification thereof, plasmon-induced polymer modification of
mesoporous composite materials, SEM measurements, investigation of particle loading in the
composite material using UV/Vis spectroscopy, investigation and determination of the sensing

sensitivity of unmodified and polymer modified composite materials in experiment using UV/vis
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spectroscopy. Furthermore, I performed the structural characterization by ellipsometry, chemical
characterization using ATR-IR spectroscopy, and ionic pore accessibility using cyclic voltammetry
of unmodified and polymer modified composite materials. Furthermore I contributed to the
conceptualization, visualization and writing the original draft. Lucy Zhao developed and optimized
the polymerization formulation based on dye-sensitized polymerization in solution. Thereby, Lucy
Zhao determined the threshold energy using ATR-IR spectroscopy. Additionally, Lucy Zhao
performed reference experiments with respect to the applied photopolymerization conditions on
mesoporous double layer films without gold nanoparticles, as well as on the influence of the base
on the polymerization that was used to adjust the solution pH for polymerization. Reza
Mohammadi (Institute of Particle Technology, Friedrich-Alexander University Erlangen-Niirnberg)
contributed to the publication by conducting FEM simulations and data curation of unmodified and
polymer modified mesoporous composite materials, supporting in manuscript writing and
visualization. Raheleh Pardehkhorram supported this study by synthesizing CTAB capped gold
nanorods as well as by preparation of SH-PEG12-COOH modified gold nanorods and
immobilization of such on amine functionalized mesostructured silica thin films. Furthermore,
Raheleh Pardehkhorram performed UV/Vis measurements of gold nanorod modified
mesostructured silica thin films in dependence of the surrounding media to determine the sensing
sensitivity, and supported in manuscript writing. Ulrike Kunz (Department of Materials and Earth
Sciences, Physical Metallurgy Group, TU Darmstadt) supported this study with TEM measurements
as well as SEM/EDX measurements. Nicolas Vogel (Institute of Particle Technology, Friedrich-
Alexander University Erlangen-Niirnberg) supported in conceptualization of FEM simulations as
well as in data interpretation, and manuscript writing. Annette Andrieu-Brunsen acquired funding,

supervised the project and supported in manuscript writing.

Contribution to the publication in Advanced Functional Materials, 2021, 93, 5394-5402: My
contribution to the publication involves the development and performance of mesoporous composite
material preparation as well as polymer modification thereof by near-field-induced iniferter
initiated polymerization, SEM measurements and investigation of ionic pore accessibility of
mesoporous composite materials, and investigation of polymer modified composite materials using
UV/vis spectroscopy and ATR-IR spectroscopy. Furthermore, I conducted cyclic voltammetry
measurements on allyl silica as well as silica double layer and composite materials to investigate
the ionic pore accessibility using redox active and charged probe molecules. Together with Daniel
John, I contributed to the conceptualization and visualization, as well as writing the original draft.
Daniel John developed and synthesized the visible light sensitive iniferter SBDTTC, and further
developed as well as optimized the polymerization formulations using SBDTTC and CDTPA for
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visible light iniferter initiated polymerizations respectively. Daniel John further prepared single
layer mesoporous silica thin films and modification of such using far-field polymerization, and
conducted the characterization of such using ATR-IR spectroscopy, thermogravimetric analysis,
H-NMR, SEM and ellipsometry. Thereby he demonstrated polymer modification of mesoporous
silica thin films locally limited to the laser spot of the applied light source. Annette Andrieu-Brunsen

acquired funding, supervised the project and supported in manuscript writing.
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ABSTRACT: Bioinspired solid-state nanopores and nanochannels
have attracted interest in the last two decades, as they are
envisioned to advance future sensing, energy conversion, and
separation concepts. Although much effort has been made
regarding functionalization of these materials, multifunctionality
and accurate positioning of functionalities with nanoscale precision
still remain challenging. However, this precision is necessary to
meet transport performance and complexity of natural pores in
living systems, which are often based on nonequilibrium states and

compartmentalization. In this work, a nanolocal functionalization = filtering, sensing
and simultaneous localized sensing strategy inside a filtering I - &
mesoporous film using precisely placed plasmonic metal nano- . in-situ detection

particles inside mesoporous films with pore accessibility control is

demonstrated. A single layer of gold nanoparticles is incorporated into mesoporous thin films with precise spatial control along the
nanoscale layer thickness. The local surface plasmon resonance is applied to induce a photopolymerization leading to a nanoscopic
polymer shell around the particles and thus nanolocal polymer placement inside the mesoporous material. As near-field modes are
sensitive to the dielectric properties of their surrounding, the in situ sensing capability is demonstrated using UV—vis spectroscopy. It
is demonstrated that the sensing sensitivity only slightly decreases upon functionalization. The presented nanolocal placement of
responsive functional polymers into nanopores offers a simultaneous filtering and nanoscopic readout function. Such a nanoscale
local control is envisioned to have a strong impact onto the development of new transport and sensor concepts, especially as the
system can be developed into higher complexity using different metal nanoparticles and additional design of mesoporous film
filtering properties.

B INTRODUCTION the potassium-ion channel.'> In biological channels, the
arrangement of several different domains—different charges
and hydrophobic side chains—leads to a dynamic, directional,
and highly selective transport with high tuning rates.
Interestingly, active sides of such biological ion channels are
mostly concentrated to a few angstroms, which again indicates
the relevance of engineering on the nanometer scale and
beyond. Precise placement of responsive functionalities along
nanoscale pores together with compartmentalization has to be
experimentally implemented by overcoming the passive
responsiveness of technological porous materials advancing
toward dynamic, self-regulating, adaptive, and active materials
directing flow of mass, energy, and information.'""* These

Nanoscience and nanotechnology have ever since been
inspired by nature, and a variety of bioinspired materials
mimicking nature have been successfully introduced.'™® One
important rtesearch goal in this context is related to
compartmentalization, miniaturization, and local control of
structure formation and functional placement. Therefore, a
toolbox of approaches has been developed mainly using top-
down and bottom-up approaches. This knowledge becomes
increasingly important in the context of nanopore transport
modulation to enable nature and life-inspired sustainable
future water, energy, and sensing concepts.””” While state-of-
the-art approaches in top-down nanofabrication reach a
resolution of 10 nm and such devices are approaching mass
production, bottom-up approaches attempting to produce Received: October 21, 2020
nanoscale devices have gained limited success."'" Especially Accepted:  February 24, 2021
polymer functionalization of pores with nanoscale resolution is Published: March 16, 2021
still a challenge, but represents an important step toward

bioinspired and dynamic transport control in technological

pores. This has been demonstrated by natural channels, such as
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findings have been theoretically demonstrated by Szleifer and
co-workers for nanopores and by Bocquet and co-workers
regarding responsive membranes.””

In this context, polymers and especially responsive polymers
are well-established functional components that enable the
precise functionalization of nanoscale pores with controlled
surface coverage or charge density.'’ For example, polymer-
functionalized hybrid mesoporous silica thin films show
transport properties gradually tunable by controlling the
polymer amount and thus controlling the functional clensit'y.'S
Furthermore, applying controlled radical polymerizations
allows the generation of block-co—oligomers.]ﬁ Selective
functionalization of the inner or outer surface of mesoporous
materials has been demonstrated by applying several
approaches, for example, soft template protection, kinetic
protection, or size protection as, for example, recently
summarized in a review article of Tiemann and Weinberger."’
Functionalization of the outer surface of mesoporous materials
allows capping of the mesopores enabling gating/switching of
ionic transport'® or controlled release of guest molecules
entrapped inside the mesopores,'” for instance. Such porous
architectures can result in Janus-type multilayer porous
materials and membranes, and several studies have been
published, showing side-selective transport or oil—water
separation.”""** Local functionalization of artificial nano-
channels has been demonstrated by Jiang and co-workers
using plasma-induced graft polymerization in an hourglass-
shaped nanochannel to generate side-specific double respon-
siveness.” Applying this asymmetric modification method and
cooperative pH-responsive polyelectrolytes, namely, polyvinyl-
pyridine and poly(acrylic acid), bioinspired artificial single-ion
pumps have been realized.” Voelcker and co-workers
demonstrated multilayered surface functionalization of alumi-
nium oxide membranes by means of multiple anodization and
silanization cycles.z(' Furthermore, Liu et al. demonstrated local
pore wall functionalization of a single nanopore using
contactless electrofunctionalization.”” Likewise, we demon-
strated a strategy to introduce three functional components
with precise local control into the pores of an inverse colloidal
monolayer as a model system by combining orthogonal surface
chemistry and control of the local wetting state of the pores
very recently.”” However, these techniques allow local
functionalization of small pores, but precise spatial control
perpendicular to the substrate along a porous system and
implementation of multiple functionalities inside nanopores
still remain challenging. Pushing further local placement of
polymers in small pores, nanoscale resolution would require
nanoscale focusing of light in combination with photo-
polymerizations. This can be achieved using two photon
processes, for instance.”” Alternatively, near-field modes, such
as surface plasmons, offer a highly confined electromagnetic
near field which is known to initiate polymerization, if
compatible initiators are used.**”** For example, successful
polymer functionalization of mesoporous films deposited on
planar gold or silver metal surfaces applying surface plasmons
and dye-sensitized photopolymerization systems have been
demonstrated in previous studies.”™ "

Bachelot, Soppera and co-workers pioneered the photo-
polymerization induced by the high-energetic near field of
silver manoparticles, thus demonstrating nanoscale functional-
ization of plasmonic metal partidcs.‘m Based on these findings,
the same groups investigated not only the plasmonic optical
near field of single silver nanoparticles but also the underlying
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mechanism of the dye-sensitized photopolymerization induced
by the plasmonic 11;11101:1;11‘ti1:les.“';7 Furthermore, gold nano-
particles (Au-NPs) represent attractive sensing properties, as
the spectral position of the localized surface plasmon
resonance (LSPR) is highly sensitive to the dielectric
environment.”**" Previous studies on composite materials
using Au-NPs and inorganic mesoporous thin films demon-
strated that Au-NPs can be precisely positioned with sgatial
control and remain accessible for chemical reactions.*~** For
instance, Angelomeé et al showed growing and branching of
Au-NPs embedded in mesoporous films' and very recently
extended this concept to reaction monitoring. "'

Herein, we demonstrate for the first time nanolocally limited
polymer functionalization with spatial control in mesoporous
silica films by taking advantage of the LSPR of Au-NPs to
induce a dye-sensitized photopolymerization. Thereby, we
present the preparation of a composite material consisting of
mesoporous thin films and Au-NPs positioned with spatial
control between the mesoporous layers and the consecutive
local polymer modification. We investigate the particle loading
and refractive index-based sensing sensitivity of the composite
material. By that, the sensitivity of LSPR toward environmental
changes in the vicinity of the particles allows in situ detection
of the polymer functionalization. Moreover, the sensing
sensitivity of the embedded Au-NPs only slightly decreases
upon functionalization in the presented system. As the
nanoparticles are synthesized before thin film deposition, the
size and shape of the colloids can be easily tuned and
engincered to desired properties by applying well-known
synthetic protocols. Also, a variety of monomers can be applied
with dye-sensitized photopolymerizations, which allows
incorporation of a plethora of functionalities and thus rational
design of multifunctional porous nanomaterials.

B EXPERIMENTAL SECTION

Chemicals. All materials and solvents were purchased from
Sigma-Aldrich, Acros Organics, and VWR and used as received
unless stated otherwise. The precursor solutions for dip coating
mesoporous films were prepared using the inorganic precursor
tetracthoxysilane (TEOS, Acros Organics, 98%, Geel,
Belgium) in absolute ethanol (EtOH, Merck, >99.5%), with
hydrochloric acid as a catalyst (HCI, 37%) and water. Pluronic
F127 (F127, BioReagent, Sigma-Aldrich, 12,600 g mol™") was
used as structure directing agent. Microscope slides (VWR,
glass, cut edges), silicon wafers (Si-Mat, Kaufering, Germany,
100 mm diameter, 525 + 25 pm thickness, type P/Bor, (100}
orientation, CZ growth method, 2—5 W resistivity, polished on
1 side}, and indium tin oxide (ITQ, Delta Technologies, Ltd,
Lovel and, CO, USA, polished float glass, 150 X 150 X 1.1
mm, $iO2-passivated/indium tin oxide-coated one surface, RS
= 4-8 ©Q, cut edges) were cut to the desired size using a
diamond cutter, cleaned using technical grade ethanol, and
dried under ambient conditions prior to dip coating of
mesoporous films.

Synthesis of Au-NPs. According to a procedure from
Panigrahi ef al,* a solution of 34 mg (0.09 mmol, 1 equiv) of
HAuCl;-3 H,0 in 360 mL of water was refluxed for 10 min.
Under vigorous stirring, a solution of 45 mg of sodium citrate
(0.126 mmol, 1.4 equiv) in 4.5 mL of water (Milli-Q) was
added quickly, and the solution is stirred for another 30 min at
reflux. Then, the mixture was cooled to 0 °C and filtered (0.4
pm).

https://dai.org/10.1021/acs.analchem.0c04446
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Synthesis of the Mesoporous Composite Material.
Mesoporous silica thin films were prepared as previously
described® via sol—gel chemistry using TEOS as an inorganic
precursor and an amphiphilic triblock copolymer, Pluronic
F127, as a structure-directing template that undergoes
micellization upon solvent evaporation, resulting in the
formation of a porous inorganic network. The molar ratio of
the compounds in the precursor solution used for dip coating
was 1 TEOS/0.01 F127/19 EtOH/16.4 H,0/0.015 HCI. The
precursor solution was prepared at room temperature and
stirred for 20 min before deposition on glass, silicon wafer, or
indium tin oxide coated glass. The films were dip coated at a
withdrawal speed of 2 mm/s at 25 °C and 50% relative
humidity. After deposition, the films were kept at 25 °C and
50% relative humidity for 1 h. The first film is stabilized by a
temperature treatment at 60 and 130 °C for 1 h, respectively.
For immobilization of Au-NPs, the mesostructured silica films
were functionalized with 3-aminopropyldimethylmethoxysilane
using a 0.01 wt % solution in anhydrous toluene. The reaction
mixture and the functionalization itself have to be prepared
under inert conditions. The reaction mixture was added to the
mesostructured film and heated at 80 °C for 1 h. Then, the
films were rinsed with toluene and ethanol to remove unbound
silane. After drying, the amine-functionalized mesostructured
films were incubated in the Au-NP dispersion overnight. The
Au-NP functionalized mesostructured films were then covered
with a second silica film via dip coating using the above-
mentioned conditions and stored at 25 °C and 50% relative
humidity for 1 h. Finally, the mesoporous composite material
was obtained, after a consecutive temperature treatment at 60
and 130 °C for 1 h, followed by a calcination step up to 350 °C
with a heating rate of 1 °C/min and holding the temperature
for 2 h.

Photopolymerization. The photopolymerization in sol-
ution and in the mesoporous composite material was
performed with a formulation composed of 1.22 X 107 mol-
L~! dibromofluorescein as a sensitizer dye, 671 X 107¢ mol-
L™! N,N-diethylmethylamine (DEMA) as a coinitiator, and 2
mmol-L™! 2-(methacryloyloxy)ethyl phosphate (MEP) as a
monomer dissolved in dimethylformamide (DMF). The
photopolymerizable formulation was adjusted to pH 7 with
triethylamine (Et;N) and purged with nitrogen for 20 min.
Irradiation was performed with a green LED emitting at 530
nm (Metrohm AG, max. 487 lumen) with a distance of 14 cm
with respect to the reaction vessel. The light intensity in
dependency of the applied current can be found in the
Supporting Information (Figure $7).

Attenuated Total Reflection—Fourier Transform In-
frared Spectroscopy (ATR-FTIR). Infrared spectra of the
prepared mesoporous films on glass substrates were recorded
using a PerkinElmer Instrument Spectrum One FT-IR
spectrometer equipped with a Universal ATR Polarization
Accessory (Waltham, MA, USA). All spectra were normalized
to the stretching vibration of free silanol groups at ~905 cm™".
The spectra were recorded using Spectrum software (Version
10.5.4.738, PerkinElmer, Inc. Waltham, MA, USA, 2016)
between 4000 and 650 cm™ with a resolution of 4 cm™'. A
background and a baseline correction were automatically
performed. Additional bands of the glass substrate are visible in
the FTIR spectra: mesoporous film signals are partially
superimposed by signals originating from the glass substrate
in the region of 830—1250 cm™' depending on the penetration
depth of the ATR-IR evanescent waves. Nevertheless, due to
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the comparable film thickness, IR spectra of different films can
be compared. All further data processing was performed in
OriginPro9 (ADDITIVE Soft-und Hardware fiir Technik und
Wissenschaft GmbH, Friedrichsdorf, Germany, 2012).

Transmission Electron Microscopy (TEM). TEM micro-
graphs were recorded using a Philips FEI CM-20 transmission
electron microscope (Philips, Amsterdam, Netherlands)
equipped with an LAB-6 cathode and Olympus CCD camera
and with a maximum resolution of 2.3 A operating at an
accelerating voltage of 200 kV. Samples were prepared by
scratching off the mesoporous films from the substrate and
dispersion in filtered ethanol. After S min of sonication,
scratched mesoporous films were drop-cast onto 3.05 mm Cu
grids (mesh size 200) with a Lacey carbon film (Plano GmbH,
article number $166-2). The samples were dried under
ambient conditions.

Scanning Electron Microscopy (SEM). SEM micro-
graphs were obtained using a Philips XL30 FEG scanning
electron microscope equipped with a tungsten cathode and a
back-scattered electron yttrium aluminum garnet (BSE YAG)
detector with an accelerating voltage of 15-25 kV, a 30 ym
aperture, and a spot size of 3—4. The samples were sputter-
coated with a 7 nm coating of Pt/Pd. The digital micrographs
were recorded over a range Uf magniﬁcations at a Working
distance of approximately 10 mm using an SE2 detector.

Ultraviolet—Visible Spectroscopy (UV-vis). UV-vis
spectra were recorded using an Agilent Technologies Cary 60
UV—vis spectrophotometer equipped with a full-spectrum
Xenon pulse lamp single source. The spectra were background-
corrected using the corresponding solvent. Each spectrum was
recorded between 750 and 400 nm at a scan speed of 600 nm
min~’. A square aperture PMMA cell with a 1.0 cm path length
was used for all measurements.

FEM Simulations, To calculate the absorption spectra of
mesoporous composite materials, COMSOL Multiphysics
software was used. A cuboid unit cell with periodic boundary
conditions in the xy plane and port boundary conditions in the
z direction was chosen. The optical constants of gold were
taken from experimental data of Johnson and Christy.'” The
porous matrix was simulated as an effective medium with a
homogeneous refractive index calculated by the approximated
volume fraction of air and the silica matrix. The refractive index
of different surrounding medium was chosen according to the
experimental values without dispersion for the whole spectrum
range. The illumination was a monochromatic plane wave with
linear polarization in the x direction and traveling in the z
direction. Simulations were carried out between 400 and 800
nm in 5 nm steps. The simulations qualitatively reproduce all
features of the experiments, including change in intensity
and—most importantly—shift in resonance. Quantitative
differences between experiments and simulations result from
the idealized structure of the model, which assumes identical
spherical particles within an identical local environment. In
experiments, size distribution, deviations from spherical
symmetry, surface inhomogeneities, variations in local environ-
ment, and possible deviations in the dielectric function of the
synthesized particles all contribute to differences in the
plasmon resonances.

M RESULTS AND DISCUSSION

Composite Fabrication and Characterization. Precise
polymer placement inside a nanoporous material was
demonstrated by applying LSPR of Au-NPs and a dye-

https://dai.org/10.1021/acs.analchem.0c04446
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Figure 1. (a) Schematic representation of the mesoporous composite material fabrication procedure: After deposition of the first mesostructured
silica thin film, Au-NPs are immobilized on the outer film surface followed by depaosition of the second layer and calcination to the final porons
architecture. Note that the photographs with respect to dip coating are both the same and only serve for representative purpose of the process itself
showing an interference color observable on silicon wafers when the substrate had just been withdrawn from the precursor solution. (b) SEM
micrograph of the compesite flm cross section. Scale bar: 500 nm. (c) TEM micrograph of the composite material showing the Au-NPs with an
average particle size of 26 nm embedded between two mesoporous silica thin films, Scale bar: 200 nin. The Au-NP size distribution extracted from

the 'TEM micrograph is shown as the inset.
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Figure 2. (a) Schematic representation of the mesoporous composite architecture and photograph of the material deposited on a glass slide. (b)
Absorption spectra of composite materials in dependence of Au-NP loading. {c) Absorption spectra of the composite material in dependence of the
solvents air (black curve), water (red curve), and DMSO (blue curve) obtained experimentally and (d) by FEM simulation.

sensitized photopolymerization. The Au-NP loading of the
composite material and the functionalization thercof were
investigated with respect to the sensing properties of the
composite in experiment and simulation.

The porous composite material was composed of a
mesoporous silica double layer with Au-NPs that can be
precisely positioned between the two mesoporous layers and
thus along the mesoporous film cross section (Figure 1a). First,

5397

a mesostructured thin film is deposited on a substrate via dip
coating using evaporation-induced self-assembly (EISA). "
For further Au-NP sensing unit deposition, amine
modification of the outer silica surface allows immobilization
of Au-NPs. The immobilized Au-NPs on top of the lirst crack-
free mesostructured thin film distribute homogencously
without aggregate formation (Figures 1 and §1). To complete
the mesoporous architecture, we deposit a second mesostruc-

hitps:/dol.arg/10.1021/acs.analchem.0c04446
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tured silica layer. Calcination finally resulted in the desired
mesoporous composite material depicted in Figure 1. Both
layers can be adjusted in film thickness allowing to precisely
position the metal nanoparticle sensor and thus the nanoscale
polymerization light source along the pore dimension.*

TEM and SEM micrographs (Figure 1bc) reveal no
influence of Au-NPs on the formation and structural integrity
of the second mesoporous thin film, which is in accordance
with similar architectures reported in the literature."”*" Also
from SEM, it can be deduced that the top layer has a smooth
surface without appreciable defects. Particle size analysis of the
TEM micrograph shows a narrow size distribution with a mean
particle size of 26 (+0.5) nm. Furthermore, an average pore
size of the mesoporous silica film of 11 (£1) nm is obtained
from TEM (Figure $13).

The Au-NP loading was investigated regarding the
incubation time of the first layer in the Au-NP suspension.
The coloration of the final material is visible by the eye, as
depicted in Figure 2a, and characterization by UV-—vis
spectroscopy shows an absorption maximum at 530 nm.
Based on UV—vis spectroscopy, control of the immobilized
Au-NP amount by varying the immersing time in Au-NP
solution was confirmed (Figure 2b). Here, coloration occurs
due to localized surface plasmons of the Au-NPs. Taking into
account a Au-NP concentration of 0.246 nM in the aqueous
suspension resulting in an absorbance of 0.85 at a wavelength
of 530 nm, a maximum Au-NP loading of 540 Au-NP/um? on
the silica surface of the first thin film can be assumed, which is
in good agreement with the TEM micrograph representing an
Au-NP loading of around 300 Au-NP/um’, shown in Figure
lc. Tt is worth mentioning that the TEM samples were
prepared by scratching off the films from their supporting
substrates, thus a loss of Au-NP cannot be excluded.

Comparing the UV—vis spectrum of the Au-NP suspension
(Figure S2) with the spectra observed from the mesoporous
composite, it is clear that the shape of the LSPR absorption
does not change upon integration into mesoporous films,
indicating that the nanoparticles were stable and no
aggregation occurred. This again confirms a controlled and
homogenous immobilization of the particles between two
mesoporous silica thin films.

The resonance conditions of surface plasmons are highly
dependent on the refractive index of the Au-NP vicinity, which
makes them attractive sensors in such constructions, as
demonstrated in the UV—vis spectra in Figure 2c. Due to
this sensitivity to the local environment, an increase in the
refractive index of the surrounding medium (e.g, solvent) leads
to a redshift of the LSPR absorption maximum. By varying the
surrounding media of the composite material from air (n =
1.00) to water (n = 1.33) or DMSO (n = 1.48) and thus
increasing the refractive indices, the sensing sensitivity is
investigated. Typically, the sensing sensitivity § of an LSPR
sensor is described as the ratio of the sensor output to the
change in quantity measured. Here, the refractive index is
considered and the sensitivity is reported in nanometers of
peak shift per refractive index unit (nm/RIU)

S = A)/An (1

Plotting the resonance wavelength against the refractive
index and proceeding a linear fit allows calculation of the
sensing sensitivity, which is represented by the slope of the
linear fit. Although the plasmon resonance wavelength is not
strictly linear with the refractive index, it is linear to a good
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approximation over small ranges of n°" As a result of lincar
fitting the resonance wavelength in dependency of the
refractive index obtained from experiment, a sensitivity of 51
nm/RIU with a Pearson correlation coefficient R* of 0.99082 is
determined for the composite material (Figure S9). Fur-
thermore, with increasing refractive index, an increase in the
absorption of the LSPR can be found, which can be attributed
to the index matching of the surrounding media and silica.

The simulated spectra in dependence of the material's
surrounding shown in Figure 2d qualitatively agree with the
experimental results. With increasing refractive index, the
absorption of the LSPR shows a redshift, and a sensitivity of 55
nm/RIU with a Pearson correlation coefficient R* of 0.97732 is
obtained. Additionally, an increase in the absorption is also
observed for the simulated spectra. Furthermore, we proved
local sensing inside the porous material by covering the
composite material with a hydrophobic polysiloxane thin film
(Figure $10) and observing no change in the LSPR band upon
change in media and thus change in refractive index (Figure
§11), as the liquid did not enter the mesoporous film.

Polymer functionalization of such complex systems with
nanoscale resolution is possible by combining the plasmonic
features of the composite material and dye-sensitized polymer-
ization. This should enable future multifunctional and precisely
defined hierarchical nanoporous system design. Here, the
absorption spectrum of the composite material overlaps well
with the absorption of the dye dibromofluorescein (DBF), and
a photopolymerizable formulation thereof has been inves-
tigated.

For a locally controlled polymerization induced by the LSPR
of the particles, a photopolymerizable formulation containing
DBF as sensitizing dye, N,N-diethylmethylamine (DEMA) as a
coinitiator, and 2-(methacryloyloxy)ethyl phosphate (MEP) as
monomer has been systematically studied to determine the
energy threshold at which the polymerization is initiated. Such
polymerization systems are very flexible, because the
components can be modified independently to adjust the
physical and chemical properties of the formulation with
respect to viscosity, spectral sensitivity, and polymerization
threshold.”’

LSPR-Induced Photopolymerization and Character-
ization. First of all, the polymerization has been investigated
and optimized in solution to establish suitable polymerization
conditions for near-field induced polymerization. To excite the
sensitizing dye DBF at its absorption maximum at 525 nm, a
green LED emitting at 530 nm was used and the pH of the
polymerizable solution was adjusted to pH 7 by the addition of
Et;N. The latter is crucial, since the polymerization solution
becomes acidic when adding the monomer MEP, and DBF
shows no absorption in an acidic environment (Figure $3). As
a tertiary amine serves as a coinitiator, the influence of Et;N,
which is used to adjust pH, is investigated by polymerization
without the presence of the coinitiator, and no significant
influence of Et;N was observed (Figure $4).

In order to locally limit the polymerization to the presence
of the surface plasmon, the irradiation energy has to be kept
below the threshold energy of the polymerization initiation.
The determination of the threshold energy dosage was carried
out by investigation of the photopolymerization in solution,
keeping the light intensity and the irradiating distance
constant. Thereby, the irradiation time is varied and the C=
C monomer stretching band of MEP in the FTIR spectrum is
observed. The threshold energy corresponds to a significant

https://dai.org/10.1021/acs.analchem.0c04446
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Figure 3. (a) Schematic representation of the polymer-functionalized mesoporous composite material, and FTIR spectra before (black) and after
polymer functionalization (red). (b) TEM micrograph of the polymer-functionalized mesoporous composite material. Representative polymer
halos of the Au-NPs are indicated by white arrows. Scale bar: 100 nm. {c) Absorption spectra of the composite matetial before (black) and after
polymer functionalization {red) in air and dependence of the solvents water and DMSOQ obtained experimentally and {d)} by FEM simulation.

decrease in the absorption of the C=C stretching band of the
monomer at 1635 cn™' in the FTIR (Figure S5) and is of
significant importance to determine the energy dosage
necessary for near-field polymerization. From this investiga-
tion, a threshold energy dosage of 5.7 mJ,/’cm2 was determined
under the applied conditions.

The LSPR-induced photopolymerization was thus carried
out in the presence of the mesoporous composite material by
applying an energy dosage of 3.8 mJ/cm?, which corresponds
to two-thirds of the threshold encrgy dosage needed to initiate
the polymerization, in order to avoid free polymerization.

Characterization of functional groups using ATR-FTIR
spectroscopy reveals the typical bands for mesoporous silica
materials at lower wavenumbers in the range of 650 and 1280
cm™', indicating the presence of Si—O—Si and Si—OH bands,
as discussed intensively in previous studies.*®** After polymer-
ization, the appearance of a carbonyl C=Q vibrational band at
1700 em™ can be assigned to the polymer's C=0 band
(Figure 3a), which docs not vanish after careful extraction
overnight using DMF as a solvent, indicating covalent grafting
(Figure $8). The carbonyl band is not observed, when these
polymerization conditions are applied to a reference material
without Au-NPs (Figure S14). Furthermore, the TEM
micrograph shown in Figure 3b reveals the formation of
nanoscopic shells around the plasmonic AwNPs with a
thickness of approximately 5 nm ascribed to polymer
formation after polymerization, confirming, together with
ATR-IR data, the nanolocal placement of the polymer around
the Au-NPs. Additionally, a three nm redshift of the LSPR in
the UV—vis is observed after polymerization, indicating an
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increase in the refractive index in the vicinity of the Au-NPs
(Figure S8). This demonstrates in situ detection of the Au-
NP’s functionalization upon polymerization. Assuming total
replacement of air with the polymer in the sensing range of the
Au-NPs, a change in refractive index of 0.5 and a redshift of 24
nm were expected based on the sensitivity calculated from
experimental results before functionalization. Thus, a redshift
of three nm indicates a refractive index change of 0.059 in the
sensitive vicinity of the Au-NPs, which corresponds to 12% of
the maximum change expected in case of complete pore filling.
Moreover, element-specific analysis using EDX spectroscopy
proves the presence of phosphorus which can be attributed to
the presence of PMEP (Figure 56).

Investigation of the refractive index sensitivity for additional
molecules after polymer functionalization of the Au-NPs
(Figure 3c,d) reveals a slight reduction of the sensing
sensitivity as compared to before polymer functionalization
(Figure 2) obtained from experimental and for simulated
results. After polymer functionalization, a sensitivity of 44 nm/
RIU with an R* of 0.99828 is observed from experimental data
(Figure 3¢ and Figure §9), whereas a sensitivity of 31 nm/RIU
with an R of 0.89893 is abtained from the simulated data. Due
to functionalization, the sensing sensitivity dropped by 14%,
which is in good accordance to the calculated polymer amount
of 12 vol % in the sensing range of the Au-NPs. However, an
increase in the LSPR’s absorption with higher refractive indices
is also observed after polymer functionalization from both
experimental and simulated spectra, which again can be
attributed to the index matching of the surrounding media and
silica.

hitps://dol.arg/10.1021/acs.analchem.0c04436
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Concluding the sensitivity obtained from experiment before
(51 nm/RIU) and after functionalization (44 nm/RIU), which
is in very good agreement with the sensing sensitivity reported
for spherical Au-NPs in dispersion solutions,” the detection
limit for aqueous protein solutions, as one sensing example,
can be calculated™ (T = 298.15 K) as 8.6 wt % before and 9.5
wt % after functionalization of the Au-NPs inside the porous
material, taking a signal output change of Al = 1 nm into
account. Translating into values of concentration and taking
bovine serum albumin as an analyte, 1.3 mM aqueous solutions
before and 1.4 mM aqueous solutions after polymer
functionalization would be detectable. Although the obtained
sensitivity is lower compared to optimized commercial
systems,” this material represents a promising starting point
as an application of different colloidal metals’® " and as well
different shapes® ™’ (Figure $14), together with ultra-
sensitive analytical methods, such as surface-enhanced
Raman scattering (SERS), ™! will improve the sensitivity
significantly. In addition, the mesoporous film provides a
prefilter function (Figure $12) to increase selectivity and the
local placement of responsive, ligand-binding polymers enables
compartmentalization, allowing new sensing concepts for
future applications, as the transport properties can be easily
designed upon functionalization.”” ™"

B CONCLUSIONS

In summary, nanolocal polymer placement with precise
positioning into nanoscale porous thin films and simultaneous
readout of functionalization and sensing option have been
demonstrated. This has been achieved by placing plasmonic
gold nanoparticles as a nanolocal light source for polymer-
izations between two layers of mesoporous silica thin films.
The position can be precisely adjusted by regulating the
individual layer thickness. The nanoparticle loading can be
tuned by variation of the immersion time of the chemically
modified bottom layer in the aqueous nanoparticle solution.
Applying dye-sensitized photopolymerization and irradiation
dosage below the threshold energy, covalent polymer grafting
exclusively in the nanoscopic surrounding and thus within the
near-field of gold nanoparticles has been achieved. A redshift of
the nanoparticle absorbance has been observed after polymer-
ization, due to the refractive index change in the nanoparticle
surrounding, which allows in situ detection of functionalization
inside the nanoscale porous films. In addition, the sensing
ability of the gold nanoparticles has been evaluated regarding
the refractive index change, showing a sensitivity of 51 nm/
RIU for the unmodified Au-NPs in the porous system. After
nanolocal functionalization, the sensitivity decreases slightly to
44 nm/RIU, which can be attributed to the polymer shell of
Au-NPs. FEM simulations of the absorption properties of the
plasmonic properties are in good agreement to the
experimental results obtained before and after polymer
placement. This approach to functionalize nanopores and
nanochannels with precise nanoscale spatial control is a key
step toward the design of complex multifunctional and
multiresponsive porous architectures and thus for the
implementation of future water, energy management, and
sensing concepts. A general classification of composite
materials bearing colloidal metal and mesoporous materials
into possible applications is described in detail in ref 49. The
presented material design concept allows us to direct the
sensing sensitivity toward highly sensitive detection playing
with different colloidal metals in different shapes, together with
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ultrasensitive analytical methods, for example, SERS. In
addition, the selectivity can be tuned using the well-known
filtration, selective preconcentration, and, in general, transport
and condensation control of mesopores. Furthermore, the
presented material and nanoscopic sensing abilities are
envisioned to open new insights into the functionalization
and transport of nanopores and nanochannels themselves,
providing nanoscopic local information of the confinement of
nanoporous materials.
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Surface Plasmons and Visible Light Iniferter Initiated
Polymerization for Nanolocal Functionalization of

Mesoporous Separation Layers

Daniel John, Mathias Stanzel, and Annette Andrieu-Brunsen®

Although the technological relevance of mesoporous ceramic polymer

hybrid materials is well accepted, missing functionalization concepts ena-
bling 3D nanoscale local control of polymer placement into mesoporous
materials, including thin films, and ideally using controlled polymerization
techniques limit the application potential. Here, nanolocal functionaliza-

tion of mesoporous separation layers using controlled, visible light iniferter
initiated polymerization allowing responsive polymer functionalization locally
limited to the irradiated spot is introduced. Thereby, two visible light sensitive
iniferters, s-p-trimethoxysilylbenzyl-S “-dodecyltrithiocarbonate and 4-cyano-
4-((dodecylsulfanylthiocarbonyl)sulfanyl)pentanoic acid, are developed for
polymer functionalization of mesoporous films in a grafting from and a
grafting through approach. 3D nanolocal polymer placement close to the prox-
imity of the plasmonic field source is demonstrated by combining these vis-
ible light iniferter initiated polymerizations with optical near field modes, such
as localized surface plasmon resonance (LSPR). As the location of the LSPR in
mesoporous films can be controlled by placing metal alloy nanoparticles into
these films and film thicknesses can be adjusted, this strategy is applied for
precise positioning of polymers into mesoporous films with nanolocal control
in three dimensions and thus reduces the gap in precision of functional group
positioning between technological and biological nanopores.

and specific transport characteristics into
such nanoscale pores. In this context,
polymer functionalization of mesopores
advanced significantly within the last years.
The majority of polymer functionalized
mesopores focuses on responsive polymer
grafting resulting, for example, in tuneable
gating of ionic permselectivity. Within the
last decade, gating of mesopore transport
has been demonstrated by applying dif-
ferent stimuli such as pH,"” lem];veralure,ﬁI
presence of ions,® light”) or wvoltage.®)
Contemporary studies related to polymer
functionalized mesopores  demonstrated
control of polymer amount and thus con-
trollable functional density in mesoporous
silical* Tn addition, our research group
recently  demonstrated  re-nitiation  of
iniferter initiated polymerization resulting
in block-co-oligomer functionalized silica
mesopores.l’l This allows investigation
of the influence of chain architecture on
mesopore transport and demonstrates
the utility of living polymerizations in

1. Introduction

Mesoporous oxide films are materials with technological rele-
vance in sensing,l molecular sieving,’l catalysis, and energy con-
version.P! All these technologies depend on molecular transport
in nanoscale pores. Often inspired by the structural precision and
performance of biological pores, transport through mesopores
has been strongly investigated within the last two decades and
especially polymers have been used to implement new functions
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mesoporous materials o generate multi-

functional and multiresponsive pores, 01

Being inspired by biological pores and their transport per-
formance, their precise local arrangement of functional units
within a pore is of interest for transport design. Strategies to
locally control the polymer grafting at the nanoscale and espe-
cially within mesoporous films are still very limited and have
rarely been combined with living polymerization techniques.
To date, (nanojlocal resolution in pore functionalization has
been demonstrated by stepwise and thus layer-wise material
deposition which could be followed by locally limited polym-
erization.'l Very recently, we demonsirated precise placement
of three different functional units of molecular and polymeric
nature into inverse opal monolayers as model system using
orthogonal surface chemistry and wetting control.®l These
approaches result in local functionalization along the porous
film thickness, but no simultaneous nanoscale local resolution
within x- and y-direction was achieved. In this context, near
field mode induced polymerization is a promising approach
as the electromagnetic field is localized into nanoscale dimen-
sions. As demonstrated by Soppera and coworkers and by Kre-
iter and coworkers, near field mode induced chemistry allows
nanolocally limited (polymer) functionalization of plasmonic
metal nanostructures™l Although, tunable by particle size

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and composition of colloidal metal, near field modes, such as
surface plasmons, usually emit light in the visible wavelength
range larger than 400 nm. Thus, near field mode compatible
photopolymerizations have Lo be selected or developed.

The combination of metal nanoparticles and mesoporous
oxide thin films has been demonsirated in several studies in
the last 15 years, and such composite materials are proposed
for applications in catalysis,?#1%] oplics,["‘] and sensing.m' The
bases for this application potential are new properties, which
arise due to the synergy of the individual components. Several
approaches for incorporation of the metallic nanoparticles into
the mesoporous oxide thin films are known and the position
inside the porous matrix can be precisely adjusted."™ Nonethe-
less, incorporated in the mesoporous matrix, metallic nanopar-
ticles remain accessible for chemical reactions. For example,
Angelomé et al. demonstrated the growing and branching of
gold nanoparticles that had been immobilized on a glass sur-
face and covered with a mesoporous silica thin film "l Further-
more, these systems can be very diverse, as the properties of
metallic nanoparticles can be tuned beforehand by following
well known synthesis protocols,”l and mesoporous oxide
films are tunable in pore size, film thickness, as well as surface
functionalization !

Within the last years, visible light induction has been dem-
onstrated for many polymerization mechanisms such as atom
radical transfer polymerization (AT'RP),! ring opening metath-
esis polymerization,m] dye sensitized polymerizations,'“""’l“]
and iniferter initiated polymerizations.””) The majority of
these visible light induced polymerizations is using wave-
lengths around 400 nm, which is mostly not suitable for sur-
face plasmon generation. Nevertheless, the number of photo-
polymerizations induced by larger wavelengths increases. For
example, the induction wavelength of ATRP has been shified
to 464 nm by Zhu and coworkers®l using [Ir(ppy)s] as photo-
redox catalyst and to 400-500 nm by Yagci and coworkerst!
performing a metal-free ATRP by using perylene. Only a few
examples for polymerizations at higher wavelengths are known
and limited to photoinduced electron transfer reversible addi-
tion fragmentation termination (PET-RAFT)I¥l or dye sensitized
polymerizations|””) Surface plasmon induced polymerizations
at wavelength higher than 400 nm have been mainly com-
bined with dye sensitized polymerizations!"**!l and reversible
addition fragmentation termination (RAFT) polymerization
using azobisisobutyronitrile (AIBN) as an initiator*”) Very
recently, a first example of so-called plasmon catalyzed PEI-
RAFT polymerization on gold gratings has been reported.P! In
terms of RAFT polymerizations, a tolerance versus oxygen has
been achieved in combination with photoredox catalysts* or
dyes, for example, Eosin Y, and ascorbic acid.P3 The combina-
tion with dyes is even more beneficial, as light above 516 nm
becomes suitable for polymerization induction. Furthermore,
the catalytic presence of Eosin Y leads to faster reaction kinetics
compared to polymerizations in absence of the dye."! Further-
more, a PET-RAFT approach, which utilizes zinc tetraphenyl-
porphyrin enabling visible light induction, was very recently
applied on planar surfaces by the group of Boyer.”®l

Although, the number of visible light induced controlled
or living polymerizations is increasing rapidly at the moment,
almost all present studies related lo near field induced
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polymerizations use free-radical polymerization approaches
mostly using commercial components which strongly limits
their diversity. Thereby, controlled polymerization techniques
are of special interest as these would not only allow a certain
control on polymer amount, but further provide access to chain
composition control in addition to nanolocal placement. How-
ever, as the LSPR is usually generated upon visible light irradia-
tion, suitable polymerization techniques are required.

In this context, the first example of nanoscale polymer func-
tionalization using a controlled polymerization reaction has
very recently been reported by Soppera and coworkers dem-
onstrating re-initiation using near-field mode induced ATRP,
and by this, showing preparation of multifunctional metal/
polymer nanostructures.P® Compared to ATRP, iniferter ini-
Hated polymerization is versatile as it offers polymerization
control without requiring additional radical sources such as
AIBN.IEb37] This is especially useful for functionalization of
nanoscale pores with restricted pore accessibility. The develop-
ment of such visible light sensitive iniferter molecules attained
constantly increasing attraction since 2015/* and iniferter
polymerization induced by visible light was demonstrated for
the first time by the group of Qiac in 2015175

Here, we demonstrate visible light induced and nanolocal
polymer functionalization of mesoporous separation layers
using visible light and plasmon induced iniferter initiated
polymerization. Therefore, gold-silver alloy nanoparticles (Au/
Ag-NPs) were integrated into mesoporous silica films as sur-
face plasmon and thus nanoscale light source. S-p-trimeth-
oxysilylbenzyl-S’-dodecylirithiocarbonate  (SBDTTC)  which
possesses an absorption maximum at 434 nm in DMSO
(Figure S8, Supporting Information) is used to functionalize
mesoporous films in a grafting from approach. The iniferter
4-cyano-4-((dodecylsulfanylthiocarbonyljsulfanyl)pentanoic acid
[CDTPA) possessing an absorption maximum at 448 nm in
ethanol (Figure S8, Supporting Information) is used to func-
tionalize mesoporous silica films with grafied allyl triethoxysi-
lane (allyl functonalized silica) in a grafting through approach
applying visible light irradiation and surface plasmon near field
modes of the embedded nanoparticles. Nanolocally limited
polymer functionalization is demonstrated for CDTPA by elec-
tron microscopy.

2. Results and Discussion

Polymer functionalization of mesoporous thin films is achieved
by applying visible light and iniferter initiated polymerization.
The iniferter CD'TPA is used in a grafting through approach,
whereas SBDTTC (synthesis described in the supporting
information and characterization shown in Figures S$1-S3,
Supporting Information) is used in a grafting from approach
(Figure 1). The polymer placement in mesoporous films is
investigated. Dimethylaminoethyl methacrylate (DMAEMA)
was used as monomer due to its responsivity to pH and
reported transport regulation [

Polymerizations were conducted under visible light irra-
diation without additional radical sources or catalysts in
600-800 nm thick mesoporous silica films with pore sizes of
12 nm (neck) and 16 nm (Figure 54, Supporting Information).
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Figure 1. Chemical structures of CDTPA (black) and SBDTTC ({red).
Polymer functionalization of mesoporous silica films using CDTPA follows
a grafting through approach after covalent grafting of allyltriethoxysilane
to the mesopore wall, whereas polymer functionalization using SBDTTC
is achieved by grafting from after binding SBDTTC to the mesopore wall.

The mesoporous films show a porosity of 55 vol% as calcu-
lated by the Bruggeman eflective medium theory (BEMT)
applying the refractive index determined by ellipsometry at
a relative humidity of 20% as further described in literature
(see also Table S1, Supporting Information).""** In order 1o
achieve polymer functionalization in a grafting from approach,
SBDTTC is covalently grafted to the mesoporous silica sur-
face. Prior to polymerization under visible light irradiation,
the SBDTTC functionalized mesoporous silica films are CO,-
plasma treated for removal of SBDTTC at the outer planar
mesoporous film surface according to a protocol from Babu
et al¥l Consequently, polymerization can only proceed within
the mesoporous film, but not on the planar outer surface.

a)

www.afm-journal.de

‘The SBDTTC funchonalization becomes evident by the mass
loss of 209% in TGA-measurements (Figure 2c, black and red).
The SBDTTC funclionalized mesoporous films are then used
for vigible light induced pelymerization. As SBDTTC did not
initiate polymerizations under thermal treatment up to 70 °C
under the applied experimenltal condilions (Figures S10-512,
Supporting Information), the increasing C=0 stretching vibra-
tional band at 1728 cm™ is attributed to poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA). Increasing PDMAEMA
amount with increasing polymerization time is observed
(Figure 2b,c). Aller 5 h of polymerizalion, a relative C=0 vibra-
tional band intensity of 0.05 at 1728 cm™ (Higure 2b, blue) is
observed. By increasing the polymerization time to 17 h, this
relative C=(» stretching vibrational band intensity at 1728 cm™*
increases lo 008 (Figure 2b, dark yellow), Characlerization by
TCA shows an initial mass loss of 3% between 100 and 200 °C
which is attributed to adsorbed water {Iigure 2c, blackj. The
observed mass loss of 7% belween 400 and 600 °C is ascribed
to chemisorbed water (Figure 2c, black).!! A total mass loss
of 20% al 600 °C is observed for SBDTTC [unclionalized
mesoporous silica films (Figure 2¢, red) indicating successfil
functionalization with SBDTTC. Considering a specific surface
area range of 170610 m2 g, as delermined by two difTerent
approaches, a grafting density of SBDTTC of 0.44 — 1.59 mole-
cules nm~ is calenlated. The upper value is very probably higher
than the actual iniferter density, because the specific surface
arca is rather underestimated duce to the sample preparation of
scratching off 600-800 nm thick films from a substrate. This
is supported by nitrogen sorption of additionally prepared bulk
mesoporous silica using the sol in a petri dish under otherwise
identical evaporation and calcination conditions resulting in a

RN o
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b) . Si-0-Si o 1004
5 10 =)
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Figure 2. a) PDMAEMA functionalization of CO;-plasma treated mesoporous silica films in a grafting from approach with surface bound SBDTTC.
b} ATR-IR spectra of mesoporous silica {black), mesoporous silica functionalized with SBDTTC (red), after 5 h of polymerization (blue), and after 17 h of
polymerization {dark yellow) of DMAEMA on CC,-plasma treated mesoporous films. For measuring ATR-IR, the films were scratched off the substrate.
¢) TGA measurements of mesoporous silica {black), mesoporous silica functionalized with SBDTTC (red), and after 5 h (blue} as well as after 17 h
{dark yellow) polymerization time of DMAEMA on CO,-plasma treated mesoporous silica films. Spectra were recorded in air.
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Figure 3. a} Schematic representation of PDMAEMA functicnalization of allyltriethoxysilane functionalized mesaporous silica films using CDTPA
in a grafting through approach. b) ATR-IR spectra recorded after CDTPA induced polymerization of DMAEMA in allyltriethoxysilane functionalized
mesoporous silica films under irradiation with a blue laser (473 nm) for 4 h at the laser spot (black spectra), 5 mm distance (red spectra), and 10 mm
distance to the laser spot (blue spectra). The ATR-IR spectra of the functionalized mesoporous silica film were recorded directly on the substrate.
¢) C=0 vibrational stretching absorbance at 1728 cm™ normalized to the $i-O-Si vibrational band at 105¢ cm™ versus the distance from the laser
focused spot recorded at allyl functionalized mesoporous silica films. The polymerizations are carried out in ethanolic solution of DMAEMA (1.7 m)
and CDTPA, induced by laser light {473 nm, 7 mW) for 4 h. The irradiation is conducted on 3 individual substrates and the substrates are characterized

by ATR-IR spectroscopy at the laser spot, in 5 mm distance, and in 10 mm distance to the laser spot.

surface area of 610 m2 g™ (Figure S5, Supporting Information).
In addition, the anchor group containing three methoxy groups
is expected to form multilayers as well reducing the real grafting
density as compared to the value of 159 molecules nm 2
After an irradiation time of 5 h, a total mass loss of 26%
(Figure 2¢, blue) iz observed, which is correlated to 1 to 2
repeating units of PDMAEMA assuming all iniferter molecules
reacted and exhibit identical chain length. In accordance with
allenmaled lotal reflexion-infrared (ATR-IR) resulls, this lolal
mass loss increases to 35% correlating to 4 to 5 repeating units
after 17 h irradiation (Figure 2c, dark yellow). As discussed
above, the real polymer chain length is expected to be higher as
the density of reactive iniferters is expected o be overestimated.
Nevertheless, this estimation gives a good idea on the min-
imum polymer chain length and the maximum chain density
within the mesopores. Furthermore, polymer functionalized
mesoporous silica films show a typical two step degradation in
TCA measurements between 200 and 450 °C which is a clear
indication for successful PDMAEMA functionalization of the
mesoporous films,*

To achieve polymer functionalizalion in a gralling through
approach applying CDTPA, the polymerizable group allyl trieth-
oxysilane is covalently attached to the mesoporous silica surface.
As CDTPA shows sufficient absorplion at 473 nm (Figure S8,

Adv. Funce. Mater. 2021, 2009732 2009732 {4 of 9)

Supporting Information), irradiation using a 473 nm laser
(Figure S13, Supporting Information) results in PDMAEMA
grafting as indicated by the C=0 stretching vibrational band
intensity at 1728 cm ! within the normalized ATR-IR spectra
(Figure 3).

In addition, the PDMAEMA functionalization can be lim-
ited to the laser spot region (Figure 3b black and Tigure 3¢ at
0 mm). In that case, no significant PDMAEMA formation is
observed in 5 or 10 mm disltance {rom Lhe laser irradialed spol
(Figure 3c) indicating the potential of the applied functionaliza-
tion concept for locally limited functionalization.

To demonstrale nanolocally limited funclionalization of
mesoporous silica films applying visible light induced inif-
erter initiated polymerizations, mesoporous silica films were
equipped with AufAg-NPs as plasmonic near field source with
a suitable wavelength for iniferter initiated polymerization. For
this, mesoporous archilectures, particularly mesoporous silica
double layer and mesoporous allyl silica double layer films
with precisely positioned Au/Ag-NPs (Figure 4} between the
two layers are constructed. In the first step, mesostructured
films, silica or allyl silica (co-condensed), were deposited on
substrates via dip coating using the well-established EISA pro-
cess. [ By amine modification of the outer silica surface via
3-(cthoxydimethylsilyl)propylamine  grafting, immobilization
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Figure 4. a) Schematic representation of the mesoporous silica and allyl silica composite material fabrication procedure: After deposition of the first
mesostructured silica thin film, Au/Ag NPs are immobilized on the outer film surface followed by deposition of the second layer and template removal
to the final architectures. b} SEM micrograph of a mesoporous silica composite’s cross section depicting mainly the top mesoporous layer located on
top of the bottom layer and alloy Au/Ag-NPs. ¢} Absorption spectra of aqueous alloy AufAg NP's suspension {black), mesoperous silica composite
(cyan), and mesoporous allyl silica composite {orange). Measurements of composite materials were performed in air.

of AufAg-NPs becomes accessible due to electrostatic interac-
tion between the positively charged amine groups with the sta-
bilizing citrate groups of the AufAg-NPs. Finally, the desired
mesoporous architecture is completed, after deposition of the
second silica layer followed by template extraction (Figure 4).
Besides these architectures, a reference film comprised of a
mesoporous silica double layer without Au/Ag-NPs is prepared
and used to validate near field induced polymerization. Single
mesoporous silica thin films have a thickness of 564 £ 34 nm
and 60 vol% porosity, whereas mesoporous allyl silica thin films
have a thickness of 585 + 12 nm and 59 vol% porosity as obtained
by ellipsometry measurements and the BEMT (Table S2,
Supporting Information). The permselective filter function of
the mesoporous double layered films, without and with the
incorporation of Au/Ag-NPs, has been investigated via cyclic
voltammetry and can be found in Figure S7, Supporting Infor-
mation. Au/Ag-NPs show a particle size of 23 + 2 nm as derived
from TEM micrographs (Figure $6, Supporting Information)
and an absorption maximum at 459 nm. Immeobilization of the
AujAg-NPs has been investigated by UV-vis spectroscopy. Due
to the localized plasmons of the Au/Ag-NPs, the final mate-
rials show coloration visible by eye {yellow). By comparison of
the UV-vis spectrum of the NPs suspension with the spectra
observed from mesoporous composites (Figure 4), a controlled
and homogeneous immobilization of the NPs can be stated,
since no change in shape of the LSPR absorption is observed,
thus aggregate formation is not very probable. However, a
redshifi of the LSPR absorption maximum is observed upon
incorporation into mesoporous silica and even a higher shift
is observed when incorporated in mesoporous allyl silica with
its lower porosity and higher refractive index. This sensitivity
of the plasmon resonance conditions on the refractive index of
the nanoparticles vicinity makes them not only interesting for
light induced reactions, but also atiractive for sensing refrac-
tive index changes on the nanoscale, for example, induced by
polymer functionalization.

Visible light induced iniferter initiated polymerization of
DMAEMA in mesoporous composite materials was carried out
by using CDTPA within the above described grafting through
approach and by applying an energy dosage of 414 | cm™,
which corresponds to an irradiation time of 1 h at a power
density of 11.5 mW cm % Successful polymer functionaliza-
tion of the composite materials is again indicated by the C=0

Adv. Funct. Mater. 2021, 2000732 2009732 (50f9)

vibrational band of DMAEMA at 1728 cm™ in the ATR-IR
spectra which appears for both composite materials as shown
in Figure 5. As the C=0 vibrational band can also be observed
in the ATR-IR spectra of the reference material, a far field poly-
merization is assumed. Reducing the energy dose of the irra-
diation source to 6.9 ] cm 2, similar observations can be made
for all three materials, whereas the intensity of the C=0 band
is reduced in all cases compared to the signal intensity after
irradiating with 41.4 ] em™2.

Since the energy of the electromagnetic field of surface
plasmons is enhanced as compared to the irradiation beam,
plasmon induced iniferter initiated polymerization is expected
to be locally limited to the plasmeon field when using even lower
energy dosage below the threshold energy for polymerization.
Therefore, polymerization of DMAEMA in mesoporous com-
posites was performed by applying 0.6 ] cm™ which corre-
sponds lo an irradiation with 1 mW cm 2 for 10 min. Comparing
the ATR-IR specira afler polymerization, signals at 1728 cm!
corresponding to the C=0 vibrational band can only be
detected for composite materials bearing AujAg-NPs and do
not appear in the spectrum of the reference material indicating
a successful near field induced iniferter initiated polymeriza-
tion of DMAEMA in mesoporous films.

As the plasmonic resonance of metal NPs is highly sensi-
tive to the refractive index of their vicinity, as mentioned above,
and can be monitored by investigation of the absorption prop-
erties of the composite materials before and after polymeriza-
tion, polymerization can be directly monitored. In Figure 6,
absorption spectra of the silica composite and the allyl silica
composite before and after polymerization with 41.4 ] cm™ (far
field) as well as the spectra of the allyl silica composite before
and afler polymerization with 0.6 ] cm? are shown. After
polymer functionalization, a redshift of the LSPR band due to
an increase of the refractive index of the nanoparticles vicinity
are observed additionally supporting the assumption of local
near field induced functionalization with respect to the absorp-
tion spectra of the allyl silica composite that has been irradiated
with the lowest energy dose of 0.6 | em™.

Furthermore, TEM micrographs of the composites that have
been irradiated with 414 | em™ depicted in Figure 6 do not
indicate nanclocal placement of polymer, whereas the micro-
graph of the allyl silica composite that has been irradiated with
0.6 ] cm ™ clearly shows the formation of polymer halos with
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Figure 5. ATR-IR spectra of mesoporous silica and allyl silica composites as well as of the reference mesoporous silica double layer {from left to right)

before (black curves) and after light induced polymerization of DMAEMA (red curves) by applying an energy dosage of 41.4 | cm™ (top row), 6.9 ) cm

—7

{mid row) and 0.6 ] cm 7 (bottom row) respectively, For comparison, all spectra are normalized to the Si-O-Si vibrational band at 1050 cm !,

a thickness of =10 nm around the AufAg-NPs demonstrating
the successful near ficld induced iniferter initiated polymer
functionalization in complex mesoporous archilectures on the
nanoscale. Further data on near field induced polymerization
can be found in Figures S16 and S17, Supporting Information.

3. Conclusion

In summary, lwo approaches using visible light sensitive il
erter molecules are presented for visible light and surface
plasmon induced polymer functionalization of mesoporous
silica films in absence of external radical sources or catalysts.
Applying SBDTTC, mesoporous silica films were successfully
functionalized with PDMAEMA at 430-500 nm in a grafling
from approach. Applying CDTPA, mesoporous films were
successfully functionalized with PDMAEMA at 473 nm in a
grafting through approach. Thereby, PDMALMA functionaliza-
tion could be locally limited o the laser spol region. Based on
these promising results, PDMAEMA functonalization using
iniferter initiated polymerization in a grafting through approach
was achicved by surface plasmon irradiation afler integrating

Adv. Funce. Mater. 2021, 2009732 2009732 {6 of 9)

plasmonic alloy AgfAu nanoparticles into mesoporous silica
films. We expect this combination of petentially controlled
polymerization and nanolocal polymer deposition by using
surface plasmons as nanoscale light source for mesoporous
film functionalization to open up new pathways for porous
hybrid materials and device design.

4. Experimental Section

Materials: Tetraethylorthosilicate (98%, reagent grade) (TEOS),
sodium hydride (dry, 95%), carbondisulfide (99.9%),CDTPA (97%),
allyltriethoxysilane (AITES) {96%) and Pluronic F127 were purchased
from Sigma Aldrich. (p-Chloromethylphenyl)trimethoxysilane (95%)
was received by abcr, Karlsruhe, Germany. Dodecanethiol (98%)
was purchased by Alfa Aesar DMAEMA was purchased from Sigma
Aldrich and destabilized over a jalumina column prior to use.
Anhydrous toluene (0.5 ppm residual water content) and anhydrous
tetrahydrofurane (max 0.0075% residual water) were received from
AppliChem. All chemicals were used as received unless noted otherwise.

Preparation of Dip Coating Solution for Mesoporous Silica Films:
According to reported protocols,"# Pluronic F127 (5.2 g; 0.38 mmol,
BioReagent, Sigma Aldrich, 13 800 g mol™) was suspended in ethanol
(48 mL; 820 mmol} under stirring. An aqueous hydrachloric acid solution
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Figure 6. a) Normalized absarption spectra of mesoporous silica composi
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te (left) and mesoporous allyl silica composite (mid) before (black curves)

and after far field polymerization of DMAEMA (magenta curves) and of mesoporous allyl silica compasite after near field polymerization (right) showing
redshifts due to an increase of the refractive index in the vicinity of the NPs. b} TEM micregraphs of mesaporous silica compasite (left) and mesoporous
allyl silica compesite {mid) after far field polymerization of DMAEMA and of mesoporous allyl silica composite after near field polymerization (right).

{0.05 mol L; 11 mL) was freshly prepared from water (10.44 mL} and
hydrechleric acid (37 wt%; 0.66 mL). The acidic selution was added and
the template dissolved immediately. TEOS (9.76 mL; 44 mmol) was added
and the solution was stirred overnight at rcom temperature. The molar
ratios of the solution were 1 TEQS: 0.009 F127: 19 EtOH: 14 H,O: 0.015 HCI.
The solution was stored at ~18 “C until being used for mesoporous silica
film preparation.

Silica Film Deposition: Glass slides and silicon wafers were cleaned
with ethanol and used as substrates for dip coating with a withdrawal
speed of 2 mm s under controlled environmental conditions (50% rel.
humidity, 22-25 “C). Subsequently, the films were stored under these
conditions for 60 min followed by a temperature treatment at 60 “C for
60 min, which was followed by a temperature increase to 130 °C within
10 min keeping 130 °C for 60 min. A final heating to 350 °C for 2 h using
a heating rate of 1 °C min ' resulted in template calcination.

Synthesis of Alloy Au/Ag-T:T-NPs: Au/Ag-NPs were synthesized based
on a reported procedure’™ A solution of 7.1 mg of HAuCl:3 H,0
{0.018 mmol, 1 eq) in 150 mL of Milli-Q water was reflxed for 10 min.
Under vigorous stirring, a solution of 3.1 mg AgNO, (0.018 mmol, 1 eq)
in 170 pL water and a solution of 78.15 mg sodium citrate (0.219 mmol,
24 eq)} in 742 1L water were added quickly and the solution was stirred
for another 3 h while reducing the temperature to 80 °C. Then, the
mixture was cooled to 0 °C and filtered (0.4 1um). The mixture was stored
at 4 °C protected from light.

Synthesis of Mesoporous Silica Alloy NP Composite Films: Mesoporous
silica thin films were prepared as previously described"® in accordance
via sol-gel chemistry using TEOS and AITES as inorganic precursors
and an amphiphilic triblock copelymer, Plurenic F127, as structure
directing template that undergoes micellization upon solvent
evaporation resulting in formation of a porous inarganic network. The
molar ratios of these compounds in the precursor solution used for
dip coating of mesoporous silica thin films were 1 TEOS: 0,009 F127:
19 EtOH: 14 H;0: 0.015 HCl and for dip coating of allyl silica thin films
0.9 TEOS: 0.1 AITES: 0.01 F127: 19 EtOH: 16.4 H,0: 0.015 HC resulting
in 16 nm mesopores (12 nm pore neck). The precursor solutions were
prepared at room temperature and stirred for 20 min before deposition
on glass and silicon wafer. The films were dip coated at a withdrawal
speed of 2 mm s at 23 °C and 50% relative humidity. After deposition,
the films were kept at 23 °C and 509 relative humidity for 1 h. The first
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film was stabilized by a temperature treatment at 60 and 130 °C for
1 h respectively. For immobilization of Au/Ag-NPs, the mesostructured
silica film was functionalized with 3-aminopropyldimethylmethoxysilane
using a 0.01 wt% solution in toluene. The reaction mixture as well as
the functionalization itself had to be prepared under inert conditions.
The reaction mixture was added to the mesostructured film and heated
at 80 °C for 1 h. Then, the film was rinsed with toluene and ethanol
to remove unbound silane. After drying, the amine functionalized
mesostructured film was incubated in the AufAg-NP dispersion
overnight. The AufAg-NP functionalized mesostructured films were
then covered with a second silica film via dip coating using the above
mentioned conditions and stored at 23 °C and 50% relative humidity
for 1 h. Finally, the mesoparous composite material was obtained, after
template removal. For silica composites, a consecutive temperature
treatment at 60 and 130 °C for 1 h, followed by calcination step up to
350 °C with a heating rate of 1 °C min ' and holding the temperature
for 2 h was conducted. In case of co-condensed allyl silica composites,
template removal was performed by extracting the mesoporous
composite in acidic ethanol {0.01 m HCl) for 3 days after consecutive
temperature treatments at 60, 130 “C for 1 h respectively and at 200 °C
for 2 h.

Surface Grafiing of SBDTTC: Mesoporous silica films deposited on
glass substrates or silicon wafers were immersed into a selution of
SBDTTC (0.1 M) in toluene. The functionalization was conducted at
70 °C for 4 h. Hereafter, the films were extensively extracted in ethanol
for 1 h to remove unbound silane. Prepared films were kept under
protection from light until further use.

Surface Initiated Polymerizations with SBDTTC: SBDTTC functionalized
mesoporoussilicaflmswere placedinto asolutionof DMAEMA (1.3 mol L)
in DMSO. The solution was degassed by purging with nitrogen
and the sample was irradiated with a lamp (LUMATEC, Superlite
S400, Deisenhofen, Germany, Filter 6, 430-500 nm, 12 mW cm™?)
for indicated reaction times. Afterward, the substrates were extracted in
water for 1h,

Surface Grafting of Allyl Sifane: AITES (45 uL; 41 mg; 0.2 mmol) was
dissolved in toluene (200 mL). Silica films were placed into the silane
solution in flame dried flattened schlenk flasks. The samples were
heated up to 80 °C for 1 h. The silica films were extensively extracted in
ethanol for 1 h to remove unbound silane.
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473 nm Laser Induced Polymerizations: Monachromatic and linear,
transverse-magnetic polarized (Glan-Thompsen polarizer, B. Halle)
laser light (Diode pumped solid state laser, Laser 2000, A = 473 nm,
50 mW) was directed onto the sample placed in the polymerization
solution after degassing the solution by purging with nitrogen for 1 min.
The polymerization solution was prepared by dissolving CDTPA (46 mg;
0.11 mmol) and DMAEMA (4 mL; 3.7 g; 24 mmol; 1.7 mol L) in ethanol
(14 mL} with a molar CDTPA to DMAEMA ratio of 1:200. Polymerization was
performed at the indicated time and laser beam power. The laser power of
the polymerization was contralled by adjusting the angle of the first passed
polarizer, according to a two polarizer system described by Malus’ law.
The laser power versus polarizer angle dependence was determined with
a THORLABS PMI00A Optical Power Meter after passing two polarizers.

LSPR induced  Polymerization:  Polymer functionalization  of
mesoporous composite materials was performed by mixing 2.9 g
(18 mmal} destabilized DMAEMA and 40 mg CDTPA (99 pmol) in
10 mL absolute ethanol. The solution was purged with nitrogen for
10 min and then transferred to cuvettes in which the mesoporous
composite material was placed. The cuvettes were irradiated with a
lamp (LUMATEC, Superlite S400, Deisenhofen, Germany, Filter 6,
430-500 nm) using a power density of 1 mW cm™ for 10 min and
11.5 mW cm 2 for 1 h at a distance of 10 cm to the irradiation source.
Subsequently, the substrates were extracted with ethanol for 30 min
before drying and stering under ambient conditions.

Infrared Spectroscopy: IR spectra were recorded in ATR mode using a
Spectrum One FT-IR spectrometer from Perkin-Elmer. Corresponding
spectra were recorded directly from the substrate or from films,
which were scratched off the substrate. Each spectrum was recorded
from 4000 to 650 cm™'. The spectra were background corrected and
normalized to the Si-O-Si asymmetric stretching vibrational band at
1050 cm.

CO5-Plasma  Treatment:  COp-plasma  treatment was performed
according to a literature protocol™% using a Femto SRS plasma
generator (Diener electronics, model Femto, 13.56 MHz, maximum
RF power: 200 W). The samples were degassed and CO; gas was
introduced. The RF generator was switched on for 12 s after a stable
pressure of 0.3 mbar was achieved.

Thermogravimetric Analysis: TGA was recorded in a Mettler-Toledo
instrument (TGA 1} recorded in air atmosphere. The samples obtained
by scratching off the mesoporous silica films from its glass supports
were heated from room temperature to a final temperature of 600 “C
with a heating rate of 10 K min™".

UV=Vis Spectroscopy: UV-vis spectra were recorded with an Agilent
Cary 60 UV-vis spectrometer. All spectra were background corrected to
the respective solvent.

Supporting Information
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6. Conclusion

The aim of this work was to investigate the possibility of creating mesoporous step gradient
architectures with respect to pore size, surface wettability, and surface charge, by combining
different MSTFs. Furthermore, new strategies for the precise function placement, e.g. by
polymer placement, in such mesoporous film architectures with nanoscale precision should be
developed in order to increase the complexity analogue to biological paragons. Such step
gradient architectures are especially interesting in the context of separation and energy
harvesting, for instance, as concluded in Chapter 2: State of research.

In order to address the formation of mesoporous film step gradients as well as new strategies
of function placement, this work was divided into three main sections: material library,

mesoporous architectures, and (nano-)local polymer placement, as depicted in Figure 28.

Mesoporous thin films

pore size, wettability,
chemical composition,
layer thickness

Asymmetric modification Asymmetric fabrication

advanced modification sequential deposition via
strategies dip coating

Figure 28: Representation of the strategic outline of this work.

A fundamental understanding of physical and chemical properties of MSTFs are required with
respect to the preparation of hierarchical mesoporous architectures. Therefore, hydrophilic
MSTFs templated with Pluronic® F127 were systematically investigated regarding their ionic
pore accessibility in dependence of preparation parameters, i.e. the template removal
performed either by calcination up to 350 °C or extraction in acidic ethanol (stabilizing heat
treatment up to 200 °C). A much more pronounced permselective behavior in case of template
removal via extraction was observed via CV measurements due to the higher amount of surface

silanol groups in consequence of lower stabilization treatment up to 200 °C. This observation is
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consistent with a higher silanol vibration in the ATR-IR spectrum further indicating a lower
degree of silica condensation at lower temperatures.

For the preparation of mesoporous surface wettability step gradients, hydrophobic MSTFs were
developed applying the methylated precursors MTMS and DMDMS together with TEOS in a co-
condensation approach. By variation of the mole fractions of MTMS and DMDMS with respect
to TEOS, MSTFs with gradual tunable surface wettability with apparent water contact angles
from 10° up to 113° were successfully prepared. Investigating the structural properties of these
MSTFs, revealed thinner film thicknesses as well as lower porosities with increasing amount of
MTMS and DMDMS in consequence of an increased amount of organic groups in the resulting
MSTFs.

MSTFs prepared by using the precursors MTMS, DMDMS together with TEOS not only showed
the opportunity to prepare MSTFs with tunable surface wettability, but also showed higher
chemical stability in harsh basic environment. There, higher chemical stability at pH 10 was
observed with higher amount of MTMS and DMDMS. MSTES with low molar ratios of TEOS,
i.e. 0.5 and lower, resulted in chemically stable MSTFs with respect to a total investigation time
of 240 minutes. Similarly, MOSTFs that were developed using the bridged precursor BTESE
also showed a chemical stability at pH 10 for the time of investigation of 240 minutes.
Comparable film thickness and a lower porosity were determined for the MOSTFs prepared
using BTESE templated with Pluronic® F127 as compared to MSTFs prepared by using TEOS as
silica source. The lower porosity can be explained due to the incorporation of organic bridging
groups applying BTESE.

As a bio-based alternative to petro-based structure directing templates, HPC was successfully
applied for the preparation of hydrophilic MSTFs with a possible chiral pore structure. Thereby,
MSTFs with a mean pore size of 2.9 nm and a relatively high porosity of 61% were prepared,
which showed typical ionic pore accessibility of MSTFs in dependence of environmental pH.

In order to prepare MSTF architectures, double layer thin films represent the simplest
construction for the preparation of multilayer step gradients. MSTFs with pore size step
gradients were successfully prepared by asymmetric fabrication, i.e. sequential deposition of
Pluronic® F127 templated MSTFs resulting in films with 6-8 nm pore size and CTAB templated
MSTFs resulting in films with 1-3 nm pore size via dip coating. Investigation of the ionic pore
accessibility indicated a successful pore connection between the two different MSTFs double
layer arrangements of both possible sequences guaranteeing transport of charge through MSTFs
with pore size step gradients. Interestingly, structural investigation through ellipsometry
revealed thinner MSTFs, if deposited on a mesostructured silica bottom layer, most likely due
to different adhesive forces compared to single MSTFs deposited on glass, silicon, or ITO

covered glass substrates.
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Successful preparation of MSTFs with surface wettability step gradients was performed applying
asymmetric fabrication of hydrophilic and hydrophobic MSTFs templated with Pluronic® F127.
Therefore, hydrophilic MSTFs and hydrophobic MSTFs prepared by co-condensation of MTMS,
DMDMS together with TEOS (xrr0s=0.2) were sequentially deposited via dip coating. Different
film thicknesses of the hydrophobic top layer were achieved by variation of the withdrawal
speed in the dip coating process. Investigation of the ionic pore accessibility of the positively
charged probe molecule [Ru(NHs)6]?*/3* at acidic and basic environmental pH resulted in peak
current densities at basic conditions for the double layer MSTF with surface wettability step
gradient and the thinnest hydrophobic top layer of 60 nm. No peak current densities were
obtained with thicker layers of the hydrophobic top layer. There, no quantitative statement on
a limiting film thickness of the hydrophobic top layer with respect to the observed effect was
made due to the necessity of further investigations, which are part of ongoing research in the
group of Annette Andrieu-Brunsen. However, the observed effect can be explained by an
overcoming of the hydrophobic barrier of the top layer through electrostatic attraction of the
negatively charged hydrophilic bottom layer and the positively charged probe molecule, which
has an impact on data interpretation as well as on the design of complex nanoporous
architectures.

In order to prepare MSTFs with charge step gradients and by that to increase the function
density in a single layer of a double layer MSTF, a concept for the layer-selective polymer
placement in double layer arrangements was developed. Therefore, hydrophilic double layer
MSTFs were prepared via dip coating. Amine predisposition of one layer using APTES as co-
condensate allowed further selective modification of one layer with an iniferter. Due to a low
unspecific adsorption, the carboxylic acid bearing iniferter was successfully bound selectively
on the amine predisposed mesoporous layer by utilizing the amide forming coupling agent
HATU. After careful extraction of unbound iniferter, a photopolymerization of METAC was
successfully performed in only one mesoporous layer of the double layer thin film by applying
UV light at a wavelength of 365 nm. The layer-selective polymer functionalization was
concluded by the collective results obtained from IR spectroscopy, ellipsometry, charged dye
immobilization experiments, and EDX spectroscopy. Investigation of the ionic pore accessibility
of mesoporous double layer thin films before and after polymer functionalization revealed a
dominant role of the bottom layer on the pore accessibility overcoming local electrostatic
repulsion of the top layer.

Although this concept allows to generate charge step gradients at the nanoscale, since the film
thickness of the individual layers can be adjusted by variation of the deposition technique’s

process parameters, a new strategy to further investigate the limits of polymer placement in
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mesoporous architectures was pursued. Therefore, plasmonic metal NPs were incorporated in
hydrophilic MSTFs with high spatial control and used as nanoscopic light source in combination
with photopolymerizations. To construct the mesoporous composite materials, a
mesostructured silica thin film as bottom layer was deposited initially via dip coating. Selective
functionalization of the outer silica surface with amine groups allowed the immobilization of
citrate stabilized plasmonic metal NPs, which were then covered by another MSTF as top layer.
Investigation of the composite material via UV/Vis spectroscopy demonstrated a tunable NP
density by varying the immobilization time of the NPs. As the thickness of each individual silica
layer can be regulated by variation of process parameters of dip coating, the position of the
plasmonic metal NPs can be precisely adjusted on the nanoscale. The optical properties of a
composite material bearing Au-NPs were systematically investigated in dependence of the
surrounding medium refractive index by applying UV/Vis spectroscopy. Thereby, a sensing
sensitivity of 51 nm/RIU was determined, which is in very good agreement to FEM simulations
as well as with reported sensing sensitivity for spherical Au-NPs in dispersion solutions. In
addition, local sensing inside the mesoporous material was proven by covering the composite
material with a hydrophobic polysiloxane layer and observing no change of the absorption
maximum (LSPR) in the UV/Vis upon variation of the surrounding refractive index, as no liquid
was able to enter the mesoporous thin film.

For the application of the Au-NPs as nanoscopic light source to induce a photopolymerization
at the nanoscale, a dye-sensitized polymerization formulation was developed and optimized in
solution to determine the threshold energy considering the detection limit of the applied
characterization methods (ATR-IR). A covalent grafting of polymer in the nanoscopic
surrounding of the Au-NPs was then achieved by applying the dye-sensitized
photopolymerization below the threshold energy, hence inducing the polymerization via LSPR.
In consequence, a red-shift of the LSPR of the Au-NPs was observed due to an increase of the
refractive index of the NP’s surrounding, indicating successful nanolocal polymer placement
around the NPs. Investigating of the optical properties in dependence of the composite
material’s surrounding media revealed a reduced sensing sensitivity of 44 nm/RIU, which can
be explained due to the polymer shell of the Au-NPs. As a consequence, plasmonic metal NPs
in MSTFs do not only allow nanolocal near-field induced polymer placement, but as well allow
to monitor refractive index changes of the NP’s surrounding in situ.

The concept of applying plasmonic metal NPs as nanoscopic light source for the precise
positioning of polymers into mesoporous thin films with nanolocal control was then transferred
to an iniferter-based controlled-radical polymerization approach. Therefore, a suitable

polymerization formulation was developed and optimized by Daniel John, which was then
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applied to composite materials bearing plasmonic alloy Ag/Au-NPs. By systematically reducing
the irradiation energy dosage, a near-field induced iniferter initiated polymerization was
successfully carried out applying the composite material bearing the plasmonic alloy Ag/Au-
NPs. The combination of plasmonic metal NPs as nanoscale light source to initiate potentially
controlled photopolymerizations for the accurate and spatially resolved polymer placement in
MSTFs is envisioned to open new pathways for the generation of hybrid porous materials and
device design. Furthermore, the incorporated sensing ability of the plasmonic NPs is expected
to generate nanoscopic local information in the confinement of mesoporous materials along

with insights into the functionalization and transport properties of such materials.

Concluding, it was demonstrated that different MSTFs can be combined by asymmetric
fabrication for the preparation of complex mesoporous architectures with pore size along with
surface wettability step gradients. Thereby, hydrophobic MSTFs can be prepared by co-
condensation of methylated precursors, such as MTMS and DMDMS, together with TEOS.
Incorporation of organic groups via co-condensation, or by applying bridged precursors leads
to MSTFs with improved chemical stability at basic environment. As an alternative to petro-
based templating agents, HPC was successfully applied as sustainable and bio-based template
for the preparation of MSTFs with possible chiral structure. New strategies for the precise
(nano-)local polymer placement in double layer MSTFs were demonstrated by a layer-selective
polymerization approach, and by nanoscopic polymer placement using plasmonic metal NPs as

nanoscale light sources to induce photopolymerizations.
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7. Experimental Section

In this chapter, the applied characterization methods and respective data acquisition are
illustrated. Moreover, the used chemicals and synthetic protocols with respect to the

preparation of single and double layered MSTFs are described.

7.1. Equipment

7.1.1. ATR-IR spectroscopy

ATR-IR spectra of prepared MSTFs deposited on glass substrates were recorded on the
supporting substrate using a Perkin Elmer Instrument Spectrum One FT-IR Spectrometer
equipped with an Universal ATR Polarization Accessory (Waltham, MA, USA). All spectra were
recorded between 4000 and 650 cm™ with a resolution of 4 cm™ using the Spectrum Software
(Version 10.5.4.738, PerkinElmer, Inc., Waltham, MA, USA, 2016), and automatic background
and baseline corrections were performed. Signals from MSTFs are partially superimposed by
signals originating from the glass substrate in the range of 830-1250 cm! in dependence of the
penetration depth of the ATR-IR evanescent wave. Nevertheless, IR-spectra of different films
can be compared due to the comparable film thicknesses. Further data processing was
performed in OriginPro9 (ADDITIVE Soft- und Hardware fiir Technik und Wissenschaft GmbH,
Friedrichsdorf, Germany, 2012). IR spectra of MSTFs are either normalized to the stretching
vibration of free silanol groups at ~ 905 cm™ or to the asymmetric stretching vibration of Si-O-
Si at ~ 1050 cm™ depending on the strongest band obtained. However, only MSTFs that have

been prepared identically are directly compared.

7.1.2. Ellipsometry

Thickness and refractive indices of MSTFs deposited on silicon wafer substrates were
determined applying a Nanofilm EP3-SE imaging ellipsometer from Accurion with the
measurement software EP3-View. One-zone AOI measurements were performed between AOIs
of 36-68° in 2° steps with a laser wavelength of 658 nm and one region of interest (ROI) of
approximately 700 x 700 um, while keeping the relative humidity constant at 15% relative
humidity (humidity control: ACE-flow, Solgelway). Refractive indices and film thicknesses were
determined using the measured ellipsometric angles A and ¥ with the software EP4 Model

(version 1.2.0) supplied with the instrument. The thickness of the natural silicon oxide layer of
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the silicon substrate was fitted allowing an iteration between 0 and 10 nm. With respect to the
determination of layer thicknesses of MSTFs and MOSTFs, iteration limits were individually
applied. Refractive indices of MSTFs and MOSTFs were simultaneously fitted by iteration
between the values 1.0 and 1.5. All films were measured on three spots along the direction of
dip coating unless stated otherwise. Porosities were calculated using the determined values for

refractive indices and applying the BEMA.

7.1.3. Profilometer

Profilometer measurements were performed as complementary method to ellipsometry to
determine film thicknesses with a profiler device Dektak XT from Bruker with a vertical
resolution of 1, and a horizontal resolution of 120 000 points. Measurements were performed
using a tip size of 25 um, a scan length of 5 mm, and an applied force of 1 mg. All measurements

were recorded in Hills & Valley mode.

7.1.4.SEM

SEM micrographs were recorded using a Philips XL.30 FEG scanning electron microscope
equipped with a tungsten cathode and a back scattered electron yttrium aluminum garnet (BSE
YAG) detector. An accelerating voltage of 20-30 kV, a 30 um aperture, and a spot size of 2-4
were applied. Samples were coated with 7nm Pd/Pt prior to measurements. Digital
micrographs were recorded over a range of magnifications at a working distance of 6-12 using

a SE2 detector.

7.1.5.TEM

TEM micrographs were recorded using a Philips FEI CM-20 transmission electron microscope
(Philips, Netherlands) supplied with a LaBs cathode and an Olympus CCD camera with a
maximum resolution of 2.3 A operating at an accelerating voltage of 200 kV. MSTF samples
were prepared by scratching off the films from the substrate and dispersing in filtered absolute
ethanol. The dispersion was drop casted onto 3.05 mm Cu grids (mesh size 200) with a Lacey
carbon film (Plano GmbH, article number S166-2), after sonication for 5 min. The prepared
samples were dried under ambient conditions. Measurements were performed by Ulrike Kunz
(Department of Materials and Earth Sciences, Physical Metallurgy Group, Technical University

of Darmstadt).
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7.1.6. Determination of Water Contact Angles

Apparent water contact angles were determined using a OCA35 device from DataPhysics
Instruments GmbH with the software SCA 4.5.2 Build 1052 (DataPhysics Instruments GmbH,
Germany). All films were measured at least on three positions along the direction of dip coating

with a water drop volume of 2-4 ul. and a dosing rate of 0.5 ulL/s.

7.1.7.CV

The ionic pore accessibility of MSTFs was investigated via CV using the charged and redox-
active probe molecules [Ru(NHs)6]?*/3* and [Fe(CN)¢]>/%. Measurements were performed
using a Metrohm Autolab PGSTAT302N potentiostat with the software Nova 2.1.2 Build 633
(Metrohm Autolab B.V., Netherlands). MSTFs prepared on ITO coated glass substrates were
immersed in 100 mM KCl electrolyte solution for at least 30 min prior to measurements. The
ionic pore accessibility of MSTFs was investigated using a 1 mM solution of either positively or
negatively charged probe molecule in 100 mM KCl electrolyte solution. The pH-dependent ionic
pore accessibility was performed by adjusting the probe molecule solution pH between 2 and
11.5 by addition of either concentrated aqueous NaOH or HCI, and determined using pH paper
(Carl Roth/VWR) or a pH-meter (pH110, VWR). An Ag/AgCl reference electrode (BASi RE-6)
and a graphite counter electrode was used in the sample cell. The measured working electrode
(ITO) area was 0.21 cm?. Ionic pore accessibility was measured for each pH using a scan rate
sequence of 200, 100, 25, 300, 500/1000, and 200 mV s, with each scan rate cycled for three
times. Quality control of the cyclic voltammograms was conducted by ensuring comparability
of the first and last scan rate of 200 mV s!. Furthermore, cyclic voltammograms were only
discussed based on the third cycle of a scan rate obtained, if at least the cyclic voltammograms
of the second and third cycle were comparable ensuring an equilibrium state. Additionally, the
first applied pH was re-measured for all scan rates ensuring reversibility of charge and thus

ionic pore accessibility unless stated otherwise.

7.2. Synthesis

7.2.1. Chemicals and Materials

All chemicals and solvents were purchased from Sigma-Aldrich, Acros Organics, Carl Roth, and
VWR and used as received unless stated otherwise. Microscope slides (Carl Roth/VWR, glass,

cut edges) were cleaned with technical grade ethanol and dried under ambient conditions prior
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to dip coating. Silicon wafer substrates (Si-Mat, Kaufering, Germany, 100 mm diameter,
525 + 25 um thickness, tupe P/Bor, <001> orientation, CZ growth method, 2-5 Q resistivity,
polished on one side) and indium tin oxide coated glass substrates (ITO, Delta Technologies,
Ltd., Loveland, CO, USA, polished float glass, 150 x 150 x 1.1 mm, SiO- passivated/indium tin
oxide coated one surface, RS=4-8 Q, cut edges) were cut to desired size with a diamond cutter,

cleaned using technical grade ethanol, and dried under ambient conditions prior to dip coating.

7.2.2. Preparation of MSTFs templated with Pluronic® F127

MSTFs were prepared via sol-gel chemistry using TEOS as inorganic precursor and an
amphiphilic triblock copolymer Pluronic® F127 as structure-directing template. The molar
ratios of the compounds used in the precursor solution applied for dip coating were
1 TEOS / 40 EtOH / 0.0075 F127 / 10 H,0 / 0.28 HCl  resulting in MSTFs with 6-8 nm
mesopores. The precursor solution was prepared at room temperature and stirred overnight
prior to deposition on glass, silicon wafer, and ITO coated glass substrates applying the EISA.
At 23-25 °C and 50% relative humidity, the films were dip coated with a withdrawal speed of
2mm st. Subsequently, the films were stored at 23-25 °C and 50% relative humidity for 1 h.
Mesostructured films were stabilized by a temperature treatment at 60 °C and 130°C for 1h
respectively. MSTFs were obtained, after template removal that was either performed by

calcination up to 350 °C for 2 h or by extraction in acidic ethanol (0.01 M HCI) for three days.

7.2.3. Preparation of MSTFs templated with CTAB

Based on a modified procedure of reference 2*2, MSTFs were prepared via sol-gel chemistry
using TEOS as inorganic precursor and the surfactant CTAB as structure-directing template. The
molar ratios of the compounds used in the precursor solution applied for dip coating were
1 TEOS / 20 EtOH / 0.14 CTAB / 5 H20 / 0.004 HCI resulting in MSTFs with 1-3 nm mesopores.
The precursor solution was prepared at room temperature and stirred overnight prior to
deposition on glass, silicon wafer, and ITO coated glass substrates applying the EISA. At
23-25°C and 50% relative humidity, the films were dip coated with a withdrawal speed of
2 mm s?. Subsequently, the films were stored at 23-25 °C and 50% relative humidity for 24 h.
Mesostructured films were stabilized by a temperature treatment at 60 °C and 130 °C for 24 h
respectively. MSTFs were obtained, after template removal that was performed by calcination

up to 350 °C for 2 h.
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7.2.4. MSTFs with tunable surface wettability

MSTFs were prepared via sol-gel chemistry using TEOS, MTMS, and DMDMS as inorganic
precursors and an amphiphilic triblock copolymer Pluronic® F127 as structure-directing
template. The molar ratios of the compounds used in the precursor solution applied for dip
coating were

x TEOS / (1-x):0.6 MTMS / (1-x)-0.4 DMDMS / 40 EtOH / 0.0075 F127 / 10 H20 / 0.028 HCl.
The precursor solution was prepared at room temperature and stirred for 10 min prior to
deposition on glass, silicon wafer, and ITO coated glass substrates applying the EISA. At
23-25°C and 50% relative humidity, the films were dip coated with a withdrawal speed of
2 mm s!. Subsequently, the films were stored at 23-25 °C and 50% relative humidity for 1 h.
The films were stabilized by a temperature treatment at 60 °C and 130 °C for 1 h respectively.
MSTFs were obtained, after template removal that was either performed by calcination up to

350 °C for 2 h or by extraction in acidic ethanol (0.01 M HCI) for three days.

7.2.5. MOSTFs prepared from bridged silica precursor

MOSTFs were prepared via sol-gel chemistry using BTESE as inorganic precursor and an
amphiphilic triblock copolymer Pluronic® F127 as structure-directing template. The molar
ratios of the compounds used in the precursor solution applied for dip coating were
1 BTESE / 80 EtOH / 0.015 F127 / 20 H,O / 0.56 HCI resulting in MSTFs with an average pore
size of 8.6 nm. The precursor solution was prepared at room temperature and stirred overnight
prior to deposition on glass, silicon wafer, and ITO coated glass substrates applying the EISA.
At 23-25 °C and 50% relative humidity, the films were dip coated with a withdrawal speed of
2 mm s!. Subsequently, the films were stored at 23-25 °C and 50% relative humidity for 1 h.
Mesostructured films were stabilized by a temperature treatment at 60 °C and 130 °C for 1 h
respectively. MSTFs were obtained, after template removal that was performed by extraction in

acidic ethanol (0.01 M HCI) for 3 days.

7.2.6. MSTFs templated with HPC

MSTFs were prepared via sol-gel chemistry using TEOS as inorganic precursor and HPC (MW
100 000) as template. The molar ratios of the compounds used in the precursor solution applied
for dip coating were 1 TEOS /40 EtOH / 0.001 HPC / 10 H20 / 0.28 HCI resulting in MSTFs
with an average pore size of 2.9 nm. The precursor solution was prepared at room temperature

and stirred overnight prior to deposition on glass, silicon wafer, and ITO coated glass substrates
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applying the EISA. At 23-25 °C and 50% relative humidity, the films were dip coated with a
withdrawal speed of 2 mm s!. Subsequently, the films were stored at 23-25 °C and 50% relative
humidity for 24 h. Mesostructured films were stabilized by a temperature treatment at 60 °C
and 130 °C for 1 h respectively. MSTFs were obtained, after template removal via calcination at

350 °C and 540 °C for 2 h respectively.

7.2.7. Preparation of double layered MSTFs

Double layered MSTFs were prepared via sol-gel chemistry applying EISA. The first layer was
deposited on glass, silicon wafer, and ITO coated glass substrates at 23-25 °C and 50% relative
humidity with a withdrawal speed of 2 mm s'. Subsequently, the films were stored at 23-25 °C
and 50% relative humidity for 1 h in case of Pluronic® F127 templated films, and 24 h in case
of CTAB templated films. The films were stabilized by a temperature treatment at 60 °C and
130°C for 1h respectively, before deposition of the second layer. The second layer was
deposited on the first layer at 23-25 °C and 50% relative humidity with a withdrawal speed of
2mms! unless stated otherwise. Subsequently, the films were stored at 23-25 °C and 50%
relative humidity for 1 h in case of Pluronic® F127 templated films, and 24 h in case of CTAB
templated films. Finally, double layered MSTFs were obtained, after template removal that was

performed by calcination up to 350 °C for 2 h.

7.2.8. Investigation of chemical stability of MSTFs and MOSTFs

Investigation of chemical stability at pH 10 of prepared MSTFs and MOSTFs deposited on silicon
wafer substrates was conducted using ellipsometry. First, the initial thicknesses of the films
were determined by ellipsometry applying 3 ROIs of approximately 100 x 100 um on one spot
of a film, and the measurement procedure described above. After incubation in pH 10 buffer
solution (HI 7010, HANNA Instruments) for 30, 60, 90, 120, 150, 180, 210, and 240 min, the
MSTFs and MOSTFs were rinsed with water and technical ethanol, respectively, and dried with
pressured air, before determining the film thicknesses using ellipsometry. Samples were

prepared for each incubation time.
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Abbreviations

Ag-NP
AIBN
ALD
AOI
APTES
ATR-IR
ATRP
Au-NP
BCP
BDC
BEMA
BTESE

CCD
CDTPA
CNT
CTA
CTAB
cv
CVD
DE
DLP
DMDMS
DMSO
DNA
DNP

EDC
EDX
EISA
FEM

Analyzer

Anodized aluminum oxide

Silver nanoparticle

Azobisisobutyronitrile

Atomic layer deposition

Angle of incidence
(3-Aminopropyl)triethoxysilane

Attenuated total reflection - infrared

Atom transfer radical polymerization

Gold nanoparticle

Block copolymer
4-(N,N-Diethyldithiocarbamoylmethyl)benzoic acid
Bruggemann effective medium approximation
1,2-Bis(triethoxysilyl)ethane

Compensator

Charge-coupled device
4-Cyano-4-((dodecylsulfanylthiocarbonyl)sulfanyl) pentanoic acid
Carbon nanotube

Chain transfer agent
Cetyltrimethylammonium bromide

Cyclic voltammetry

Chemical vapor deposition

Diarylethene

Diffusion limited patterning
Dimethyldimethoxysilane

Dimethyl sulfoxide

Deoxyribonucleic acid

Dynamic nuclear polarization

Electric field
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
Energy-dispersive X-ray spectroscopy
Evaporation-induced self-assembly

Finite element method
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HATU

HF
HMM
HMSTF
HP
HPC
ICR
iCVD
ITO
ITUPAC
LSPR
METAC
MOSTF
MSM
MSTF
MTMS
NIR

NP
OTS

p

PAA
PAN
PDA
PDMS
PEI
PET
PIMP
PMETAC
PMEP
PNiPAM
PP

PU

PVP
RAFT

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium-
3-oxide hexafluorophosphate

Hydrophobic force

Hybrid mesoporous materials

Hybrid mesoporous silica thin films

Hydrostatic pressure

Hydroxypropyl cellulose

Ion current rectification

Initiated chemical vapor deposition

Indium-tin oxide

International Union of Pure and Applied Chemistry
Localized surface plasmon resonance
[2-(Methacryloyloxy)ethyl]trimethylammonium chloride
Mesoporous (organo)silica thin films

Mesoporous silica materials

Mesoporous silica thin film
Methyltrimethoxysilane

Near-infrared

Nanoparticle

Octadecyltrimethoxysilane

Polarizer

Polyacrylic acid

Polyacrylonitrile

Polydopamine

Polydimethylsiloxane

Polyethyleneimine

Polyethylene terephthalate
Photoiniferter-mediated polymerization
Poly(2-(methacryloyloxy)ethyltrimethylammonium chloride
Poly(2-methacryloyloxy)ethyl phosphate
Poly(N-isopropylacrylamide)

Polypropylene

Polyurethane

Polyvinylpyridine

Reversible addition-fragmentation chain-transfer polymerization

129



RIU Refractive index unit

RMSE Root mean square error

ROMP Ring opening metathesis polymerization
S Sample

SBDTTC s-p-Trimethoxysilylbenzyl-S’-dodecyltrithiocarbonate
SEM Scanning electron microscopy

SERS Surface enhanced Raman scattering

SI- Surface-initiated

SIGP Photopolymerization and photografting
SP Surface plasmon

SPR Surface plasmon resonance

SSNMR Solid-state nuclear magnetic resonance
TEM Transmission electron microscopy

TEOS Tetraethylorthosilicate

uv Ultraviolet
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Appendix

Appendix related to Chapter 5.1.2:

Table A1: Film thicknesses d and refractive indices n, as well as the respective root mean square error (RMSE) of the
fit for MSTFs with tunable surface wettability in dependence of the mole fraction of TEOS in the dip coating solution.
Values obtained by ellipsometry at 23 °C and 15 rH%.

sample spot d/nm n/a.u. RMSE

1 93.7+0.1 1.332+0 0.094

x=0 TEOS 2 96.7 £ 0.1 1.347 %0 0.081
3 99.1+0.2 1.336 £ 0.001 0.31

1 115.8 £ 0.1 1.311%0 0.176

x=0.2 TEOS 2 111.9+0 1.313%£0 0.081
3 112 +0.1 1.318+0 0.12

1 162.1+0.2 1.268 £ 0.001 0.377

x=0.5 TEOS 2 153.4£0.1 1.271£0 0.211
3 165.1 £ 0.1 1.272 %0 0.229

1 170.5+0.1 1.222+0 0.245

x=0.8 TEOS 2 168.3+0.2 1.223 £0.001 0.277
3 174.5 0.1 1.223+0 0.206

1 152.8 £ 0.1 1.2050 0.132

x=1TEQOS 2 155.5+0.1 1.205%0 0.166
3 164.8 £ 0.1 1.211%£0 0.183

Table A2: Apparent water contact angles for MSTFs with tunable surface wettability in dependence of the mole

fraction of TEOS in the dip coating solution. Values obtained with a water drop of 2 uL at 23 °C and 50 rH%.

sample CA/°
113.31
116.82
109.69
108.52
105.54
106.39
72.82
78.41
76.98
44.63
44.98
46.65
11.35
9.37
9.48

x=0 TEOS

x=0.2 TEOS

x=0.5 TEOS

x=0.8 TEOS

x=1TEOS

w
wN—sz—sz—sz—sz—s'g
~+*
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Appendix related to Chapter 5.1.3.

Table A3: Film thicknesses d and refractive indices n, as well as the respective root mean square error (RMSE) of the
fit for MOSTFs prepared with the bridged precursor BTESE. Values obtained by ellipsometry at 23 °C and 15 rH%.

sample spot d/nm n/ a.u. RMSE
1 215.2+0.6 1.309 £ 0.002 0.619
2 218.8+0.6 1.311 £0.002 0.55
3 212.8+0.6 1.308 £ 0.002 0.706
4 220.4+0.6 1.311 £ 0.002 0.541

MOSTF 5 217.9+0.5 1.311 £ 0.001 0.487
6 217.2+£0.7 1.312 £ 0.002 0.752
7 219.5+0.6 1.313 £ 0.002 0.602
8 230.5+0.8 1.327 £0.003 0.669

Table A4: Apparent water contact angles for MOSTF prepared with the bridged precursor BTESE. Values obtained
with a water drop of 4 pL at 23 °C and 50 rH%.

sample spot CA/°
1 38.52
MOSTF 2 41.15
3 39.03

Appendix related to Chapter 5.1.4.

Table A5: Film thicknesses d and refractive indices n, as well as the respective root mean square error (RMSE) of the

fit for MSTFs prepared by using HPC as template. Values obtained by ellipsometry at 23 °C and 15 rH%.

sample spot d/nm n/a.u. RMSE
1 368+42.5 1.179 £0.074 5.915

HPC-MSTF 2 382.5+56.8 1.168 £ 0.09 6.476
3 395.2+61.6 1.161 £ 0.089 5.856

Table A6: Apparent water contact angles for MSTF prepared by using HPC as template. Values obtained with a water
drop of 2 pL at 23 °C and 50 rH%.

sample spot CA/°
1 23.18

HPC-MSTF 2 26.65
3 24.84
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Appendix related to Chapter 5.2.1.

Table A7: Film thicknesses d and refractive indices n, as well as the respective root mean square error (RMSE) of the
fit for single layer MSTFs prepared by using Pluronic® F127 and CTAB as template, respectively. Values obtained by
ellipsometry at 23 °C and 15 rH%.

sample spot d/nm n/a.u. RMSE

1 169.8 £ 0.2 1.211 £ 0.001 0.307

F127 single MSTF 2 177.2+£0.2 1.212 £0.001 0.336
3 180+0.3 1.213 £ 0.001 0.493

1 222 +0.2 1.201 0 0.279

CTAB single MSTF 2 222.7 £ 0.1 1.203 0 0.152
3 227.9+0.1 1.206 £ 0 0.139

Table A8: Film thicknesses d and refractive indices n, as well as the respective root mean square error (RMSE) of the
fit for double layered MSTFs prepared by using Pluronic® F127 and CTAB as template, respectively. Values obtained
by ellipsometry at 23 °C and 15 rH%.

sample d/nm n/ a.u. RMSE

CTAB bottom 207.8+0.6 1.22 £ 0.001 0.809

double layered MSTF 282.3+3 1.357 £0.009 0.644

F127 bottom MSTF 161+£0.3 1.237 £ 0.001 0.498
double layered MSTF 238.6 £ 0.5 1.374 £ 0.002 0.21

Table A9: Film thicknesses of double layered MSTFs with pore size step gradients determined by profilometer

measurements.
sample spot thickness / nm

1 113.7679

F127 bottom 2 205.1988
3 185.7452

1 80.0392

CTAB top 2 74.1124

3 77.9264

1 176.8441

CTAB bottom 2 175.0473
3 175.6143

1 63.1843

F127 top 2 62.7305

3 64.8954
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Appendix related to Chapter 5.2.2.

Table A10: Film thicknesses d and refractive indices n, as well as the respective root mean square error (RMSE) of the

fit for double layered MSTFs with wettability step gradients. Values obtained by ellipsometry at 23 °C and 15 rH%.

sample spot d/nm n/ a.u. RMSE

1 170.1 £ 0.1 1.293 0 0.222

hydrophilic bottom layer 2 169.9£0.2 1.289 £ 0.001 0.346
3 171.7+£0.2 1.286 + 0.001 0.459

hydrophobic top layer 1 63.1£0.3 1.311 £ 0.001 0.282
withdrawn with 1 mm s 2 63.5+£0.2 1.306 = 0.001 0.166
3 60 £ 0.1 1.302+0 0.108

hydrophobic top layer 1 82.6+0.4 1.314 £ 0.001 0.248
withdrawn with 2 mm s 2 88.6+0.4 1.317 £ 0.001 0.189
3 87.5+£0.5 1.319 £ 0.002 0.209

hydrophobic top layer 1 103.8 £ 3.1 1.325 = 0.01 103.8
withdrawn with 3 mm s 2 118.8+3.9 1.307 £ 0.011 118.8
3 119.8+4.4 1.303+0.012 119.8

Table A11: Apparent water contact angles of the hydrophilic bottom layer MSTF prepared by using Pluronic® F127

as template, and hydrophobic top layers deposited using different withdrawing speeds. Values obtained with a water

drop of 2 pL at 23 °C and 50 rH%.

sample spot CA/°

1 27.56

F127 single MSTF 2 28.74

3 27.9

hydrophobic top layer withdrawn with ; 110088.626
-1 .

1 mms 3 107.99

hydrophobic top layer withdrawn with ; 18;32
-1 .

2 mmss 3 107.95

hydrophobic top layer withdrawn with ! 106.23

3 mm s 2 106.88

3 107.03
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