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1. Abstract - Zusammenfassung 

Die Miniaturisierung von technischen Geräten ist nach wie vor ein wichtiger Trend. Dies macht 

sich besonders in der Elektronikindustrie bemerkbar. In den vergangenen zwei Jahrzehnten 

wurden große Anstrengungen bei der Herstellung von miniaturisierten Komponenten und dem 

Aufbau von Nanostrukturen unternommen.1 Nicht nur die Forschung und Entwicklung 

bestehender Materialien mit Strukturen auf der Nanometerskala sind wichtig, sondern auch das 

Design neuer Materialien in dieser Größenordnung und neue Anwendungen in Abhängigkeit 

von nanostrukturierten Materialien. In diesem Zusammenhang haben hybride mesoporöse 

Materialien, die die Eigenschaften nanoskaliger Poren und organischer makromolekularer 

Komponenten vereinen, in den letzten zwei Jahrzehnten großes Interesse in der Natur- und 

Ingenieurwissenschaft geweckt.2 

Diese Arbeit ist in drei Abschnitte unterteilt. Im ersten Kapitel wird die Automatisierung der 

Herstellung von mesoporösen Silica Filmen mittels Tiefdruck erfolgreich durchgeführt. Die so 

hergestellten Filme werden mit Filmen verglichen, die durch konventionelle 

Tauchbeschichtungsverfahren hergestellt werden. In beiden Verfahren wird das EISA-Verfahren 

(evaporation-induced self-assembly) als Mechanismus für die Nanoporenbildung durch Templat-

Anordnung und die Silicabildung durch Hydrolyse und Kondensation von Silanen verwendet. 

Durch die Optimierung von Prozessparameter werden mesoporöse Silicafilme mit 

unterschiedlichen Schichtdicken erzeugt. Im Allgemeinen erzeugt der Gravurdruck, als 

automatisierter Prozess, sehr homogene mesoporöse Silicafilme über große Bereiche ohne 

Randeffekte. Durch die Verwendung eines Co-Kondensats kann der Gravurdruck als schnelles 

und einfaches Verfahren zur Herstellung multifunktionaler Schichten eingesetzt werden, was 

neuartige Architekturen ermöglicht. Darüber hinaus wird die Anbindung eines Coinitiators auf 

der Silicaoberfläche für unterschiedliche Schichtdicken untersucht und optimiert. Im Ausblick 

konnte eine weitere vielversprechende Methode zur automatisierten Herstellung mesoporöser 

Silicafilme vorgestellt werden. In ersten Versuchen erweist sich ein 3D-Druckverfahren, das auf 

Silicabildung durch photoinitiierte Vernetzung basiert, als vielversprechend.  

Die Ergebnisse bezüglich der mit Coinitator funktionalisierten mesoporösen Silica werden im 

zweiten Kapitel für die gezielte Polymerfunktionalisierung unter Verwendung von sichtbarem 

Licht und Nahfeldmoden verwendet. Die Farbstoff-sensitisierte Polymerisation von DMAEMA 

mit Methylenblau und einem sekundären Amin mit rotem Licht als Initiator konnte erfolgreich 

durchgeführt werden. Wenn das Amin an die Oberfläche gebunden wird, erfolgt die 

Polymerbildung auf der mesoporösen Silicaoberfläche. In verschiedenen Experimenten konnte 

eine zeit-, konzentrations- und energieabhängige Bildung der Polymermenge gezeigt werden. 
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Sowohl positiv als auch negativ geladene Monomere konnten erfolgreich polymerisiert werden. 

Durch die Verwendung eines Lasers als induzierende Lichtquelle konnte mit den 

entsprechenden Reaktionsparametern eine ortsaufgelöste Polymerfunktionalisierung in x-y-

Richtung realisiert werden. Die Farbstoff-sensitisierte Polymerisation wird mit Nah-Feld Moden 

wie Oberflächenplasmonen (SP) oder transversalen Wellenleitermoden (TM) kombiniert. Die 

SP-induzierte Polymerisation in mesoporösen Silicafilmen kann in Bezug auf die erzeugte 

Polymermenge durch Variation der Polymerisationszeit und der Energie gesteuert werden. Bei 

der Energie müssen nicht nur die einstellbare Laserleistung, sondern auch die 

Kopplungseffizienz und die Form der SP und TM berücksichtigt werden. Dies hängt stark von 

der optischen Qualität des Films ab und ist innerhalb der angewandten Präparationsmethoden 

nur sehr schwer zu reproduzieren und zu optimieren. Durch den Vergleich der erzeugten C=O-

Schwingungsbandenintensität und damit der erzeugten Polymermenge zwischen SP-

induzierten und lichtinduzierten Polymerisationen wird der energieverstärkende Faktor 

(enhancement facor) der SP demonstriert. Es ist auch möglich, die TM zur Initiierung der 

Polymerfunktionalisierung zu verwenden. Es kann gezeigt werden, dass die SP-induzierte 

Polymerisation in x-y-Richtung lokal begrenzt ist, während die TM-induzierte Polymerisation 

in der Fläche stärker verteilt ist. In dem Fall, dass sowohl die SP- als auch die TM-induzierte 

Polymerisation im gleichen mesoporösen Silicafilm stattfindet, wird für die SP-induzierte 

Polymerisation weniger Polymer nachgewiesen als für die TM-induzierte Polymerisation, 

obwohl die SP einen Verstärkungsfaktor aufweist. Dieses weist eindeutig darauf hin, dass das 

Polymer im Falle der TM-induzierten Polymerisation auch an der äußeren Oberfläche gebildet 

wird. Um die Probleme der Reporduktion der mesoporösem Silica beschichteten Gold-Substrate 

zu vermeiden, wird im Ausblick auf eine Polymerisation mittels eines durch TIRF erzeugten 

evanescenten Feldes vorgestellt. In ersten Experimenten konnte eine erfolgreiche 

Polymerisation unter Verwendung eines evaneszenten Feldes gezeigt werden. 

Im dritten Teil dieser Arbeit wird die lokale Funktionalisierung mit Silica auf hierarchisch 

porösem Papier gezeigt. Der Fokus liegt dabei auf der Einführung neuer Strukturen, 

mesoporöses Silica oder dichtes Silica, in Labor-Papier. Dabei wurde die Menge an Silica auf 

den Papieren variiert. Dabei kann eine Fluid-Stop-Barriere für die Wasseraufnahme 

ausschließliche durch Verwendung von Silica zur Papierfunktionalisierung gezeigt werden. 

Zudem kann gezeigt werden, dass das Flächengewicht des mit Silica funktionalisierten Papiers 

eine entscheidende Rolle spielt. Der wahrscheinlichste Mechanismus beruht auf einem Pinning 

an der Dreiphasen-Kontaktlinie auf dem rauen strukturierten Papier, das dadurch ermöglicht 

wird, dass die beschichteten Fasern eine Quellung des Cellulosematerials nicht zulassen. Diese 

Hypothese wird durch eine eher geringe Abnahme der freien Oberflächenenergie von Cellulose 
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zu Silica an Modelloberflächen unterstützt werden. Durch die Anwendung eines einfachen 

Tauchbeschichtungsverfahrens und Einstellung der anfänglichen TEOS-Konzentration (Silica-

Precursor) in der Beschichtungslösung und des Trocknungsprozesses werden die 

Benetzungseigenschaften durch einen Gradienten im Papierquerschnitt eingestellt. Dabei sind 

Benetzungseigenschaften von hydrophil zum Janus-Typ und zur Hydrophob möglich. Durch die 

Kontrolle der Silicaverteilung ist eine maßgeschneiderte Benetzung entlang des 

Papierquerschnitts realisierbar. In ersten Versuchen wird die Anwendung als Membran zur Öl-

Wasser-Trennung erfolgreich demonstriert. Durch eine anschließende Funktionalisierung der 

mesoporösen silica beschichteten Papier mit dem redoxreaktiven Polymer PFcMA kann eine 

Schaltung der Papiere in Bezug auf die Benetzung bewirken werden. In ersten Versuche konnte 

eine initiale Silica-Funktionalisierung der Faser und die anschließende Papierbildung 

erfolgreich durchgeführt werden. Dieses System könnte in Zukunft eine multifunktionelle 

Funktionalisierung in Papieren ermöglichen und so neue maßgeschneiderte Papiere 

produzieren. 
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2. Introduction 

Miniaturization of technical devices is still an important trend. In applications devices are 

supposed to show improved quality, get faster and introduce more functions per device. This is 

especially noticeable in the electronics industry. The electronic components used to date consist 

of individual structures in the order of less than 100 nanometers. In the past two decades great 

efforts have been made in the production of miniaturized components and the construction of 

nanostructures.1 Not only the research and development of existing materials with structures 

on the nanometer scale are important, but also the design of new materials at this scale and 

new applications depending on nanostructured materials. In this context, hybrid mesoporous 

materials, which combine the properties of nanoscale pores and organic macromolecular 

components, have attracted considerable interest from natural and engineering science over the 

last two decades.2 

Mesoporous materials are characterized by an adjustable, stable and rigid structure with pores 

adjustable in the range of less than hundred nanometers to Ångströms. Their surface chemistry 

can be adjusted by the composition of the starting material or post-synthetic functionalization. 

Furthermore, thin mesoporous films can be applied to a variety of substrates at low 

temperatures and, due to their optical transparency in the visible region, can be used for 

applications in microelectronics and optoelectronics.3 For example, nanostructured materials 

with a well-defined ordered mesopore structure and a defined and adjustable chemical 

functionalization can be prepared in a sol-gel process.4, 5 

In addition, incorporation of polymers into mesopores provides access to a broad variety of 

functional hybrid materials. Polymers inherit a wealth of characteristics, which can be 

controlled by the choice of monomer(s) and degree of polymerization. For example, polymers 

with stimuli-responsive properties are of great importance for materials research and bio-

materials. Thereby, light, pH, temperature, solvent, or voltage can be used as stimuli.6-8 

Applying a stimuli, induces a change in properties such as ionic transport or wettability. Such 

materials are used in pharmaceutics for drug release, other applications are found in sensors or 

permeable membranes.8  

The polymer-functionalized mesoporous hybrid materials represent a relatively new class of 

functional materials in controlled release, heterogeneous catalysis or solar cells.4, 9, 10 By using 

polyelectrolytes for mesoporous material functionalization, it is for example possible to produce 

charge-regulated transport and membranes that mimic transport control in nature. Such 

membranes and pores represent a promising basis for nanofluidics.11 
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In general, surface modification with polymers can be achieved by physical adsorption 

(physisorption) or by the covalent attachment of polymers. Covalent binding can be achieved 

using grafting onto, grafting from or grafting through techniques. During the grafting from 

approach, the polymers are synthesized directly at the surface initiated by an initiator prior 

covalently attached to the surface. Due to the limited diffusion of large (polymer) molecules in 

small pores, grafting from is the preferred approach for modifying mesoporous materials with 

polymers. In addition to a large number of surface-initiated polymerizations12-16, light-initiation 

and photolithography continues to be of great interest because locally resolved 

functionalization and polymer amount control is required in x-y-z direction.1   

Controlling local resolution in polymer functionalization and thus potentially miniaturizing 

functionalization control could open new material properties of such mesoporous hybrid 

materials for example in the context of transport control. The most established approach for 

localized polymer functionalization is photolithography. The local resolution in the application 

of classical photolithography is limited by the Abbe limit due to diffraction.1 Exceeding this limit 

using a STED (stimulated emission depletion) microscope is honored with Nobel Prize to Stefan 

Hell in 2014. In this case, resolution down to 2.4 ± 0.3 nm could be achieved.17 This technique 

is transferred to nano-/photolithography in the last years. 18-20 An alternative overcoming this 

limit could be the use of near-field electromagnetic modes such as surface plasmons which have 

a definite penetration depth into the surrounding medium outgoing from the metallic medium 

they arise. This could be an alternative to the local control of photolithographic processes on 

the nanometer scale.21, 22 However, the use of surface plasmons has only a few studies since 

initial work of Soppera and coworkers have addressed this topic – but not addressing porous 

film.23-25 Aim to combine such surface plasmons with radical polymerization of stimuli-

responsive monomer in mesoporous silica because organic-inorganic mesoporous materials 

with local functionalization are highly interesting for nanofluidics, filtration-sensing elements, 

sensor arrays.2 

From a general perspective, radical polymerization requires disruption of a C=C double bond. 

To achieve this a photoinitiator requires an energy of 6.3 eV which corresponds to a wavelength 

of 196.8 nm.26 In addition to the technical complexity of generating those high-frequency 

electromagnetic radiation, the adsorption of potentially present oxygen, which can thereby 

react to toxic ozone, is problematic. Another disadvantage of such low wavelength light is its 

low penetration depth. Consequently, it would be advantageous to use visible light ideally in 

grafting from polymerizations to functionalize mesoporous materials. In the last few years some 

studies of visible light induced polymerization for different polymerization mechanism like 

ROMP27, 28, RAFT29, ATRP30 and dye sensitized polymerization31 have been published. Most of 
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these polymerizations are initiated with energy rich blue light below 500 nm. The dye sensitized 

polymerization on the other hand is sensitive to the total visible light spectrum (400-700 nm) 

and polymerization initiation at wavelength above 500 nm is possible as extensively 

demonstrated by the group of Lalevée.32, 33 This visible light induced radical polymerization 

requires a two-component initiator based on dyes and a coinitiator. The advantage of using 

dyes is that their absorption spectra are within visible light and therefore there are a variety of 

commercially available lasers compatible with these initiators.  

Besides mesoporous films, paper can be classified as a porous matrix. Paper provides a much 

higher complexity with respect to structure and the resulting function such as fluid imbibition 

or mechanical stability. These paper characteristics, among others, depend on porosity which 

again is determined by the fibre type, fibre density and fibre interstices. Especially, the role of 

nanoscale pores in paper on its function is not well understood. Introducing tailor-made 

mesoporosity into paper is expected to allow insights into the role of mesopores and 

functionalized mesopores on material functionality of such a hierarchical and structurally 

complex material. With respect to application cellulose fiber-derived hierarchically porous 

sheets with ordered mesoporosity are highly interesting for filtration, sensing, catalysis, cell 

growth, drug delivery, or fluidic applications.34 In this context important parameters to control 

and even to change with time are transport and flow characteristics which are highly controlled 

by porosity and surface functionalization influencing charge density and wettability.  

In addition to porosity and functionalization the material architecture has to be considered. For 

example, directed transport can be observed in asymmetrically designed, Janus-type 

membranes. Janus membranes or -materials in general are named after the two-faced Roman 

god Janus and inherit orthogonal properties on their top and bottom side such as 

hydrophobicity/hydrophilicity or positively/negatively charge.35-39 The behavior of the two 

different sides of such membranes, particles, rods or micelles are promising in different 

applications like oil/water separation, droplet manipulation, fog collection, unidirectional 

water flow, bubble aeration, ion gating and energy harvesting.40-46  

Regarding paper, membranes and the aim to tune fluid movement in such membranes 

especially the control of wettability is of interest. Thereby, usually perfluorinated molecules are 

used to achieve hydrophobic surface properties. In case of silica materials, a broad library of 

perfluorinated silanes for functionalization is commercially available. But the use of 

perfluorinated compounds has to raise concerns with regards to the environmental impact, 

especially if these coatings would be implemented on an industrial scale. 47 Alternative coating 
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procedures allowing adjustment of wettability and with this fluid movement in cellulose fiber 

webs, i.e. paper is of great importance. 
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3. State of the Art / Theory 

3.1. Shaping Mesoporous Silica  

Mesoporous silica is characterized by a defined porous structure with silanol groups on the 

surface. Mesoporous silica has a high thermal stability48 and also the advantage of a very high 

accessible surface area. However, the chemical resistance at extreme pH values  (strongly basic 

(pH> 9) and strongly acid (pH< 2)) can be a disadvantage.49, 50 According to IUPAC, mesopores 

are defined to exhibit pore diameters of 2 - 50 nm.51 Mesoporous silica films or coatings are 

generated using evaporation self-assembly (EISA) usually in a dip- or spin-coating process 

(Figure 1).5 Two processes for nanoscale organization of inorganic structures are discussed in 

literature. The liquid crystal templating mechanism (LCT) in which an inorganic phase 

condenses to a stabilized surfactant mesophase, and the co-operative self-assembly mechanism 

(CSA) in which the surfactant molecules and inorganic species hybrid form intermediates that 

form surfactant species as independent blocks of hybrid structures.52-54  

When the sol/precursor solution (solvent, silica-precursor, template, water and catalysator) is 

deposited on the supporting substrate, the volatile components evaporate at the air / film 

interface. This leads to the enrichment of the template and silica oligomers. When the template 

reaches a concentration equal to the critical micellar concentration (CMC), micelles are formed 

and the self-assembly process starts.55 After the evaporation of the solvent, the final formation 

of mesostructures takes place. This is called a module steady state (MSS), the hybrid 

intermediate behaves like a liquid crystal phase depending on the composition of the MSS.56 It 

is adjustable from one to three dimensions in the range of relative humidity from 20-70 %.57 

With subsequently temperature treatment such as 60 °C and 120 °C the precursor molecule 

hydrolyses and condensates forming the ceramic silica structure around the template micelles. 

The template removal is described in literature either by thermal treatment in which the 

template is burned out, or by chemical extraction of the template using suitable solvents.58, 59 

The former can’t be performed with co-condensed silica films bearing organic groups without 

losing them. For this EISA process, a variety of precursor materials can be used which results in 

titania, zircona, niobia, silica, etc..5, 60-63  

For example the group of K. Kuroda presented numerus studies on the functionalization during 

the synthesis by co-condensation of inorganic-organic nanocomposites: One example is the 

investigation of controlled synthesis of nanostructured silica-based materials from tailored 

alkoxysilanes.64 Kuroda and co-workers also show a thickness control of mesoporous silica film 

by etching via drop casting method.65  
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The obtained mesoporous structure in mesoporous silica films or coatings can be adjusted 

during the film preparation process, by varying process parameters such as relative humidity, 

withdrawal speed or the ratio of the inorganic precursor- and template molecules. The 

functional pore network is characterized by the pore topology, pore filling, and the nature of 

the pore walls and interface.4  

Besides the silane component the template strongly influences the generated mesoporous 

structure. The most researched templates are a range of low molecular weight surfactants such 

as CTAB and commercially available amphiphilic triblock copolymers such as Pluronic®.5, 66 In 

most cases accessible pore sizes of less than 10 nm can be achieved. For example Wiesner and 

his group systematically developed and investigated block-copolymer templates and their 

structure formation using different blockcopolymers.67, 68 For example poly(isoprene-block-

ethylene oxide) (PI-b-PEO) can be used as template, integrating the hydrophilic phase of the 

polymer into the ceramic phase, allowing a more rational hybrid morphology.48, 69, 70 By using 

block copolymers like PI-b-PEO with higher molecular weight instead of conventional low 

molecular weight surfactants, the production of mesopores and their accessible length scale can 

be extended by about one order of magnitude.71  

The investigation of the liquid deposition processes and environmental surroundings of the 

mesopores is mainly done in the research groups of D. Grosso and C. Sanchez.57, 72-76 Finally, 

EISA process parameters strongly influence mesoporous film formation. The EISA process is 

often referred to dip or spin coating. Dip coating is the simplest and least expensive method. 

The speed of coating is a decisive factor influencing the layer thickness of the desired film. In 

addition, homogeneous wetting of the substrate is critical, especially when high surface tension 

solvents, such as water, are used. As observed by Grosso et al., the film thickness does not 

increase with the withdrawal speed as observed for classical dip coating but a decrease of film 

thickness for speed between 0.01 and 0.5 mm/s .77 After reaching a minimum at 0.5 mm/s an 

increase of film thickness with increasing withdrawal speeds. As discussed by Grosso et al., 

Faustini et al. and Hwang et al., this is attributed to an additional regime of deposition taking 

place at ultra-low withdrawal speed, where evaporation and capillary convective effects govern 

the deposition rate.77-79 The critical thickness for which crack formation occurs can be 

considerably increased if the capillary regime of deposition is selected.77 The draining regime is 

described by Landau-Levich-model. Here the film thickness is increasing with the withdrawal 

speed for high speeds of dip-coating process whereas the capillary regimes behaves in exactly 

the opposite way and is valid for low withdrawal speeds. At medium speeds it is described as a 

mixed regime, where the thickness is perfectly described by the sum of the contribution of the 

two previous regimes.73 Another factor that plays a role in the formation of the layer thickness 
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is the filling quantity of the dip-coating reservoir, which does not influence the formation of the 

two regimes just mentioned, but only the absolute values of film thickness.80 This is important 

in terms of reproducibility for later applications.  

 

Figure 1. Forming a mesoporous thin film by dip-coating. In the first step, a sol solution is manufactured, in which 

the condensation to silica oligomers takes place slowly. In the second step, the CMC is achieved by evaporation of 

the solvents and the formation of the micelles starts. In the third step, the final mesostructure is formed depending 

on the ambient equilibrium. In the fourth step, the inorganic network is condensed and stabilizes the hybrid 

structure. Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

To broaden mesoporous silica film functionality film architecture and material structural has to 

be considered. Only a few examples demonstrate hierarchical mesoporous film design for 

example with functional density variation in z-direction (along film thickness), although this 

results in fascinating material properties like tailor made vapor sorption, optical reflectance, or 

ionic permselectiviy.81-84  

The research groups of Ozin, Soler-Illia, and Miguez reported the synthesis of multilayer 

mesoporous films consisting of different mesoporous materials, silica and titania, on top of each 

other, resulting in photonic structures due to refractive index differences between individual 

layers.82, 85, 86 The differences in refractive indices, adjusted by the different materials and 

porosities, lead to Bragg stack formation, reflectors or mirrors.82 These layered systems also 

lead to different vapor sorption properties and can differ in pore sizes, pore structures and 

chemical composition.81, 84 

In summary evaporation-induced-self-assembly (EISA) in combination with dip coating is a 

well-established way to obtain silica films with tailored mesostructures and functionality. With 

respect to coating processes, the EISA process is suitable for industrial applications, for example 
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by combination with spray coating.87 Beyond spray-coating, single step processes are 

investigated. A prominent example is printing such mesoporous materials and thus provide a 

good possibility for automation.88 

Besides dip coating, spin coating or spray coating as deposition methods for the precursor 

solution, printing is a very versatile alternative concerning process automatization. 

Printing is a powerful tool for the manufacturing of thin films and coatings. Especially, 

mesoporous coatings provide an ordered porous framework able to include a variety of 

functional molecules, resulting in hybrid materials with organized and specific features such as 

their large surface area and functionalized mesopore walls enabling even further tuning of 

material characteristics such as e.g. control of ionic permselectivity.4, 49, 89 Although a few 

examples of ink-jet printed, structured mesoporous coatings are reported90-96, 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 

composition 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. To date composition control along the film thickness is 

achieved by multistep coatings with intermediate temperature-stabilization steps to avoid 

dissolution of bottom layers upon subsequent layer dip coating. Despite being very time 

consuming, this procedure also affects film homogeneity along the film thickness. In addition, 

substrate rims induce film inhomogeneity’s, too, limiting the fabrication of small patterns, for 

example desired in microelectronic devices. Consequently, a technology is required that allows 

1) homogeneous large area coatings, 2) structured deposition, while being scalable to an 

industrial size, 3) generation of well-defined multilayer at the nanoscale 4) reproducibility at 

an efficient time scale.  

With respect to production of complex mesoporous film architectures, gravure printing bares 

the potential to generate more homogeneous films in much shorter production time 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 classical sol-gel chemistry, and subsequent post-

functionalization strategies as well supports complex film architecture design. In general, 

gravure printing allows nanoscale adjustment of film thickness and film homogeneity based on 

the applied substrate, ink viscosity, cell volume, printing speed and printing force. 

Consequently, smart process design is expected to not only allow the deposition of 
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homogeneous, and structured mesoporous film architectures on the nanometer scale in an 

automated fashion but as well layer selective functional placement.  

These criteria are fulfilled by printing technologies. With respect to mesoporous materials, 

printing is mainly based on paste printing, usually fabricating net-like macroscopic architectures 

consisting of mesoporous silica mostly intended to be used for cell growth.97, 98 Thereby, ordered 

mesoporous structures such as hexagonally arranged mesopores have been demonstrated.97 

Only a few studies focus on printing with higher local resolution. For example, Kotz et al. 

demonstrated printing of fused silica 3D structures by using stereolithography.99 Instead of a 

sol that is used for EISA based dip-coating, SiO2 particles within a UV-curable polymer are 

applied. Thereby, the polymer matrix stabilizes the 3D structure upon hardening with UV-light 

followed by sintering resulting in a silica structure. This approach allows the design of 

transparent 3D silica structures but does not allow to print mesoporous 3D materials. Other 

experiments to create a 3D ceramic structure are based on ink-jet printing using layer-by-layer 

deposition of ceramic suspension micro droplets ejected via nozzles.91-93 As well, Brinker 

demonstrated silica nanostructures prepared by the printing procedures pen lithography and 

ink-jet printing. Printing also works with functional organosilanes for patterning self-assembled 

monolayers which leads to functional, hierarchically organized structures.90 Unfortunately, ink-

jet printing of microdot arrays of mesoporous silica is limited to the homogeneity of the dots. 

For optimized results, this technique is limited to hydrophobic organosilanes as co-

condensates.94 The hydrophobic organosilanes are required to avoid clogging of the nozzle 

aperture.95 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 oxides thin film formation.100 But, to the best of our 

knowledge, gravure printing has not been used to generate ordered mesoporous silica coatings 

besides the work presented in this thesis. Thereby, gravure printing of mesoporous architectures 

bares a strong potential for automated thin film production with highly defined composition.  

In addition to the aforementioned EISA process, the mechanism of light-induced self-assembly 

(LISA) is the subject of current research. In this process, sols are prepared from a precursor, a 

polymer template, and a photoacid generator (PAG) based on diphenylioidonium salts 

(Ph2I+X-), and exposed as a thin film in an exposure chamber with UV radiation. Solvent is 

not absolutely necessary.88 The UV radiation, on the one hand, evaporates the solvent, if 

present, and on the other hand, in combination with the photoacid, generates a Brönsted acid 

which catalyzes the hydrolysis and condensation of the silicate network. When using visible 

light as irradiation source, the photosensitized acid generation proceeds by electron transfer 

between a photosensitizer (PS) and PAG. The role of a photosensitizer is to absorb light energy 
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and to generate excited species PS* that transfer an electron to the Ph2I+X- resulting in radical 

cations PS+•. The radical cations are responsible for acid generation (H+X-), either by 

deprotonation of hydrogen donors or by interaction with other radical species. The photo-acid 

catalysis the hydrolysis and condensation of silica precursors, which leads to film formation. 

Besides simplicity, a remarkable advantage of this method is the possibility to use visible light 

with a suitable PS. Curcumin is an example of such photosensitizer and can be applied with 

blue light (λ = 405 nm).88, 101, 102  

Blue light is a typical laser wavelength used in 3D printing technology such as stereolithography 

apparatus (SLA) or digital light processing (DLP). These two technologies are very similar, with 

SLA using two motors to quickly move a laser beam across the print area, curing the resin. In 

contrast, DLP uses a digital canvas to project a single image of each layer over the entire surface 

at once. The objects are made the same in either process, either pulled out of the resin so as to 

make room for the uncured resin at the bottom of the container to form the next layer, or 

printed at the bottom of the container next layer above. These two techniques have great 

potential to print mesoporous silica structures in 3D objects in an automated fashion. For 

example, Steldinger et al. recently show the successful printing of porous carbon structures with 

SLA 3D printing technique.  

For the functionalization of such mesoporous materials, various strategies are known in the 

literature: post-grafting, co-condensation and the use of periodic mesoporous organosilicas 

(PMO).4 A disadvantage of post-grafting methods is that inhomogeneities of the bound 

molecules are reported.103 For example, the pore entrance might have higher degrees of 

functionalization than areas that are located further inside the pore, which is also difficult to 

detect by conventional analytical methods. One advantage of the post-functionalization method 

is that the structures of the original silica membrane are not significantly changed upon 

functionalization. Only the silica wall is functionalized, which usually reduces the materials 

porosity.103 

In co-condensation approaches, it has been demonstrated that small hydrophilic molecules, e.g. 

APTES can successfully be used to generate mesoporous aminosilica thin films.50 The 

introduction of hydrophobic precursor molecules is more difficult.104 Based on a gradual 

adjustment of the polymer density, the direct co-condensation of polymerization initiators 

would be of particular interest, since such a homogeneous distribution of initiators should be 

ensured and pore blocking is prohibited. However, a major disadvantage, is that the admixing 

of an organosilane influences the structure formation. In literature, ratios of up to 40 mol% of 

organic silanes in relation to TEOS are described because the degree of mesoscopic order of the 
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products decreases with increasing concentration of co-condensate. However, non-polar silane 

functionalizations often cannot be incorporated in such large proportions as structural 

preservation. One criterion which the functionalization component must have is an alkoxy 

group for incorporation in the inorganic framework via condensation. 

Another method for the functionalization of silica membranes is the use of bridged organosilane 

precursors. However, these precursors usually have to be elaborately synthesized. The organic 

species are homogeneously bound in the three-dimensional silica matrix via two covalent bonds. 

One disadvantage is that the pores are disordered and show a broad distribution of pore size. 

By adding structuring surfactants, periodically ordered pore systems with a small pore radius 

distribution can also be synthesized. 

 

The following open research questions have been identified: 

 Is mesoporous silica printable in an automated fashion and how do printed films 

compare to dip-coated mesoporous films? 

 Can functionally hierarchical (multilayer) films be generated by printing using different 

inks using co-condensation? 

 

3.2. Local Functionalization of Interfaces 

In the past two decades, great efforts have been made in the production of miniaturized 

components and the construction of nanostructures.105 Not only the research and development 

of existing materials with structures on the nanometer scale are in focus, but also the design of 

new materials and the resulting applications. For the preparation of structured materials, a 

distinction can in principle be made between two general strategies. One strategy is the bottom-

up approach. This describes self-assembly at the molecular or nanoobject level into structures. 

In this case, structures down to a few nanometers can be achieved. The second strategy is based 

on top down techniques. Top down techniques for (nanoscale) structure fabrication are 

lithographic techniques, such as electron beam lithography, or dip pen lithography (Figure 2).1, 

106-109 Electron beam lithography is most widely used to produce mesoscopic structures with 

high resolution and high accuracy in alignment and high flexibility in pattern replication.110 

Nowadays, a resolving power down to below 10 nm has been reported for common resists 

containing poly methyl methacrylate or hydrogen silsequioxane.111 For example the dip-pen 

nanolithography can directly transfer a variety of inks like small molecules, polymers, proteins, 
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peptides, colloidal nanoparticles, metal ions and sols with different patterns to various 

substrates at a length scale of under 50 nm.112 All these methods focus on structuring a surface 

in x-y direction without considering the direction perpendicular to the surface. Structuring for 

example functionalization of a porous film along the pore length going beyond multilayer 

formation is still an open question especially with respect to polymer functionalization. But 

especially polymer functionalization has been demonstrated to equip nanoscale pores with 

interesting transport properties such as gated pore accessibility.40, 113-116 The simplest type of 

localized functionalization as well with polymers of surfaces is photolithography. In this case, 

the image of a photomask is transferred to a photosensitive photoresist.117 Within unprotected 

areas of the surface (no photomask), the photoresist is chemically modified and can be 

developed. This is called a positive resist because polymer in the areas that have been exposed 

to radiation can be destroyed and removed. If the irradiated areas are cross-linked by radiation, 

it is called a negative resist, since the unirradiated and thus not cross-linked areas are 

subsequently removed.118 The lateral resolution is essentially determined by the applied 

wavelength of light. The light used for optical lithography is usually monochromatic with 

wavelengths of λ = 436 nm and 365 nm in ultra-violet (UV) and 248 nm and 193 nm in deep 

UV. Extreme Ultra Violet lithography represents the photolithography process that has the most 

potential in terms of structure reduction.119 The highest resolution could be achieved when light 

with λ in the range of 13.5 nm (equivalent to about 92 eV) is used, which is generated in the 

formation of plasmas. The reduction of the wavelength requires technological changes though. 

Due to the very small λ, the light is already strongly absorbed by the atmosphere and by most 

materials, and therefore requires usage of high vacuum. The masks must also have highly 

reflective surfaces (~70 %) and thus also differ from conventional exposure masks. 

Furthermore, the EUV technology places much higher demands on the surface roughness 

(± 0.25 nm) as well as on the dimensional accuracy of the masks and the materials to be 

exposed.120 
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Figure 2. Schematic image of photolithography, electron beam lithography and dip-pen lithography. 

Miniaturization is crucial to design complex patterned or compartmentalized functional 

material architectures, for example in the development of smart membranes, which are of 

interest for example in “Lab-on-Chip” devices or µ-electronic sensors. Structuring of polymers 

at interfaces is usually achieved by reducing the size of the surface presenting component or by 

lithographical approaches. Due to Abbe’s diffraction limit, these are usually limited to 

micrometer dimensions.1 

 

3.2.1. Mesoporous Silica as Interface 

With respect to functionalization of mesoporous thin films and transport control especially local 

control along the pore length (transport direction) ideally at the nanoscale is of interest in the 

field of local functionalization. This is still an unsolved challenge. As polymerization can be 

initiated with light and light irradiation in general allows patterning at the microscale, 

overcoming this size limitation is a current research question which is as well addressed in this 

thesis. Overcoming the Abbe’s diffraction limit would need nanoscopically limited light. This is 

in principle provided by near-field modes such as surface plasmons (Figure 3). But the 

wavelength of surface plasmons in case of planar metal electrode surfaces is usually located in 

the visible light range (460 to 650 nm). Thus polymerization reaction at this wavelength range 

are required. 
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Figure 3. Schematic image of surface plasmon resonance. 

The electromagnetic field of nearfield modes is characterized by local nanometer dimensions 

and tunable wavelength in the visible light range. Surprisingly, surface plasmons are mainly 

used for sensing121, 122 and only few studies on surface plasmon induced polymerization are 

reported.23, 24 Polymerization initiated by visible light can for example be achieved with 

multicomponent initiating systems, such as the combination of dyes as photosensitizer and 

amines as radical initiating molecules (Mechanism dicussed in chapter 5.1).32 Examples are 

cyanine dyes,123, 124 methylene blue125 or alexa dyes that can be excited with visible light. 

Initially, the research group of Soppera, as well as the group of Kreiter demonstrated the 

possibility to initiate a solution photopolymerization with the surface plasmon of metallic 

nanoparticles by using near-field modes.23, 126 In 2011, the research group of M. Kreiter 

demonstrated the possibility of using near-field irradiation to perform chemical reactions and 

assembly at the nanoscale.127 Laser irradiation to generate surface plasmons on nanoparticles 

and guide a colloidal assembly located on the areas of surface plasmon dependent on the light 

doses has been used. The nanoparticle in the shape of crescents with plasmon hot-spots on the 

tips and the middle of crescent when the particles are separated.128 Soppera and coworkers 

demonstrate the nanoscale photopolymerization using enhanced near-field modes of Ag-

nanoparticles.129 The local and not homogenous functionalization around the spherical 

nanoparticle corresponds to the incident polarization angle of light.126 Taking a deeper look 

into mechanism governed by photochemical parameters, the reduction of functionalization size 

to a few nanometers has been demonstrated.24 Félidj and coworkers showed the covalent 

grafting of an aryl film derived from diazonium salts on regular array of gold nanostripes in the 

region of maximum field enhancement.130 The film thickness can be varied by localized surface 

plasmon (LSP) wavelength as well as incident light energy. This approach has also been 

demonstrated for gold nanorods showing the functionalization preferred on so-called surface 

plasmon induced hot-spots depended on light polarization,131 followed by a study of multi-

functionalization of gold nanodisks by two different types of functional poly(aryl) layers.25 The 

strategy in this approach is based on varying the polarization of the incident light leading to 
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site-selective hot-spots. LSP induced grafting of an organic layer on Au-triangle (size of 100 nm) 

through visible light irradiation is shown in a study of Lacroix and coworkers in 2017.132 The 

selective grafting is strongly depending on the polarization of the incident light. Therefore, the 

functionalization takes place either between adjacent particles or at the corners of triangles.  

All these studies are based on metallic nanoparticles of different sizes and shapes leading to the 

localized functionalization using surface plasmons.275 However, investigations on plane gold 

surfaces resulting in surface plasmon resonance mainly deal with the investigation of kinetics 

of (bio-)molecules binding to the surface for determination of association and dissociation rate 

constants. Here, SPR is used as a sensor and not as an initiating system for (photo-)chemical 

reaction like shown for nanoparticles. Last year, the plasmon-induced reversible addition-

fragmentation chain-transfer (RAFT) polymerization on a surface was reported for the first time 

by Erzina et al.133 The RAFT initiator is bound to the gold grating surface, then a solution with 

monomer and AIBN as radical starter is in the film surroundings. When generating the surface 

plasmon with the suitable wavelengths of light, the polymerization starts. Grafting from 

approaches are suitable for functionalization in mesoporous silica.134, 135 Nonetheless, the 

confinement of mesopores can lead to steric hindrance of a polymer chain using the grafting-to 

approach, but this suits perfect for binding molecules which can be used as initiating reactants 

later on.  

Generally, combining visible-light photo-initiation concepts with (surface) functionalization of 

mesopores, visible light-induced, localized near-field functionalization in water becomes 

accessible. The combination of mesoporous silica films and the polymerization within the pores 

with near-field modes such as surface plasmons was published the first time by our research 

group as a proof of concept in 2015.136 Further investigation in this field resulted in the 

following research questions.  

  

The following open research questions have been identified: 

 Can near field (surface plasmon) induced polymerizations at planar surfaces (visible 

light > 500 nm) been developed to functionalize mesoporous silica films? If yes, which 

parameters (time, energy) influence the near field induced polymerization in 

mesoporous silica? 

 Can the visible light induced polymerization be carried out with transversal modes as 

well as with surface plasmons and does this result in differences in polymer 

functionalization? 
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3.2.2. Paper as porous matrix 

Paper is a nonwoven made of fibers of natural origin, which is produced by the dewatering of 

a pulp suspension. Paper was produced already as an information carrier and means of 

communication in China about 2,000 years ago. The pulps for papermaking are mainly obtained 

by mechanical or chemical pulping of natural wood. They contain cellulose as a constituent, 

polymeric building block. Depending on the type of digestion, the fibers on the surface may 

contain lignins and hemicelluloses in addition to the cellulose. Furthermore, the fibers carry 

negative charges on the surface, which arise in a natural process (cellular respiration) by 

oxidation of the hydroxyl groups of the cellulose to carboxyl groups. The cellulose polymers 

form partially crystalline microfibrils via hydrogen bonds. These continue to connect to 

macrofibrils and eventually to fibers (Figure 4). This hierarchical structure gives the fibers 

extraordinary properties, such as high tensile strength and high chemical resistance to water 

and other solvents. 

 

Figure 4. Schematic structure of paper. Paper is a weave of cellulose fibers. The fibers consist of macrofibrils, which 

are composed of microfibrils. These are composed of the individual cellulose polymers. The cellulose forms crystalline 

and amorphous areas. In the crystalline areas intramolecular and intermolecular hydrogen bonds are formed. 

The standard papermaking process is technically very well developed today. Paper is produced 

worldwide in large quantities (approx. 411 million tons in 2016), with Germany being the 

fourth largest producing country of paper with 22.6 million tons of production.137 Paper is 

usually produced as a flat and inexpensive product. Paper production is a very large volume 

business with more than 3,000 different types of paper in the main markets of print media 
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(share in Germany: 38 %), packaging products (49 %), hygiene products (6 %) and specialty 

technical papers (6 %).137, 138 While print media are losing more and more importance, as a 

result of the digital revolution, particular attention has been paid to papers that have a 

functional character and are included in the group of specialty technical papers. Examples of 

these functional papers range from filter and sealant materials, to thermal or decorative paper 

and carrier webs for adhesives (adhesive tapes) or security papers.139 In this context, analytics 

or medical diagnostics play an increasingly important role for functional papers. There are 

known applications like chromatography paper, analysis paper for pH and urine or as pregnancy 

tests. These applications take advantage of the unique properties of paper. Due to the above 

mentioned structure, paper is porous and can transport liquids without external pumps. Papers 

are chemically and thermally more stable compared to porous plastics or textiles and show 

almost no thermal expansion. They are also very tear-resistant and can be recycled after use or 

even energetically recycled. These aspects make paper ideal as a bio-compatible substrate and 

attractive for further functionalization. 

These characteristics have ensured that new applications, in addition to the established 

applications mentioned above, have become the focus of current research. Examples are 

microfluidic papers for paper based diagnostics,140-144 papers as bioanalytical devices in medical 

research,145, 146 ceramic papers for catalytic applications147 or papers for quantitative gas 

sensing.148 With respect to its macroscopic properties such as color, roughness or tensile 

strength, paper has been very well studied. Generally, the relationship between properties that 

are relevant for the use of paper in conventional applications (print media or packaging papers) 

and the raw material or process parameters are also well known. Contrary to this, processes 

that allow production of highly oriented nonwoven papers, and thus papers with sophisticated 

structural control beyond grammage adjustment, are less studied.  

Macropores in paper of the order of 10-6 m can be adjusted, for example in the standard process 

of paper production by the selection of fibers, the pretreatment of fibers, and the density of 

fibers in the laid nonwoven. In contrast, the control of pores on the nanometer scale poses a 

great challenge. Paper fibers that are moist after being extracted from wood and thus kept in a 

swollen state have a very high specific surface and a large number of very small nanoscale pores. 

However, these fibers are neither trivial in handling nor for further processing into functional 

papers. The fiber structure can change dramatically upon drying, hindering the setting of a 

reproducible pore structure.149 However, in the production of functional papers, which form 

intrinsically small pores, nanoscale pores can be transferred to paper fibers in a controlled 

manner. This has been achieved, for example by embedding block copolymers in the 

macroporous paper matrix.150 Likewise, mesoporous structures of inorganic silica can be 
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deposited in-situ on the fibers.151 Silica as well as paper are bio-based materials. The amount of 

silica does not have to be very high in relation to the paper to introduce nanoporosity in addition 

to the natural pores of the paper. One example besides silica to generate nanoporosity in paper 

is “never-dried-cellulose”.149 Here the swollen fibers have very small pores. These highly porous 

pulps are also not very mechanically stable and it is not trivial to stabilize the highly porous 

structure. Different porosities can vary the material properties in relation to the fluid 

imbibition.152 

The definition of microfluidics is given by Whiteside as a science and technology of systems that 

process or manipulate small amounts of fluids, using channels with dimensions of ten to 

hundreds of micrometers.153 Nevertheless, the classical microfluidic systems of the first and 

second generation based on silicon, glass or polydimethylsiloxane (PDMS) are hardly used 

commercially because of high production costs as well as the additionally required pumps for 

regulated transport of fluids in the system.154, 155 As inexpensive solution fiber-fleece-like 

materials, such as nitrocellulose membranes or paper, in which the fluid transport is driven by 

capillary force, came into focus. These materials promise a simple handling due to intrinsic fluid 

transport.155 Research related to this topic has gained increasing interest for the development 

of low-cost point-of-care diagnostic tools.  

It was demonstrated that fluid flow can be modulated by changing channel dimensions or by 

engineering the paper cellulose fiber structures or surface chemistry.156, 157 Up to now, fluid flow 

in paper is mainly adjusted by changing fiber density and thus macroporosity and fluid 

penetration is prevented by hydrophobizing certain areas (patches), e.g. by wax printing.158, 159 

In a recent work by Vlessidis and co-workers, flow velocity was manipulated by adding channels 

parallel to the flow direction to accelerate flow and to slow down fluid flow perpendicular to 

the flow direction.160 Engineering of paper-based devices even shows the potential for 

upscaling, because it can be combined with printing techniques allowing to print µ-fluidic 

channels as well as reagents such as bio molecular recognition units into reactive patches.161 All 

these studies share the common approach of adjusting fluid flow by material design. Although 

the fluid flow can be adjusted, external as well as on-line acceleration or deceleration of fluid 

flow during operation and thus the design of dynamic devices and flow control have not been 

investigated.  

Besides paper-based materials for fluid flow and transport control, ordered mesoporous ceramic 

structures prepared by sol-gel chemistry and evaporation induced self-assembly5 are very 

interesting regarding transport modulation at the nanoscale, especially after functionalization 

as described in chapter 3.2.1, too.162-164 Mesopores with pore diameters below 10 nm for 
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example allow to gate ionic permselectivity. In the last years an increasing amount of research 

was dedicated to the investigation and generation of bioinspired switchable mesopores. 

Combining responsive functional groups with mesopores, transport could be gated upon 

temperature165, pH166, 167, specific molecules113, 168, voltage169-171 and light.172-174 Cellulose fiber-

derived hierarchically porous sheets with ordered mesoporosity are highly interesting for 

filtration, sensing, catalysis, cell growth, drug delivery, or fluidic applications.34 In this context 

important parameters to control and even to change with time are transport and flow 

characteristics. In a given porous matrix surface chemistry allows to modulate surface 

characteristics such as wetting or charge. 

The motivation for combining both materials, paper and mesopores, is to obtain stable 

nanopores in paper and to combine fluid flow and transport control of small molecules or ions. 

Combining sol-gel chemistry and EISA with rationally designed paper may result in new 

possibilities in fluid flow and molecular transport control as well as in further understanding of 

fluid flow modulation on a micro- to nanoscale. This hypothesis is based on the multitude of 

publication, in which the fluid flow is correlated to Lucas-Washburn relation or Darcy’s law.156, 

175, 176 To externally manipulate fluid flow on-line the paper sheet porosity or hydrophobicity 

has to be modulated. In terms of external hydrophobicity modulation on planar surfaces or in 

mesopores, ferrocene-containing polymers show great potential. 177, 178 One important property 

is the setting of surface wettability, which has been used, e.g. for the preparation of self-cleaning 

surfaces, tunable optical lenses, lab on chip systems, microfluidic devices, textile applications, 

thin film sensors, and smart membranes.177, 179-186  

Regarding molecular transport control, functionalized mesoporous ceramic structures5 show 

very interesting properties4, 187, 188 and may be combined with macroscopically designed paper-

templated ceramics.189 The paper-templated ceramic is produced in this example by sintering 

fillers that are introduced into the paper during the paper manufacturing process. Here 

macroscopic structures are produced. It is also known that sol-gel chemistry can be used to 

produce paper-tempered ceramics. Here only very few examples for the production of 

nanostructures in combination with cellulose fibers are known and these have not yet been used 

for reintegration into functional papers/materials.190 

Nowadays, the combination of silica and paper has attracted great interest because both 

materials are biobased and attempts to mimic properties found in plants and animals are 

followed. Besides the combination of materials inheriting complementary properties such as 

paper and ceramic (mesoporous) coatings material symmetry (or asymmetry) and thus local 

distribution of structural or functional components has a strong influence on material 
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performance. Natural cactus, spider silk, lotus leafs and desert beetles are some of the 

fascinating examples, because of their asymmetrical physical structure or chemical properties 

called Janus materials.35-39 The definition of Janus materials in general is broadly diversified 

and includes all materials with asymmetrical surfaces as well as composites. Janus materials 

are well known since the Nobel Prize lecture of de Gennes in 1991, but first mentioned in 1898 

by the group of Veyssié.191, 192 In 2016, the group of Xu refined the definition to materials having 

opposing properties at the two respective interfaces and proposed three configurations of Janus 

membranes.39 One is the “A to B”-type material, which shows a physical and/or chemical 

gradient across a membrane cross-section. Whereas A-to-B or A- and B-type Janus membranes 

are defined as having a clear interface between the layers. Jiang and coworkers developed a 

coating followed by peeling strategy for the facile preparation of multifunctional Janus 

membranes.35 This Janus-type membrane is based on fully synthetic polymers, i.e. polyethylene 

terephthalate (PET)/polytetrafluoroethylene (PTFE). The membrane is modified by tannic acid 

and diethylenetriamine to form a hydrophilic coating on the surface while the membrane stays 

hydrophilic. Peeling off the top PTFE layer from the hydrophilic membrane results in a Janus 

membrane with unidirectional water permeation properties at the oil/water interface. Most 

recently, the group of Ikkala presented a membrane consisting of cotton modified with an 

perfluorooctyltrichlorosilane through chemical vapor deposition (CVD) of one side to generate 

a Janus material in one step.42 Those composite materials exhibit a directional gating of water 

droplets in air-water as well as oil-water systems with integrated selectivity to oil or water 

inspired by the passive transport across cell membranes based on transmembrane 

hydrophilic/hydrophobic interactions of the regulating membrane permeability.193, 194 

Fluid flow as can be deduced from Lucas-Washburn or Darcy’s Law in paper strongly depends 

on wettability. Wettability again depends on the hydrophobicity of the substrate and the surface 

tensions. Thus hydrophobization is supposed to allow the control of wetting. One way to create 

hydrophobic interfaces is the use of silanes. There are two general factors to consider enabling 

these coating systems derived from silanes, (without regard of the specific silanes utilized), 

namely structure and surface chemistry. Structured silane based coatings feature a plethora of 

particle-based systems, i.e. nano-, micro- or “raspberry“-particles, that combine surface 

chemistry and structure to achieve all kinds of interface properties like super 

hydrophobic/philic, oleophobic/philic or amphiphobic coatings.195, 196 Compositions to generate 

hydrophobic interfaces feature typically the synthesis and modification of silica particles using 

precursors like tetraethoxysilane (TEOS) for the particle formation, i.e. generation of structure, 

and hydrophobic perfluorinated - or alkyl- silanes to implement the desired surface 

chemistry.197-200 Additionally, the utilization of poly(dimethylsilane) (PDMS) in combination 
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with silica-particles has yielded to promising results with regard of mechanical stable coatings, 

something that has always been challenging with regard to micro/nano-structured surfaces. 201, 

202 While these strategies evidently have demonstrated great improvement in such material 

design, the production of the material is rather laborious, including delicate sol/gel processes 

and necessity for several steps to produce the interface. 203, 204 In addition, the use of 

perfluorinated compounds in surface modification has to raise concerns with regards to the 

environmental impact, if these coatings would be implemented on an industrial scale.47 

Comparably, when silanes are implemented without the generation of a micro- or nano 

structure, for example on cellulosic substrate, the wettability of surfaces can only be modulated 

by alteration of the silane derivatives used and thus the final surface energy.205, 206 However, all 

these techniques implement a range of organo- and perfluorinated compounds.207 Interestingly, 

coating of cellulose fiber webs, i.e. paper with TEOS, without further modification, resulted in 

a slightly increase of the hydrophobicity, when silica-amount between 14 and 58 g/m² are 

deposited. Due to the excessive amount of silica deposited, the fibers micro-structure was 

consequently masked and contact angle (CA) analysis effectively sampled a slightly structured 

silica surface.208 

 

The following open research questions have been identified: 

 How does fiber architecture (nanoscale porosity) influence water flow in paper sheets? 

 Can nanoporosity in paper be adjusted by (mesoporous) silica coatings and how do 

process parameters allow variation of coating content. 

 Is a stimuli-responsive switching from hydrophobic to hydrophilic possible on silica 

coated paper in analogy to silica free papers? 

 Is it possible to locally control coating amount and does the silica coating distribution 

influence transport (fluid flow) in paper? 
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4. Aim and Strategy 

Based on the mentioned open research questions (chapter 3) this work has been divided into 

three sub-projects. The first part involves the fabrication of mesoporous silica films via the 

evaporation induced self-assembly (EISA) process using gravure printing and the comparison 

to dip-coated films. Different precursor solutions or inks are used. Thereby gravure printing 

bares the potential for automated and fast mesoporous film preparation (chapter 6.1). The 

second sub-project focuses on the polymer functionalization of mesoporous silica films being 

compatible with surface plasmon initiations on planar gold films and thus being initiated using 

visible light and especially red light with a wavelengths of 633 nm. As polymerization methods 

the free radical dye-sensitized polymerization as a two-component initiating system is explored 

and a transfer to a near field mode induced polymerization is discussed (Chapter 6.2). The third 

sub-project investigates the effect of silica coating on lab made paper sheets. Two different fiber 

types are explored. The wetting behavior of silica coated paper and redox responsive polymer 

functionalized silica coatings in paper is investigated with contact angle measurements and 

water imbibition tests giving new insights into the role of mesoporosity and wettability on fluid 

imbibition in paper (Chapter 6.3). In the following, the aim of the projects is explained and the 

individual strategies are presented in more detail. 

 

4.1. Strategies for Mesoporous Silica Film Preparation 

To enable automated and fast printing of mesoporous silica films on large scale and keeping 

the option of multilayer formation using different inks gravure printing is a potentially suitable 

method. In general, gravure printing is a powerful tool for thin film preparation with the 

opportunity to print well-defined multiple layers. In gravure printing, the sol-gel solution is 

serving as ink and is transferred by a gravure cylinder with definite cell volume to the 

supporting substrate.  

The influence of process parameters such as cell volume of gravure cylinder or printing force 

on film characteristics such as layer thicknesses has to be investigated and compared to classical 

film preparation via dip coating. A comparison of the films produced using different coating 

processes is discussed regarding pore accessibility based on ionic permselectivity and film 

morphology. Furthermore, multi-functional architectures should be generated by means of 

multiple subsequent coating steps. To induce functional hierarchy, the in-situ functionalization 

using a co-condensate in the sol-gel solution is used. 3-[Bis(2-hydroxyethyl)amino]propyl-

triethoxysilane is used as co-condensate, since it can be used as a coinitiator for the dye-

sensitized polymerization described in the chapter 5.1. Furthermore, the post-grafting 
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functionalization with the coinitiator is examined and a comparison is sought. The 

functionalization is characterized by means of cyclic voltammetry, ellipsometry and XPS. An 

overview of the strategy is depicted in Figure 5. 

 

Figure 5. Strategy for film preparation of mesoporous silica films and a molecular functionalization of these. Figure 

adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

The optimized and fully characterized films are used as a basis for the next main part of this 

work (chapter 6.2). 

 

4.2. Strategies for Polymerfunctionalization of Mesoporous Silica Films with Visible 
Light or Near-field Modes 

To allow surface-plasmon initiated polymer functionalization of mesoporous silica films on 

planar gold layers a suitable polymer functionalization strategy based on visible light and 

surface plasmons with a wavelength around 633 nm has to be identified (Figure 6) and 

systematically investigated with respect to its potential of polymer amount and location control.  
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Figure 6. Polymer-functionalization of mesoporous silica films with dye-sensitized polymerization induced by visible 

light (red light) and near-field modes. 

Dye-sensitized polymerizations at a wavelengths of 663 nm (red light) is used and applied to 

the polymer functionalization of different mesoporous silica films with 2-

(Dimethylamino)ethylmethacrylat (DMAEMA) and 2-(methacryloyloxy)ethyl phosphate (MEP) 

as monomers. To gain a basic understanding of the dye-sensitized polymerization the 

polymerization is investigated in solution. The reaction parameters are subsequently transferred 

to the polymerization in the mesoporous silica films. Two different light sources are used. 

Firstly, a LED light, which can be used for a comprehensive polymer functionalization in 

mesoporous silica films is used. Secondly, a He/Ne laser which is suitable for surface plasmon 

generation at planar gold surfaces in the Kretschmann configuration is used (Figure 10). With 

both light sources different parameters like polymerization time, light intensity, monomer 

concentration can be investigated. In addition, the difference between the polymerization in 

the pores and outside on the planar mesoporous film surface can be observed. This is realized 

by CO2 plasma treatment of the coinitiator functionalized mesoporous silica before 

polymerization resulting in destruction of the coinitiator at the outer silica surface. Finally, 

surface plasmon- and transversal optical waveguide mode initiation of the polymerization is 

investigated. As the surface plasmon has a limited penetration depth the potential for a control 

of functionalization in z-direction is given. Parameters favoring potential nanoscale local 

limitation of polymer grafting from initiated by surface plasmons such as polymerization time 

and laser beam power are investigated.  

 

4.3. Silica-Paper Hybrid Materials 

To get insights into and to control the role of the fiber nanoporosity on fluid transport in paper 

mesoporous and nonporous (dense) silica coatings are used. Therefore, paper sheets are dip-
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coated with a sol-gel solution containing with a mesopore forming template to generate 

mesoporous silica functionalization or using a sol-gel solution without template to get a dense 

silica coating (Figure 7).  

 

Figure 7. Functionalization of paper sheets from cotton linters or eucalyptus sulfate by dip-coating with sol-gel 

solution with mesoporous or dense silica. Silica coated paper sheets from cotton linters are further functionalized 

with a redox-active polymer FcMA. 

In a first study cotton linters fibers are coated. To not only understand the effect of mesoporous 

versus nonporous coatings but as well the possibility of switching wettability and thus fluid 

imbibition further functionalization using a redox-responsive polymer (cooperation with Prof. 

Gallei (Universität des Saarlandes). The redox switchable polymer is grafted from the surface 

using surface-initiated atom transfer radical polymerization (SI-ATRP). In SI-ATRP, a controlled 

radical polymerization according to the grafting from principle is carried out from a surface 

previously modified with initiator. The functionalized papers are analyzed concerning wetting 

behaviors, water sorption tests and morphology. In addition, the coating process using dense 

silica is transferred to eucalyptus sulfate fibers varying TEOS concentration and drying 

conditions to vary silica material distributions along the paper cross section. Therefore, vacuum 

and atmospheric pressure during drying is used. Material distribution is shown with imaging 

procedures, by name fluorescence microscopy. A first application example in the form of an 

oil/water separation membrane for silica-coated papers is to be realized. This part is done in 

close collaboration with Dr. M. Nau. 
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5. Methods 

The following chapter describe the type of polymerization and measurement methods as well 

as data evaluation procedures used in this thesis are briefly introduced. 

5.1. Dye-Sensitized Polymerization 

Many different initiators for the photoinitiation of polymerizations have been developed. They 

mainly differ in the number of components required for initiation, and their absorption 

wavelength. Most photoinitiated polymerizations are radical polymerizations and they can be 

classified into one-component initiators and multi-component initiators. Dye sensitized 

polymerizations, applied in this work, are multi-component free-radical photopolymerizations. 

They require a dye and a coinitiator, e.g. methylene blue and 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane. 

In case of one-component initiators, the radical formation and thus polymerization initiation is 

induced by the absorption of a photon. In contrast, the multicomponent initiation requires two 

or more species to initiate the polymerization: An initiator which is excited by the absorption 

of a photon and subsequently reacts in a redox reaction with a so-called coinitiator. By this a 

coinitiator radical is generated, which then initiates the polymerization and thus reacts with the 

monomer. 

With respect to the initiation wavelength, common photoinitiators such as benzophenone, 

azobisisobutyronitrile (AIBN) or diaryliodonium salts absorb UV light. However, this is 

disadvantageous because high energy decomposition processes can occur in the polymers for 

example. An advantage is a variety of lasers with defined wavelengths in the visible range 

available. In addition, natural light sources such as sunlight can be used. Within the last years 

increasing activity in developing visible light initiated polymerizations is observed. Examples 

are reported for atom transfer radical polymerization (ATRP)209, 210, iniferter-initiated 

polymerizations211-213 and visible light mediated ring-opening metathesis polymerization 

(ROMP).214, 215 The advantage of visible light-induced polymerization is the avoidance of the 

side reactions that can caused UV light irradiation.216 Appropriate photoinitiators for the visible 

spectral range (> 400 nm), dye-sensitized polymerizations have been demonstrated.123, 217, 218   



  

Page 36  Methods 

 

 

Figure 8. Visible-light activated initiation mechanism of a two-component intiator with methylene blue as a light-

absorbing photosensitizer and 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane located on mesoporous silica 

surface as coinitiator. As monomers the pH-responsive molecules 2-dimethylaminoethylmethacrylate (DMAEMA) and 

2-(methacryloyloxy)ethyl phosphate (MEP) are used in this work. 

In this work a dye-sensitized polymerization as a two-component initiator which can be initiated 

using red light is used. The corresponding mechanism, as explained by Kim et al., and 

summarized in Figure 8.219 The dyes (in this work methylene blue) absorb visible light resulting 

in an excited electronic state. In this excited electronic state (S1) the dye can either relax to the 

ground state by emitting electromagnetic radiation of the wavelength, correspondent to the 

absorbed one. or a non-radiative transition from the electronically excited singlet state (S1) into 

the electronically excited triplet state (T) occurs. This is called intersystem crossing. In the 

triplet state the dye can undergo a redox reaction with a tertiary amine. Caused by the electron 

transfer the generated photoreduction of the dye leads to a semi reduced dye and to the 

protonated semi reduced dye. The latter represents the colorless leuco form of the dye. Further 

on, the semi oxidized form of the tertiary amine is formed. By elimination of a proton from the 

neighboring methyl group, the polymerization initiating form of the tertiary amine is achieved. 

The leuco form of the dye disproportionate on one hand to the original dye and on the other 

hand the double protonated dye.  
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Figure 9. UV-Vis spectrum of methylene blue in 0.1 M aqueous NaHCO3 solution (pH 9). The red line shows the 

wavelength of the red light He/Ne laser (λ=632.8 nm) used for the polymerizations. 

The polymerization should take place at the pore wall within mesoporous silica. A surface 

initiation is used which means the coinitiator /tertiary amine) has to be covalently bound to the 

mesopore wall. The dye component methylene blue has been chosen due to its absorption 

wavelength of 550-700 nm being compatible with a red He/Ne laser (632.8 nm). Methylene 

blue (red) has a maximal absorption in 0.1 M aqueous NaHCO3 solution at 660 nm as showed 

in Figure 9. As monomers (blue) N, N-dimethylaminoethyl methacrylate (DMAEMA) or 

phosphoric acid 2-hydroxyethyl methacrylate ester (MEP) are used. 

 

5.2. Surface Plasmon Resonance 

Surface Plasmon Resonance Spectroscopy (SPR) is based on the generation of surface plasmons 

(SP). These are electromagnetic waves that propagate along the interface between a metal and 

a dielectric. In classical view, plasmons correspond to electrons that oscillate relative to positive 

ions. SP are described by an exponentially decaying evanescent field perpendicular to the metal 

(here gold) surface. SP are excited in metals like gold or silver when irradiation with 

electromagnetic waves is performed at an angle greater than the angle of total reflection. In 

addition, certain resonance conditions like the incoming electromagnetic wave and the OP need 

the same wave vector. The wave vector of the SP is described as follows based on the Maxwell 

equations.220 
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𝑘𝑥,𝑆𝑃 =
𝜔

𝑐
√

𝜀𝑚𝜀𝑑

𝜀𝑚 + 𝜀𝑑
 

kx,SP = wavevector 

ω    = angular frequency 

c     = speed of light 

εm  = dielectric constant of the metal 

εd  = dielectric constant of the dielectric 

However, since the momentum of the OP is always greater than the wavevector of the incoming 

beam in water or air, a special configuration must couple the incoming beam to equalize the 

momentum. This is made possible, for example, by the Kretschmann configuration, as used in 

this work. In this case, a prism with optically higher density (refractive index) than that of the 

air is positioned on the gold-coated glass surface. The higher refractive index of the prism 

reduces the speed of the light. When the resonance conditions are satisfied, photons interact 

with the electron gas of the metal layer and an OP is generated. In this case, the excitation of 

plasmon is possible only with p-polarized (TM: transversely magnetic) light whose electric field 

is perpendicular to the plane of incidence. The excitation does not proceed with s-polarized 

(TE: transversely electric) light. The generation of plasmons in the Kretschmann configuration 

depends on the angle of incidence of the incoming beam and is related to its wave vector.221 

𝑘𝑥,𝑃ℎ =
𝜔

𝑐
√𝜀𝑝𝑟𝑖𝑠𝑚 sin 𝜃𝑖 

kx,Ph    = wavevector of photon 

ω      = angular frequency 

c        = speed of light 

εprism  = dielectric constant of the prism 

θi       = angle of incidence 

From this, the resonance condition at a certain angle of incidence is satisfied and surface 

plasmons are generated at a fixed angular frequency. As already described above, the resonance 

angle of the OP is greater than the angle of total reflection. Upon the arrival of the laser beam, 

a part of it is refracted at the interface between the media of different optical density and a part 

of the beam is reflected at the same angle as the angle of incidence (θr = θi). The angle of total 

reflection can be described by Snell's law using the following equation. 
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sin 𝜃𝑡 =
𝑛1

𝑛2
sin 𝜃𝑖 

θt         = angle of the transmitted light 

θi      = angle of incidence 

n        = refractive index of medium i 

The angle dependence of the reflection and the transmission can be described in the context of 

the different refractive indices of the two media and the angle of the transmission with the ratio 

of the reflected component and the ratio of the transmitted component of p-polarized light. 

𝑟𝑃 =
𝑛2 cos 𝜃𝑡 − 𝑛1 cos 𝜃𝑖

𝑛2 cos 𝜃𝑡 + 𝑛1 cos 𝜃𝑖
 

𝑡𝑃 =
2𝑛1 cos 𝜃𝑡

𝑛2 cos 𝜃𝑖 + 𝑛1 cos 𝜃𝑖
 

The generation of SP leads to a weakened intensity of the reflected beam and thus to a lowering 

of the reflectivity in the angular spectrum, since the light is conducted into the SP. As above 

described, the resonance condition of an SP is dependent on the refractive index of the medium 

to be analyzed. Therefore, any change in the optical density of the medium over the metal 

surface in the depth of penetration of the SP affects its wave vector and eventually results in a 

shift of the resonance angle. Therefore, the SPR is extremely sensitive to changes near the metal 

surface. A change in the refractive index in the evanescent field of the SP results according to 

the Fresnel equation to a change in reflectivity. The penetration depth of an SP is smaller than 

the irradiated wavelength and can be described in the case of total reflection with the following 

equation. 

𝑑𝑃 =
𝜆

2𝜋
√

𝑛1
2

𝑛2
2 sin 𝜃𝑖 − 12  

dP         = penetration depth 

θi      = angle of incidence 

λ        = wavelength 

n       =  refractive index 

Thus, the SRP is suitable for characterizing optical properties of thin films on metal surfaces 

without destroying them. With the surface plasmon resonance spectroscopy layer thickness 

increases or decreases can be detected. The SPR setup is schematically depicted in Figure 11. 

Light is focused on the metal film, after passing the prism and the subsequent reflection is 

detected. At a certain angle of incidence (resonance angle), the surface plasmons resonate with 
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the light, resulting in absorption of light and thus decreasing intensity within the reflected 

beam. The surface plasmon shows a field enhancement which means the calculation of the 

electric field transfer coefficient based on Fresnels equation shows that the electric field on the 

low index metal side can be much larger than that on the other side of the metal layer. It is 

noted that the intensity can be increased very close to the angle of SPR by a factor of more than 

30. This is expected to strongly influence plasmon initiated polymerization. 222  

If the thickness of a dielectric layer, here a mesoporous film, on a metal coated substrate is 

sufficiently thick, optical waveguide mode called transversal mode (TM) are observed at 

resonance angles below the one of the surface plasmon resonance (Figure 10). When using s-

polarized light the optical waveguide mode is called (TE) but no surface plasmon is generated.  

 

Figure 10. Schematic view of the near-field induced polymerization in the Kretschmann configuration showing 

surface plasmon (SP) and transversal mode (TM).  

In this work the SPR setup depicted in Figure 11 (RT2005-Spectrometer from Res-Tec) is used. 

For the measurements the gold coated sample glass slide (n= 1.8449, LaSFN9 glass, Hellma 

Optik GmbH Jena) is installed into a homemade flow cell (volume ~ 40 µl) and the backside is 

optically (refractive index) matched with the base of the glass prism using nD=1,7000 ± 0,0002 

index matching oil (Cargille Labs, USA). Monochromatic and linear, transverse-magnetic 

polarized (Glan-Thompson polarizer, B. Halle) laser light (He/Ne laser, JDSU, 1125P, 

λ = 632.8 nm) is directed through the prism onto the sample substrate. By variation of the angle 

of incidence θ (two-cycle goniometer, resolution 0.005°, Huber) and detecting the intensity of 

the reflected laser light I(θ) with a photodiode (BPW 34B silicon photodiode, Siemens) an 

angular dependent spectrum is recorded in different sub phases like air, water or 

polymerization solution. 
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Figure 11. SPR equipment. The laser beam is guided by two mirrors without intensity loss, and directed through a 

pinhole, a chopper and the polarizer 1 and 2. Polarizer 1 can be used to adjust the intensity of the laser beam. 

Polarizer 2 regulates the polarization. For example, p- and s –polarized light can be generated. Then the laser 

impinges the sample in Kretschmann configuration (see Figure 10) and ultimately the reflected beam reaches 

detector (photomultiplier). The sample configuration is shown in Figure 12. 

The sample preparation is in the first step a thermal evaporation using a Creamet 300 V2 

thermal evaporation system (Creavac, 01159 Dresden) of 5 nm chromium on LaSFN9 glass as 

an adhesion layer followed by a 50 nm gold deposition. The uncoated side of the substrates is 

covered with sticky tape while dipcoating the sol-gel solution to prepare mesoporous silica like 

described in experimental section (chapter 8.3). The literature values of the different layers are 

shown in Figure 12. The refractive index of the polymerization solution is measured with a 

refractometer (AK Prof. Dr. Reggelin, TU Darmstadt) at 589 nm and 20 °C. Also the dielectric 

constants are given in this figure. They can be calculated by the squares of refractive index.  

 

Figure 12. Sample preparation. The optical glass LaSFN9 is coated with chrome as adhesion layer, then the metal 

layer consisting of gold covered with the mesoporous silica coating. As subphase air, water or polymerization solution 

is used. in the table the refractive indices of LaSFN9, chrome, gold, dense silica, air, water and polymerization solution 

are given as well as the dielectric constants ε’ and ε’’ (n2 = ε).223-225  

The procedure for the near-field mode-induced polymerization is shown in Figure 13. First the 

spectrum of a coinitator functionalized mesoporous silica film is measured in contact with air. 

Subsequently, water is introduced into the cell with a speed of 5 µL/s for approximately 

30 minutes followed by recording an angular spectrum. In the following step the polymerization 

solution is flown into the cell and a fast scan (low amount of measurement points, 0.5 ° steps) 
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of the spectrum is performed to determine the resonance angle of potential waveguide modes 

and the surface plasmon. This is important to determine the angle used for polymerization. The 

sample is subsequently positioned at the chosen polymerization angle and the polymerization 

is performed. Afterwards the cell is rinsed with water for approximately 30 minutes and a 

spectrum against water is recorded. The sample is removed from the setup, extracted with 

water, dried with pressed air and installed in the same way for the recording of a spectrum 

again in contact with air after polymerization. In addition, samples are characterized by ATR-

IR spectroscopy where the C=O stretching vibration at around 1730 cm-1 in a Si-O-Siasym. 

(1070 cm-1) normalized spectra is analyzed to verify polymer functionalization as shown in 

Figure 13b. 

 

Figure 13. a) SPR spectra of mesoporous silica functionalized with coinitiator measured against air (black, d = 170 nm 

and n = 1.32), and against polymerization solution (blue) to find the SP for polymerization and mesoporous silica 

after polymerization, as well as after polymerization and extraction against air (red). The shift of the SP resonance 

angle between upon polymerization is indicated by the dotted lines. This resonance angle shift to higher angles 

indicates the change of refractive index and film thickness upon polymerization. b) Additional sample 

characterization by ATR-IR. Spectra between 4000 and 650 cm-1 before polymerization (black) and after 

polymerization (red) are depicted. The characteristic stretching vibration for the polymers are the C=O bend at 

around 1730 cm-1 (highlighted in orange). 

The calculation of the coupled laser power for SP- or TM-induced polymerization is 

demonstrated in Figure 14. The maximum reflectivity is read at an angle lower than the 

beginning of surface plasmon or transversal mode while the reflectivity of the SP or TM is read 

at the minima from the SPR spectrum measured against the polymerization solution containing 

of monomer and methylene blue in 0.1 M NaHCO3 solution. 
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Figure 14. Exemplary SPR spectrum measured against polymerization solution, showing the position for calculation 

of coupled laser power. The formula is given next to the spectra.  

The laser/light power is important to deduce the available energy for surface plasmon 

generation and thus for polymerization. This power is measured using a THORLABS PM100A 

Optical Power Meter after passing the two polarizers 1 and 2 (Figure 15). During the 

measurement polarizer 2 is set constant at 90° which leads to p-polarized light. Polarizer 1 is 

adjusted which leads to a change in light power coupled onto the sample.  
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Figure 15. Laser intensity in dependence of polarizer 1, when polarizer 2 is constant at 90° (p-polarized light). Further 

details in SPR set-up are given in Figure 11.  

 

5.3. Cyclic Voltammetry 

Cyclic voltammetry is an electrochemical method in which the current at an electrode is 

measured at varying voltage. The method is used in the elucidation of electrochemical reaction 

mechanisms, for the determination of redox potentials of molecules, or for determining the 

kinetics of electron transfer processes.226, 227 The general cyclic voltammetry measurement setup 

is composed of three electrodes: working electrode where the electrochemical processes of 

interest takes place, the reference electrode for measuring the true voltage and the counter 
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electrode, which compensates for the difference between the measured voltage and the applied 

voltage. A general overview of cyclic voltammetry is given by Bard and Faulkner and especially 

for cyclic voltammetry in mesoporous silica the work of Walcarius and co-workers is 

recommended to the interested reader.89, 227, 228  

In this work cyclic voltammetry is used to determine the accessibility of mesoporous coatings 

for small, redox-active probe molecules. Therefore, the substrate located below the mesoporous 

film which is coated with a conductive layer such as indium tin oxide (ITO) is used as working 

electrode. The measurement requires a redox-active molecule, here usually [Fe(CN)6]3-/4- and 

[Ru(NH3)6]2+/3+, and a conducting electrolyte, here usually 100 mM KCl. If the voltage at the 

working electrode is increased, and the redox probe molecule diffuses through the mesoporous 

film and reaches the electrode, the probe molecule is reduced and the current increases 

resulting in a maximum current at a certain voltage within the CV. At the potential of the 

maximum current (Epc), the entire amount of redox active molecule is reduced at the electrode, 

and a diffusion layer of the reduced molecules forms at the electrode. As a result, less molecules 

can be reduced and the current decreases reaching an equilibrium state at which the transport 

of molecules to the electrode determines the detected current. The potential at the working 

electrode is reversed and the oxidation of the redox probe molecules starts (Figure 16, point 

d). The processes are repeated with the oxidation minimum at point Epa till the starting point 

(Figure 16). 

 

Figure 16. a) Time dependent applied triangle voltage at the working electrode and b) the resulting cyclic 

voltammogram showing the peak currents Epc and Epa.  

The cyclic voltammograms are recorded at different voltage scanrates ν which can provide 

information about the nature of the molecular transport process. First, the redox-active 

molecule must reach the electrode, by mass transport, which includes diffusion, convection, 

and migration. Electron transfer from the redox-active molecule to the electrode can then take 

place at the electrode. Characteristics in the cyclic voltammogram can help to clarify which 
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process has the largest contribution to the measured current intensity. A distinction can be made 

between three cases: the reversible, the quasi-reversible and the irreversible case. 

The dividend of the peak currents (Ired/ Iox) is 1. The root of the scanrate ν1/2 plotted against 

the peak currents (Ired/ox) increase linearly and obeys the Randles-Ševcik equation. With the 

Randles-Ševcik equation, the slope of the line can be used to determine the diffusion coefficient 

(D). The other sizes are known. 

𝐼𝑃 = (2,69 ∙ 105) ∙ 𝑛
3
2 ∙ 𝐴 ∙ 𝐷

1
2 ∙ 𝑐𝑖 ∙ 𝜈

1
2 

IP = current peak for oxidation or reduction [A]  

n = number of unreacted electron per molecule  

A = surface of the electrode [m2]  

D = diffusion constant [m2/s] 

ci = concentration of redox-active molecule [mol/L] 

ν = scanrate [V/s] 

In the irreversible case, the charge transfer at the electrode is very slow and thus affects the 

current. Because of the slow charge transfer, molecules can diffuse away from the electrode 

surface and are no longer available for charge transfer. This widens the distance of the peak 

potentials (ΔEp) and in some cases only a peak potential is present. In this case the ∆Ep > 

59/n mV because there is a dependence on the scanrate ν. The peak of the reverse reaction may 

be missing, so there is possibly only an oxidation or a reduction. The extended Randles-Ševcik 

equation applies, in which the transfer coefficient α is introduced. 

In the quasi-reversible case, the rate of mass transport and charge transfer is of the same order 

of magnitude. Thus the current strength depends on both processes. At low voltage scanrates, 

the curve is similar to the reversible case, and at high voltage scanrates, it becomes irreversible. 

In the reversible case, the electron transfer is so fast that the current depends on the slower 

mass transport and is thus diffusion-controlled. Thus, the surface concentration depends only 

on the potential and it applies the Nernst equation. The peak potential (Ered/ox) is independent 

of the voltage scanrate ν. The potential difference is not greater than ΔE = | Ered – Eox | = 

59/n mV with n as the number of transmitted electrons. 
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𝐸 = 𝐸° +
𝑅𝑇

𝑧𝐹
𝑙𝑜𝑔

[𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛]

[𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛]
 

E = potential [V] 

E = potential [V] 

E° = standard potential [V] 

R  = gas constant (8,31446 J/mol) 

T  = temperature [K] 

F  = Faraday constant (96485,34 J/Vmol)  

Z = number of transferred electrons 

               [oxidation]/[reduction]= concentration of the corresponding molecule [mol/L] 

For the cyclic voltammetry measurements Autolab PGSTAT302N (Metrohm) is used. For the 

measurements, the indium tin oxide (ITO) coated glass substrate on which the mesoporous 

films are deposited is used as the working electrode. Furthermore, two more electrodes are 

used, a silver / silver chloride electrode (BASi RE-6) as a reference electrode and a graphite 

electrode as a counter electrode. The measured electrode area is 0.21 cm2. For pore accessibility 

two differently charged complexes are used. As a negatively charged complex, potassium 

hexacyanoferrate (K3[Fe(CN)6]) and as a positively charged complex hexaaminruthenium 

chloride ([Ru(NH3)6]Cl2) are used. The measurements are carried out with different scanrates 

ν in the order of 200 mV/s, 100 mV/s, 25 mV/s, 300 mV/s, 1000 mV/s, 200 mV/s. The voltage 

feed rates of 200 mV/s are measured at the beginning and at the end, and the cyclic 

voltammograms are only used if they nearly agree. For the determination of the ionic 

permselectivity, the Iox of 100 mV/s is used. In the films, the influence of the amount of polymer 

on the ionic permselectivity is examined. The used complexes are dissolved in 0.1 M aqueous 

potassium chloride solution and thus have a concentration of 1 mM. The appropriate pH is 

adjusted with sodium hydroxide or hydrochloric acid and checked with pH electrode. 
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Figure 17. Exemplified qualitiy control in cyclic voltammetry measurements of mesoporous silica. a) Showing the 

different scan rates measured at pH 3. b) Showing the cyclic voltammograms for all measured scanrates at pH 3 

before (line) and after (dashed line) measuring the same scanrates at pH 9. The obtained CV before and after 

measuring pH 9 are comparable and CV data is only discussed if this is the case. c) Showing the different scan rates 

including 200 mV/s as first and last scan in basic conditions at pH 9. d) Showing all three cycles measured for each 

scan rate. Usually the third cycle is shown after validating that the three cycles are comparable. Figure adapted from 

N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

Exemplified qualitiy control in cyclic voltammetry measurements of mesoporous silica dip-

coated with 2 mm/s withdrawal speed on ITO coated glass substrates is systematically shown 

in Figure 17. The measurements are performed with 1 mmol [Ru(NH3)6]2+/3+ dissolved in 

0.1 M KCl at pH 3 (Figure 17a, b, d) and pH 9 (Figure 17c). For all pH values and probe 

molecules the mentioned scanrates are measured. Thereby, the scanrate 200 mV/s is measured 

twice at the beginning and at the end after cycling all scan rates three times. Both cyclic 

voltammograms at this scan rate are very comparable and CV data is only discussed if this is 

the case (Figure 17a and c). In Figure 17b cyclic voltammograms measured at pH 3 before 

(line) and after (dashed line) measuring the same scanrates at pH 9. The obtained CV before 

and after measuring pH 9 are comparable and CV data is only discussed if this is the case. 

Figure 17d showing the tree cycles of each measured scanrates. Usually the third cycle is shown 

after validating that the three cycles are comparable. 
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5.4. Ellipsometry 

Ellipsometry is a non-destructive optical method and is used for examining the physical 

properties, namely the refractive index and the layer thickness of mesoporous films. From the 

determined refractive indices, the porosities and pore filling after functionalization can be 

determined based on the Bruggeman approximation.229 For this purpose, it takes advantage of 

the fact that the state of polarization of light changes when it is reflected at a surface, especially 

at silicon wafer substrates. Light can be described as an electromagnetic wave and has a specific 

frequency or wavelength. The phase and amplitude of two different light waves, passing 

through a material, can overlap. This may result in different polarizations. If the phase of the 

oscillation in the x and y directions is equal, the resulting ellipse degenerates into a straight 

line. A circle is created when the phase shift is exactly ± 90 °. In summary, linear and cyclic 

polarizations are a special cases of elliptical polarization.230 The analyzer is rotated so that the 

light intensity is minimal. From the polarizer and analyzer setting, with minimum intensity, the 

angle of the phase shift Δ and the amplitude change Ψ can be calculated. Reflecting the light at 

the surface, some of the light is refracted and Snell's law allows the reflection coefficients of the 

vertical (rs) and parallel (rp) polarizations to be expressed as: 

𝑟01𝑝 =
𝑛1 cos(𝛼) − 𝑛0 cos(𝛽)

𝑛1 cos(𝛼) + 𝑛0 cos(𝛽)
 𝑜𝑟 𝑟01𝑠 =

𝑛0 cos(𝛼) − 𝑛1 cos(𝛽)

𝑛0 cos(𝛼) + 𝑛1 cos(𝛽)
  

These equations apply to every interface. In this case, only the boundary layer between air and 

porous layer (r01p/r01s) is shown. For a single-layer model with two boundary layers (air / porous 

layer and porous layer / substrate, Figure 12, chapter 5.2): 

𝑅𝑝 =
𝑟01𝑝 − 𝑟12𝑝𝑒−𝑖2𝛥

1 + 𝑟01𝑝𝑟12𝑝𝑒−𝑖2𝛥
 𝑜𝑟 𝑅𝑠 =

𝑟01𝑠 − 𝑟12𝑠𝑒−𝑖2𝛥

1 + 𝑟01𝑠𝑟12𝑠𝑒−𝑖2𝛥
 

From the measured data, the intensity of the laser beam, for the phase shift of the incident and 

reflected light Δ and the amplitude ratio Ψ the layer thickness and refractive index of the 

measured layer is determined by applying the model analysis. The model analysis is based on a 

layer model, which determines the refractive index and the film thickness of each individual 

layer. There exist formulas which relate those angles to the ellipsometric angles Ψ and Δ. For 

the evaluation of the measurement, only these values are used with Δ being the difference of 

the phase shifts of the vertical and parallel components of the incident (δi) and reflective (δr) 

light: 

𝛥 = 𝑖 − 𝑟 = 2𝜋
𝑑1

𝜆
√𝑛1

2𝑛0
2 sin² 𝛼 
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The second ellipsometric angle can be derived from the Fresnel equations as: 

𝑡𝑎𝑛 =
|𝑅𝑝|

|𝑅𝑠|
 

where Rp is the reflectivity of the p-polarized component of the incident light and Rs the one 

for the s-polarized component. The fundamental equation of ellipsometry relates Ψ and Δ: 

𝑒𝑖𝛥 ∙ 𝑡𝑎𝑛 =
𝑅𝑝

𝑅𝑠
= 𝜌 

If the trajectory of Ψ versus Δ is plotted at a set angle θ, a known wavelength of the incident 

light λ, and a known refractive index of the surrounding medium (n0) and the substrate (n2), 

an ellipsoid graph is obtained. This means, the optical thickness of the layer examined can be 

calculated with a periodical result to: 

𝑑 =
𝜆

2√𝑛1
2 − 𝑛0

2𝑠𝑖𝑛2𝜃
 

This ambiguity in the result can be overcome if and are measured at multiple angles of incidence 

of the light beam. The measurement at two or more incident angles also allows the calculation 

of the refractive index of the layer of interest. 

For the ellipsometry measurements a device of the type nanofilm EP3-SE from the manufacturer 

Accurion is used. For the measurement the software EP4-View as well as EP4-Model is used for 

the model analysis of the measured data and for the determination of the refractive index and 

the layer thickness of the sample. Both are also from the company Accurion. This gadget used 

the nulling ellipsometry, the light generated by a laser with a wavelength of 658 nm is first 

polarized linearly by a polarizer and then strikes a compensator. This compensator consists of 

a π/4 plate and generates circularly polarized light, depending on its position relative to the 

polarizer. The polarizer-compensator combination enables the generation of elliptically 

polarized light, which is linearly polarized after reflection. This can pass through another 

polarizer that is used as an analyzer. If the analyzer is in a 90° position to the axis of the linearly 

polarized light, the light beam is extinguished. A downstream detector consisting of a light-

sensitive CCD camera (charge-coupled device) measures the intensity of the light. In nulling 

ellipsometry, the angles of the polarizer and the analyzer are varied until the intensity of the 

light in the detector passes through a minimum. Polarizer, compensator and analyzer can be 

rotated in a range of 360°. Because of this set-up four alignments are possible. This four zones 

are shown in Table 1. The one-zone measurement is four times faster than four-zone 

measurements.  
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Table 1. Fourfold zeroing by four-zone measurement in the ellipsometry. 

 Ψ Δ C 

Zone 1 A 2 P - 90° 45° 

Zone 2 -A -2 P + 90° 45° 

Zone 3 A 2 P + 90° -45° 

Zone 4 -A -2 P - 90° -45° 

*A = analyzer, P = polarizer, C = compensator. 

In this work the same measurement conditions are used for all ellipsometry measurements 

shown in Table 2. 

Table 2. Conditions for the ellipsometry measurments. 

angle range 38-70° 

angular steps 2° 

method of measuring one zone 

measuring points 3 

 rel. humidity 15 % 

 

The relative humidity of 15 % can be adjusted by the humidity controller ACEflow from 

Solgelway in combination with the chamber recreated from Boissiere et al.72 

As a prerequisite, it is determined by a reference measurement of an unmodified silicon wafer 

that a 2.8 nm thick silicon dioxide layer is present on the Si wafer. On this layer lies the 

synthesized mesoporous silica layer. For each spectra modeling, a so-called RMSE value is 

given. This is the mean square prediction error. The smallest possible error value is ideal since 

then the modeled values best reflect the measured curve. The one-layer model is used for fitting 

in the ellipsometry software EP4-Model. In the single-layer model, only the layer thickness on 

the SiOx layer is assumed. Followed by one value for the refractive index and the layer thickness 

for the mesoporous silica layer. The error bars specified in the discussion of ellipsometry data 

are composed of the error (not the RMSE value) output by the EP4 model software and the 

calculated standard deviation. This is valid for non-functionalized mesoporous silica films. 

Otherwise the same spot before functionalization and afterwards is marked and measured to 

have the direct comparison with exclusion of inhomogeneities along the mesoporous silica film. 
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𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √
1

𝑁 − 1
∑(𝑥𝑖 − �̅�)2

𝑁

𝑖=1

 

𝑁= number of values (sample size) 

𝑥𝑖= value for the i-th element of the sample 

�̅� = arithmetic mean of the sample 

The Bruggeman effective medium approximation is used to calculate the volume porosity from 

the fitted refractive index of the mesoporous silica films.72, 229, 231 Therefore the following 

relationship between the dielectric constants and volume fraction of each constituent material 

exists: 

𝑉𝑝𝑜𝑟𝑒 (
𝜀𝑝𝑜𝑟𝑒 − 𝜀𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎

𝜀𝑝𝑜𝑟𝑒 + 2𝜀𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎
) + 𝑉𝑠𝑖𝑙𝑖𝑐𝑎 (

𝜀𝑠𝑖𝑙𝑖𝑐𝑎 − 𝜀𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎

𝜀𝑠𝑖𝑙𝑖𝑐𝑎 + 2𝜀𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎
) = 0 

where Vpore and Vsilica correspond to the volume fractions occupied by air and silica, and εpore, 

εsilica and εmesopSilica correspond to the dielectric constants of air, silica, and the mesoporous silica. 

Furthermore, the relations Vsilica+Vpore=1 and ε = n2 (nair=1 and nsilica=1.46) are valid so it is 

possible to gain the following formula and the pore volume/porousity can be calculated. 223   

𝑉𝑝𝑜𝑟𝑒 (
1 − 𝑛𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎

2

1 + 2𝑛𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎
2 ) + (1 − 𝑉𝑝𝑜𝑟𝑒) (

2.1316 − 𝑛𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎
2

2.1316 + 2𝑛𝑚𝑒𝑠𝑜𝑝𝑆𝑖𝑙𝑖𝑐𝑎
2 ) = 0 
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6. Results and Discussion 

In the following chapters the results are discussed divided into three main chapters shown in 

Figure 18. 

 

Figure 18. Overview on the three main sub-projects discussed in this chapter.  

Chapter 6.1 showing strategies for mesoporous silica thin film preparation comparing dip-

coating and gravure printing of mesoporous silica films as well as the in-situ functionalization 

during silica formation with small molecules during gravure printing. In chapter 6.2 the dye-

sensitized polymerization in solution and in mesoporous silica films including the development 

to near-field induced polymerization by surface plasmon (SP) and transversal modes (TM) is 

discussed. Chapter 6.3 summarizes the silica-functionalization of paper consisting of two 

different fiber-types and the investigation concerning water imbibition and silica contribution. 

 

6.1. Strategies for Mesoporous Silica Thin Film Preparation 

A procedure for gravure printing of mesoporous films is developed and the two different coating 

methods for the preparation of mesoporous silica are systematically compared: Mesoporous 

film preparation by dip coating and by gravure printing. Both film preparation methods are 

based on the evaporation induced self-assembly (EISA), introduced by Brinker in 1999.5 

Furthermore, the functionalization of mesoporous silica films with the coinitator 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane within a one pot synthesis by co-condensation or 

within a two-step process via post-grafting is demonstrated as well for gravure printed films.  

Parts of this chapter are published in RSC Adv., 2019, 9, 23570-23578. 
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6.1.1. Mesoporous Silica Preparation via Dip-coating 

The mesoporous silica film preparation process combining evaporation induced self-assembly 

(EISA) and dip-coating is well established and schematically shown in Figure 1 (chapter 3.1). 

Thereby, the influence of process parameters such as withdrawal speed, temperature, relative 

humidity, and composition of the sol-gel solution are systematically controlled and the effect 

on film characteristics such as film thickness, porosity, pore diameters, and morphology is 

investigated. When changing the molar ratios between the solvent ethanol, the precursor 

tetraethyl orthosilicate (TEOS), and the surfactant Pluronic® F127 in the sol-gel solution, the 

obtained mesopore diameters of the mesoporous silica films change. Two different sol-gel 

solution compositions have been used resulting in mesoporous silica films with 8 nm maximum 

pore diameter (small pores) or 16 nm maximum pore diameter (big pores). The formulation 

for the 16 nm pore diameter films is inspired by Dunphy et al. and established by R. Brilmayer 

for dip-coating. The TEM image (recorded by U. Kunz in AK Kleebe, TU Darmstadt) in Figure 

19a shows a mesoporous silica film (big pores) with a film thickness of 450 nm. The statistic 

pore diameter (measuring 20 pores and using the density function of the normal distribution) 

is calculated with 10.2 ± 1.2 nm. In comparison, the second sol-gel formulation (Figure 19b) 

leads to a mesoporous silica film (small pores) with a thickness of 150 nm and a pore opening 

diameter distribution of 7.2 ± 0.8 nm. Both films are dip - coated under identical conditions by 

using a withdrawal speed of 2 mm/s and a climate chamber (50 % RH, 23 °C). The detected 

film thickness, measured by ellipsometry first decreases with increasing withdrawal speed 

between 0.1 up to 1 mm/s and then increases with further increasing withdrawal speed for 

small pore mesoporous films. This observation is in accordance with studies from Grosso et al.77 

and Faustini et al.78 which also demonstrate a minimum layer thickness at a withdrawal speed 

around 0.5 and 1.0 mm/s. This is ascribed to the existence of two different film formation 

regimes which are dependent on the withdrawal speed. In the capillarity regime at lower 

withdrawal speeds, the film thickness is governed by evaporation-induced flow. In the draining 

regime, dominant at higher withdrawal speed the film thickness is mainly dependent on viscous 

drag flow. The overlapping of both regimes leads to a critical speed and mean minimized layer 

thicknesses.79 In accordance with literature, film thicknesses between 60 nm and 400 nm are 

achieved by dip-coating generating films with maximum 8 nm pore diameter and thickness 

between 240-1000 nm generating mesoporous silica film with maximum 16 nm pore diameter 

by varying the withdrawal speed between 0.05 and 30 mm/s as shown in Figure 19c.78 A 

porosity (pore volume) of 40 - 45 vol% for dip-coated mesoporous silica films for smaller pores 

and a porosity of 60 vol% for the bigger pores is detected from ellipsometry data (refractive 
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index) using Bruggeman effective medium approximation (please refer to the appendix, Table 

8 and Table 9).  

 

Figure 19. a) TEM image of 8-16 nm pores diameter mesoporous silica films with a statistic pore distribution shown 

in white. b) TEM image of 3-8 nm pores diameter mesoporous silica film with a statistic pore distribution shown in 

white. c) Film thickness determined by ellipsometry in dependence of the dip-coating withdrawal speed for 8-16 nm 

pores (black) and 3-8 nm pores (red). Scale bars are 50 nm in both TEM images. 

Functional composition of mesoporous silica films is characterized by using ATR-IR of 350 °C 

calcinated mesoporous silica films deposited on glass substrates using the two different 

formulations that lead to different pore diameter (8 nm and 16 nm). Three different silica 

stretching vibrational bands are observed (Figure 20) in accordance with literature:232 The 

asymmetric stretching vibration of bridged Si-O-Si at 1260 – 1000 cm - 1 and the symmetric 

stretching vibration of Si - O - Si ring structures at around 800 cm - 1, 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 - 1. 

Thereby ATR-IR spectra can either be measured directly on the glass substrate or after 

scratching the film. It looks like the νasym. Si-O-S band is layer thickness dependent on 

mesoporous silica films measured directly from the glass substrate in the ATR-IR spectrometer 

(Figure 20 a, b). This effect can be attributed to the penetration depth of the evanescent 

electromagnetic field in ATR-IR. The penetration depth can be calculated using the following 

equation and depends on the wavelength λ, the angle of incidence θ of the laser beam, as well 

as on the refractive indices of the ATR crystal n1 and the sample n2 used.  

𝑑 =  
𝜆

2𝜋√𝑛1
2𝑠𝑖𝑛2(𝜃) − 𝑛2

2
 

For the wavelength of λ = 5766 nm (at 1735 cm-1) or 10000 nm (at 1000 cm-1) used and a 

typical angle of incidence of 45 ° results with n1 = 2.48 (ZnSe-Diamond)233 and n2 = 1,44 
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(quartz glass)223 or n2 = 1.25 (mesoporous silica) shows a penetration depth of 917-746 nm or 

1590-1294 nm. 

As the glass substrate below the mesoporous silica film mainly contains silanol these represent 

the majority of the detected Si-OH vibrational band absorbance at around 980 cm - 1 and the 

symmetric Si-O-Si stretching band absorbance at 780 cm - 1. For mesoporous film significantly 

thinner than the penetration depth, the glass substrate vibrational bands become increasingly 

dominating with decreasing mesoporous film thickness. With increasing mesoporous film 

thickness, the asymmetric Si-O-Si vibrational band increases corresponding to the mesoporous 

silica instead of the supporting glass substrate. 

Based on this observation ATR-IR can even be used to indirectly determine mesoporous film 

thickness, after normalizing all spectra to the Si-OH stretching vibration at 900 cm-1 (Figure 

20e). With increasing mesoporous silica film thickness, the detected ratio between glass 

substrate and mesoporous silica film and thus the ratio between Si – O – Si asymmetric 

stretching vibration at 1070 cm - 1 and Si – O - Si symmetric stretching vibration at around 

770 cm - 1 changes proportionally to film thickness variation. After scratching the calcined 

(350 °C) mesoporous film off the supporting glass substrate, no influence of film thickness on 

the detected ATR-IR spectra is observed anymore (Figure 20c, d). Consequently, the observed 

film thickness dependent difference in ATR-IR spectra recorded on substrate supported 

mesoporous silica films with respect to the symmetrical (800 – 820 cm - 1) and asymmetrical 

(1000 – 1260 cm - 1) Si – O - Si stretching vibration and silanol vibrational band 

(900 – 980 cm - 1) can be clearly attributed to the detected mesoporous film thickness dependent 

ratio of detected glass substrate to mesoporous film.  
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Figure 20. Infrared spectra of the mesoporous film in dependence of the dip-coating withdrawal speed (from 0.25 – 

10 mm/s) measured directly on a glass substrate after template calcination at 350°C. a-b) ATR-IR-measurements of 

mesoporous silica films measured directly on glass substrate prepared via dip-coating and template calcination for 

both pore sizes 8 nm (a) and 16 nm (b). c-d) ATR-IR-measurements of scratched mesoporous silica films prepared via 

dip-coating and template calcination for both pore sizes 8 nm (c) and 16 nm (d). The typical silica bands are marked 

with different colors: Orange = νasym.Si-O-Si, green = ν Si-OH and yellow = νsym. Si-O-Si. e) Si-O-Siasym. absorbance from 

b) in dependence of the layer thickness of mesoporous silica films evaluated from ellipsometry. 

Even thicker mesoporous silica films can be prepared by dip-coating multiple layers. But, 

multiple layer mesoporous film formation needs a thermal treatment before coating a 

subsequent layer to condensate the TEOS and avoid dissolution of the previous layer(s). 

Thereby it has to be ensured that no degradation of the template occurs. Otherwise the solution 

imbibes into the first layer mesopores during dip-coating of the second layer. This would lead 
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to an undesired reduction of porosity. In Figure 21a the ellipsometry data of the first layer after 

a stabilizing thermal treatment up to 120 °C or 150 °C are shown. The refractive indices 

correlate with the porosity of the material and so it can be concluded if the template (Pluronic 

® F127) stays within the pores. The polymer has a refractive index of around 1.5 which fits 

well to dense silica with 1.46. It is visible that the refractive index decreases from 1.45 to 1.38 

upon increasing the curing temperature from 120°C to 150°C. This observation correlates with 

TGA data of the Pluronic® F127 template (Appendix, Figure 87) which indicate a thermal 

degradation of Pluronic® F127 starting at 150 °C. In addition, a reduction in mesoporous silica 

film thickness from 445 nm to 325 nm curing at 120 °C respectively 150 °C is observed which 

can be explained by a shrinking of the mesoporous silica film with higher temperatures. This 

observation is in accordance with literature about silica shrinking during thermal treatment by 

the research group of F. Schüth.234 

After subsequent dip-coating of a second layer followed by removal of the polymer template by 

thermal calcination at 350 ° C refractive indices of 1.2 - 1.25 are detected. This refractive index 

is comparable to those of one-layer dip-coated mesoporous silica films after calcination at 

350 °C as discussed above. The ellipsometry data are supported by profilometer measurements: 

the steps between substrate, first layer and second layer are visible for thermal treatment till 

120 °C (red) and after total calcination to 350 ° C (blue) (see appendix, Figure 88). A film 

thickness of 450 nm for first layer and 600 nm for second layer is observed by calcination to 

350 °C. In addition, a film shrinkage of about 30 % from 650 nm to 450 nm upon temperature 

treatment at 120 °C for the first layer and from 1 µm to 680 nm for the second layer is observed. 

The complete Pluronic® template removal is proven by ATR-IR spectroscopy. In Figure 21b 

the spectra after curing up to 120 °C (black and red) as well as after curing up to 350 °C (blue) 

are shown. The characteristic vibrational bands for the polymeric template Pluronic® F127 are 

the CH2/CH3 vibrational band between 2750-3000 cm-1 and the C-O vibrational band at 1700 

cm-1 which are only detected for mesoporous silica films treated only up to 120 °C. In Figure 

21c the investigation of ionic permselectivity of the two-layer dip-coated mesoporous film with 

a film thickness of around 600 nm is shown. The cyclic voltammogram looks very similar to the 

ones discussed for single layer films (chapter 6.1.3, Figure 24a-c). At pH 3, both of the two 

opposite charged probe molecules, [Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+, are diffusing into the 

mesoporous silica film reaching the electrode below the film (Figure 21c). When changing the 

pH to 9 the silanol groups are deprotonated and a negatively charge on the silica wall is 

generated. The negatively charged probe molecule [Fe(CN)6]3-/4- is now electrostatically 

excluded due to repulsive electrostatic interactions and pore sizes within the Debye Screening 

length. In contrast to this behavior, the positively charged probe molecule [Ru(NH3)6]2+/3+ is 
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preconcentrated showing a 6.5 times higher peak current density as compared to pH 3. This fits 

perfectly to the results of thickness dependent measurements of ionic permselectivity of 

mesoporous silica in the next chapter 6.1.2 (Figure 24). The films prepared with dip-coating of 

two layers are also comparable in stability on the supporting substrate and porosity of around 

45 % (free pore volume) to prepared one-layer films. 

 

Figure 21. Preparation of mesoporous silica via dip-coating (withdrawal speed 10 mm/s) of two layers to achieve 

thicker films. a) Ellipsometry measurements revealing the thickness and the refractive indices of first layer treated up 

to 120 ° C or 150 ° C and the second layer after treatment at 350 ° C. b) ATR-IR spectra normalized to asym. Si-O-Si 

(1070 cm-1) band and c) cyclic voltammetry of two-layered mesoporous silica cured to 350 ° C using positively and 

negatively charged probe molecules [Ru(NH3)6]2+/3+ and [Fe(CN)6]3-/4- at pH 3 and 9. 

In summary, the preparation of mesoporous silica thin films with different film thicknesses and 

pore diameters could be successfully performed. The film thickness could be controlled by 

varying the withdrawal speed of the dip-coating process. Furthermore, film thickness can be 

tuned by repeated dip-coating of sol-gel solution with a thermal treatment step in between. 

6.1.2. Mesoporous Silica Preparation via Gravure Printing 

Gravure printing has been developed as alternative process for mesoporous film preparation. 

The sol-gel-solution is transferred from a gravure cylinder to the substrate with a defined cell 

volume and printing force. In general, gravure printing produces very homogeneous 

mesoporous silica films on large areas (here up to 12*4 cm²) in an automated fashion. The 

known parameters influencing the film thickness of printing are shown in Figure 22. 

 

 



  

Page 60  Results and Discussion 

 

Figure 22. Gravure printing scheme with showing gravure cylinder with cell, the substrate and the doctor blade filled 

with printing ink. The arrows show the parameters which are influences the film thickness of the printed films 

according to literature of Spiehl et al..235 

Structural characterization by transmission electron microscopy (TEM) reveals similar 

mesoporous structures with pores of 6-8 nm in diameter as compared to dip-coated mesoporous 

films (Figure 23a). Furthermore, SEM images (Figure 23c) 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 (Figure 

23d-f). Notably, substrate rim effects resulting in thicker films close to the substrate rims as 

usually observed upon dip-coating are absent when using gravure printing based on the 

reflected interference color visible for mesoporous films printed onto silicon wafer substrates. 

This makes gravure printing a versatile technique to print homogeneous microscopically small 

area mesoporous film architectures. In contrast to dip-coating, gravure printing allows control 

of film thickness and film composition patterns by adjusting gravure cylinder cell volume and 

printing force. Without special optimization, our experiments allow film thickness resolution 

down to 20 nm while maintaining structural film homogeneity (Figure 23b) allowing to 

homogeneously print ultrathin mesoporous films. In gravure printing, the film thicknesses and 

homogeneity is mainly determined by the cell volume of the grounded cylinders (1.6 to 

24 mL/cm2) resulting in film thickness variation between 20-240 nm (Figure 23b) 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 (Figure 23g). Consequently, gravure printing yields thinner 

homogeneous films compared to dip-coating. Porosity (pore volume) of 40 - 55 vol% as 

calculated from ellipsometry data (refractive index) using Bruggeman effective medium 

approximation (please refer to appendix, Table 10 and Table 11) is detected for gravure 

printed films. High refractive indices resulting in low porosities of below 20 vol% are observed 

only in case very small cell volumes of less than 1.67 mL/cm2 are used. This can be attributed 

to insufficient ink transfer resulting in inhomogeneous film formation (Figure 23h), which is 
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supported by SEM results (Figure 23h). Using a critical cell volume (above 2 mL/cm2) seems 

to be crucial for obtaining homogeneous mesoporous silica films by gravure printing with a 

comparable pore volume to dip-coated mesoporous silica films. Micrometerscale patches are 

accessible printing individual spots. 

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 and the calculated pore volume is slightly larger reaching up to 

70 vol% (see appendix, Table 10 and Table 11). Interestingly, film thickness variation for these 

films is more sensitive to cylinder volume (Figure 23g). 

 

Figure 23. a) Photograph of gravure printed mesoporous 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/m² a statistic pore 

distribution b) Film thickness (black) and refractive index (blue) determined by ellipsometry in dependence of the cell 

volume of the used gravure printing cylinder. c) SEM micrographs showing the defect-free homogeneous film 

structure of various films printed on silicon wafer coated with mesoporous silica printed with an 8.5 mL/m2 cylinder 

d) Photograph showing the homogeneity of gravure printed mesoporous silica films with different cylinder cell 

volume field (9.19 mL/m², 8.3 mL/m², 5.98 mL/m², 4.71 mL/m², 2.72 mL/m² and 1.67 mL/m² from left to right). Using 

gravure printing it is possible to print mm-scale patterns. e) Image of a printed homogeneous mesoporous silica film 

prepared with a cell volume of 8.5 mL/m². f) Image of a dip-coated mesoporous silica film prepared with 2 mm/s 

withdrawal speed. Inhomogeneity’s because of edge effects are visible g) Film thickness, as measured by ellipsometry 

for mesoporous silica films in dependence of the used printing force and the applied ink giving different pore size of 

8 nm and 16 nm, gravure printed with different cell volume. h) SEM micrograph showing the printed pattern of the 

same film. Because of the small cell volume and thus the low amount of transferred sol, the ink has not completely 

covered the substrate before solvent evaporation and silica film formation. A relatively high refractive index (1.872) 

indicates that this film may not mesoporous and the silicon wafer effects the high refractive index. Figure adapted 

from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 
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In summary gravure printing is an appropriate alternative method for mesoporous silica film 

preparation which allows a automatization of the process. The film thickness can be adjusted 

by varying the cell size of the gravure cylinder or the printing force.   

  

6.1.3. Ionic Permselectivity of Mesoporous Silica Films 

Mesoporous silica ionic permselectivity and mesoporous silica film ion uptake capability is 

mainly determined by structural characteristics such as pore size and porosity, together with 

pore wall functionalization 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.236 As gravure printing allows very precise adjustment of homogeneous 

mesoporous layer thickness, the correlation of film thickness and ionic permselectivity is shown 

in Figure 24 as detected by the maximum peak current density deduced from cyclic 

voltammetry. Ionic mesopore accessibility of gravure printed and dip-coated mesoporous silica 

thin films with increasing film thickness using anionic and cationic probe molecules 

[Fe(CN6)]3- /4- and [Ru(NH3)6]2+/3+ at acidic and basic pH are compared. At basic pH values 

(Figure 24 a-c, blue), the silica mesopore wall is negatively charged due to deprotonated silanol 

groups. Under these conditions, an exclusion of [Fe(CN6)]3-/4- due to overlapping Debye 

Screening layers reflected by zero maximum peak current density (jp) as well as a 

preconcentration of positively charged [Ru(NH3)6]2+/3+ in the silica mesopores reflected by 

increased maximum peak-current densities and peak broadening is expected. At acidic pH 

values, and thus neutral pore wall charge, no ion discrimination in pore accessibility and thus 

similar jp are expected. In accordance with this expectation, both probe molecules show similar 

and thickness independent maximum peak currents at acidic pH (Figure 24, red). As well in 

accordance with expectation, electrostatic exclusion of [Fe(CN6)]3-/4- at basic pH is observed 

indicating a defect-free film structure. Except for very thin films with a film thickness of below 

160 nm, a thickness dependent peak current reduction is observed (Figure 24d-e) indicating 

that part of the probe molecule solution may contribute to the cyclic voltammogram. This is as 

well supported by the evolvement of the CV shape of [Ru(NH3)6]2+/3+ at basic pH for these thin 

films. Interestingly, the pre-concentration of [Ru(NH3)6]2+/3+ at basic pH and the 

simultaneously observed broadening of the cyclic voltammograms seems to be film thickness 

and thus preparation process dependent. Reference measurements of unmodified ITO 

electrodes are shown in appendix Figure 89. These measurements do not show any peak 
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broadening or preconcentration at basic or acidic pH values. In addition, the ATR-IR spectra 

(Figure 20) do not show differences in the Si-O-Si to Si-OH ratio in dependence of film 

thickness or preparation process, and ellipsometry indicates comparable pore volumes for all 

investigated films. Together, this indicates that the variation of Si-O-Siasym./sym. to 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.  

 

Figure 24. Cyclic voltammograms of mesoporous silica thin films using [Ru(NH3)6]2+/3+ (-0.6 V - + 0.2 V) and 

[Fe(CN)6]3- /4- (-0.2 V - +0.6 V) 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/s b) 2mm/s and c) 10 mm/s resulting in film 

thicknesses of a) 140 nm (47 vol% 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 mL/m² e) 16.3 mL/m² and 

f) 24 mL/m² resulting in film thicknesses of d) 100 nm (48 vol% porosity), e) 162 nm (40 vol% porosity), f) 250 nm 

(48 vol% porosity). Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

In addition, data evaluation using Randles-Sevcik’s equation (Figure 90a-f) indicates that non-

diffusional transport is significantly detected for mesoporous films thicker than 250 nm at basic 

solution pH values for positively charged probe molecule [Ru(NH3)6]2+/3+ and thus in presence 

of 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.   

In summary, the mesoporous silica films prepared by dip-coating as well as gravure printing 

show a thickness dependent behavior of ionic permselectivity. For thinner films the exclusion 

of negatively charged probe molecule, [Fe(CN)6]3-/4-, for pH 9 is more pronounced. The 
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concentration of the positively charged probe molecule, [Ru(NH3)6]2+/3+, is also lower for this 

pH value. 

 

6.1.4. In-situ Functionalization and Post-grafting of Mesoporous Silica Films 

To broaden mesoporous film functionality and to allow e.g. polymerization different functional 

molecules should be accessible. Here, the functionalization of mesoporous silica is performed 

with 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane (called coinitiator). This coinitiator is 

used because it is one of the components besides a dye needed in dye-sensitized polymerization 

(chapter 5.1 and chapter 6.2). The surface functionalization is achieved following two different 

approaches. Firstly, co-condensation during film preparation and secondly post-grafting is 

investigated. The main advantage of co-condensation is a homogenous distribution of molecules 

through the mesoporous film, but the structure formation can be impaired. Using post-grafting, 

structure formation is not affected, but the binding could be inhomogeneous. 

To ensure covalent polymer attachment to the mesopore wall, the coinitiator 3-[bis(2-

hydroxyethyl)amino]propyl-triethoxysilane is covalently bound to the mesoporous silica thin 

films. After silica surface modification with the coinitiator, XPS analysis (Figure 25 and Table 

3, Measured by K. Kopp in AK Hess) revealed one coinitiator molecule per approximately 19 

silica atoms in case of functionalization of an 170 nm thick mesoporous silica film at an elevated 

temperature of 80 °C and a 0.01 wt.-% coinitiator concentration in toluene for 1 h. In the case 

of coinitiator functionalization of 300 nm mesoporous silica one coinitiator molecule per 

approximately 13 silica atoms is determinable with XPS analysis. Here, the molecule binding is 

done for 2 h at 80 °C with a 0.05 wt.-% concentration. 
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Figure 25. XP survey spectra of the mesoporous silica films with coinitiator (3-[Bis(2-hydroxyethyl)amino]propyl-

triethoxysilane) functionalization. a) mesoporous silica with a film thickness of 170 nm b) mesoporous silica with a 

film thickness of 300 nm. Mesoporous silica after coinitiator functionalization with a film thickness of c) 170 nm and 

d) 300 nm. e) Zoomed spectra of the e) Si 2p and f) N 1s signal. XPS is measured by K. Kopp (AK Prof. Dr. Hess, TU 

Darmstadt). Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

Table 3. Surface composition obtained by XPS analysis (Figure 25). Please note that not all compositions add up to 

100 % due to rounding. XPS is measured by K. Kopp (AK Prof. Dr. Hess, TU Darmstadt). 

Sample 
C 

at% 
O 

at% 
N 

at% 
Si 

at% 
Ca 

at% 
Na 
at% 

Cl 
at% 

ratio 
Si:N 

Mesoporous silica – 

170 nm 
6.1 65.1 - 24.3 - 4.5 - - 

Mesoporous silica – 

170 nm + coinitiator 
13.9 58.3 1.2 23.1 - 3.1 0.4 19:1 

Mesoporous silica – 

300 nm 
3.8 66.7 - 26.2 0.2 3.1 - - 

Mesoporous silica – 

300 nm + coinitiator 
19.2 55.0 1.7 22.0 - 1.7 0.4 13:1 
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The coinitator in solution has a pKa value of 8.7 (calculated using Advanced Chemistry 

Development (ACD/Labs) Software V11.02 (© 1994-2016 ACD/Labs)). Consequently, the 

coinitiator is expected to be positively charged at pH-valued below 8.7 and changes to neutral 

for higher pH-values. Thus, coinitiator functionalization changes the pH-dependent pore wall 

charge as compared to unmodified mesoporous silica. The cyclic voltammetry measurements of 

unfunctionalized mesoporous silica films as well as the ones after functionalization with 

coinitiator using different reaction conditions and mesoporous films with two different film 

thicknesses of 170 nm (Figure 26a, c, e) and 300 nm (Figure 26b, d, f) are shown in Figure 

26. The mesoporous silica films behave in dependent of the film thickness as expected for ionic 

permselectivity and as discussed above (Chapter 6.1.3, Figure 24). The preconcentration of the 

positively charged probe molecule, [Ru(NH3)6]2+/3+, as well as the exclusion of negatively 

charged probe molecule, [Fe(CN)6]3-/4-, is stronger the thicker the mesoporous film is. 

After functionalization with a solution of 0.01 wt.-% coinitiator in toluene at 80 °C for 1h for 

the thinner mesoporous silica film (170 nm), the cyclic voltammogram is shown in Figure 26c. 

At pH 3, the preconcentration of the negatively charged probe molecule [Fe(CN)6]3-/4- compared 

to the unfunctionalized mesoporous silica film is visible by higher Ip. The repulsive electrostatic 

interactions between the positively charged silica walls and the positively charged probe 

molecule [Ru(NH3)6]2+/3+ is visible by a very small jp. At pH 9 the IP for both, negatively as well 

as positively charged, probe molecules are comparable. The same coinitiator binding conditions 

for even longer time (6 h) for the thick film (300 nm) show just a small influence on the ionic 

permselectivity for both probe molecules (Figure 26d in comparison to Figure 26c). To achieve 

a better permselectivity after functionalization the coinitiator binding reaction conditions are 

adjusted to a coinitiator concentration of 0.05 wt.-% in toluene at 80 °C. Here the thinner 

mesoporous silica films (170 nm) show no significant difference in cyclic voltammetry 

measurements between coinitiator binding in thin films with 0.05 wt% for 2h (Figure 26e) or 

0.01 wt% for 1h (Figure 26c). Only the Ip for [Ru(NH3)6]2+/3+ at pH 9 decreased (Figure 26e, 

red) for functionalization with 0.01 wt% as compared to 0.05 wt% coinitiator solution. This is 

attributed to a higher degree of functionalization and thus increasing number of positive 

charges which leads to a electrostatic pore closure. It has to be noted that decreasing pore 

accessibility for positive molecules is not practical with respect to the use of DMAEMA 

(pKa ~ 8.4) as monomer for polymerization. DMAEMA is positively charged and for a successful 

polymerization the diffusion of monomer into the mesopores must to be ensured. The 300 nm 

thick mesoporous silica film after the functionalization with coinitiator for 2 h at 80 °C with a 

0.05 wt.-% solution in toluene (Figure 26f) shows comparable ionic permselectivity as the post-

grafted mesoporous silica film with a thickness of 170 nm when functionalizing with 0.01 wt.% 
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for 1 h at 80 °C in toluene (Figure 26c). So the cyclic voltammograms in Figure 26c and f fit 

perfectly with the expectations that at pH 3, the coinitiator molecule is positively charged, and 

the negatively charged, [Fe(CN)6]3-/4- , is electrostatically attracted while the positively charged, 

[Ru(NH3)6]2+/3+, diffusion through the functionalized mesoporous silica film is electrostatically 

hindered. At pH 9, the coinitiator molecule is neutrally charged and thus both probe molecules, 

positively or negatively charged, are expected to comparably diffuse through the mesopores. 

An inhibition of [Fe(CN)6]3-/4- pore accessibility can occur only when negatively charged silanol 

groups (pH 9) of the silica pore wall dominate. That’s why these two different conditions are 

used for coinitiator binding of mesoporous silica for further experiments. 

 

Figure 26. Optimization of coinitiator (3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane) post-grafting of 

mesoporous silica films with 6-8 nm pore diameter of different film thickness (prepared with 2 mm/s = 170 nm and 

10 mm/s = 300 nm). The unfunctionalized mesoporous silica with film thickness a) 170 nm and b) 300 nm. The 

functionalization with 0.01 wt.-% coinitiator in toluene for c) 170 nm film, 1h and d) 300 nm film, 6 h. A 

functionalization with coinitiator concentration of 0.05 wt.-% in toluene for e) 170 nm film, 2 h and f) 300 nm film, 

2 h are shown. 
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The post-grafted mesoporous silica films prepared with two different withdrawal speeds, 

namely 2 mm/s and 10 mm/s, are investigated with ellipsometry measurements concerning 

layer thickness and refractive indices. Therefore, an unfunctionalized mesoporous silica film, a 

post-grafted mesoporous silica film and the same film after CO2-plasma treatment237 to remove 

the organic molecules from the outer surface of the mesoporous silica film are characterized by 

ellipsometry and contact angle measurements. The functionalization with coinitiator is now 

located exclusively inside the mesopores. The mesoporous silica films show film thicknesses of 

190 nm and 320 nm respectively as well as refractive indices of 1.195 and 1.265 which result 

in porosities of 56 vol% and 41 vol%. After the post-grafting with the coinitiator, the refractive 

indices increase and the porosity decreases. For the 190-200 nm films, the pore filling is 

calculated (refer to chapter 5.4) to be 15 % of the pore volume. The pore filling of 300 nm thick 

films is determined to be 29 % of the pore volume indicating higher amount of coinitiator in 

slightly thicker films. this is consistent with the slightly higher Si:N ration in XPS results (Table 

3) and the slightly higher preconcentration for negatively charged probe molecules at pH 3 

(Figure 26. Optimization of coinitiator (3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane) 

post-grafting of mesoporous silica films with 6-8 nm pore diameter of different film thickness 

(prepared with 2 mm/s = 170 nm and 10 mm/s = 300 nm). The unfunctionalized mesoporous 

silica with film thickness a) 170 nm and b) 300 nm. The functionalization with 0.01 wt.-% 

coinitiator in toluene for c) 170 nm film, 1h and d) 300 nm film, 6 h. A functionalization with 

coinitiator concentration of 0.05 wt.-% in toluene for e) 170 nm film, 2 h and f) 300 nm film, 

2 h are shown.). After CO2-plasma treatment, the refractive index and thus the pore filling stays 

relatively constant. In addition, the ellipsometry based pore fillings show successful coinitiator 

binding but at the same time sufficient remaining porosity allowing further functionalization 

with polymer. 

Functionalization by both post-grafting and co-condensation can be proven by increased contact 

angles compared to unmodified mesoporous silica. This suggests an increased hydrophobicity 

due to introduction of organic molecules into the mesopores, and thus successful 

functionalization. The coinitiator functionalization changes the wetting behavior of water on 

the mesoporous silica surfaces (Table 4). Mesoporous silica is hydrophilic and Young contact 

angles are around 20-25°. After functionalization with 3-[Bis(2-hydroxyethyl)amino]propyl-

triethoxysilane the contact angles increase to 40-45 °. This is an easy and fast investigation 

method to determine a successful surface functionalization.  
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Table 4. Values for film thickness and refractive index are obtained by fitting the obtained data to a one-layer model 

using ellipsometry. Vpore values are calculated using the Bruggeman approximation.229 All samples printed on silicon 

wafer. Given errors are determined by standard deviation of minimal three measured points. Static contact angles 

are measured with 2 µL deionized water. 

Sample 
thickness 

/ nm 
refractive 

index 
RMSE 

porosity229 
/vol % 

contact 
angle /° 

Mesoporous silica – 

2 mm/s 

193.6 ± 

0.3 

1.195 ± 

0.001 
0.692 56 25 ± 1 

Mesoporous silica – 

2 mm/s + coinitiator 

206.5 ± 

0.3 

1.261 ± 

0.001 
0.400 42 44 ± 1 

Mesoporous silica – 

2 mm/s + coinitiator 

(plasma-treatment)237 

204.8 ± 

0.6 

1.261 ± 

0.002 
1.007 42 - 

Mesoporous silica – 

10 mm/s 

319.8 ± 

1.9 

1.265 ± 

0.004 
0.376 41 19 ± 2 

Mesoporous silica – 

10 mm/s + coinitiator 

309.0 ± 

1.7 

1.388 ± 

0.004 
0.464 15 41 ± 2 

Mesoporous silica – 

10 mm/s + coinitiator 

(plasma-treatment)237 

310.6 ± 

0.6 

1.375 ± 

0.009 
0.917 18  

 

To allow functionalization of mesoporous films by grafting from polymerizations, initiators or 

coinitiators have to be present at the pore wall. This can be achieved by co-condensation during 

the gravure printing process or by dip-coating (Figure 27). Co-condensation is performed using 

different amounts of 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane varied from 5-

25 mol%. Changes in mesoporous film structure and porosity as visible by TEM and ellipsometry 

are investigated with the aim to find optimal experimental conditions meaning at least a critical 

porosity suitable for mesopore transport and mesopores in the range below 20 nm as well as 

absence of larger cracks. The co-condensation of mesoporous silica with coinitiator leads to 

Young contact angles between 30 ° and 40 °. The post-grafting approach leads to higher contact 

angles of 50-60 ° (Figure 27a) indicating higher coinitiator functional density and potentially 

slight roughness increase. The TEM images of 5 mol% co-condensed mesoporous silica films for 

two different film thicknesses of 170 nm and 300 nm (Figure 27b) show comparable and 

homogenous mesoscale porous structure. Coinitiator co-condensed mesoporous silica using the 

same gravure printing conditions like mesoporous silica films without co-condensation show 

20 nm higher film thickness in case of co-condensation as compared to the unmodified 

mesoporous silica (Figure 27c). The variation of film thickness between co-condensed film and 

unfunctionalized mesoporous silica are most probably related to differences in sol viscosity. It 
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should also be noted that the 5.7 nm thickness increase after coinitiator post-grafting is too 

large for a monolayer of coinitiator, which is expected to be 1-1.5 nm thick based on its 

molecular structure. This is most probably due to cross-linking in the TEOS anchoring groups 

of the coinitiator resulting in multilayer formation. The refractive indices for co-condensed 

mesoporous silica films are slightly higher than the ones for unfunctionalized mesoporous silica 

films. Calculations by the Bruggeman approximation229 show decreased porosity of 37 vol% 

(n=1.282) for the post-grafted sample compared to the unmodified sample with a porosity of 

48 vol%. The co-condensed films ranged between 43-48 vol% at a constant relative humidity 

of 15 %. A possible explanation for this porosity difference between both functionalization paths 

indicated a higher functionalization degree in case of post-grafting.  

 

Figure 27. Comparing the functionalization of gravure printed mesoporous silica films with silane (3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane) via post-grafting or co-condensation. a) Macroscopic static contact angle 

measurements with 2 µL water drops for mesoporous silica films with different co-condensation degree b) TEM 

images of mesoporous silica co-condensed with 5 mol% dip-coated with 2 mm/s and 10 mm/s results in film thickness 

of 170 nm and 300 nm. Film thickness c) and refractive index d) obtained via ellipsometry for different co-

condensation degrees and post-grafting of mesoporous silica prepared with a printing cylinder cell volume of 

8 mL/m2 via gravure printing. Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

SEM measurements (Figure 28) of films of varying amounts of co-condensed coinitiator (0-25 

mol% coinitiator) show a microscopically homogeneous film. No cracks are visible. On the 
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nanoscale for higher amounts <15 mol% of co-condensate, some worm like features are visible 

with lengths of maximum 160 nm and a diameter of 18 nm (Figure 28d, e). The degree of 

mesoscopic order decreases with increasing concentration of co-condensate (R’O)3SiR in the 

sol-gel solution, which leads to more disordered structures as known from literature reports.103 

In general, high amounts of co-condensate in co-condensation reactions cause problems with 

the different hydrolysis and co-condensation rates of the precursor and co-condensate which 

leads to a trend towards homo-condensation reactions. The incorporation of organic groups can 

also lead to reduction in pore diameter and porosity.  

 

Figure 28. SEM micrographs showing the defect-free homogeneous film structure of various films printed on silicon 

wafer: (a) unmodified mesoporous silica printed with a 8.5 mL/m2 cylinder, (b) co-condensed with a 5 mol% 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane, 8.5 mL/m2 cylinder, (c) 10 mol% 3-[Bis(2-hydroxyethyl)amino]propyl-

triethoxysilane, 8.5 mL/m2 cylinder, (d) 15 mol% coinitiator with 8.5 mL/m2 cylinder, (e) 20 mol% 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane, 8.5 mL/m2 cylinder. Measurements taken after sputtering samples with 

a 3 nm platinum-palladium layer. Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC 

BY. 

The ionic permselectivity of the co-condensed mesoporous silica films is depicted in Figure 29 

for two different film thicknesses and concentrations of the co-condensate 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane (for profiler measurements see appendix, Figure 

91. Profilometer measurement for 5 mol% coinitiator co-condensed mesoporous silica films dip-

coated with two different withdrawal speeds.). Interestingly, the 5 mol% co-condensed 

mesoporous silica film prepared with 2 mm/s resulting in 190 nm thick films (Figure 29a) 

shows no influence of the coinitiator molecule in the diffusion of negatively and positively 

charged probe molecules. Rather the negative charge of the silanol groups of silica surface is 

visible inducing an inhibited pore accessibility of negatively charged probe molecule 

[Fe(CN)6]3- /4- at pH 9 due to repulsive electrostatic interaction. Comparable behavior is 

observed for thicker films (320 nm) with the same co-condensed coinitiator ratio of 5 mol% 
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(Figure 29c). The higher preconcentration of the positively charged probe molecule 

[Ru(NH3)6]2+/3+ at pH 9 as compared to thinner films in case of unfunctionalized mesoporous 

silica is discussed above (Figure 26). The increasing current densities for positively charged 

[Ru(NH3)6]2+/3+ at pH 9 indicating preconcentration is dependent on film thickness and with 

increasing film thickness increasing current density is observed (Figure 24). The cyclic 

voltammograms provide no indication of a positive charge originating from the co-condensed 

coinitiator molecule at the silica pore walls as no preconcentration of [Fe(CN)6]3-/4- at pH 3 is 

observed (Figure 29) because of attractive electrostatic interactions between negatively 

charged probe molecule and positively charged coinitiator functionalized silica wall. When 

using sol-gel precursor solutions with 25 mol% coinitiator, the ionic permselectivity of 

negatively charged [Fe(CN)6]3-/4- at pH 9 of the resulting co-condensed mesoporous silica films 

changes slightly as compared to 5 mol% co-condesed silica films. For the 190 nm thick film 

(Figure 28b) no total exclusion of the negatively charged probe molecule at pH 9 is observed 

anymore which can be explained with the wormlike features. Compared to the post-grafted 

mesoporous silica films (Figure 26), the influence of the positive charge in the film is not visible 

as no preconcentration of negatively charged probe molecule [Fe(CN)6]3-/4- at pH 3 is observed 

or as positively charged probe molecule [Ru(NH3)6]2+/3+ is not excluded at pH 3. In case of 

features larger than Debye Screening length no exclusion of the probe molecules can be 

expected. For the thicker film (Figure 29d), the reduction of the preconcentration of positively 

charged [Ru(NH3)6]2+/3+ for pH 9 is drastically reduced and no further exclusion of 

[Fe(CN)6]3- /4- is detectable. These results show that a significant amount of coinitiator 

molecules are very probably lost in the silica matrix and are not located on the outer silica 

surface because in cyclic voltammetry measurements, the effect of silanol groups is much more 

pronounced than the effect of coinitiator molecules. Consequently, coinitiator post-grafting 

would be the preferred strategy for near-field induced polymerization because of film stability 

on gold coated glass substrates, while both types of coinitator functionalized mesoporous silica 

films are used for dye-sensitized polymerization studies. The coinitiator co-condensed 

mesoporous silica films with low amounts of 5 mol% are favorable for keeping mesoporous 

structure. 



  

Results and Discussion  Page 73 

 

Figure 29. Cyclic voltammograms of mesoporous silica films of different film thickness of 190 nm (a, b) and 320 nm 

(c, d) prepared by dip-coating with withdrawal speeds of 2 mm/s and 10 mm/s using [Ru(NH3)6]2+/3+ and [Fe(CN)6]3- /4- 

as ionic redox probes at pH 3 (red) and 9 (blue). The amount of co-condensate varies between 5 mol% (a, c) and 25 

mol% (b, c) of 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane. 

In this chapter the optimal conditions for a post-grafting functionalization of coinitiator could 

be found. For different film thicknesses the bounding time and concentration of coinitiator in 

solvent has to be changed to achieve an optimal functionalization with a subsequent pore 

accessibility related to charged molecules. In a co-condensation process the coinitiator is also 

suitable for in-situ functionalization with the restriction of worm-like morphologies for higher 

mol% of the coinitiator. 

 

6.1.5. Preparation of Multifunctional Mesoporous Silica 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. The very 

short contact time between supporting substrate and the sol-gel solution and the low transferred 

precisely placed liquid volume leads to fast drying, avoiding penetration of sol into a pre-printed 

layer or dissolution of a pre-printed layer which thus facilitating complex but homogeneous, 

defect-free multilayer fabrication. This allows for printing of multiple mesoporous silica layers 

directly on top of one another without using stabilizing temperature treatments between layer 
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deposition steps, which may negatively affect film homogeneity. Specifically, two-layer gravure 

printed mesoporous silica films using two different inks resulting in two different functional 

layers are prepared. The corresponding characterization concerning porosity, contact angles 

and morphology are summarized in Figure 30. The TEM images of the two-layered mesoporous 

silica films (Figure 30a, c) show very homogeneous pore structures. The porosity is calculated 

with the Bruggeman approximation to 45 -50 %. The film thickness of two layers is around 280-

300 nm while one layer is about 130-145 nm. When measuring the wetting behaviors with 

static contact angles of 2 µL deionized water, the co-condensed mesoporous silica layers as top 

layer shows slightly higher contact angles as unfunctionalized mesoporous silica surfaces 

(Figure 30b and d). 

 

Figure 30. a) TEM image of a two-layer mesoporous silica film prepared by gravure printing with two different ink 

compositions. The first layer of unfunctionalized mesoporous silica and a second layer consists of mesoporous silica 

with 5 mol% co-condensed 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane. The mesoporous films are thermally 

treated up to 200 °C and template extracted with acidic ethanol. b) Table with static contact angle measurements 

(drop size: 2 µL deionized water). c) 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 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane and a second layer of unfunctionalized mesoporous silica. The 

mesoporous films are thermally treated up to 200 °C and template extracted with acidic ethanol. d) Table with layer 

thicknesses (d / nm) and refractive indices (n) determined by ellipsometry. The mesoporous silica and 5 mol% co-

condensed mesoporous silica are one layer while the other two samples are two layers directly printed after each 

other. 

The SEM cross section of a one-layer printed mesoporous silica film compared to a two-layered 

printed mesoporous silica film including two different inks is shown Figure 31 (first layer 

printed with mesoporous silica containing 5 mol% co-condensed 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane (Figure 31a) and a second layer resulting in 

unfunctionalized mesoporous silica (Figure 31b). No interface/separation line between the two 
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layers is visible indicating a homogenous film preparation. The increasing thickness clearly 

supports the double layer deposition. 

 

Figure 31. Cross-section SEM image of a gravure printed mesoporous silica film using the gravure cylinder cell volumes 

8.5 mL/m² for printing. a) one layer of 5 mol% of 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane co-condensed 

mesoporous silica with a film thickness around 115 nm and b) two layers consisting of a first mesoporous silica layer 

containing 5 mol% co-condensed 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane and a second mesoporous silica 

layer resulting in around 220 nm film thickness. No clear interface between the two layers can be identified indicating 

a very homogenous structure. The samples are sputtered with Pt/Pd before measuring with SEM. Figure adapted 

from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

Thereby, a successful multilayer step gradient preparation is supported by XPS measurements 

(Table 5). XPS results (measured by K. Kopp in AK Hess, TU Darmstadt) show one nitrogen 

atom per seven Si-atoms after printing two layers of 5 mol% co-condensed mesoporous silica. 

It has to be noted that a significant fraction of these coinitiators are not present at the surface 

but within the silica network. 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. In literature the detection 

of XPS is estimated around 10 nm.50  
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Table 5. Surface composition obtained by XPS analysis. Please note that not all compositions add up to 100 % due to 

rounding up. XPS is measured by K. Kopp in AK Hess, TU Darmstadt.  

 sample N C O Si K Na In Cl 

  at% at% at% at% at

% 

at

% 

at

% 

at

% 

a) 1. mesop. silica 5 mol% co-

condensed 

2. mesop. silica 

0.7 10.2 65.1 23.0 0.3  0.3 0.5 

b) 1. mesop. silica 

2. mesop. silica 5 mol% co-

condensed 

1.2 12.2 65.7 20.9     

c) 1. mesop. silica 

2. mesop. silica 

 4.7 69.9 25.5     

d) 1. mesop. silica 5 mol% co-
condensed 

2. mesop. silica 5 mol% co-

condensed 

2.9 14.1 60.3 20.7 0.6 0.6  0.7 

 

In Figure 32, cyclic voltammetry measurements of double layer gravure printed films consisting 

of one mesoporous silica layer and one mesoporous silica containing 5 mol% of co-condensed 

3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane are depicted. The cyclic voltammograms 

for two-layer films consisting of two identical layers of mesoporous silica, measured as 

reference, are comparable to those shown above for one layer with a comparable film thickness 

(Figure 24). Co-condensation of 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane results in 

an inclusion of amino groups with a pKa 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)6]3-/4- at pH 9 visible by a detected jp of 100 µA/cm2 instead of 30 µA/cm2 for unmodified 

mesoporous silica (Figure 32c). When printing two layers as a step gradient with different 

functional composition and individual film thicknesses of 140 nm, here mesoporous silica and 

5 mol% co-condensed mesoporous silica (Figure 32b), 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 (Figure 32b), the observed pore 

accessibility is very similar to the pure 5 mol% co-condensed mesoporous silica layers (Figure 

32c) showing no exclusion of [Fe(CN)6]3-/4- at 9. But when the unmodified mesoporous silica 
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layer is located on top of a 5 mol% co-condensed mesoporous film the exclusion of negatively 

charged [Fe(CN)6]3-/4- at pH 9 is again observed (Figure 32d). 

 

Figure 32. Cyclic voltammograms of mesoporous silica thin films using [Ru(NH3)6]2+/3+ and [Fe(CN)6]3-/4- as ionic redox 

probes at pH 3 (red) and 9 (blue). Mesoporous silica films prepared by gravure printing are prepared using the cell 

volumes 8.5 mL/m² resulting in film thicknesses 150 nm for one 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 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane c) Two gravure printed layers of 5 mol % co-condensed mesoporous silica. 

d) Two gravure printed layers consisting of a first mesoporous silica layer containing 5 mol% co-condensed 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane and a second mesoporous silica layer. Figure adapted from N. Herzog et 

al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. 

In summary gravure printing is a suitable tool for preparing multifunctional mesoporous silica 

films without a thermal intermediate step between the layers consisting of different ink.  

 

6.1.6. Outlook 

Evaporation induced self-assembly5 is a well-established preparation method for mesoporous 

ceramic films. The multiple parameters, such as solution concentrations, pH, evaporation rate 

and aging conditions among others, allow the process to be tuned to obtain structural variety.238 
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An alternative might be to use photochemical control to produce films. Photochemical induced 

reaction instead of temperature induced reaction reduces the need to control kinetic variables 

and gives potential for a simpler production under milder conditions. Another advantage is the 

possibility of building complex architectures instead of films envisioning light to be locally 

applied or used in printing processes. One process suitable in this context is the so-called light-

induced self-assembly (LISA). UV or visible light is applied to induce photolysis in photo-acid 

generators (PAGs) creating strong Brönsted acids that catalyze the sol-gel process.239 Iodonium 

or sulfonium salts (Ph2I+X-) represent good PAGs for photopolymerization and can be 

combined with different initiating dyes, based on the type of irradiation to be used.240 The role 

of a photosensitizer is to absorb light energy and generate excited species PS* that transfer an 

electron to the Ph2I+X- resulting in radical cations PS+•. The radical cations are responsible 

for acid generation (H+X), either by deprotonation of hydrogen donors or by interaction with 

other radical species. The strong ability of PAGs to initiate hydrolysis and condensation 

reactions potentially enables mesoporous film synthesis without solvents or water in the sol.238 

Besides simplicity, a remarkable advantage of this method is possibility to use visible light with 

a suitable PS. Curcumin is an example of such photosensitizer and can be applied with blue 

light.88, 101 

 

Figure 33. Molecular structures of the photo-acid generator (PAG) (iodionium salt, Ph2IPF6), silica precursor (PDMOS) 

and surfactant (Pluronic® F127) used in LISA process. 

The first experiments are performed with UV light initiation in the explained LISA process. 

PDMOS is used as silica precursor, Pluronic ®F127 as surfactant, Ph2IPF6 as PAG together with 

ethanol and water as solvent (Figure 33). In Figure 34a the resulting ATR-IR spectra of the 

prepared structure are shown. The blue reference spectrum corresponds to a free-standing 

mesoporous silica film showing the three typical silica bands at 1050 cm-1, 950 cm-1 and 
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800 cm- 1 representing the Si-O-Siasym., Si-OH and Si-O-Sisym vibration. The magenta spectrum 

corresponds to the reference of the glass substrate to show that the not scratched of printed 

mesoporous silica is too thick to allow detection of the glass substrate (printing ink is dropped 

on the glass substrate before UV light exposure. The printing ink spectrum in red shows a lot of 

vibrational bands because it is a mixture of all components present in the LISA process. 

Nevertheless, between 1050-800 cm-1 clear differences to mesoporous silica are visible. The 

printed mesoporous silica spectrum in black shows many differences to the printing ink (red). 

In the black spectra the silica bands for Si-O-Si and Si-OH are clearly visible. It should be 

mentioned that the surfactant (Pluronic® F127) is still present within the mesoporous silica 

(CH3 vibrational band at 2800 – 3000 cm-1). In Figure 34b the influence of UV-exposure time 

changes on ATR-IR spectra is shown. The spectra are nominated to the band at 826 cm-1. With 

increasing UV exposure time, the Si-OH band and the Si-O-Siasym. increases. In Figure 34c a 

SEM image of the printed mesoporous silica film with the longest UV exposure time of 15 min 

is shown. A homogenous structure with pores are visible. It does not look like the typical images 

of optimized mesoporous silica films but very hopeful for further experiments. 

 

Figure 34. a) ATR-IR spectrum of printed mesoporous silica (black) and reference spectra of mesoporous silica, the 

printing ink and the glass substrate. b) the time depended exposure of UV light of 254 nm for printing mesoporous 

silica films varied between 1.5 min and 15 min. c) SEM image of the printed mesoporous silica film with 15 min UV 

light irradiation with 254 nm. Scale bar is 500 nm.  
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In further experiments the irradiation is adjusted to visible light of 405 nm. As inspired by 

Crivello et al. and Shi et al. curcurmin is added to the printing ink in addition to the PAG.101, 241 

Curcurmin is matching with an absorbance maximum of 425.8 nm to the laser wavelengths of 

405 nm. The UV-Vis spectra collected in ethanol is shown in Figure 36a) and the chemical 

structure in Figure 36b). The used laser position can be varied and it is possible to print simple 

motives. In Figure 35 images of the substrates with printing solution and after irradiation with 

the 405 nm laser are summarized. It is possible to see the printed areas indicated by arrows. In 

Figure 35a-e) TEOS is used as precursor and two different PAGs and the burn time of the laser 

is varied. But in all cases the film is not stably attached to the substrate. Consequently, after 

rinsing of the not irradiated ink, the entire film is removed. In Figure 35f) the precursor is 

changed to PDMOS and more solution because of higher viscosity could be used. In Figure 35g) 

the printed line is visible after rinsing the substrate with suitable solvent. 

 

Figure 35. Images of substrates after coating with photoacid sol (Curcumin, one of two PAGs, acetone, TEOS, F127 

and water) and irradiation under a 405 nm laser. (a) Diphenyliodonium hexafluorophosphate PAG on glass, burn 

time of 40 (arbitrary units). (b) Diphenyliodonium hexafluorophosphate PAG on glass, burn time of 60, solution 

allowed to dry before irradiation. (c) Diphenyliodonium chloride PAG on dense silica, burn time of 40. (d) Comparison 

of chloride (left)and hexafluorophosphate (right) PAGs on glass, burn time of 40. (e) Diphenyliodonium chloride PAG 

on dip-coated mesoporous silica, burn time of 40. (f) PDMOS/Iod-Cl/F127 layer before rinsing with solvent and (g) 

PDMOS/Iod-Cl/F127 layer after rinsing with solvent. 

In Figure 36c) the ATR-IR spectra of the printed mesoporous silica (scratched of after rinsing 

with solvent) in black are shown compared to mesoporous silica in blue, bulk PDMOS in green 

and bulk Pluronic® F127 in magenta. The typical silica bends are visible in the printed silica 

spectrum (magnification in Figure 36d), Especially, the bands at 1050 cm - 1 for Si-O-

Siasym.(orange area) is visible after printing compared to the reference spectra of bulk materials 

no bend in this area can be seen besides the mesoporous silica spectrum but also Si-OH (green 

area) and Si-O-Sisym. (yellow area). When comparing bulk F127 and the printed mesoporous 

silica it is visible that the F127 is still in pores after the printing process, which is expected 

because of no thermal treatment or chemical extraction. 
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Figure 36. a) UV-Vis of curcumin in ethanol with a maximum of absorbance at 425.8 nm. b) the chemical structure of 

curcurmin c) ATR-IR spectra of bulk Pluronic ® F127 (magenta), bulk silica precursor PDMOS (green), mesoporous 

silica as reference (blue) and scratched printed silica (black) shown in Figure 35 g). d) same spectra in terms of Si-O-

Siasym., Si-OH and Si-O-Sisym. band colored in orange, green and yellow.  

These first results show the potential of irradiation as an alternative process of printing 

mesoporous silica. In the next steps this system should be optimized regarding composition and 

structure formation aiming towards 3D printing. Especially, 3D printer working on a laser-based 

stereo lithography (SLA) or digital light processing (DLP) system are expected to be suitable. 

Both systems are working with light in form of laser or projector irradiate a liquid resin and 

harden it in the right form. Instead of resin it is possible to use the LISA process for printing 

freestanding mesoporous silica forms.  

 

6.2. Dye-sensitized Polymerization 

The mechanism of dye-sensitized polymerization is described in chapter 5.1. The following 

chapter is divided into four sub-chapters. Firstly, the characteristics of the dye and monomers 

are summarized. Secondly, the polymerization is investigated in solution (chapter 0). Thirdly, 

the polymerization in mesoporous silica films initiated with a laser (λ = 632.8 nm) or a LED 

(λ = 627 nm) is investigated and polymerization parameters such as polymerization time, 

irradiation energy, applied monomer concentration, etc. (chapter 6.2.3) are varied. Fourthly, 
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the polymerization in mesoporous films is transferred to initiation by near-field modes such as 

surface plasmons (SP) or transversal optical waveguide modes (TM) (chapter 6.2.4).  

 

6.2.1. Characteristics of Applied Molecules 

The polymerization is conducted using methylene blue as dye, 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane as coinitiator and 2-(Dimethylamino)ethyl 

methacrylate (DMAEMA) or phosphoric acid 2-hydroxyethyl methacrylate ester (MEP) as 

monomer. The coinitiator 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane is covalently 

grafted to the mesoporous silica film via post-grafting or co-condensation. The pH stability of 

methylene blue in 0.1 M aqueous NaHCO3 solution is investigated with UV-Vis spectroscopy by 

measuring methylene blue solutions adjusted to different pH-values between 1.3-11.4 to ensure 

that fluctuations in pH have no effect on the dye solubility and absorption wavelength during 

polymerization (Figure 37a). As can be deduced from Figure 37a the maximum absorbance 

measured in 0.1 M aqueous NaHCO3 solution at 661 nm is not influenced by the applied 

solution pH. This indicates that the use of different monomers resulting in different pH values 

in polymerization solution does not affect the methylene blue absorption. Figure 37b showing 

the chemical structure of the methylene blue as blue form on the right side. After interacting 

with the coinitiator and light irradiation the colorless ‚leuco‘ form is generated. According to 

literature the blue form (absorption at 661 nm, Figure 37a) is more stable and prefered.242 

 

Figure 37. a) UV-Vis spectra of methylene blue dissolved in 0.1 M aqueous NaHCO3 solution at different pH values 

between 1.3 and 11.4. The absorption maximum of methylene blue in this solvent is located at 661 nm. b) molecular 

structure of methylene blue in the colorless neutral “leuco” form switching to the positively charged form, knowing 

as the blue form of the dye. 

For dye sensitized polymerization two monomers are selected based on their opposite and pH-

responsive charge: 2-Dimethylaminoethylmethacrylate (DMAEMA) and 2-

(methacryloyloxy)ethyl phosphate (MEP). DMAEMA (Figure 38a) has a calculated pKa value of 

8.18.243 The titration of the PDMAEMA (polymerized via radical polymerization with AIBN as 
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initiator) against 0.1 M HCl solution shows a pKa value at 8.4, which corresponds to the pKa of 

the monomer (Figure 38a). MEP (Figure 38b) has two pKa values. In literature pKa1 = 4.5 and 

pKa2 = 7.7 is given.244 When titrating MEP (polymerized via radical polymerization with AIBN 

as initiator) against 0.1 M NaOH solution pKa values of 2.5 and 7 are determined, which is 

slightly lower compared to the monomer values.  

 

Figure 38. a) Molecular structure of 2- Dimethyaminiethylmethacrylat (DMAEMA) used as monomer in this work. 

The given pKa value is predicted using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2016 

ACD/Labs). The titration curve of a 0.01 M PDMAEMA solution using 0.1 M HCl solution is shown and the pKa value 

is also in the calculated area. b) Chemical structure of 2-(methacryloyloxy)ethyl phosphate with known pKa values of 

4.5 and 7.7 from literature.244 The curve shows the titration of a 0.01 M PMEP solution in water against 0.1 M NaOH 

solution showing pKa values at around 3 and 7. 

In summary, methylene blue is an ideal initiator because it is stable over a wide pH range and 

its excitation spectrum ideally matches the red He/Ne laser at 632.8 nm. DMAEMA and MEP 

are used as pH-responsive monomers/polymers. 

 

6.2.2. Polymerization in Solution 

To get first information on the dye-sensitized polymerization for a two-component system 

consisting of methylene blue as dye and 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane as 

coinitiator, a secondary amine, polymerization is conducted in solution. For this purpose, the 

coinitiator, propyldiethanolamine, without the triethoxysilane anchor group, namely a 

monocationic cholinium-derivative, has to be synthesized because it is not commercially 

available. Therefore, diethanolamine and 1-brompropan is heated with sodium iodide in 
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acetonitrile to 60 °C for 5 d (see appendix, Figure 92a).245 The characterization of the 

anchorless coinitiator (2,2'-(propylazanediyl)bis(ethan-1-ol)) is done with 1H NMR (300 MHz, 

D2O) showing that a clean coinitiator is obtained.  

The polymerization in solution is performed for up to 120 min under red light irradiation 

(λ=627 nm) using LED (120 mW/cm²) as irradiation source. To investigate the time 

dependence, aliquots are taken, cooled down to 0 °C and store in dark to stop polymerization 

prior to analysis by ATR-IR and 1H NMR. ATR-IR characterization is adapted from Deeb et al.24 

monitoring the C=C vibrational band at 1635 cm-1, while the spectra are normalized to the OH 

vibrational band at 3360 cm-1 of the solvent. In this study methyldiethanolamine instead of the 

propyldiethanolamine is used as coinitiator as it is similar to the surface bound coinitiator used 

in later studies for polymerization in mesoporous silica films. The C=C vibrational band at 

1635 cm-1 (Figure 39a) decreases with increasing polymerization time indicating the 

conversion of the monomer double bond to a single bond during polymerization. The monomer 

conversion of the polymerization is calculated by 1H NMR. Therefore, the ratio of the single 

proton in the double bond signed with green c in Figure 39b to the two terminal protons of the 

double bond marked with green a and b is compared. Starting with a ratio from the start 

monomer the conversion is calculated (in %). In Figure 39c and d the monomer conversion 

(blue) and the change in the intensity of the C=C vibrational band is shown for varying 

methylene blue amounts in the solution. In Figure 39d the concentration of dye is one third of 

compared to Figure 39c while monomer and coinitiator concentration is constant. In both cases 

the C=C vibrational band is decreasing while the monomer conversion is increasing with 

increasing polymerization time. After 90 minutes polymerization time a conversion of around 

20 % is reached. The used methylene blue concentrations do not seem to have a significant 

influence on the conversion. In both series the critical concentration of methylene blue is 

exceeded and a polymerization takes place. In the following experiments the methylene blue 

concentration is always higher than the 0.0003 mg/mL which is expected to lead to a successful 

polymerization. 
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Figure 39. Free radical polymerization of coinitiator/methylene blue system with DMAEMA as monomer. a) ATR-IR 

spectra of the polymerization solution including a zoom onto the C=C vibrational band at 1635 cm-1 (yellow area) in 

dependence of the polymerization time. b) 1H NMR (300 MHz, D2O) spectrum of the polymerization solution as an 

example for calculation of the conversion of the polymerization. The relevant signals are assigned with green letters 

to the chemical structure of the DMAEMA monomer. c) Characterization of a time dependent polymerization with 

the coinitiator not carrying an anchor group. Polymerization is done with LED (λ=627 nm, 700 mA). (Polymerization 

solution: 0.497 g/mL DMAEMA, 0.0011 g/mL methylene blue, 0.0044 g/mL mg propyldiethanolamine in 0.1 M 

aqueous NaHCO3 solution). d) Time dependent polymerization with anchorless coinitiator using only 0.0003 g/mL of 

methylene blue. Polymerization is done with LED (λ=627 nm, 700 mA).  

It is important to note that the methylene blue can be regenerated after polymerization. Without 

irradiation the methylene blue switches back from ‘leuko’ form to the colored form (Figure 

37b). Methylene blue dye regeneration within the polymerization solution is monitored by UV-

Vis spectroscopy using the kinetic mode for 780 min (Figure 40a). The maximum absorbance 

of methylene blue in polymerization solution (DMAEMA, 0.1 M NaHCO3 solution  pH 9) is 

located at 660 nm. Plotting the absorbance at 660 nm in dependence of time shows that 

methylene blue regeneration is a relatively slow process reaching an almost constant value after 

600 minutes (Figure 40b). Under the applied conditions after 13 h, 75 % of the initial 

absorbance are recovered indicating simultaneously occurring dye bleaching and regeneration, 

during the polymerization.  

In addition to dye consumption inhibition by present oxygen has to be considered as explained 

in detail in mechanism postulated by research group of O. Soppera in chapter 5.1 (Figure 8). 

Oxygen can react with the triplet state of the dye to a peroxide radical which is not active for 
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polymerization and reduced the effectivity of the polymerization.24 On one hand, the 

protonated dye radical can react with another protonated dye radical to the leuco form, which 

is responsible for dye bleaching. On the other hand, the protonated dye radical can react in a 

disproportionation reaction with other radicals. The dye is regenerated in the original form, the 

active species and can used for polymerization again. This means the bleaching and the 

regeneration of the dye is a competitive process. In order to achieve comparable conditions in 

this study, the degassing of the polymerization solution is always carried out directly before 

polymerization and is kept constant for all experiments. 

 

Figure 40. Methylene blue recovery. a) UV-Vis spectra over time for 780 min after 30 min polymerization with 

Lumatec®Lamp (32 mW/cm2) for 30 min showing a growing absorbance of the methylene blue. b) Plot of the 

maximal absorbance at 660 nm against the recovery time.  

With the aim to go towards near-field induced and localized polymer functionalization of 

mesoporous films the dye sensitized polymerization is intended be applied as a surface-induced 

polymerization in mesoporous silica films. As chemical kinetics are specific on this length scale 

and cannot be extrapolated from microscales the polymerization has to be explored in these 

pores as a next step using the here determined suitable conditions.24 For polymerization in 

mesopores diffusion processes are expected to play an important role, as the diffusion of 

molecules at the nanoscale takes less time than the exposure time and might be strongly 

determined by surface forces and for example by electrostatic interaction. Therefore, the 

intensity of the radiation probably plays a decisive role. In addition, the amount of chemical 

species present is limited, so all photochemical reactions, including the regeneration of the dye, 

can play a major role. 
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6.2.3. Polymerization in Mesoporous Silica 

To investigate the diffusion of the reaction components, used for dye sensitized polymerization, 

into the mesoporous silica films adsorption experiments are performed and characterized with 

ATR-IR spectroscopy and UV-Vis spectroscopy. To analyze the accessibility for example, a 

mesoporous film is incubated in methylene blue solution followed by subsequent analysis of 

UV-Vis absorption of these films after incubation as well as after incubation and extraction. This 

experiment reveals the adsorbed dye amount as well as the suitability of the extraction 

conditions to remove unbound dye. To characterize the adsorption of monomer the 

corresponding experiments are performed in combination with characterization by ATR-IR 

spectroscopy. Figure 41 shows the UV-Vis measurements after methylene blue incubation. The 

corresponding ATR-IR data after monomer incubation are shown in Figure 42 and Figure 43 

for mesoporous films with coinitiator functionalization using post-grafting (Figure 41a and 

Figure 42) or co-condensation (Figure 41b and Figure 43), respectively. When using 

mesoporous silica films directly after functionalization the coinitiator is located inside the 

mesopores and on the top surface of the mesoporous film (Figure 42a and b). After the 

mesoporous film surface is treated with CO2 plasma237 for 12 s the organic groups on top of the 

mesoporous silica films are removed and functionalization exclusively inside the mesopores is 

achieved (Figure 42c and d). Two monomers, positively charged or neutral DMAEMA and 

negatively charged or neutral MEP are used. Mesoporous silica films functionalized with 

coinitiator are incubated into the monomer, methylene blue and polymerization solution for 

30 minutes each to investigate the accessibility of molecules required for polymerization. 

Subsequently, the incubated films are dried with pressed air and measured with UV-Vis and 

ATR-IR spectroscopy. 

Methylene blue in aqueous solution shows an absorbance at 661 nm (see chapter 6.2). When 

incubating the coinitiator functionalized mesoporous silica films deposited on a glass substrate 

with methylene blue dissolved in water (Figure 41, blue and magenta line) an absorption 

maximum between 600-670 nm is detected indicating methylene blue infiltration and 

adsorption into the mesoporous film. After incubation with polymerization solution, consisting 

of 9:1 vol. ratio of monomer and methylene blue solution 

(9:1 monomer : MB = 225 mg/mL DMAEMA, 0.0052 mg/mL MB in 0.01 M NaHCO3) no 

absorbance for methylene blue is observed. There are two possible reasons for this observation: 

firstly, methylene blue is present in the mesoporous silica films but cannot be detected because 

of low concentration in mesoporous silica films. Secondly, the monomer present in this solution 

suppresses the methylene blue diffusion and adsorption into the mesoporous silica film. In 

Figure 41c a coinitiator functionalized mesoporous silica coated substrate after incubating with 
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a highly concentrated methylene blue solution (left picture) is shown. Incubating this strong 

blue colored substrate into the polymerization solution results in a colorless substrate 

afterwards (right picture) indicating the visible blue color is washed of the glass supported 

mesoporous silica film. In all other experiments the concentration of methylene blue and 

polymerization solution is identical to the polymerization experiments using 225 mg/mL 

DMAEMA, 0.0052 mg/mL MB in 0.01 M NaHCO3. Methylene blue as well as the coinitiator and 

DMAEMA can be positively charged, whereby repulsive electrostatic charges can be carefully 

excluded by the successful incubation in coinitiator functionalized mesoporous silica films of 

pure methylene blue as well as pure monomer solution. In addition, the polymerization solution 

as well as the monomer solution has a pH value of 8-9. This high pH value is chosen to guarantee 

a neutrally charged coinitiator and a negatively charged mesopore wall due to remaining 

deprotonated silanol groups. This negative charge is expected to favor pore accessibility for 

methylene blue and DMAEMA/MEP (both are neutral charged). Thereby, the absorbance 

intensity of the C=O vibrational band for both monomers is not directly comparable, because 

of different extinction coefficients.  

When changing the monomer to negatively charged MEP the incubation with polymerization 

solution show no detectable adsorption of methylene blue in mesoporous silica films (Figure 

41) compared to incubation of pure (monomer-free) methylene blue solution. These 

experiments lead to the conclusion that the second assumption is probably correct and that the 

presence of the monomer seems to hinder the diffusion of the dye into the mesopores. This has 

to be kept in mind for further polymerization experiments. Because of polymer formation seen 

in Figure 42 and Figure 43 the dye-sensitized polymerization is a working system and further 

used for polymer functionalization in mesoporous silica films. 
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Figure 41. UV-Vis spectra of the incubation experiments in a) Figure 42 and b) Figure 43 measured after drying with 

compressed air after incubation with the solution given in the legend. c) Showing a blue colored mesoporous silica 

film with coinitator incubated in a methylene blue solution and dried afterwards changing to colorless mesoporous 

silica film incubating in polymerization solution consisting out of DMAEMA and methylene blue in 0.1 M NaHCO3 

solution. 

After looking at the methylene blue adsorption in absence or presence of monomer, the 

monomer adsorption in absence or presence of methylene blue is investigated. The monomer 

is thereby detected using ATR-IR spectroscopy looking at the C=O vibrational band at 

1730 cm- 1. In accordance to the methylene blue adsorption experiments (Figure 41) the 

mesoporous silica films are post-grafted with the coinitiator. In all samples (Figure 42a-d), a 

C=O vibrational band is observed for mesoporous films incubated into monomer solution as 

well as for mesoporous silica films incubated into polymerization solution containing monomer 

and methylene blue. This ensures that monomer is present in the mesoporous silica films under 

all conditions and especially under polymerization conditions.  

In addition, one mesoporous film is polymer functionalized for 1 h under laser irradiation 

(λ = 632.8 nm, 5 mW) and measured before (green) and after (dark blue) extraction with water 

to analyze the covalently grafted polymer amount in comparison to the maximum amount of 

only adsorbed and thus extractable monomer. Monomer and polymer amount is analyzed based 

on the C=O vibrational band at 1730 cm-1 in Si-OH (900 cm-1) normalized spectra. The 

presence of methylene blue in the mesoporous silica films (magenta) cannot be investigated by 

ATR-IR, since no characteristic functional groups are visible compared to the reference 

mesoporous silica film. In order to show that the monomer is also available for polymerization 

inside the mesoporous silica films, the coinitiator bound to the outer surface is removed by CO2 

plasma treatment237. Upon monomer extraction the C=O vibrational band for 
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PDMAEMA/PMEP functionalized mesoporous silica films is reduced to more than a half (from 

0.02 to 0.0075, Figure 42a, green, dark blue) of the original absorbance after polymerization 

before extraction of unbound monomer. This indicates that a significant amount of unreacted 

monomer or solution polymer is removed by extraction with water. In a reference experiment 

the complete extraction of adsorbed monomer in mesoporous silica films with water is shown 

(see appendix, Figure 93). 

 

Figure 42. Reference experiments showing ATR-IR spectra after incubation of the coinitiator functionalized 

mesoporous silica films into monomer solution in the absence and presence of methylene blue as well as a polymer 

functionalized mesoporous silica film (1 h, 5 mW laser power) before and after extraction with water. The 

magnification is showing the C=O vibrational band at 1730 cm-1 in Si-OH (900 cm-1) normalized spectra. Incubation 

of mesoporous silica films into DMAEMA a) and MEP b) polymerization into a 350 nm thick mesoporous silica film 

without CO2 plasma treatment. 350 nm thick mesoporous silica film after plasma treatment237 afterwards and 

incubation experiments with DMAEMA d) same conditions like in c) but with MEP as monomer. 

The same incubation experiments are performed with coinitiator co-condensed mesoporous 

silica films for both monomers, DMAEMA (Figure 43a and c) and MEP (Figure 43b and d). In 

addition two mesoporous film thicknesses, 170 nm (Figure 43a and b) and 300 nm (Figure 

43c and d) are characterized. It has to be noted that the ATR-IR spectra are recorded directly 
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from glass substrate and so the penetration depth of the evanescent field into the mesoporous 

silica coated glass substrates are varying using different mesoporous film thicknesses (compare 

chapter 8.2.1).  

The polymerization solution as well as the monomer adsorb into the mesoprous silica which is 

confirmed by the detected C=O vibration band at 1730 cm-1. In addition, the ATR-IR spectra 

after polymerization before extraction show a C=O absorbance which is more than twice as 

high as after polymerization and extraction. This shows again that a lot of unpolymerized 

monomer remains in the mesoporous films. This is absolutly fine because in solution 

polymerization under identical polymerization conditions a monomer conversion of 40 % could 

be achieved after a polymerization of 2 h. In Figure 43c, d the mesoporous film thickness is 

higher, which show no problems for the polymerization solution to diffuse into the films.  

 

Figure 43. Reference experiments showing ATR-IR spectra after incubation of the 5 mol% coinitiator co-condensed 

mesoporous silica film into monomer solution in the absence and presence of methylene blue as well as a polymer 

functionalized mesoporous silica film (1 h, 5 mW laser power) before and after extraction with water. The 

magnification is showing the C=O vibrational band at 1730 cm-1 in Si-OH (900 cm-1) normalized spectra. Incubation 

of mesoporous silica films into DMAEMA (a) and MEP (b) and polymerization into a 170 nm thick mesoporous silica 

film. 300 nm thick mesoporous silica film with incubation experiments of DMAEMA d) same conditions like in c) but 

with MEP as monomer. 
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Although, no significant absorbance related to dye adsorption into the mesoporous silica films 

could be observed in case the monomer is present (polymerization conditions) (Figure 41) 

while monomer is adsorbed (Figure 42 and Figure 43) dye sensitized polymerization takes 

place under irradiation. It has to be noted that polymerization under the same conditions in 

absence of methylene blue could not be detected (see appendix, Figure 94). Polymer formation 

using dye sensitized polymerization inside mesopores is proven after removing the coinitiator 

from the outer surface with CO2 plasma237 for 12 s as indicated by the C=O vibrational band at 

1730 cm-1 (Figure 43c and d). Consequently, the amount of methylene blue in the pores, 

although not detectable by UV-Vis spectroscopy, seems to be sufficient to start a polymerization 

upon visible light irradiation. 

Light can heat liquids as a function of its energy. For example, a 10-minute exposure to visible 

light (400-700 nm) with 936 W/m² can heat the polymerization solution by 2 °C measured in 

an experiment with Lumatec®Lamp. The thermal initiation of the dye sensitized polymerization 

with methylene blue and DMAEMA is investigated to exclude that the polymerization is in fact 

initiated by temperature. In Figure 44 the ATR-IR spectra of the test of thermal polymerization 

with the dye sensitized system is shown. The coinitiator functionalized mesoporous silica film 

is incubated into polymerization solution and heated to 70 °C for 1 h. The spectra after 

extracting the polymerization solution without (blue) and with heating (red) are shown and 

compared to the reference spectrum (black). Here no differences and especially no C=O 

vibrational band at around 1730 cm-1 are visible. Consequently, a thermal initiation of the dye-

sensitized polymerization can be excluded under the applied conditions. 

 

Figure 44. Thermal initiation of the dye sensitized polymerization. a) ATR-IR spectra of coinitiator functionalized 

mesoporous silica film of 300 nm thickness (black) and of coinitiator functionalized mesoporous silica after contact 

with the polymerization solution and extraction with (blue) and without (red) heating at 70 °C for 1h. b) Zoom onto 

the range of 1825-1550 cm-1. The area of the C=O vibrational band at around 1730 cm-1 is highlighted in blue.  
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The C=O vibrational band intensity at 1730 cm-1 can be correlated with the free pore volume 

calculated by Bruggeman effective medium theory based on changes in refractive indices before 

and after polymerization detected by ellipsometry. To give an indication on the correlation of 

pore filling and ATR-IR signal intensity, Figure 45a shows ATR-IR and ellipsometry data which 

are extracted from a study of Dr. Jessica C. Tom et al. published in Polymers, 2017, 9(10), 

539.135 The shown data are produced by using iniferter-initiated polymerization using 

DMAEMA as monomer in mesoporous silica films (170 nm film thickness). According to this 

data already an absorbance of 0.017 of the C=O vibrational band (normalized to Si-OH band, 

ATR-IR measured directly from substrate of 170 nm thick mesoporous silica films) leads to a 

polymer filled mesoporous silica film visible by a free pore volume of less than 5 vol% (blue). 

Figure 45b showing ATR-IR spectra of scratched mesoporous silica (black) and scratched 

mesoporous silica after polymerization with dye sensitized polymerization of 

DMAEMA/methylene blue system with Lumatec®Lamp. The data from previous research 

published in Chem. Commun., 2015, 51, 11697-11700.136 show a C=O vibrational band 

absorbance of 0.056 (normalized to Si-O-Siasym. (1070 cm-1) vibrational band) correlates to a 

polymer with a molecular mass of 760 – 825 g/mol (polymer is degrafted with TBAF according 

R. R. Patil et al.246). When the molecular weight of the monomer (157.21 g/mol) is taken into 

account, this corresponds to 4-5 monomers per chain. This low amount of repetition units 

generated in the mesoporous silica is also shown in previous studies using iniferter induced 

polymerization of Silies et al..134 The amount of polymer in the mesopores is not determined by 

the chain length but by the number of chains, regardless of whether the mechanism is a 

controlled or free radical polymerization. 

 

Figure 45. In experiments from Jessica C. Tom published in Polymers 2017, 9, 539 the C=O absorbance at 1730 cm-1 

and data for pore filling during the iniferter induced polymerization with DMAEMA calculated from the refractive 

indices knowing from measurements with ellipsometry are combined and shown in a). The film thickness is 230 nm. 

Figure adapted from J. C. Tom et al. in Polymers 2017, 9, 539 used by CC BY. In b) the ATR-IR spectra of polymer of 

a dye sensitized polymerization with DMAEMA on mesoporous silica is shown. The analog degrafted polymer show 

molecular weights in GPC and MS of around 760-875 g/mol. The C=O band absorbance is 0.056.  
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In the example polymerizations with comparable mesoporous silica films used in Figure 45a 

and monomer DMAEMA during the incubation experiments the absorbance of the C=O 

vibrational bands could be reached with about 0.01 at a polymerization of 1 h at 5 mW (Figure 

43a, 170 nm film thickness). This indicates that the mesopores are not completely filled with 

polymer because around 20 % of free pore volume is still available.   

 

Polymerization with red light LED (λ = 627 nm) 

In Figure 46 the dye sensitized polymerization of DMAEMA and MEP with methylene blue and 

coinitiator covalently bound to the mesoporous silica surface is investigated in dependence of 

the polymerization time (ATR-IR spectra see appendix, Figure 95, Figure 96 and Figure 97). 

The light intensity of the red light LED (λ = 627 nm) is set constant to 120 mW/cm2. The error 

bars represent repeated measurements on one substrate. In Figure 46a, b the coinitiator is co-

condensed in mesoporous silica films of 170 nm (Figure 46a) and 300 nm (Figure 46b) film 

thickness, while the coinitiator is post-grafted in case of Figure 46c. The C=O vibrational band 

at 1730 cm-1 in Si-OH normalized spectra belonging to DMAEMA is plotted against the 

polymerization time. In addition, the difference between polymerization inside the mesopores 

(CO2-plasma treated, dark color) and on the outer surface as well as inside the mesopores (light 

color) is depicted. For all conditions the C=O absorbance increases with increasing 

polymerization time up to 60 minutes, which would be expected for a free radical 

polymerization. Deep et al. shows that for a free radical photopolymerization the monomer 

conversion is limited in dependence of used energy and show a degressive course.24 This means 

the monomer conversion increases more and more slowly and approaches a final value. In 

addition, a rapid increase in monomer conversion is evident in the initial period of 

polymerization up to 60 min (Figure 46).  

Considering the error bars, the values for the C=O absorbance for the polymer-functionalized 

mesoporous silica films with or without plasma treatment are comparable. As the ATR-IR 

spectra are measured on the substrate the measured C=O band intensities of different film 

thicknesses cannot be directly compared because of the different penetration depths of the 

evanescently decaying optical field of the ATR-IR into the mesoporous silica films as discussed 

in chapter 6.1 and 8.2.1. Nevertheless, the time dependence of polymer formation can be 

compared between both film thicknesses (170 nm and 300 nm) even if the absolute values are 

affected by the film thickness. The time dependent C=O vibrational band in Si-OH (900 cm- 1) 

normalized spectra for post-grafted coinitiator and PDMAEMA functionalized mesoporous silica 

films (Figure 46c) behaves equal to the previously discussed polymerization on co-condensed 
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mesoporous silica films showing an increasing polymer amount with increasing polymerization 

time. This is clearly shown in Figure 46c (post-grafted coinitiator functionalization, 170 nm, 

red and 300 nm, blue) where, the C=O absorbance of PDMAEMA functionalized mesoporous 

silica films and coinitiator co-condensed silica films functionalized with PDMAEMA (170 nm, 

Figure 46a and 300 nm, Figure 46b) are compared with regard to the C=O vibrational bands 

in Si-OH (900 cm-1) normalized spectra showing absorbance in the same areas. When changing 

the monomer to MEP, polymer amount increases with polymerization time up to comparable 

absorbances as for DMAEMA (Figure 46d). The error bars are significant, which is attributable 

to a worse solubility of MEP in aqueous 0.1 M NaHCO3 solution and a resulting inhomogenous 

monomer distribution in solution due to low solubility. This can be avoid by using DMF as 

solvent showing in Brilmayer et al.247. But as polymerization is intended to be carried out in an 

SPR setup and not under a fume hood later, the polymerization conditions here have not been 

changed and aqueous solution is preferred. Nevertheless, the increase of PMEP amount with 

time is visible (Figure 46d). The comparable maximum C=O absorbances can be well explained 

by the maximum monomer conversion at the same polymerization energies. In comparison to 

Figure 45, a complete pore filling (less than 5 % of free pore volume) for the 170 nm thick 

mesoporous silica films polymerized with DMAEMA (Figure 46a, c, red) can be achieved with 

polymerization times longer than one hour. Absorbance of 0.02 reached after 60-90 minutes. 

With respect to the obtained refractive index in ellipsometry measurements (Figure 45) this is 

translated into more than 95 % pore filling considering the data of Dr. Jessica Tom assuming 

polymer formation exclusively occurs within the mesopores and not on the outer mesoporous 

film surface. The latter is probable as the mesoporous films were CO2-plasma treated and thus 

coinitiator at the outer surface was destroyed before polymerization.  
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Figure 46. Time-dependent polymerization with red-light LED (λ= 627 nm, 700 mA). The C=O band at 1730 cm-1 in Si-

OH (900 cm- 1) normalized spectra of ATR-IR spectra is shown in dependence of polymerization time. Comparison of 

5 mol% coinitiator co-condensed mesoporous film with a thickness between a) 170 nm and b) 300 nm with and 

without plasma treatment237. DMAEMA is the used monomer c) same conditions like a) and b) but the mesoporous 

silica films are post-grafted with coinitiator. d) Polymerization of MEP in 300 nm thick mesoporous silica films post-

grafted with coinitator. In the dark red series, the mesoporous silica films functionalized with coinitiator are plasma 

treated237 before polymerization. Error bars are caused by multiple measurements on a substrate and the calculated 

standard deviations. 

In addition to the influence of irradiation time (Figure 46) the influence of irradiation power 

of the dye sensitized polymerization on mesoporous silica films is investigated. A constant 

polymerization time of 30 minutes is used as Figure 46 revealed that longer polymerization 

times do not further increase the obtained polymer amount under the applied conditions. As a 

LED (λ = 627 nm) is applied as irradiation source, the light intensity is adjustable by the 

incoming current of the LED. In Figure 47 the resulting C=O absorbance at 1730 cm-1 in Si-OH 

(900 cm-1) normalized ATR-IR spectra is shown (ATR-IR spectra see appendix, Figure 98). The 

energy dependent C=O absorbance relatively well follows the light intensity. With increasing 

light intensity, the C=O band intensity and thus the polymer amount increases. The C=O band 

intensities cannot be directly compared in terms of pore filling, since these mesoporous films 

are thicker mesoporous silica films (300 nm). Nevertheless, the obtained polymer amount 

correlates well with the irradiation power for the polymerization in the mesoporous films and 

on the outer surface (Figure 47a) as well as for polymerization exclusively inside the mesopores 
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(Figure 47b) after having removed the coinitiator from the outer surface using a CO2 plasma 

treatment.  

 

Figure 47. Energy dependent polymerization of DMAEMA with red-light LED (λ = 627 nm, 30 min) of 300 nm thick 

mesoporous silica film (small pores) co-condensed with 5 mol% coinitiator. a) without CO2 plasma treatment. b) After 

coinitiator functionalization the mesoporous silica films are CO2 plasma treated to remove coinitiator from outer 

surface. The C=O absorbance in Si-OH (900 cm-1) normalized spectra is shown (black). Error bars showing differences 

in measurements from one substrate. Blue points show the light intensity in dependent of the used current. 

In summary, the control of polymer amount using dye sensitized polymerization in mesoporous 

silica films is possible by adjusting irradiation power and reaction time. Thereby the generated 

polymer amount can much better be adjusted by irradiation power than by irradiation time. In 

addition, already relative short polymerization times of a few minutes generate detectable 

polymer amounts. This is encouraging with respect to initiation of polymerization using surface 

plasmons and potential local control as these surface plasmons consist of a highly localized 

exponentially decaying electromagnetic field (chapter 5.2). Thus short irradiation pulses are 

desired while energy can be adjusted.   

 

Polymerization with red He/Ne laser (λ = 632.8 nm) 

LED light as used in Figure 46 and Figure 47 provides a large-area illumination. A laser, in 

contrast, is focused to one individual millimeter or sub-millimeter spot. Laser illumination in 

one spot to induce polymer functionalization thus offers an opportunity to investigate the local 

limitation of polymer functionalization of mesoporous films but of course also affects the choice 

of suitable characterization methods. In this sub-chapter the polymerization upon irradiation 

with a He/Ne laser (λ = 632.8 nm) is investigated. Parameters such as irradiation power but 

as well monomer and dye concentration are varied. It has to be mentioned that all 

polymerizations done with laser as light source are done with p-polarized light. The complete 

experimental set-up is shown in chapter 5.2 (Figure 11). Polymer amount as reflected by the 
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absorbances of the C=O vibrational band at 1730 cm-1 in Si-OH (900 cm-1) normalized 

(900 cm- 1) is measured within the irradiated laser spot on the mesoporous silica coated glass 

substrate (experimental details in chapter 5.2, Figure 11) (Figure 48) (ATR-IR spectra see 

appendix, Figure 99). In Figure 48a the influence of the monomer / dye volume ratio on 

PDMAEMA formation is investigated. A monomer solution concentration of 250 mg/mL in 

aqueous NaHCO3 (0.1 M) and a methylene blue solution concentration of 1.3 mg/25 mL are 

used. Increasing DMAEMA amount per methylene blue dye leads to increasing polymer amount. 

Under the applied conditions a volume ratio of 9:1 (225 mg/mL DMAEMA, 0.0052 mg/mL 

methylene blue in 0.1 M NaHCO3) provides the highest C=O absorbance under the applied 

irradiation conditions and thus the highest polymer amount within the laser spot. By changing 

the volumetric ratio of monomer (250 mg/mL) to dye (0.052 mg/mL) solution, the final 

concentration of both monomer and methylene blue in the polymerization solution change. But 

as even very low methylene blue concentration such as 0.0003 mg/mL does not seem to limit 

polymerization under the applied conditions (Figure 48a) the main influencing parameter 

seems to be the monomer concentration. This is supports the increasing PDMAEMA amount 

with increasing DMAEMA concentration (Figure 48b). The monomer solution concentration is 

varied between 250-1000 mg/mL while the relative ratio of both solutions (monomer: dye 

solution) is kept constant at 9:1 (volume changes are negligible). At the same time the viscosity 

of the solution increases with increasing monomer concentration as visible by eye. This 

increasing viscosity might be difficult for later SPR experiments because of flowability trough 

the flow cell. For this reason, all further experiments are performed with a monomer solution 

consisting of 250 mg/mL or 500 mg/mL. In Figure 48c the effect of varying methylene blue 

concentration is investigated. No clear influence of the methylene blue concentration on the 

PDMAEMA amount is observed indicating, that even the lowest concentration is sufficient for 

the polymerization of the present monomer amount. In addition, this effect might as well result 

from the limited accessibility of methylene blue into the mesopores in the presence of monomer 

(Figure 41). Further experiments are conducted with a methylene blue concentration of 

0.0052 mg/mL in final polymerization solution. Finally, the influence of polymerization 

solution pH value (9:1 DMAEMA : MB = 450 mg/mL DMAEMA, 0.0052 mg/mL MB in 0.01 M 

NaHCO3) is investigated. The polymerization solution in aqueous 0.1 M NaHCO3 solution shows 

a pH value of 9. This composition is originally selected because at this pH, DMAEMA and the 

coinitiator are neutrally charged. It has to be considered, that adjustment of solution 

polymerization pH value leads to a dilution of the solution resulting in lower concentrations of 

monomer. Comparing the pH-dependent polymerizations regarding PDMAEMA amount in the 

laser spot, the untreated polymerization solution with pH 9 show no disadvantage, leads to the 
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highest polymer amount because of no dilution of the polymerization solution (see appendix, 

Figure 100).  

 

Figure 48. In all figures the C=O vibrational band absorbance at 1730 cm-1 extracted from ATR-IR spectra in the laser 

spot normalized to the Si-OH band at 900 cm-1 are depicted. The mesoporous silica films with a film thickness of 

300 nm are post-grafted with coinitiator. The polymerizations are performed with a He/Ne laser (λ = 632.8 nm) with 

a power of 1.5 mW (Pol. 1=40 °, Pol. 2=90 °) for 30 min with DMAEMA as monomer and methylene blue as dye. a) 

Varying ratio of DMAEMA to methylene blue solution resulting in 1:9 (25 mg/mL DMAEMA, 0.047 mg/mL methylene 

blue), 5:5 (125 mg/mL DMAEMA, 0.026 mg/mL methylene blue) and 9:1 (225 mg/mL DMAEMA, 0.0052 mg/mL 

methylene blue) volume ratio. b) Influence of monomer concentration with constant methylene blue concentration 

in the polymerization solution of 0.0052 mg/mL (volume changes are negligible). c) Influence of methylene blue 

concentration at constant DMAEMA concentration of 450 mg/mL. 

Besides the solution composition and above all the monomer concentration the laser power is 

expected to influence polymer formation as observed for LED irradiation. Within the SPR-setup 

the He/Ne laser power can be adjusted by changing the polarizer 1 angle from 0-90° while 

keeping the position of polarizer 2 constant at 90° and thus p-polarized light (see experimental 

set up in chapter 5.2, Figure 11). While varying the polarizer 1 angle from 0-90° the irradiation 

power follows a sinus function (chapter 5.2, Figure 15). Figure 49 depicts the results of the 

energy dependent laser induced dye sensitized polymerization (ATR-IR spectra see appendix, 

Figure 101). Keeping the polymerization time constant at 25 min (Figure 49a, b) the C=O 
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absorbance at 1730 cm-1 in Si-OH (900 cm-1) normalized spectra increases proportionally to the 

irradiation power increase. Black (Figure 49a) and red (Figure 49b) data points encode 

different film thicknesses of mesoporous silica films on glass substrates and a different monomer 

concentration. As the film thickness is different absolute values cannot be directly compared 

due to the different penetration depth of the ATR-IR evanescent field (please refer to chapter 

8.2.1) but the energy dependence seems to be comparable for both film thicknesses of 300 nm 

and 170 nm and the obtained polymer amount clearly follows the increase in irradiation power. 

In Figure 49c the polymerization time is prolonged to 4 h. All other conditions such as 

mesoporous film thickness and monomer concentration are chosen similarly to the black data 

points in Figure 49a. Regarding energy dependence, the polymer amount is significantly 

increasing with increasing laser beam power from 3 mW to 6.5 mW by a factor of 1.8. This 

tuning of polymer amount by the irradiation power and monomer concentration is in 

accordance with the prior experiments under LED irradiation. 

 

Figure 49. Energy dependent polymerization with He/Ne laser (λ = 632.8 nm). The C=O vibrational band absorbance 

at 1730 cm-1 in Si-OH (900 cm-1) normalized spectra (black) within laser spot is shown as well as the laser power (blue) 

against the used polarizer 1 angle. a) Results for 25 min polymerization time in a 170 nm thick mesoporous silica film 

post-grafted with coinitiator is polymerized with DMAEMA (225 mg/mL DMAEMA, 0.0052 mg/mL MB in 0.01 N 

NaHCO3) and b) for a 300 nm film using a DMAEMA with higher concentration (450 mg/mL DMAEMA, 

0.0052 mg/mL MB in 0.01 N NaHCO3). c) Results for 4 h polymerization time under polymerizations conditions 

identical to a). 

The time dependence of laser-induced mesoporous film polymer functionalization is 

investigated in detail in Figure 50 (ATR-IR spectra see appendix, Figure 103 and Figure 102). 

In Figure 50a a time dependent polymer amount increase as expected for a free radical 

polymerization is observed for a laser power adjusted to 6.5 mW (polarizer 1 angle of 90 °) and 

a low monomer concentration of 225 mg/mL (DMAEMA 225 mg/mL and 0.0052 mg/mL 

methylene blue in 0.1 M NaHCO3 solution) in black data points. Reducing the laser power to 

0.2 mW (Polarizer 1 angle of 20 °) while increasing the DMAEMA monomer concentration from 

225 mg/mL to 450 mg/mL (Figure 50a, red) results in slightly lower C=O vibrational band 

absorbance and thus PDMAEMA amount.  
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When changing the monomer from DMAEMA to pH-dependently, negatively charged MEP the 

obtained polymer amount is increasing with increasing polymerization time, too (see appendix, 

Figure 104 and Figure 105). Here, the difference in absorbance of C=O vibrational band in 

Si-OH (900 cm-1) normalized spectra with regard to the impact of energy is noticeable and 

higher irradiation powers lead to higher polymer amounts in the mesoporous silica films. When 

polymerizing MEP exclusively inside the pores by using CO2-plasma treatment237 after 

coinitiator binding, the absorbance of the C=O vibrational band only increases to one third of 

the maximum C=O absorbance after polymerization inside as well as outside of the mesoporous 

silica film. In Figure 50b the polymerization of 5 mol% coinitiator co-condensed mesoporous 

silica films with DMAEMA and MEP as monomer is compared to each other by plotting the 

absorbance of C=O vibrational band in Si-OH (900 cm-1) normalized spectra in dependency of 

polymerization time. All four series show a time dependence according to a radical 

polymerization mechanism. This means that the polymer amount is increasing with increasing 

polymerization time. The polymerization with MEP is to be evaluated with errors because of 

the polymerization located in the laserspot and the inhomogeous monomer distribution in 

polymerization solution. The polymerization with DMAEMA as monomer shows that the C=O 

absorbance is higher for the thicker (300 nm) mesoporous silica films as compared to thin films 

(170 nm). This is in accordance to the film thickness effect observed for the comprehensive 

polymerization with LED as light source (Figure 46). Because of the penetration depth of the 

evanescent field of the ATR-IR, no statement can be made here about the amount of polymer 

in comparison to the different layer thicknesses. With respect to the obtained refractive index 

in ellipsometry measurements (Figure 45a) this is translated into 10 % free pore volume after 

90 minutes of polymerization time (Figure 50b, blue data spots) considering the data of Dr. J. 

Tom assuming polymer formation exclusively occurs within the mesopores and not on the outer 

mesoporous film surface.  

 

 



  

Page 102  Results and Discussion 

 

Figure 50. Time dependent polymerization with red light He/Ne laser (λ = 632.8 nm). The C=O vibrational band at 

1730 cm-1 in Si-OH (900 cm-1) normalized spectra is plotted against the polymerization time. C=O absorbance in Si-

OH (900 cm-1) normalized spectra is measured in laser spot. In a) a 170 nm thick mesoporous silica film post-grafted 

with coinitiator is polymer functionalized with DMAEMA (225 mg/mL DMAEMA, 0.0052 mg/mL methylene blue in 

0.1 M NaHCO3 solution) with 6.5 mW laser power (pol. 1 = pol. 2 = 90 °) (black). The red spots show the 

polymerization with 0.2 mW laser power (pol. 1 = 20 °, pol. 2 = 90 °, 300 nm filmthickness). DMAEMA (450 mg/mL 

DMAEMA, 0.0052 mg/mL methylene blue in 0.1 M NaHCO3 solution) is used as monomer. In b) the comparison 

between two film thicknesses, 170 nm and 300 nm, for both monomers DMAEMA and MEP is shown for 5 mol% 

coinitiator co-condensed silica films. 

As the polymer amount can be adjusted with adjusting irradiation power and polymerization 

time the laser induced dye-sensitized polymerization is investigated regarding its potential for 

local resolution starting by comparing the laser spot area to the surrounding area in the x-y 

plane (Figure 51a). It has to be noted, that the transition of methylene blue (blue solution) 

into the colorless leuco-form preferably occurs within and close to the laser spot at the 

mesoporous silica coated glass substrate (Figure 51a) as visible by eye. The area of this 

decolored zone in the polymerization solution seems to increase with increasing polymerization 

time and increasing laser power. In Figure 51b the ATR-IR spectra (zoom of the C=O 

vibrational band at 1730 cm-1) at different positions (Figure 51a scheme) and distances to the 

laser spot area are shown. The C=O absorbance (Figure 51b, magenta/red) within the laser 

spot is significantly higher than the C=O absorbance in some millimeter distance in x- (green) 

or y-direction (black/blue). The C=O absorbance in dependence of the distance from the laser 

spot for all measured spots is shown in Figure 51c. The local functionalization around the 

polymerization spot is clearly visible. The exact gradient in x-y direction around the laser spot 

is dependent on the polymerization parameters. Here, a polymerization time of 30 minutes with 

a laser power of 1.8 mW and a monomer (DMAEMA) concentration of 225 mg/mL is chosen 

while the mesoporous silica film is 300 nm thick with pore diameters of 3-6 nm (TEM images 

see Figure 19, 6.1.1). 
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Figure 51. X-y localized He/Ne induced polymerization. The polymerization takes place for 30 minutes using 

DMAEMA (225 mg/mL DMAEMA, 0.0052 mg/mL methylene blue in 0.1 M NaHCO3 solution) as monomer on a 

300 nm thick coinitiator functionalized mesoporous silica film with a laser power of 1.8 mW (pol 1=40°, pol 2=90°) a) 

shows a picture of the dye sensitized polymerization with red laser as light source. The spot where the laser crosses 

the mesoporous silica coated substrate is clearly visible. After polymerization the switch from colored methylene blue 

to the leuco form is visible in dependence of the parameters only in this spot. In b) the magnification of the ATR-IR 

spectra, especially of the C=O band at 1730 cm-1 in Si-OH (900 cm- 1) normalized spectra, is shown. The measured 

spots are marked in a) and same colors are used. c) shows a 3D mapping of the measured substrate by using the C=O 

band extracted from the ATR-IR spectra. 

Increasing the laser power from 1.8 mW (Figure 51) to 5.6 mW (Figure 52b, blue) the local 

limitation (x-y resolution) of polymer amount distribution around the directly irradiated laser 

spot region in mesoporous silica films is lost for a polymerization time of 30 minutes (Figure 

52) (ATR-IR spectra see appendix, Figure 106). The scheme of spot position and ATR-IR 

measured spots are shown in Figure 52a. The related C=O vibrational band absorbance at 

1730 cm-1 in Si-OH (900 cm-1) normalized spectra is shown in Figure 52b. For lower laser 

power of 0.2 mW (pol.1 = 10°, polymerization spot = 3) and 1.8 mW (Figure 51) the highest 

polymer amount is detected within the laser spot. Increasing the laser power (Figure 52, 

pol.1 = 70°, 80°, 90°, polymerization spot = position 3 for polarizer angle 70°,80°, position 4 

for polarizer angle 90°) the detected polymer amount (C=O vibrational band absorbance) 

becomes comparable for all measured spots and the x-y resolution is lost.  
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Figure 52. Further results to x—y resolution of the dye-sensitized polymerization with red laser and methylene blue 

as dye and DMAEMA as monomer. a) shows a picture of the dye sensitized polymerization with red laser as light 

source. The spot where the laser crosses the mesoporous silica coated substrate is clearly visible. After polymerization 

the switch from colored methylene blue to the leuco form is visible in dependence of the parameters only in this spot. 

b) The C=O absorbance in Si-OH (900 cm-1) normalized spectra are plotted against the vertical line of the polymerized 

mesoporous silica film. The polymerization conditions are the same like in Figure 51 but other laser powers are used. 

The laser spot is 3 for magenta, black and red, 4 for blue series.  

In summary, the dye sensitized polymerization seems to be a very suitable tool for the 

polymerization initiated with red light using different light sources such as Lumatec®Lamp 

(λ=400-700 nm)136, LED (λ=627 nm) or He/Ne laser (λ=633 nm). The polymer amount 

within/on the mesoporous silica films can be adjusted by varying the polymerization parameters 

such as irradiation power, polymerization time or monomer concentration. By removing the 

coinitiator molecules from outer surface by CO2 plasma treatment237 the polymerization 

exclusively occurs within the mesopores. With a laser as light source a control in x-y direction 

on mm-scale is possible which is an important result for the aim of local polymer 

functionalization with near-field modes.  

 

6.2.4. Polymerization with Near-Field Modes 

In this chapter the polymerization with near-field modes, such as surface plasmons (SP) and 

leaky transversal optical waveguide modes (TM) is investigated. The final aim is to investigate 

potential local control of mesoporous film polymer functionalization by combining nanoscale 

optical fields with wavelength compatible free radical dye-sensitized polymerization. The 

sample preparation for the experiments discussed in this chapter is shown in chapter 5.2, there 

is also a detailed explanation of the experiment setup and the emergence of such near-field 

modes. The mechanism of dye-sensitized polymerization is explained in detail in chapter 5.1. 
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As a first question the influence of polymer formation (refractive index increase as compared 

to liquid or air filled mesopores) on the surface plasmon resonance angle and thus the sensitivity 

of in-situ polymer detection has to be investigated. Ideally, polymer formation is expected to 

result into a refractive index increase again resulting into a shift of the surface plasmon 

resonance to higher resonance angles. According to the experimental results shown in Figure 

53 in-situ detection of polymer formation using the surface plasmon is not unambiguously 

possible because of three reasons: Firstly, when measuring in solution and not against air the 

sensitivity is extremely low due to index matching between the polymerization solution and 

silica as compared to air-filled mesopores due to similar refractive indices between solvent 

(water or polymerization solution) and polymer functionalized mesoporous silica films. The 

simulated SPR spectra using the software Winspall (Restec) of a 170 nm thick mesoporous silica 

film with a refractive index of 1,25 (porosity 44 vol%) in contact with air (red) and water (blue) 

is shown in Figure 53a. Upon polymer functionalization the refractive index is assumed to 

increase to 1.4 while the thickness is kept constant. The resulting shift in the SP resonance angle 

(Figure 53a, light red and dark red) are clearly visible and a shift of the SP minimum from 44° 

to 61° (air as surrounding medium) and 50° to 65° (water as surrounding medium) is obtained. 

In reality the measured spectra rather look like the ones shown in Figure 53b. The coinitiator 

functionalized mesoporous silica film coated on gold substrate is placed into the flow cell in 

SPR set-up (see chapter 5.2) and measures against air, subsequently water is constantly flow 

through cell with 5 µL/s and a spectra is recorded with water as surrounding medium. In a next 

step the cell is filled with polymerization solution, a quick spectrum is recorded for localizing 

the SP minimum. The angle is set to the SP resonance angle and polymerization is carried out. 

After polymerization the cell is flushed with water, and a SPR spectrum is recorded. Afterwards 

the substrate is removed and cleaned again with water, dried with compressed air and 

rearranged in the SPR set-up at the same position. A spectrum with air as ambient medium is 

recorded after the polymer functionalization. The SP resonance angle shift is visible for high 

polymer amounts (compare C=O vibrational band absorbance at 1730 cm-1, Figure 53c), when 

measuring against air. More detailed a SP resonance angle shift from 62 to 72 ° is observed for 

a C=O vibrational band absorbance normalized to Si-O-Siassym (1070 cm-1) of 0.4. This high 

C=O absorbance indicates clearly a completely filled pore (no free pore volume available) and 

even polymer on top of the mesoporous film. But even in this case when measuring against 

water no significant SP resonance angle shift to higher angles is observed (Figure 53b, blue). 

The measuring against water can also include swollen polymer trapped in the polymerization 

flow cell which changes the refractive index and leads to an index matching with the polymer 

functionalized mesoporous silica film. 
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Secondly, it has to be considered that even in case a SP resonance angle shift towards higher 

angles, for example 62 ° to 72 ° (Figure 53b), is observed this might be explained by polymer 

filling of the mesoporous silica and an increasing refractive index. But the polymer PDMAEMA  

can act as a hydrogel storing water, which might not be removable by heating and drying under 

mild conditions.248 Thus a shift of theta is an indication of a successful polymerization but not 

necessarily proportionally related to the amount of polymer bound in the mesopores. 

Consequently, a characterization using other characterization methods such as ATR-IR 

spectroscopy is essential to be able to make a statement about the polymer functionalization. 

Water in the silica mesopores is also visible in ATR-IR spectra (Figure 53c) of the polymer 

functionalized mesoporous silica film by the strong OH vibrational band at 3600-3000 cm-1. To 

investigate the effect of humidity on refractive index and layer thickness of PDMAEMA 

functionalized mesoporous films ellipsometry measurements under controlled and varying 

humidity are performed (Figure 53d). The pores are filled with 30 % of PDMAMA calculated 

by Bruggeman approximation.229 The PDMAEMA functionalization of mesoporous silica is 

located inside and outside the mesopores, this explains the constant swelling of thickness. At 

75 % relative humidity the thickness increases stronger probably due to condensation effects. 

The refractive index increases constantly up to a relative humidity of 75 %, followed by a 

sudden increase probably due to water adsorption and condensation into the mesopores. 

Thirdly, an interesting observation has to be mentioned here: interestingly the SP resonance 

angle shift towards higher angles is usually observed for relatively high polymer amount 

formation. When generating low amount of polymer under SP-irradiation, the SP resonance 

angle shift often towards smaller resonance angles. This is only observed for SP-induced 

polymerization and not for laser-induced polymerization, for example. This resonance angle 

shift to smaller angles indicates a reduction in film thickness or refractive index. One possible 

explanation might be etching of the mesoporous silica films, because of local heating and the 

harsh conditions of polymerization solution (pH9). This effect might be overcompensated when 

having a high polymer amount after polymerization then again inducing a resonance angle shift 

to higher angles. The thermal initiation of the dye-sensitized polymerization can be excluded 

shown in Figure 44 (see chapter 6.2.3). Recently, etching processes of ordered silica structures 

are used to allow ultrathin mesoporous silica film generation. 65 John et al.249 showed that the 

polymerization solution, used same monomer but different dye, reduced the mesoporous silica 

layer thickness in contact with the polymerization solution within 2 h to 50 % of the initial film 

thickness. When using SP induced polymerization also local heat spots seem to play an 

important role.274 In the work of John et al. from our research group mesoporous silica coated 

on silver substrates are functionalized with polymer using irradiation at an angle in the 
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beginning of a SP, where the enhancement factor of evanescence field is the weakest. The 

polymerization time is set to 30 min showing a thickness decrease of 85 % by cross-section SEM 

measurements. 

 

Figure 53. a) Model spectra of mesoprous silica (170 nm) with a refractive index of 1.25 on 50 nm gold coated on 

LaSFN9 glass with 5 nm chromium as liability mediator. Polymer functionalization is simulated by refractive index 

increase to 1.4. The surrounding medium is air and water. b) Real measured spectra of mesoporous silica films 

functionalized with PDMAEMA proofed in c) as ATR-IR spectrum with highlighted C=O vibrational band at 1730 cm- 1 

in Si-O-Siasym. (1070 cm-1) normalized spectra. d) Ellipsometry measurements of an PDMAEMA functionalized 

mesoporous silica film under increasing relative humidity from 15 to 95 %.  

In conclusion the shift of the SP resonance angle without additional characterization is no 

unambiguous indicator of a successful polymer functionalization. That’s why every 

polymerization is characterized using ATR-IR following the C=O band at 1730 cm-1 as sign for 

a successful PDMAEMA or PMEP functionalization.  

In the following of this chapter every individual Figure represents one polymerization series. In 

series the film preparation including chromium and gold thermal evaporation on LaSFN9 

glasses and coating of mesoporous silica as well as coinitiator binding is performed identically 

for all samples. This is very important for comparison of polymerization because minimal 

changes in thickness and quality of gold and chromium and thickness and porosity of 

mesoporous silica influence the coupling efficiency of the surface plasmon. The energy coupling 
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has a strong influence on polymerization as this determines the provided energy and the 

enhancement factor of evanescent field of SP. The coupled energy during the polymerization is 

the difference between the reflectivity at the beginning and the minimum of the SP. 

The penetration depth of the SP is dependent on refractive indices of coinitiator functionalized 

mesoporous silica and the surrounding medium as well as the wavelength and the critical angle. 

The penetration depth can be calculated with the following formula.250   

𝑙 =
𝜆

2𝜋√𝑛1
2𝑠𝑖𝑛2(Ø𝑐) − 𝑛2

2
 𝑤𝑖𝑡ℎ 𝑛2 < 𝑛1 

In the experiments the wavelength of 632.8 nm is used. The critical angle of the polymerization 

solution is at 50 ° and has a refractive index of 1.3655. The refractive index of the dielectric 

layer gold is 0.19609. Using these parameters, the penetration depth of the evanescent field in 

the polymerization system is calculated with approximately 100 nm. The transversal mode (TM) 

is guided through the entire mesoporous silica film independently of the layer thickness (Figure 

54). The investigation of SP induced polymerization is performed with mesoporous silica films 

of different film thicknesses caused by different film preparation on gold coated glass substrates. 

 

Figure 54. Schematic demonstration of the different possible mesoporous silica film thicknesses prepared with dip-

coating or gravure printing on gold coated LaSFN9 gold substrates. The SP has a definite penetration depth in 

dependence of the dielectric medium (mesoporous silica) and the surrounding medium (air, polymerization solution). 

TM is guided through the hole dielectric layer.     

Different layer thickness of small pores with a pore diameter of 3-6 nm are prepared on gold-

coated LaSFN9 substrates. To prepare mesoporous silica films with different film thickness two 

approaches are followed. Firstly, the withdrawal speed while dip-coating is varied between 2 

and 10 mm/s resulting in single layer films with a film thickness between 160 and 365 nm. 

Secondly, the withdrawal speed of 2 mm/s is dip-coated two times, as described in chapter 

6.1.1, resulting in two-layer films with a total film thickness of 365 nm. The resulting layer 

thickness of the two-layer films is comparable to the one-layer films dip coated using a 

withdrawal speed of 10 mm/s. The porosity (deduced from the refractive index using 
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Bruggeman’s approximation) seems to be lower for double layer films. A porosity of 31-32 vol% 

for single layer and a porosity of 22 vol% for double layer films both functionalized with 

coinitiator are detected. These films are subsequently used for PDMAEMA functionalization 

using SP irradiation. Although performing the polymerization under identical conditions for all 

films, thicker films seem to be functionalized with a significantly higher polymer amount 

comparing the C=O vibrational band absorbance at 1730 cm-1 in Si-O-Siasym. (1070 cm-1) 

normalized ATR-IR spectra (Figure 55a and c) but the amount cannot be quantified compared 

because the normalization of the spectra contains errors. The polymer has some bands in the 

same wave number area than the silica matrix (1000-1250 cm-1) overlaying the Si-O-Siasym. band 

(1100 cm-1)(see appendix, Figure 107). The different amounts of polymer in films of different 

thicknesses cannot be explained intuitively, since the ratio of polymer to silica (normalization) 

should be comparable. One hypothesis could be that it is caused by destructive effects that occur 

simultaneously with polymerization. Thin films are proportionally etched faster and thus 

polymer is also detached faster than thicker films. 

The comparison of the C=O bands in Si-O-Siasym. (1070 cm-1) normalized spectra is possible 

even with different layer thicknesses, because the reflective gold layer underneath the film 

prevents the visibility of the underlying glass substrate (see chapter 8.2.1, Figure 84), but 

excluded when polymer amount is incredibly high. Having a high polymer amount leading to a 

masking of the typical mesoporous silica bands indicated by the changing Si-O-Si vibrational 

band at 1070 cm-1. In addition, the very strong C=O absorbance (Figure 55a, green color) with 

a maximum peak intensity of 0.98 indicates a high polymer amount which cannot only be 

explained by polymer formation within the mesopores. The high polymer amount is also visible 

by eye directly on the substrate (see appendix, Figure 108) This is in accordance with the 

selected relatively high polymerization time of 2 h at the highest possible laser power of 5 mW 

(Pol.1 = Pol.2 = 90°). It can also be concluded, that the mesoporous films prepared by a two 

step dip-coating process are less suitable for SP induced polymer functionalization as compared 

to single layer films with identical film thickness. The reason for this is the coupling efficiency 

of the SP, visible by the depth of the surface plasmon resonance (Figure 55d, red color). Two-

layer films show significantly more “loss of light” and thus broadening and SP resonance not 

going to almost zero reflected beam intensity (y-axes in SPR spectra) (Figure 55b, blue or green 

color) as compared to single-layer films. The coupling efficiency in case of two-layer films 

reduced to 44 % of the initially available energy extracted at the SP resonance angle of 60° 

(Figure 55b and d, green and red). This might indicate optical inhomogeneities along the 

mesoporous film thickness. 
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Figure 55. Polymerization with DMAEMA as monomer (450 mg/mL DMAEMA, 0.0052 mg/mL methylene blue in 

0.1 M NaHCO3-solution) in mesoporous films post-grafted with coinitiator under SP irradiation at the SP resonance 

angle (minimum) for 2 h using a laser power of 5 mW (λ = 632.8 nm). ATR-IR spectra before and after mesoporous 

silica film PDMAEMA functionalization using different film thicknesses for a) a single layer (blue = 160 nm, 

green = 365 nm) or c) a double layer (red = 360 nm) film. Gray and black spectra show the corresponding with 

coinitiator functionalized mesoporous silica films. The corresponding SPR spectra are shown in b) 160 nm film (blue) 

and 365 nm film (green) and d) 360 nm double layer film. The SPR spectra measured against polymerization solution 

are shown in cyano (b) for 160 nm films and bright green (b) for 365 nm single layer films while the magenta spectrum 

(d) show the double layer film with 360 nm. e) Table summarizing the values for layer thickness and refractive index 

resulting from model fitting (one layer) of SP measurements. For details on the fitting procedure please refer to 

chapter 5.2.  

To improve multilayer mesoporous film design gravure printing of mesoporous silica on gold 

substrates is used. In Figure 56 the SPR spectra of coinitiator post-grafted mesoporous silica 

films prepared by gravure printing with small pores (Figure 56a, b, d) and big pores (Figure 

56c) and varying layer thicknesses are shown. In Figure 56e the ATR-IR spectra after the 

PDMAEMA functionalization are shown. Figure 56f shows the C=O absorbance of the Si-O-

Siasym. (1070 cm-1) normalized spectra as an indication of polymer amount plotted against layer 

thickness. The polymerization under SP irradiation is performed by while scanning from 40-

80 ° (each scan needs 8 min for 40-60° in 0.1° steps and 60-80° in 0.2° steps) for 2 times. Only 
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the SP irradiation depicted in Figure 56b is performed for 10 minutes at 79 ° after the first and 

before the second scan. After polymerization the refractive indices of polymer functionalized 

mesoporous silica films are larger than 1.45 (ε= n2). This indicates completely filled mesopores. 

The polymer amount especially for magenta and green spectra in Figure 56e is very high in the 

mesoporous silica films because the polymer bands overlay the typical band for mesoporous 

silica, namely Si-O-Siasym, Si-OH, Si-O-Sisym.. As the experiments in Figure 56a, b and d are 

comparable regarding the coupled energy of the SP (65 %, ~ 0.13 mW). Two statements can 

be deduced. Firstly, comparing Figure 56a and b the longer polymerization time leads to a 

higher polymer amount and a higher shift of SP resonance angle (Figure 56a: Δ = 11 ° , Figure 

56b: Δ=17 °). The observed higher SP resonance angle shift for Figure 56a (red) as compared 

to Figure 56b (magenta) fits well to the expectation, that increasing polymer amount leads to 

a higher refractive index resulting into a higher value for the SP resonance angle. Secondly, the 

increasing film thickness leads also to a higher polymer amount comparing ATR-IR spectra 

(Figure 56e, red and blue) related to Figure 56a and Figure 56d. Figure 56c showing a 

mesoporous silica film with a bigger pore diameter (8-16 nm) and a film thickness of 201 nm. 

The coupled energy of the SP during polymerization is slightly higher (75 %, ~ 0,15 mW). This 

experiment (Figure 56c) shows that SP induced polymerization is possible in these bigger 

mesopore films, too. 
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Figure 56. SP-induced polymerization in mesoporous silica films post-grafted with coinitiator prepared by gravure 

printing on gold coated glass substrates. The SPR spectra of untreated mesoporous films in contact with air are shown 

in red, the SPR spectra in contact with polymerization solution are shown in in black and the SPR spectra after 

polymerization in contact with air are shown in blue. Polymerization shown in a, c and d are performed using 0.8 mW 

laser power (λ=632.8 nm) for two slow scans (each scan needs 8 min for 40-60° in 0.1° steps and 60-80° in 0.2° steps). 

Only the polymerization in b) is performed using a hold of 10 min at θSP= 78.9° after the first and before the second 

scan. The film thickness of the mesoporous silica is different for each experiment a) and b) 121 nm, d) 186 nm with 

pore diameters of 3-8 nm and c) 201 nm with pore diameter of 8-16 nm. e) ATR-IR spectra recorded directly from 

gold-substrate normalized to Si-O-Siasym. (1070 cm-1) vibrational band. C=O absorbance @ 1730 cm-1 in Si-O-Siasym. 

(1070 cm-1) normalized spectra in contrast to layer thickness (polymerization time for a) and b)) is shown in f). 

The detected high amounts of polymer (experiments in Figure 55 and Figure 56) might 

indicate polymerization not exclusively initiated by SP because the film thickness of the 

mesoporous silica film (120 – 360 nm) is thicker than the calculated SP penetration depth 

(100 nm) using the equation above. Therefore, other effects such as radical diffusion may also 

play a role. With a laser power of 5 mW and a time of 10-60 min, not such high polymer amount 

is expected, based on the preliminary experiments with the laser or LED. The higher polymer 

amount is explainable with the enhancement of the evanescent field of SP in SP induced 

polymerization. The calculation of the transfer coefficient of the evanescent field based on the 

Fresnel equations for an interface shows that the electric field on the side of the metal with a 

low refractive index can be much larger than that on the other side of the metal layer. The 

transfer coefficient is the ratio of the reflected or transmitted amplitude to the incident wave. 

The field enhancement as a function of the angle of incidence of the incoming beam depends 



  

Results and Discussion  Page 113 

on the thickness of the gold layer. It is shown that very close to the SPR resonance angle of 

planar gold films in contact with water (68°) the SP field intensity can be enhanced by a factor 

of more than 30 for a 50 nm thick gold film.251 This field enhancement might explain the much 

higher polymer amount as expected based laser irradiation under comparable laser power. The 

SP resonance angle and coupling efficiency, which varies minimally from film to film, also have 

an enormous effect on polymerization, since even the smallest differences have a very strong 

effect due to this amplification. 

As demonstrated in chapter 6.2.3, the polymer amount generated during dye-sensitized 

polymerization is dependent on the monomer concentration in the polymerization solution like 

shown for LED or laser induced polymerization in mesoporous silica films (Figure 48b). 

In first experiments the influence of the monomer concentration on SP-induced mesoporous 

film polymer functionalization is investigated (Figure 57). Therefore, two polymerization series 

with small pore mesoporous silica (film thickness of 245 nm, Figure 57a, b) and with big pore 

mesoporous films (film thickness of 525 nm, Figure 57c, d) in dependence of the monomer 

(DMAEMA) concentration are shown. Polymerization is performed at the SP resonance angle 

(minimum) measured against polymerization solution. The characterization is performed using 

ATR-IR spectra recorded directly from gold substrates. The influence of increasing monomer 

concentration on the generated polymer amount in SP-induced polymerizations is investigated 

in Figure 57 for small pore (Figure 57a-d) and big pore (Figure 57e-g) mesoporous silica films. 

For constant monomer solution flow of 5 µL/min, the ATR-IR spectra before and after SP-

induced polymerization in small pore mesoporous silica films (Figure 57a,c, red and blue) 

clearly show higher polymer amount (higher C=O vibrational band at 1730 cm- 1) after 

polymerization with doubled monomer concentration (red, blue). In the ATR-IR spectra the 

change of the Si-O-Siasym. vibrational band shape at around 1100 cm-1 caused by the high 

polymer amount and overlaying polymer vibrational bands is visible. This indicates a very high 

amount with a majority of polymer growing on the outside surface of the mesoporous film. In 

case the monomer flow is stopped and thus only the monomer present within the cell at the 

beginning of the polymerization is available for polymerizations (Figure 57c, green) the 

polymerization is also successful but resulting smaller C=O vibrational band in the ATR-IR 

spectrum indicating a lower polymer amount of approximately factor 2.4 for the given 

experimental conditions. Although the SPR-spectra (Figure 57b, d) cannot be used for detailed 

evaluation of polymer formation, as discussed above, a stronger SP resonance angle shift for 

Figure 57d as compared to Figure 57b would be expected. Considering the extremely strong 

C=O absorbance in Si-O-Siasym. (1070 cm-1) normalized spectra in the ATR-IR a much stronger 

SP resonance angle shift as the observed 4 ° (Figure 57d) would be expected. This might 
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support the hypothesis of SP enhancement induced film degradation processes during SP 

induced polymerization caused by the harsh conditions (pH, temperature) in combination with 

the SP enhancement acting on the mesoporous film but a definite explanation can currently not 

be deduced. 

In analogy to small pore mesoporous silica films (3-8 nm pore diameter) increasing polymer 

amount when increasing the monomer concentration is observed for big pore mesoporous silica 

films with pore diameters of 8-16 nm with a thicker film thickness upon SP-induced 

polymerization (Figure 57c) analyzing the C=O vibrational band at 1730 cm-1. Although, the 

C=O vibrational band intensity is not as high as for smaller mesopore films, the C=O 

absorbance in Si-O-Siasym. (1070 cm-1) normalized spectra nevertheless surpasses a value of 0.2. 

Avoiding a polymerization on the outer surface in a next step removing of coinitiator on the 

outer surface by CO2 plasma treatment is studied. 
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Figure 57. SP-induced polymerization (laser power 0.8 mW, 632.8 nm). The polymerization occurred during one 

angular scan of around 5 minutes (0.1 °/s von 40-60°, 0.2 °/s von 60-80°) using different monomer concentrations of 

225 mg/mL (red) and 450 mg/mL (blue) DMAEMA in water (9:1 volume ratio with methylene blue solution). a) ATR-

IR spectra of mesoporous silica films (post- grafted coinitiator, layer thickness of 245 nm, pore diameters of 3-8 nm 

before polymerization (black), after polymerization with 225 mg/mL monomer concentration (red), and after 

polymerization with 450 mg/mL (blue) monomer concentration. Both polymerizations are performed under constant 

flow of polymerization solution (flow rate of 5 µL/min.). For comparison while the turquoise spectra are done with 

a static polymerization solution (no fluid flow). b) The SPR spectra corresponding to the ATR-IR spectra in a are 

shown. Dark color (dark red and dark blue) shows measurements before polymerization while bright colors (red and 

blue) showing measurements after polymerization against air. Magenta and cyano showing the measurement 

against polymerization solution. c) mesoporous silica films post-grafted with coinitiator with a layer thickness of 

around 500 nm and pore diameters of 8.16 nm. ATR-IR spectra using the same color code like in a). d) showing also 

same experiments like in b). In SPR spectra the dotted line is the measured data, while the lines are the fitted data. 

To further investigate the distance dependence of the SP induced polymerization and if 

polymerization on the outer mesoporous film surface can be avoided by destroying all 
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coinitiator at the outer mesoporous film surface SP induced polymerization upon CO2 plasma 

treatment237 and thus destruction of the coinitiator at the outer mesoporous films surface is 

investigated. The comparison between SP-induced polymerization with and without plasma 

treatment for DMAEMA is shown in Figure 58. Comparable data for MEP are shown in the 

appendix (Figure 109).  

The characterization of PDMAEMA amount using ATR-IR spectroscopy is shown in Figure 58a. 

After CO2 plasma treatment of coinitiator functionalized mesoporous films a small C=O 

vibrational band at 1730 cm-1 in Si-O-Siasym. (1070 cm-1) normalized ATR-IR spectra is 

detectable (Figure 58a, grey) especially when compared to untreated coinitiator functionalized 

mesoporous silica films (Figure 58a black). Since this phenomenon of C=O vibrational band 

in ATR-IR spectrum of coinitiator functionalized mesoporous silica is not observed on previous 

measurements it is reasonable to assume that the CO2 plasma generates C=O groups at the 

surface. Performing the polymerization for both films under identical polymerization conditions 

(time, energy, concentration) successful polymer formation indicated by C=O absorbance at 

1730 cm-1 in Si-O-Siasym. (1070 cm-1) normalized spectrum is observed in both cases (Figure 

58a red, blue). A comparable C=O absorbance of 0.05 is detected. This C=O absorbance can 

originate only from the mesopores in the mesoporous films. Comparing this C=O absorbance 

to a position next to the SP spot (0.4 cm distance) showing only 0.03 C=O absorbance 

indicating a local limitation of the polymerization. For the CO2 plasma treated mesoporous silica 

films also the smaller absorbance on a position next to the SP spot is visible which indicates a 

changed functionality in the pores after being in contact with solvents for a long time (~2h). 

But the direct comparison between plasma and non-plasma treated mesoporous silica films has 

to be taken very carefully, as the coinitiator functionalized mesoporous films showing a high 

refractive indices against air after plasma treatment indicating a very low porosity, although 

the films have been treated exactly the same except for the plasma treatment (Figure 58b). In 

general, the C=O absorbance are lower compared to the experiments shown before because of 

lower laser power (0.012 mW) and lower energy coupling (85 % no plasma, 70 % with plasma). 

Because of the changed SPR spectra and the low porosity of the CO2 plasma treated gold 

substrates coated with coinitiator functionalized mesoporous silica this route will not be 

followed in further experiments.  
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Figure 58. Polymerization of mesoporous silica films post-grafted with coinitiator with SP with and without plasma 

treatment after coinitiator binding. a) ATR-IR spectra, b) SPR spectra showing in red polymerization with SP and in 

blue polymerization with SP after Plasma treatment. DMAEMA (225 mg/mL DMAEMA, 0.0052 mg/mL methylene 

blue in 0.1 M NaHCO3 solution) is used as monomer. Polymerization is done for 30 min with a laser power of 

0.012 mW (λ = 632.8 nm). The film thickness is around 170 nm. In both cases the pore diameters are between 3-

8  nm. 

To more precisely adjust polymer amount, the reaction time has to be adjusted in addition to 

irradiation power. To investigate the time-dependence of the SP-induced polymerization two 

different laser powers are used and the polymerization time is varied from 0 to 120 min. The 

resulting ATR-IR spectra are shown in Figure 59. The corresponding SPR spectra are 

summarized in the appendix (Figure 110), always showing the spectra before and after 

polymerization as well as the spectrum in contact with the polymerization solution (here SP 

determined and assumed to be constant during polymerization). The SP induced 

polymerization has been performed at the SP resonance angle (minimum of SP). For both laser 

power (0.05 mW, Figure 59a and 2 mW, Figure 59b) a time dependent increase in the C=O 

vibrational band absorbance at 1730 cm-1 in Si-O-Siasym. (1070 cm-1) normalized spectra is 

observed (Figure 50c). The lower power shows a time dependence as expected for a free radical 

polymerization. The polymer amount increases with reaction time up to a C=O vibrational band 

intensity at 1730 cm-1 of 0.7 after 60-120 minutes (Figure 53c, black). For the higher energy 

of 2 mW laser power, a reduction of polymer amount between 30 and 40 minutes 

polymerization time is observed which would not be expected and might be related to film 

degradation without being able to proof this hypothesis to date for the here investigated films. 

The SP induced polymerization compared in time dependence shows that longer polymerization 

times again leads to higher polymer amounts in mesoporous silica films as well in case of SP 

induced polymerization.  

Comparing SP-induced polymerization with LED induced polymerization in mesopores reveals 

again higher polymer amount for SP-induced polymerization as compared to LED-induced 

polymerization indicating the SP field enhancement: The laser spot area is around 1 mm in 

diameter, which corresponds to an area of 0.008 cm2. The laser power is set at 0.05 mW and 
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2 mW, whereby only 70 % of the energy is coupled in the SP as deduced from the depth of the 

SP in the SPR spectrum and thus the reflected laser beam intensity. Thus, the coupled laser 

intensity is estimated to be approximately 4.4 mW/cm2 and 175 mW/cm2 respectively. The 

C=O vibrational band intensity achieved by LED induced polymerization in chapter 6.2.3 with 

120 mW/cm2 (Figure 46) reached a maximum value of 0.06 at 100 min polymerization time. 

With SP-induced polymerization using 95 % less coupled laser intensity the comparable C=O 

vibrational band intensities are achieved after 45 min. This shows the massive effect of SP field 

enhancement which is reported to be a factor of 20-30.220, 222 

 

Figure 59. Time-depended SP-induced polymerization using two different laser powers (black = 0,05 mW and red = 

2 mW (λ = 632.8 nm)). The mesoporous silica films post-grafted with coinitiator has a film thickness around 170 nm 

and a pore diameter of 3-6 nm. DMAEMA is used as monomer with 225 mg/mL DMAEMA, 0.0052 mg/mL methylene 

blue in 0.1 M NaHCO3 solution. a) ATR-IR spectra of the mesoporous silica films after polymerization with different 

times. The laser power is constant at 0,05 mW. The zoom shows the C=O band in Si-O-Siasym. (1070 cm-1) normalized 

spectra. b) ATR-IR spectra of polymerization with SP with higher laser power of 2 mW. The polymerization time is 

varied the same using the same color code for ATR-IR spectra. The zoom shows the C=O band@1730 cm-1 in Si-O-

Siasym. (1070 cm-1) normalized spectra. c) Plot of the C=O absorbance@1730 cm-1 in Si-O-Siasym. (1070 cm-1) normalized 

spectra resulting from a) black and b) red against the polymerization time. (SPR spectra in Figure 110, appendix).    

To investigate the energy dependence of SP induced polymerization with the aim to adjust the 

amount of generated polymer envisioning a nanolocal functionalization in mesoporous silica 

films. In general, a rather short reaction time is favored to avoid film degradation and thus 

control the amount of polymer and its location and to allow fast polymer writing in future.  

In Figure 60 two series of energy dependent SP-induced polymerization are discussed. In the 

first series (Figure 60a, b) a polymerization time of 30 min is used, since this is observed to be 

potentially the limit before film degradation and the decreasing of polymer amount takes place 

for the highest energy (Figure 59c). The corresponding SPR spectra are shown in the appendix 

(Figure 111 and Figure 112). The ATR-IR spectra show an increasing absorbance of the C=O 

vibrational band at 1730 cm-1 and thus an increase in polymer amount with irradiation power 

(Figure 60b). Although the polymer amount stays relatively small. It is clearly visible that the 

polymer amount can be precisely controlled by the irradiation laser beam power. When 

changing the monomer concentration and the polymerization time from 225 mg/mL DMAEMA 
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and 30 minutes (Figure 60a, b) to 450 mg/mL DMAEMA and 10 minutes (Figure 60c, d), the 

energy dependence of the polymer formation is still observed. The polymer amount increases 

with increasing irradiation power and the highest power of 6.4 mW (80°) leads to a factor 3 

higher C=O absorbance of 0.9 (normalization is not possible because of overlaying polymer 

bands to silica in ATR-IR spectrum) as compared to 0.02 mW (20°) (Figure 60b). This value of 

the C=O absorbance already indicates that polymer formation cannot be limited to inside the 

mesopores and polymer formation at the outside planar surface of the mesoporous silica film 

occurs. Comparing light-induced polymerization in mesoporous silica showing a C=O 

absorbance of 0.017 at a laser power of 6.8 mW to SP-induced polymerization, where 35 % 

energy is coupled into the SP, leading to an estimated power of 2.3 mW a C=O absorbance of 

0.022 is obtained. This again demonstrates the field enhancement within the surface plasmon 

without which the observed C=O vibrational band intensities could not be explained. The 

polymer amount generated with SP induced polymerization is higher than the polymer amount 

generated with light induced polymerization in mesoporous silica films using less laser power.  

 

Figure 60. Energy-dependent SP-induced polymerization. a) ATR-IR spectra of DMAEMA (250 mg) polymerization 

using different irradiation powers with a constant polymerization time of 30 min. The film thickness is around 170 nm 

with a pore diameter of 3-8 nm. b) The C=O absorbance@1730 cm-1 in Si-O-Siasym. (1070 cm-1) normalized spectra 

(black) plotted against the polarizer 1 (Pol. 2=90°) which results in the laser power shown in blue. c) and d) showing 

the same experiment like a and b using higher monomer concentration (450 mg/mL DMAEMA, 0.0052 mg/mL 

methylene blue in 0.1 M NaHCO3 solution) and a shorter polymerization time of 10 min. 
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The tuning of polymer amount via laser beam power of the incoming laser during a SP induced 

polymerization could be successfully demonstrated. In the presence of thick mesoporous silica 

films not only the surface plasmon but an additional near field mode is appearing, the leaky 

transversal mode (TM). Thus, the polymerization can be induced with the surface plasmon but 

as well by the transversal mode (TM). This is especially interesting as both modes are 

characterized by a very different field distribution along the mesoporous film thickness (Figure 

10, chapter 5.2). The TM is distributed over the entire film cross-section and no enhancement 

of the energy occurs (see Figure 53). A mesoporous silica film thickness larger than 400 nm is 

required to allow TM formation in liquid surrounding medium. In addition, this film thickness 

should be larger than the penetration depth of the surface plasmon. 

To investigate the differences between SP-induced and TM-induced polymer functionalization 

of mesoporous silica films the polymerization is initiated once at the SP resonance angle of 

67.5 ° and subsequently with the TM at a resonance angle of 52.8 ° (see SPR spectra recorded 

against polymerization solution in Figure 113 in appendix). Both polymerizations are 

performed using the same sample in two separate spots (Figure 61). Polymer formation on the 

outer film surface is investigated using AFM as absence of polymer on the outer surface while 

simultaneously detecting polymer in the ATR-IR spectra would be an indication towards local 

limitation. The SP-induced polymerization is not successful in this experiment because no 

polymer is detected in ATR-IR spectrum (see appendix, Figure 114). In contact with 

polymerization solution the coupling effeciency for the TM is 69 % of laser power (5 mW). After 

the TM induced polymerization the SP resonance angle as well as the TM angle is shifted to 

higher angles. SP sensitive to 100 nm (penetration depth) while the TM is sensitive to the entire 

film thickness (480 nm). In the corresponding ATR-IR spectra (Figure 61b) the C=O vibrational 

band of PDMAEMA at 1730 cm-1 in Si-O-Siasym. (1070 cm-1) normalized spectra indicates the 

presence of polymer for TM-induced polymerization under the applied experimental conditions 

(Figure 61b, blue). The outer mesoporous silica film surfaces are additionally characterized 

using atomic force microscopy (AFM) before polymerization (Figure 61c), after 1 h contact 

with polymerization solution (Figure 61d) and with TM-induced polymerization (Figure 61e). 

In case of TM-induced polymerization polymer formation on the outer surface is clearly 

observed which is explainable with the polymerization through the entire film. The contact with 

polymerization solution provides no changes on the silica surface compared to the reference 

sample. In summary, a successful TM-induced polymerization can be shown with a proof that 

the polymer functionalization is done through the entire film including the outer surface for a 

mesoporous film thickness of more than 400 nm. 
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Figure 61. Polymerization of DMAEMA with TM (blue) in a mesoporous silica film functionalized with coinitiator 

(black) with a layer thickness of 480 nm and pore diameters of 3-8 nm. The used laser power is 5 mW (λ =632.8 nm) 

and 1 h time with a constant flow of polymerization solution of 5µL/s a) SPR spectra measured against air (dots) 

before polymerization (black) and after polymerization (blue). The fit curves are shown as line. b) ATR-IR spectra of 

mesoporous silica films before and after polymerization with TM belonging to SPR spectra. c-f) AFM images of the 

surfaces of mesoporous silica functionalized with coinitiator c) after polymerization with SP d) and TM e) (measured 

by Beatrice Fickel, AK Prof. Dr. Biesalski, TU Darmstadt). 

Within individual polymerization series the results are consistent but not directly comparable 

with other series for example with respect to absolute C=O vibrational band intensity values 

characterizing polymer amount. For example in Figure 59c the SP-induced polymerization for 

30 min with 2 mW lase power shows C=O vibrational bands of 0.055 while in Figure 60b SP-

induced polymerization under same conditions generates C=O vibrational bands of 0.025. In 

the future, a main focus must be placed on process optimization from sample preparation via 

film optimizing to SP-induced polymerization, since automation of the processes is extremely 

useful to ensure comparability of the full results. It has to be noted as well that during the work 

with near-field induced polymerization a not to be neglected number of failed experiments (no 

detectable C=O vibrational band) after SP-induced polymerizations were obtained (70 % of SP-

induced polymerizations are successful). However, the trend of higher C=O vibrational band 

intensity in ATR-IR spectra observed for TM induced polymerization as compared to SP induced 

polymerization is observed for the high majority of experiments (90 %) for which polymer 

formation was observed. 
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Polymer functionalization of SP-irradiation and TM-irradiation is compared for bigger pore 

mesoporous silica films. These mesoporous silica films with pore diameters of 8-16 nm are 

chosen for this comparison as they can be prepared more easily as single layer films with film 

thickness larger than 500 nm. As mentioned for the experiment in Figure 61 this thickness is 

required to allow TM formation. In Figure 62a the mesoporous film coated gold substrates after 

SP-induced and TM induced polymerization are shown. Next to the photograph of the film a 

scheme indicating the spots measured with ATR-IR and ellipsometry are depicted. Thereby the 

spot 5 (slightly above) is the spot in which polymerization has been performed. The TM-induced 

polymerization shows a C=O vibrational band at 1730 cm-1 in Si-O-Siasym. (1070 cm-1) 

normalized spectra within all analyzed spots (1-5) (Figure 62b). The C=O vibrational band 

intensity is varying between 0.06 and 0.16 where in the upper area (above spot 5) the C=O 

absorbance is higher. The SP resonance angle shifts to higher angles after polymer 

functionalization (Figure 62c). The increase in C=O absorbance in Si-O-Siasym. (1070 cm-1) 

normalized spectra and refractive index as deduced from the SP spectra fit upon polymerization 

are plotted in Figure 62d (filled symbols). For this sample, SP-induced polymerization (Figure 

62e) only results in a relatively small C=O vibrational band of 0.005 for all measured spots. 

This is not surprising noting the limited penetration depth of the SP, the TM propagating in the 

entire film thickness and assuming no exchange of monomer and dye takes place with the 

polymerization solution in the bottom parts of the mesoporous film. The film degradation plays 

a non-negligible role for SP-induced polymerizations which can be seen in decreasing film 

thickness in fitted SP spectrum (Figure 62f) and ellipsometry data (Figure 62d, non-filled 

circles) after polymerization. The SPR spectrum (Figure 62f) after SP-induced polymerization 

shows a SP- and TM- resonance angle shift to slightly higher angles for TM and significantly 

higher resonance angle for SP indicating higher refractive indices. But for the SP-induced 

polymerization a film degradation is visible in the fitted film thickness after polymerization. 

The determined refractive indices and layer thicknesses based on fitting the SPR spectra in red 

box (Figure 62c, TM-induced polymerization) and blue box (Figure 62f, SP-induced 

polymerization) are in agreement with ellipsometry measurements (Figure 62d) as well fitted 

with a one-layer model. The values for layer thickness (black) and refractive indices (blue) 

(Figure 62d) for SP (circle)- and TM (filled square)-induced polymer functionalization fit well 

to the SPR model. The coupled energy for SP and TM induced polymerization is 1.69 mW 

respectively 0.75 mW (laser power = 3 mW, coupling efficiency for SP =56 % and TM=25 %). 

In a reference experiment of He/Ne-laser induced polymerization on a mesoporous silica film 

with related film parameters (big pores, 500 nm film thickness), polymerization solution and 

polymerization time the C=O absorbance is 0.03 for the highest possible laser power of 6.5 mW 

(pol. 1 =90°).  



  

Results and Discussion  Page 123 

 

Figure 62. Polymerization with SP and TM using DMAEMA (225 mg/mL DMAEMA, 0.0052 mg/mL methylene blue in 

0.1 M NaHCO3 solution) as monomer. The polymerization time is 30 min with a laser power of 3 mW (λ = 632.8 nm). 

Mesoporous silica films are post-grafted with coinitiator. The film thickness is around 600 nm and has a pore diameter 

of 8-16nm. a) image of the mesoporous silica film on gold coated glass after the polymerization showing the two 

rings of the flow cell from SPR set up with the five spots measured with d) ellipsometry (one-box fitting model for 

layer thickness and refractive index) and ATR-IR. b) ATR-IR of polymerization with TM. c) SPR spectra before 

polymerization (red) and after polymerization (dark red) with TM mode. Magenta spectrum shows the spectra where 

the resonance angle of TM is evaluated for polymerization. e) ATR-IR of polymerization with SP. c) SPR spectra before 

polymerization (blue) and after polymerization (dark blue) with SP. Cyano spectrum shows the spectra where the 

resonance angle of TM is evaluated for polymerization.   

In summary, both near-field modes, SP and TM, initiate polymerizations. Thereby SP induced 

polymerization generates apparently less polymer than TM induced polymerization although 

SP shows field enhancement compared to laser-induced polymerization. This is a good 

indication that local limitation of polymerization in several hundred nanometer thick 

mesoporous films works, because otherwise, especially in contact with the polymerization 

solution, significantly more polymer formation would be expected on the outer surface, as it is 

observed for thinner films in SP induced polymerizations. 

To investigate the effect of laser beam power, the experiment shown in Figure 62 is repeated 

with 2 mW (Figure 63) instead of 3 mW (Figure 62). Considering the coupling efficiency 

(depth of the corresponding SP or TM in the SPR spectrum) the energy coupling for TM is 

estimated to be ~0.2 mW while the SP is estimated to be 1 mW (Figure 63a, laser 

power = 3 mW, coupling efficiency for SP=50 % and TM=10 %). The polymerization is 

evaluated based on ATR-IR measurement within the irradiated spot as well as next to it in the 

flow cell. In addition as reference spot on the same substrate but located outside of the flow 

cell is measured as indicated in Figure 63e. In addition the SP- versus TM-induced 

polymerization is carried out for DMAEMA (Figure 63b) as well as for MEP (Figure 63f). For 



  

Page 124  Results and Discussion 

the polymerization with DMAEMA the mesoporous silica film thickness is varied between 

500 nm and 800 nm using two different withdrawal speeds during dip-coating. The ATR-IR 

measurements (Figure 63c) of 500 nm thick mesoporous silica films after SP- and TM-induced 

PDMAEMA functionalization show clear C=O vibrational bands at 1730 cm-1 in Si-O-Siasym. 

(1070 cm-1) normalized spectra detected within the polymerization spot (magenta and red). 

The spectra next to the polymerization spot show no C=O vibrational band intensity for SP-

induced polymerization (blue) and less C=O vibrational band intensity for TM-induced 

polymerization (magenta) as compared to the irradiated spot. This observation is reproduced 

for the polymerization with MEP as monomer in 500 nm thick mesoporous silica films (Figure 

63g) and with DMAEMA in mesoporous silica films with 800 nm thickness (Figure 63d). The 

detected C=O vibrational band intensity for PMEP functionalized mesoporous silica films 

showing a higher polymer amount by TM-induced polymerization than SP-induced 

polymerization. In case of 800 nm thick mesoporous silica films the SP-induced polymerization 

leads to higher polymer amounts that the TM-induced polymerization. The corresponding SPR 

spectra are depicted in the appendix in Figure 115. The TM- and SP-induced polymerization is 

always carried out on the same substrate, first with the SP and then with the TM. Therefore, 

the refractive indices of the mesoporous films before polymerization are comparatively high in 

the latter, because the substrates probably still have residual moisture in the pores due to the 

extraction with water. All SP-induced polymerizations shown in Figure 63 result into a shift of 

SP resonance angle as well as TM resonance angle to larger angles which fits well to the 

relatively high C=O vibrational band intensity for SP-induced polymer functionalization visible 

in ATR-IR spectra. The TM-induced polymerization shows no big differences in SPR spectra 

before and after polymerization but this can be explained by the previously filled pores (film is 

wetted before because of SP-polymerization in the same sample before) or if the coupled energy 

is too low to generate a thick polymer layer on top which can be seen by a shift in TM resonance 

angle. 

When comparing the small C=O absorbance in Si-O-Siasym (1070 cm-1) normalized spectra for 

SP-induced polymerization in Figure 62 with the higher polymer amount in Figure 63 it is 

obvious that smallest differences in the mesoporous film characteristics or in the performance 

of near-field induced polymerization have strong effects e.g. on coupling and field enhancement 

and cannot yet be fully controlled in such detail, so that absolute values between different 

samples are not directly compared.  

Comparing the polymer amount directly in the irradiated spot with position next to it, the SP-

induced polymerization results in a significantly higher C=O absorbance in Si-O-Siasym. 

(1070 cm-1) normalized spectra, within the irradiated spot as compared to a spot (distance 
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~2 mm) next to it (compare magenta and blue spectra in Figure 63c,d and g). In contrast the 

TM-induced polymerization shows a broadened area of polymer functionalization with an 

decrease of polymer amount in a 2 mm distance to the polymerization spot (compare red and 

magenta spectra in Figure 63c,d and g). This behavior is a first indication for a working local 

resolution with respect to x-y-direction. 

 

Figure 63. Polymerization of SP and TM with two different monomers. Polymerization time is 30 min at a constant 

flow of 5 µL/min and a concentration of 225 mg/mL of monomer (laser power = 2 mW). Pore diameters of 

mesoporous silica films are between 8-16 nm. a) Scheme of the difference between SP and TM. b) chemical structure 

of monomer DMAEMA. c) ATR-IR spectra of mesoporous silica films with around 500 nm film thickness before and 

after polymerization measured with the set-up in e). d) showing the same polymerization parameters but using 

thicker films with film thickness around 800 nm. e) image of mesoporous silica film on gold coated glass substrate 

with circle of the flow cell marked with spot of laser (red), no spot (blue) and the reference (black) as measuring set 

up for ATR-IR measurements. f) chemical structure of monomer MEP. g) ATR-IR spectra of the polymerization with 

MEP with TM (red=spot, magenta= no spot) and SP (magenta = spot and blue=no spot).  

In summery the SP induced polymerization in mesoporous silica can be controlled with respect 

to the generated polymer amount by varying the polymerization time and the power. With 

respect to energy not only the adjustable laser power but as well the coupling efficiency and 

shape of the SP and TM have to be considered. This depends on the optical quality of the film 

and it is very difficult to reproduce and optimize within the applied preparation procedures. If 

this concept of SP- and TM-induced polymerizations should be further developed towards 

precise and nanoscale local resolution and polymer amount control at the nanoscale optimizing 

and reproducible adjusting the optical film quality and stability will be very important. The 

latter complicates exact reproducibility as optical film parameters seem to vary slightly between 

different films. These slight variations, which are not significantly affecting classical 

polymerization, seem to have a pronounced effect in SP-induced polymerizations as they 

strongly affect field enhancement for example. By comparing the generated C=O vibrational 
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band intensity and thus the generated polymer amount between SP-induced and LED induced 

polymerizations the enhancement of SP is demonstrated. It is also possible to use the TM to 

initiate polymer functionalization. It can be shown that the SP induced polymerization is locally 

limited in x-y direction while TM-induced polymerization is more distributed in the area. In the 

case that both SP and TM induced polymerizations on one substrate (same film parameter), 

less polymer is detected in thick films (d >> penetration depth of the SP) for the SP induced 

polymerization than for TM induced polymerization although the SP has an enhancement 

factor. This fact clearly indicates that the polymer is formed as well on the outer surface in case 

of TM induced polymerization. Understanding the exact reason for this requires the systematic 

investigation of many parameters (monomer distribution along the film, dye distribution along 

the film, simulation for field distribution and amplification, etc). thereby, it has to be noted that 

the changes induced by SP or TM polymerization are not necessarily resolved by routine 

characterization techniques such as SEM or TEM and even characterization by BET is extremely 

challenging if not impossible due to the low material amount. A future direction might therefore 

not only look at the polymer functionalization and local control but as well on the development 

of suitable characterization procedures for these scales in combination with such low material 

amount of mesoporous films. 

A critical aspect of this polymerization is the influence of the quality of the gold substrate and 

mesoporous film and so the reproducibility of polymerization. Since the coupling of the energy 

of the SP and thus energy and field enhancement varies from film to film, it is not yet possible 

to derive generally valid parameters such as required energy and polymerization time to obtain 

a local resolution in x-y and z-direction, but in principle a control of the polymer quantity is 

possible and a nanolocal resolution is very likely.  

 

6.2.5.  Outlook 

Another possibility to generate an evanescent field without using metal coatings such as old is 

using total internal reflection when a laser beam is reflected under total reflection from a glass 

substrate, (Figure 64). This configuration is implemented in total internal reflection microscopy 

setups. The interface mesoporous silica to cover slip is a perfect combination because the 

difference in refractive indices fulfill the requirement that n1 (sample) is less than n2 (cover 

slip). In a first experiment, in collaboration with Dr. Tobias Meckel (AK Prof. Dr. Biesalski, TU 

Darmstadt), a self-constructed TIRF microscope equipped with a red light laser (pulsed every 

10 ns, λ = 650 nm, power 100 mW) is used to verify if methylene blue initiated polymerizations 

can be performed at this wavelength using a TIRF microscope.  
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Figure 64. Total internal reflection fluorescence (TIRF). The excitation laser beam (λ = 650 nm, power 100 mW) pass 

the sample with the incidence angle α, which is greater than the critical angle, θc (indicated by the dashed line). The 

excitation beam is reflected off the cover-slip–sample interface with angle α and an evanescent field is generated on 

the opposite side of the interface, in the sample. The refractive index of the sample (n1) must be less than the index 

of refraction of the cover slip (n2) to achieve total internal reflection. 

The mesoporous silica is coated on one side of cover slip by dip-coating with 2 mm/s withdrawal 

speed and afterwards functionalized with coinitiator. The same polymerization solution as for 

SPR experiments (DMAEMA (450mg/mL) and methylene blue (0.0052 mg/mL) in aqueous 

0.1 M NaHCO3 solution) is used (Chapter 8.3.2, 8.4 and 8.7). The polymerization is performed 

for 10 minutes and 20 minutes irradiation with 30 % laser intensity (3.8 mW) and 10 min with 

60 % laser intensity (8 mW). After polymerization the sample is characterized using ATR-IR 

spectroscopy. The Si-OH (900 cm-1) normalized ATR-IR spectra are shown in Figure 65. The 

C=O vibrational band at 1730 cm-1 is characteristic for a successful polymerization because the 

C=O function could only result from polymer PDMAEMA (zoom in in Figure 65). In this initial 

proof of concept experiment a C=O vibrational band at 1730 cm-1 and thus polymer formation 

is only observed for 20 min polymerization time and 30 % laser intensity (3.8 mW) (green). 

Compared to polymerizations with the He/Ne laser with the same laser power but using a lower 

monomer concentration of 225 mg/mL the C=O absorbance of Si-OH (900 cm-1) normalized 

spectra is in the same area at 0.01 – 0.011. This indicates a free pore volume of 20 % (Figure 

45). Although the polymer amount is very low, this is a proof of concept allowing to further 

investigate the potential of TIRF-induced polymer functionalization of mesoporous films and 

with this broadening the application of such visible light and nanolocal optical field induced 

polymerizations. 



  

Page 128  Results and Discussion 

4000 3500 3000 2500 2000 1500 1000
0.0

0.2

0.4

0.6

0.8

1.0

10 min - 60 % laser intensity (8 mW)
20 min - 30 % laser intensity (3.8 mW)
10 min - 30 % laser intensity (3.8 mW)

1800 1750 1700 1650 1600

0.95

0.96

0.97

0.98

0.99

1.00

1800 1750 1700 1650 1600

0.955

0.960

0.965

0.970

0.975

0.980

0.985

0.990

0.995

 

 

a
b
s
o
rb

a
n
c
e
 /
 a

. 
u
. 

wave number / cm
-1

a
b
s
o
rb

a
n
c
e
 /
 a

. 
u
. 

 

 

a
b

s
o

rb
a

n
c
e

 /
 a

. 
u

. 

wave number / cm
-1


C=O

 

mesoporous silica
10 min - 30 % laser intensity (3.8 mW)

 

Figure 65. ATR-IR spectra of mesoporous silica prepared (black) and mesoporous silica after near-field induced 

polymerization under different condition with DMAEMA. The spectra are recorded directly on glass substrate (cover 

slips) and normalized to Si-OH bend at around 900 cm-1. The area between 1800 – 1575 cm-1 is enlarged in the figure. 

The C=O vibrational band at 1730 cm-1 in Si-OH (900 cm-1). normalized spectra is an indicator for successful polymer 

functionalization (dark green). 

The opportunity of varying film thickness and therefore changing the range of evanescent field 

in the z-direction into the film could lead to a functionalization on the nanoscale. When 

optimizing the parameters like porosity and film thickness also a multilayer design is 

imaginable. This 3D nanolocal polymer writing in confinement of mesoporous structures should 

be investigated regarding the transport with respect to selectivity, direction and rate 

adjustment.  

 

6.3. Silica-Functionalization of Papers as Hierarchical Porous Material 

This chapter is divided into two sections. In the first section, the silica functionalization of cotton 

linter papers and the functionalization with redox-responsive polymer regarding the design of 

wettability and water imbibition are investigated and discussed. In the second section, the silica 

functionalization of eucalyptus-sulfate papers with focus on silica distribution and engineering 

asymmetric wettability is demonstrated.  
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6.3.1. Silica-Functionalization of Cotton Linters  

Parts of the results discussed in this chapter are published in Langmuir 2017, 33, 332-339. 

The functionalization of paper sheets with silica based on preliminary work of Christelle 

Dubois. She focused on the functionalization of the silica-paper hybrid materials with 

hydrophobic silanes. 

 

Paper-based microfluidic devices have been studied for a variety of applications from delivery, 

lab-on-chip devices to sensors and membranes since their introduction by Whitesides.140, 252 The 

adjustment of flow in paper-based materials with respect to paper homogeneity and density, 

fluid viscosity, environmental conditions and channel dimensions are being studied in 

nowadays research.152, 156, 157, 253-255 

To understand the role of nanoscale pores and especially mesopores on paper material 

characteristics cotton linters paper sheets are coated with a nonporous (dense) and a 

mesoporous (template Pluronic® F127) coating using EISA and dip-coating on previously lab 

engineered paper sheets. The procedure of coating cellulose fibers in a paper sheet with 

mesoporous silica is depicted in Figure 66a. Using sol-gel chemistry and evaporation induced 

self-assembly, mesoporous silica coatings with and without mesopores (called mesoporous or 

dense respectively) are prepared in paper sheets depending on the presence or absence of the 

micelle forming block copolymer template in the coating solution. Based on this procedure, 

dense or mesoporous silica-paper hybrid materials or pure silica paper-derived materials are 

prepared depending on the final temperature used for curing. In case samples are heated up to 

200 °C, the cellulose-fiber based paper stays intact and a hybrid material is obtained (see TGA 

measurement in appendix, Figure 117). Differently, heating up to 500 °C results in a 

degradation of the cellulose fibers and an unmodified silica material derived from paper is 

obtained.  
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Figure 66. Schematic illustration of the preparation of paper-derived mesoporous silica sheets. Electron microscopy 

images of b) cotton linters (44 mg/m²) and paper-derived silica structures. c) SEM images of dense silica paper-derived 

silica treated until 200 °C and non-mesoporous paper-derived silica treated until 500 °C. d) SEM images of mesoporous 

(F127) paper-derived silica treated until 200 °C without destroying the cellulosic paper structure and TEM images 

resolving the mesoporous structure of mesoporous (F127) paper-derived silica treated until 500 °C. SEM images are 

recorded by Dr. A. Geißler (AK Prof. Dr. Biesalski, TU Darmstadt). TEM image is recorded by U. Kunz (AK Prof. Dr. 

Kleebe, TU Darmstadt). Adapted with permission from Langmuir 2017, 33, 332-339. Copyright 2017 American 

Chemical Society. 

The fibrous and mesoporous structure of dense and mesoporous silica-paper hybrid and 

unmodified silica materials is characterized using scanning electron microscopy (SEM) as well 

as transmission electron microscopy (TEM) and compared to unmodified paper sheets (Figure 

66b). Figure 66d clearly shows an intact fibrous structure of a mesoporous silica coated cotton 

linters hybrid paper sheet after being treated up to 200 °C. The same sample, treated up to 

500°C to remove the cellulose fibers, shows the disruption of the fiber structure. Nevertheless, 

a mesoporous structure with ordered pores smaller than 10 nm is clearly visible in case the 

mesopore template Pluronic® F127 is present as depicted in the TEM image of Figure 66d. By 

coating the same paper structure with dense silica, comparable disrupted fiber structures are 

observed after heating up to 500 °C as it can be seen in the SEM images (Figure 66c). 

A further characterization of the silica functionalized paper sheets is performed using ATR-IR 

spectroscopy (Figure 67). The reference spectrum is paper consisting of cotton linter fibers 

(black). The spectrum shows the typical OH stretching vibration of polysaccharides between 

3500 and 3000 cm-1 and the CH stretching vibration at around 2800-2900 cm-1. At 1630 cm-1 

the band of the water molecules absorbed in cellulose are visible. Between 1500- 850 cm-1 the 

stretching and bending vibrations of CH2, CH, OH and CO are visible. In Figure 67a the 

functionalization with mesoporous silica is investigated. No differences between the reference 
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papers and the mesoporous silica coated papers (with, blue and without extraction, red, for 

template removal) are visible concerning additional functional groups. The magenta spectrum 

(Figure 67) showing the residual what after treatment until 500 °C and thus after calcination 

of all cellulose components. After this calcination of the paper cellulose fibers the functional 

groups of silica are visible by Si-OH and Si-O-Sisym vibrational band at around 1000 cm-1 and 

800 cm-1. This shows in combination with TEM images in Figure 66d that mesoporous silica is 

present in low amounts in the modified paper sheets although not visible in the ATR-IR spectra 

before cellulose calcination. Figure 67b shows the same characterization for dense silica coated 

cotton linters papers. In magenta the silica spectrum after paper calcination (500 °C) shows the 

same characteristic silica bands as discussed for mesoporous silica coated cotton linters after 

calcination (Figure 67a). In red the dense silica functionalized cotton linters paper is shown. 

Here, it is visible that the bands from reference uncoated paper and unfunctionalized silica are 

overlapping which is the proof that silica is coated in and on the cotton linter paper. 

 

Figure 67. Infrared spectra of a) mesoporous silica functionalization and b) dense silica functionalization. Untreated 

paper sheets (cotton linters, 44 g/m2) are shown in both spectra in black. The mesoporous silica or dense silica 

functionalized papers treated till 200 °C are shown in red. For mesoporous silica hybrid paper sheets treated with 

200 °C and extracted with ethanolic hydrochloric acid to remove the polymeric template the spectrum is blue. The 

mesoporous silica and dense silica residues when burning the paper substrate are colored in magenta. 

The systematic investigation of the influence of paper fibrous structure on wetting behavior of 

cotton linters papers regarding their water imbibition after coating with dense or mesoporous 

silica (before and after template extraction) has been performed using different paper 

grammages between 18 and 101 g/m2.  

In Figure 68a the water imbibition of dense silica coated cotton linter papers is shown. In 

addition, a grammage dependent water exclusion is observed by contact angle measurement 

over more than three minutes (Figure 68a). This grammage dependence for the water exclusion 

is as well observed for water imbibition in dense silica coated paper (Figure 68 b). A time-

dependent rise of the water front is observed. Plotting the travelled water front distance against 
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the square root of the time macroscopically a linear dependence in analogy to the Lucas-

Washburn-equation is observed. Under the applied experimental conditions and using identical 

material preparation conditions and especially a constant sol-gel solution concentration, water 

is no longer excluded for dense silica coated hybrid cotton linters papers when the grammage 

reaches a value of 44 g/m2 or higher. The exact value of this critical grammage seems to strongly 

depend on the paper fiber morphology and hierarchical sheet porosity. This indicates the 

dependence of water imbibition due to the silica coating amount per fiber according to the 

Lucas Washburn equation. However, the situation clearly seems to be complex: no linear 

relation between grammage and water fluid flow is observed. When measuring the static 

contact angle (Figure 68a) of the water excluding samples, the water droplet stays stable for a 

few minutes, but then the contact angle slightly decreases due to evaporation of water. For the 

dense silica coated samples with high grammages, an intrusion of water can be achieved within 

the first 30 s. 

Water imbibition into the mesoporous silica coated papers is investigated with and without the 

presence of the mesopore forming template Pluronic® F127. When template is present in the 

mesoporous silica coating the mesopore accessibility is hindered because pores are filled. 

Interestingly, the comparison of mesoporous silica coated hybrid papers before (Figure 68c) 

and after template extraction (Figure 68d) show no significant differences with respect to water 

imbibition considering the error bars (obtained from three independent measurements). This 

indicates that other structural effects, e.g. fiber swelling or pinning might be dominating water 

imbibition. In general, and in contrast to the effect of dense silica coatings, the mesoporous 

silica coating does not seem to affect the water imbibition significantly supporting the role of 

nanoscale porosity for paper characteristics. 
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Figure 68. Paper grammage dependent water imbibition for dense and mesoporous silica hybrid cotton linters paper 

sheets. a) Grammage and time-dependent static contact angle of dense silica hybrid cotton linter papers. b) 

Grammage and time-dependent water fluid of dense silica hybrid cotton linter papers. c) Grammage and time-

dependent water fluid of mesoporous silica hybrid cotton linter papers without template extraction. d) Grammage 

and time-dependent water fluid of mesoporous silica hybrid cotton linter papers after template extraction. Adapted 

with permission from Langmuir 2017, 33, 332-339. Copyright 2017 American Chemical Society. 

Coating a cotton linters paper sheet only partially with dense silica by preheating the oven used 

for the aging process (Figure 69e, f), a fluid stop barrier is created even visible by eye. Water 

imbibes into the silica-free half of the paper sheet and the water front stops when reaching the 

dense silica coated half. This clearly demonstrates the effect of the dense silica coating as 

already described above. Thereby this effect cannot be related to classical hydrophobization: 

The contact angle of water on dense silica is considerably small (reference dense silica on glass: 

CA = 35 °), still water is not rising likely due to small capillary forces. These observations 

indicate that water imbibition is not only affected by the inter-fiber porosity, which is usually 

used for explanation of Lucas-Washburn-like capillary fluid flow, but is as well strongly affected 

by fiber morphology. In order to observe this effect at the microscale in more detail, 

fluorescence microscopy analysis on water imbibition in which the aqueous phase carries a 

dissolved FITC-Dextran, causing a green fluorescence, and the dense silica coated cellulose 

fibers showing a red autofluorescence has been investigated together with T. Meckel (Figure 

69a-d). The solution including the dye is taken up by the uncoated half of the paper strip 
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(Figure 69g) and does not propagate/penetrate into the dense silica coated area, although the 

fibers clearly continue and inter-fiber space does not change at the observed scales. Only a few 

streaks of liquid show capillary transport of the FITC-Dextran solution on the surface of 

probably incompletely coated cellulose fibers within the border region (arrow heads). The 

obtained fluorescence microscopy images suggest the capillary uptake of FITC-labeled dextran 

containing water within the unmodified cotton linters paper sheet and that capillary-driven 

fluid flow comes to a stop at the border with the dense silica coated region of the paper sheet. 

The fiber morphology (red fluorescence) is clearly visible not showing any difference between 

unmodified and dense silica coated fibers. 

 

Figure 69. Maximum projection of a stack of confocal images taken at the border between the uncoated (bottom) 

and dense silica coated (top) area of a paper strip. Autofluorescence of cellulose fibers (a, red), FITC-dextran solution 

(b, green), overlay of a+b (c) and a bright-field image (d). Water capillary uptake of cotton linter paper sheets coated 

half with dense silica shows a fluid stop when starting in the uncoated area (e) and no water uptake when starting 

with the dense silica coated area (f). Photograph of the stopping dye containing water fluid front (g). Fluorescence 

images are taken by Dr. Tobias Meckel (AK Prof. Dr. Biesalksi, TU Darmstadt). Adapted with permission from 

Langmuir 2017, 33, 332-339. Copyright 2017 American Chemical Society. 

As mentioned above mesoporous silica coated cotton linter papers do not show the fluid stop 

observed for dense silica coated cotton linters paper. Therefore, further functionalization 

strategies are necessary to implement fluid barriers into these papers or as well to switch fluid 

flow in such papers. In cooperation with Dr. C. Rüttiger (AK Gallei/Rehahn, TU Darmstadt), 

the silica coated cotton linter papers are post-grafted with the redox-responsive polymer poly(2-

(methacryloyloxy)ethyl ferrocenecarboxylate) (PFcMA) (Figure 70a) via atom transfer radical 
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polymerization (ATRP) using a grafting from approach. The PFcMA has been chosen as it can 

be oxidized with FeCl3 or tris(4-bromophenyl)ammoniumyl hexachloroantimonate (magic 

blue) and reduced with ascorbic acid or decamethyl cobaltocene (CoCp*2) and with this 

changes its charge and wetting behavior. The ATR-IR spectra after PFcMA functionalization of 

silica coated paper are shown in Figure 70b. Characteristic vibrational bands are located at 

1728 cm−1 corresponding to the C=O vibration of the PFcMA and at 1070 cm-1 corresponding 

to the asymmetric Si−O−Si stretching vibration. The cellulose paper fibers give a complex 

infrared spectrum (Figure 70, black) that overlaps with the silica vibrational bands at 1070 cm- 1 

(Figure 70, red). Nevertheless, the silica structure can clearly be proven after destroying the 

cellulose fibers at 500 °C for two hours (Figure 70, green). After this removal of the original 

paper structure the infrared spectrum clearly shows the presence of unfunctionalized silica. The 

PFcMA functionalization becomes visible by a very small absorbance at 1728 cm-1 

corresponding to the C=O vibrational band of the PFcMA. The relatively small absorbance can 

be referred to the low ratio of polymer compared to cellulose in the mesoporous silica coated 

hybrid paper. Additionally, no difference in the C=O vibrational band at 1728 cm-1 relative to 

the Si-O-Si matrix stretching at 1070 cm-1 can be observed before and after oxidation of PFcMA 

with FeCl3. This clearly indicates that differences in the interaction with water upon oxidation 

and reduction are due to the different surface energies and not due to material instability. 

 

Figure 70. a) Schematic illustration of a grafting-from approach on mesoporous silica and dense silica coated hybrid 

cotton linter papers to generate a redox-responsive polymer coating. The polymer functionalization is prepared by 

Dr. C. Rüttiger (AK Gallei/Rehahn, TU Darmstadt). b) Infrared spectra of untreated paper sheets (cotton linters, 

44 g/m2, black), mesoporous silica hybrid paper sheets (200 °C) (red), mesoporous silica hybrid paper sheets (200 °C) 

functionalized with PFcMA in an oxidized (blue) and reduced (magenta) state and paper-derived mesoporous silica 

after destroying the cellulose paper fibers at 500 °C (green). Adapted with permission from Langmuir 2017, 33, 332-

339. Copyright 2017 American Chemical Society. 
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The successful functionalization is confirmed by 29Si CP-MAS NMR spectra measured before 

and after grafting of PFcMA in cooperation with Torsten Gutmann (AK Prof. Dr. Buntkowsky, 

TU Darmstadt). The spectra shown in Figure 71a, b illustrate the typical spectra pattern for 

non-functionalized porous silica represented by Qn groups between approximately 80 ppm and 

-115 ppm. After functionalization of the mesoporous hybrid paper-based silica with PFcMA 

(Figure 71c), Tn groups in the range of -60 ppm to -70 ppm appear which clearly show a 

covalent binding of functional groups (PFcMA ATRP initiator) to the silica via silane anchor 

groups. Additionally, the relative intensities of the Qn signals between -80 and -115 ppm change 

after functionalization with PFcMA (Figure 71b). Although the 29Si CP MAS spectra cannot be 

discussed quantitatively, a reduction of the relative amount of the OH bearing groups (Q1, Q2 

and Q3) compared to Q4 is observed. This is a clear indication for the reaction of silica hydroxyl 

groups with silane anchor groups. Interestingly, in both spectra Q1 groups at approximately -

81 ppm are detected. This is uncommon for unmodified mesoporous silica materials such as 

SBA-3 or MCM-4142 as well as for cellulose/silica hybrid materials.256-260 In these materials 

usually only Q2, Q3 and Q4 groups are observed. This indicates an influence of the paper matrix 

on the organization and linking of the TEOS during the sol-gel silica coating process resulting 

in a restricted crosslinking of TEOS precursor in comparison to conventional silica materials in 

which a high degree of cross-linking is reached and thus no Q1 groups are detected. The change 

in the relative intensities of the different Q groups in the 29Si CP MAS spectra for paper-based 

hybrid mesoporous silica (200 °C) and paper-derived mesoporous silica (500 °C) (Figure 71a, 

b) indicate that the cross-linking process is stimulated by heating. Nevertheless, the structural 

framework of the silica which is given by the organization on the paper template seems to be 

mostly preserved during the calcination since the Q1 signals are still observed. 

 

Figure 71. 29Si CP MAS spectra measured at 8 kHz spinning of a) paper hybrid mesoporous silica (200 °C) and b) of 

paper derived mesoporous silica (500 °C). c) 29Si CP MAS spectra measured at 8 kHz spinning of PFcMA functionalized 

paper hybrid mesoporous silica (200 °C). Solid-State NMR Spectroscopy is done in cooperation of Dr. Torsten 

Gutmann (AK Prof. Dr. Buntkowsky, TU Darmstadt). Adapted with permission from Langmuir 2017, 33, 332-339. 

Copyright 2017 American Chemical Society. 

Redox-responsive PFcMA polymers show a great potential for switching between hydrophilic-

hydrophobic on planar surfaces and mesoporous silica.178, 261 Wetting characteristics are 
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determined using Young contact angle measurements in the reduced- and in the oxidized state 

for the redox-responsive polymer (Figure 72). In case of PFcMA, higher contact angles of 

around 110-120° for mesoporous silica and dense silica paper hybrid sheets are observed and 

therefore water imbibition is prevented. After oxidation, the contact angles drop to 

approximately 70-80°, and thus changes from a hydrophobic to a hydrophilic state inducing a 

change from a Cassie-like wetting behavior to a Wenzel-type wetting.262 Comparing the 

measured contact angles for silica paper hybrid materials with (mesoporous) and without 

(dense) mesopores, a significantly higher contact angle is observed for the unmodified dense 

silica paper hybrid materials compared to the mesoporous silica paper hybrid materials. This 

fits to the water imbibition characteristics in Figure 68. The difference between mesoporous 

and dense silica coating might indicate that water penetration is strongly affected by the fiber 

surface or the fiber interior. Nevertheless, the redox gating after polymer functionalization 

works in a comparable way for both materials. This effect is due to a swelling of the fibers and 

therefore a resulting damage of the coating (see reference experiments for eucalyptus-sulfate 

fibers, Figure 80). For the dense and mesoporous silica hybrid paper (200 °C) after 

functionalization with PFcMA in the reduced state, contact angles of higher than 100° are 

observed corresponding to water exclusion from the fibrous matrix. After oxidation of PFcMA, 

the measured contact angles drops to values of 60°-80° allowing water to penetrate the silica 

hybrid paper sheet. This oxidation based change of fluid flow is reversible and a repeated 

reduction leads again to contact angles above 100 °C even if the absolute values are slightly 

lower than before oxidation. 

Capillary water uptake is fast for unmodified paper as well as for mesoporous silica-paper 

hybrid materials. Dense silica-paper hybrid materials show water exclusion and a grammage 

dependence as discussed above (Figure 72d, h). The functionalization of dense or mesoporous 

silica-paper hybrid materials with redox-responsive PFcMA in its reduced state results in 

complete water exclusion (Figure 72, blue). Gating of water imbibition is achieved upon 

oxidation of PFcMA in case a sufficient amount of ferrocene units are oxidized (Figure 72, 

magenta). A linear fitting according to Lucas Washburn equation results in slope values of 1.9 

and 1.7 for the mesoporous silica-paper hybrid material and the dense silica-paper hybrid 

material, respectively. This as well supports the observation of a difference in water imbibition 

in case the fiber surface is coated with dense silica, although the difference after 

functionalization with PFcMA in its oxidized state is much smaller than for the unmodified silica 

paper-hybrid sheet. Furthermore, the slope value of 1.9 for the PFcMA-functionalized 

mesoporous silica-paper hybrid material is relatively close to the one of polymer free 

mesoporous silica-paper hybrid material, which is 2.1, showing a real gating of water 



  

Page 138  Results and Discussion 

imbibition. These results clearly show that redox-gating of water imbibition into paper-derived 

materials is possible if a change from Cassie-type wetting to Wenzel-type wetting can be 

achieved. 

 

Figure 72. Static contact angle (drop volume is 2 µL) of silica modified hybrid paper before (a, e) and after (b-c, f-g) 

PFcMA modification of a) dense silica hybrid paper e) mesoporous silica hybrid paper. The influence of reduced 

PFcMA in dense (b) and mesoporous (f) silica hybrid paper versus chemically oxidized PFcMA in dense (c) and 

mesoporous (g) silica hybrid paper is clearly visible and indicating a Cassie-Wenzel-like transition. d, h) Capillary water 

fluid flow measured for d) cotton linters paper (44 g/m2) (black), dense silica hybrid paper (200 °C, red), dense silica 

hybrid paper after PFcMA modification in the reduced (blue) state and after oxidation with FeCl3 (magenta). h) 

Capillary water fluid flow measured for cotton linters paper (44 g/m²) (black), mesoporous silica hybrid paper (200 °C, 

red), mesoporous silica hybrid paper after PFcMA modification in the reduced (blue) state and after oxidation with 

FeCl3 (magenta). Adapted with permission from Langmuir 2017, 33, 332-339. Copyright 2017 American Chemical 

Society. 

In summary, cotton linter paper functionalization with mesoporous or dense silica allows to 

design nanoscale porosity into paper. Choosing the right paper grammage together with 

hydrophilic but non-porous (dense) silica coatings allows to generate fluid stop barriers in 

paper. The functionalizing of silica coated paper with redox-responsive PFcMA enables 

switching between fluid stop and fluid flow using redox stimuli. 
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6.3.2. Silica Functionalization of Eucalyptus Sulfate Fibers 

On the basis of the results summarized in this chapter, a patent DE 102018124255.7 

(01.10.2018) has been registered. Furthermore, the results have been published in Adv. 

Mater. Interfaces 2019, 1900892 (DOI: 10.1002/admi.201900892). The entire work in this 

chapter is based on an intensive collaboration with Dr. M. Nau (AK Prof. Dr. Biesalski, TU 

Darmstadt). While the silica coating of paper sheets and investigation of wetting behavior 

has been performed by myself Dr. M. Nau performed the imaging and calculation of silica 

layers in the paper sheet crosssection. This work is the scientific basis for the project of the 

Pioneer Fund of the Technical University of Darmstadt, which is approved in March 2020. 

This project is allocated to Prof. Andrieu-Brunsen and Prof. Biesalski with Dr. M. Nau and 

myself as coordinators. 

 

The reproducibility and possibility of transfer the fluid barrier generation based on dense silica 

coatings to different fiber types should be verified. Papers consisting of bleached eucalyptus 

sulphate fibers are used for this purpose. Compared to cotton linters fibers with a length of 

>3 mm these fibers are shorter with a length of < 2 mm.263, 264 In addition, cotton linters usually 

contains a comparatively high amount of α-cellulose and thus low proportions of lignin and 

hemicelluloses.265 The fiber shape and the fiber diameter is evenly tubular. Eucalyptus sulphate 

fibers, on the other hand, consist of different fiber types and vascular cells (tracheids, tracheas) 

and thus different fiber geometries.266    

The grammage of the papers using eucalyptus-sulfate fibers and the concentration of the silica 

coated have to be varied to generate the same wetting behavior for silica functionalized 

eucalyptus-sulfate papers compared to papers prepared from cotton linters fibers (chapter 0). 

The silica coating (Figure 73a) containing ethanol-water based solution is adapted from prior 

work on cotton linters (chapter 0).151 The curing procedure is adapted to a heat-treatment at 

130 °C and atmospheric pressure (Figure 73b) or at reduced pressure (Figure 73c). The 

temperature of 130 °C has been chosen, because it is nondestructive to eucalyptus paper (TGA, 

Figure 74a, black curve) but allows acid-catalyzed hydrolysis and condensation of TEOS, 

resulting in silica formation.151, 267 Using a simple dip-coating – curing process, and varying the 

initial TEOS concentration in the coating solution, wetting characteristics are observed to 

progress from hydrophilic to Janus type and hydrophobic in a controlled fashion by adjusting a 

precise and simple gradient design. Investigation by eye, microscope, and SEM do neither show 

macroscopic changes to the eucalyptus paper structure nor alterations on the micrometer scale 
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(Figure 73b and c) compared to unmodified paper sheets (Figure 73a) can be observed. This 

apparent lack of discernible topographical and morphological differences indicates that the 

relevant features of the coating and its thickness has to be smaller than the resolution limit of 

the SEM at the given conditions (2500x/76 nm2). Unfortunately, SEM nanoscale analysis of the 

silica coated eucalyptus paper sheets is not trivial due to high energy needed for imaging, which 

can destroy the organic matrix of the hybrid material. Consequently, further analysis is followed 

via correlated TGA, CLSM and BET analysis in order to gather information at sub-micron scale. 

 

Figure 73. Schematic illustration of the preparation of silica coated paper sheets. The paper sheet is dip coated in 

three different precursor solutions having defined amounts of dissolved TEOS as described in the inserted table. 

Subsequently, the samples are cured in preheated ovens at 130 °C under atmospheric pressure and vacuum, 

respectively (b) and c). Inserted scanning electron microscopy images show examples of non-modified eucalyptus-

sulfate paper (80 g/m², a)), and silica-modified eucalyptus-sulfate paper (80 g/m², b) and c)), respectively. Adapted 

with permission from Adv. Mater. Interfaces 2019, 1900892. Copyright 2019 Royal Chemical Society. 

The amount of deposited silica within the eucalyptus paper sheet is determined via TGA analysis 

(Figure 74). Due to the apparently very low amount of silica, TGA is the method of choice, 

because of the very small errors/deviation compared to alternative methods such as standard 

gravimetric analysis, especially for small sample amounts. During a TGA measurement, the 

silica content of coated paper sheets has been determined by thermal removal of the paper 

which only leaves silica (stable up to 1700 °C) and ash. The determined amount of silica is 

calculated considering the ash-content, 5.8 wt.-%, of the base-paper deduced from a reference 

measurement. This shows that in the low TEOS concentration coated papers the silica content 

is 0.5 wt.-%, for intermediate TEOS concentration 1.5 wt.-% and for the high TEOS 

concentration coated papers contain around 3.7 wt.-% silica.  

Further analysis using Krypton-BET (measured by Dr. J. Schmidt, TU Berlin) reveals a specific 

surface for uncoated samples of 0.54 m²/g which is in poor agreement with values reported by 
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mercury-porosimetry (6.35 m²/g) for these papers. Since both methods are complimentary, and 

the applied Hg porosimetry equipment detects a pore diameter range from macropores down 

to pore-opening of 10 nm, while Kr-BET only detects pores up to 50 nm diameter this gives an 

information on the mesopore content. Kr BET is used because only a surface area of 0.05 m² 

and thus a small sample quantity is required. Kr adsorbs as well as N2 or Argon. The resulting 

isothermal curve reflects the pore size.268, 269 With these samples (see appendix, Figure 118) an 

increase of volume at low partial pressures, which indicates the presence of micropores. The 

strong increase at high partial pressure (>0.75) is caused by macropores, which are not 

considered for the surface determination. This fits to the results of Maloney et al..149 After 

coating the eucalyptus paper sheets with low silica amount, the macropores are unaffected as 

is evident through SEM imaging (Figure 73) but the Kr-BET specific surface changed to 0.59 

m²/g (low), 0.43 m²/g (intermediate), and 0.27 m²/g (high), respectively (Table 6). This 

decrease in surface area, indicates that the mechanism of the silica induced hydrophobization 

is not based on the generation of micro- or nano structure, but rather on the masking of the 

micro pores presented by the fiber surface. This hypothesis is supported by the rather miniscule 

decrease in free surface energy from cellulose (63.8 mN/m) to silica (59.2 mN/m) that are 

determined on model surfaces (Table 7).   

 

Figure 74. a) Thermogravimetric analysis of silica coated eucalyptus-sulfate paper (80 g/m²) sheets. The amount of 

coating is determined by the TEOS concentration in the initial coating (red, blue and green) and, to a much smaller 

degree, by the curing process (atmospheric pressure = line and vacuum = dotted line). b) Table of mass loss between 

120 °C and 600 °C in % and the calculated silica amount in wt.-%. Reprinted with permission from Adv. Mater. 

Interfaces 2019, 1900892. Copyright 2019 Royal Chemical Society. 
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Table 6. Kr-BET (87 K) of paper reference (80 g/m2) and silica coated paper with different concentration cured with 

atmospheric pressure and for intermediate silica concentration also cured in vacuum. Hg-Porosimetry of eucalyptus-

sulfate paper with grammage of 80 g/m2. 

Sample Hg-Poro. in m²g-1 Kr BET in m²g-1 

Reference (80 g m-2) 6.35 0.54 

Low Conc. – oven  0.59 

Intermediate Conc. – oven  0.43 

Intermediate Conc. - vacuum  0.49 

High Conc. - oven  0,27 

 

Table 7. Contact angle data of silica and cellulose (regenerated) of 2 µL droplets of different solvents. From this data 

the surface energy is calculated according to the model of Owens, Wendt, Rabel and Kaelble. 

Solvent CA cellulose / ° CA silica / ° 

Water 27 ± 8 34 ± 7 

N,N-dimethylformamide 0 ± 0 19 ± 2 

Dimethylsufoxide 5 ± 3 26 ± 3 

n-Hexane 7 ± 1 6 ± 2 

Toluene 8 ± 1 20 ± 4 

Calculated surface energy in mN m-1 63.8 (R²: 1) 59.2 (R²: 1) 

 

Young contact angle (CA) measurements of the top and bottom surfaces of all silica coated 

eucalyptus-sulfate papers (Figure 75) have been carried out to study the influence of silica 

coating on the wetting behavior of the hybrid paper. All samples prepared with high TEOS 

concentrations exhibit hydrophobic wetting characteristics with static contact angles of 120°-

130°. It is noteworthy that the chemical surface of cured TEOS is composed entirely of 

hydrophilic hydroxyl functions. No difference between the macroscopic static water contact 

angles of the top and bottom surface is observed, regardless of the orientation during curing 

and the curing pressure, i.e. ambient pressure vs. vacuum oven, respectively. In contrast, 

eucalyptus paper sheets coated using low TEOS concentration in the dip-coating process do all 

exhibit a hydrophilic wetting behavior. Neither any difference of top versus bottom side wetting 

behavior, nor any differences in the wetting of the hybrid materials using the two different 

curing strategies can be found. Interestingly, the eucalyptus paper sheets coated with 
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intermediate TEOS concentrations show a very different and curing process dependent wetting 

behavior: if these samples are cured in an oven under ambient pressure, the top side exhibits 

hydrophobic wetting behavior with static contact angles of about 120°, whereas the bottom side 

exhibits hydrophilic macroscopic static contact angles of 0° going along with water exclusion at 

the top and instant, complete water imbibition at the bottom side. As the top surface is water 

repellent, while the bottom side absorbs water immediately, a Janus-type or amphiphilic 

membrane has been created. This result can be explained by the positioning of the sample in 

the oven, as well as considering migration of the TEOS during the drying procedure (wick 

effect). The sample is placed in the oven during drying in a horizontal position, favoring a 

directed migration of the TEOS due to preferred ethanol evaporation at the top of the paper 

sheet. If ethanol evaporation and silane hydrolysis as well as condensation now takes place at 

similar time scales, a gradient in silica distribution along the eucalyptus paper cross section is 

obtained. Curing eucalyptus paper sheets coated with identical intermediate TEOS 

concentration in an oven under reduced pressure results in hydrophilic behavior/surface at both 

sides of the paper sheets. The latter can be explained by the fact that evaporation of the solvent 

is now much faster than migration of the TEOS and thus homogeneous paper characteristics 

with respect to the silica coating are obtained. 

 

Figure 75. Static contact angle measurements of 2 µL water (MiliQ) droplets on silica coated eucalyptus-sulfate paper 

sheets (~80 g/m²). The papers are coated with the three different TEOS concentrations, “low”, “intermediate”, and 

“high”. a) shows the top surface and b) the bottom side of the paper after curing in a preheated oven, and c) shows 

the top surface and d) the bottom side of the paper after curing in a vacuum oven. Reprinted with permission from 

Adv. Mater. Interfaces 2019, 1900892. Copyright 2019 Royal Chemical Society. 
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To explain the Janus paper characteristics in a next step, the cross-sectional silica distribution 

is determined to address e.g. the question if a characteristic/critical coating amount per surface 

area exists that leads to the hydrophobic properties (i.e. no further wicking of a water drop into 

the material is observed). The relative silica distribution is obtained by using CLSM imaging. 

Representative CLSM image stacks of cross sections of the hybrid paper material are depicted 

in Figure 76. The untreated cellulose sheets are stained with Calcofluor White prior to dip-

coating with Rhodamine B labeled silica-precursor solution. The silica (Rhodamine B channel) 

is colored in magenta while the eucalyptus fibers (CFW channel) are colored in cyan. 

 

Figure 76. CLSM images of cross sections of hybrid papers prepared from a) low TEOS conc., cured under ambient 

pressure b) intermediate TEOS conc., cured under ambient pressure c) high TEOS conc., cured under ambient pressure 

d) low TEOS conc., cured under vacuum e) intermediate TEOS conc., cured under vacuum f) high TEOS conc., cured 

under vacuum. All images are z-projections of stacks with 20 to 25 individual images, respectively. d) Comparison of 

Rhodamine B fluorescence for samples coated with all three TEOS concentrations and cured at ambient pressure. h) 

Comparison of Rhodamine B fluorescence for samples coated with all three TEOS concentrations and cured in 

vacuum. Data evaluation is carried out by Dr. M. Nau. Adapted with permission from Adv. Mater. Interfaces 2019, 

1900892. Copyright 2019 Royal Chemical Society. 

For the three different applied TEOS concentrations during dip-coating (compare Figure 76a-

c and Figure 76e-f) and each curing method (ambient pressure and reduced pressure, Figure 

76a,e; b,f; c,g), similar silica distributions are observed. TEOS coated eucalyptus paper sheets 

cured under vacuum show bathtub like silica distribution along the cross section with an 

increased silica amount at the top and bottom surfaces of the paper cross section. The relative 
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difference of deposited silica between the outer paper sheet surfaces, compared to the center of 

the cross section is increasing with decreasing TEOS concentration in the dip-coating solution. 

This implies, that the TEOS concentration within the coating solution affects the movement of 

the liquid phase during TEOS hydrolysis and condensation, e.g. via changes in the fluidic 

properties (such as viscosity) and different interaction with the fibrous eucalyptus paper 

substrate. 

Contrary to this, eucalyptus paper sheets cured under ambient pressure show up to twice the 

relative silica concentration on the top of the samples compared to the bottom. The silica 

gradient along the cross section of the hybrid paper is less pronounced if the initial coating 

solution contains higher TEOS concentrations. The reason for this can again be related to the 

evaporation kinetics, and thus, the relation of material transport versus hydrolysis-condensation 

speed determining the chemical gradient formation of the silica-modified hybrid paper. 

To gain further insight into absolute mass distributions, the relative measurements are 

numerically integrated (along the cross section), normalized, and the relative partial integral 

for each 10 µm cross section segment of the paper sheet cross section is calculated and 

multiplied with the coat weight as determined by TGA. This data evaluation is carried out by 

Dr. M. Nau. This allows to determine the distribution of absolute volumetric coat weights 

displayed in Figure 77a (cured under vacuum) and Figure 77b (cured under ambient 

pressure). Correlating the obtained silica distribution with the static contact angle described 

earlier, indeed a correlation between silica amount and wetting is observed: The threshold silica 

amount when the paper sheet becomes hydrophobic is located between the highest coat weight 

(still resulting in hydrophilic wetting), and the lowest silica coat weight (just inducing 

hydrophobic wetting).  

The highest amount of silica of a hydrophilic sample (lower threshold boundary) is observed at 

the top surface of the samples coated with intermediate TEOS concentration and cured under 

vacuum Figure 77a, blue), while the lowest already hydrophobic material is observed with the 

corresponding sample cured under atmospheric pressure (Figure 77b, blue). While the sample 

cured under atmospheric pressure is still hydrophobic with a specific coat weight of 

10.3 mg/cm³ (Figure 77b), the sample cured under vacuum is hydrophilic at a specific coat 

weight of 9.3 mg/cm³ (Figure 77a), which defines the threshold between those two boundaries. 

Consequently, a minimum silica content between 1.85 wt.-% and 2.05 wt.-% with respect to 

eucalyptus sulfate fibers is necessary to obtain hydrophobic hybrid membrane behavior. 

Through correlation of these data with the specific surface area, the threshold in terms of 

coating weight is located between 2.9 mg/m2 and 69 mg/m². The apparent absence of 
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microscale changes is subsequently self-explanatory because the density of silica (2.65 g/cm²) 

translates to - with respect to paper coatings - ultrathin coating thicknesses between 1.1 nm and 

26 nm.   

 

Figure 77. Absolute amount of silica per volume increment calculated through correlation of CLSM and TGA data, 

for a) samples cured under vacuum and b) samples cured under ambient pressure. Data evaluation is carried out by 

Dr. M. Nau. Reprinted with permission from Adv. Mater. Interfaces 2019, 1900892. Copyright 2019 Royal Chemical 

Society. 

To show the versatility of asymmetric paper-based Janus membranes, their ability to separate 

oil and water can be demonstrated: For this purpose, a two-phase water-oil system consisting 

of water and cyclohexane is used. Cyclohexane has been chosen as oil component to eliminate 

effects based on high viscosity. The investigated paper sheet is located at the interface between 

water and cyclohexane (Figure 78b). By use of the three different TEOS-concentrations for 

eucalyptus paper coating and facile orientation it is possible to create all possible permeation 

combinations for this system as depicted in Figure 78a. The paper sheets coated with “low” and 

“high” amount of TEOS behave as expected. If a FITC labelled water drop is placed onto the 

hydrophilic paper membrane (i.e. “low” TEOS coating, Figure 78e), the membrane allows 

water permeation. At the same time, the same membrane does not allow any visible permeation 

of the unpolar oil. The opposite behavior is observed for the hydrophobic paper (i.e. “high” 

TEOS coating, Figure 78d): the Rhodamine B labelled oil droplet is capable to permeate the 

fibrous network, whereas the water droplet does not penetrate the surface of the paper. Most 

interestingly, the Janus-type paper (i.e. “intermediate” TEOS coating, dried under ambient 

pressure) is acting as a “double diode”: both, water and oil, are capable to permeate through 

the membrane, however only with a specific direction and in opposite directions relative to each 

other (Figure 78c,f). This prohibits a reverse permeation as demonstrated by the fact that one 

orientation of the Janus-Paper (hydrophobic side facing towards the water, Figure 78c) will let 



  

Results and Discussion  Page 147 

water pass through from the oil-side and vice versa. In the opposite orientation (hydrophobic 

side facing towards the oil, Figure 78f) permeation is blocked in both directions. 

 

Figure 78. a) Table showing the oil/water infiltration or exclusion through different eucalyptus paper sheets prepared 

with different amount of silica coating cured under atmospheric pressure. b) Experimental set-up with a membrane 

between water phase on the bottom and oil phase on the top. An oil droplet colored with Sudan IV and water 

droplet colored with FITC-dextran are positioned on the opposite side to take a look on droplet permeation. Images 

of the four combinations of permeation/exclusion are shown in c) through f): c) Janus membrane, where the 

hydrophobic interface lays on the water phase. d) hydrophobic silica coated paper membrane e) hydrophilic silica 

coated paper and f) Janus membrane, where the hydrophilic interface lays on the water phase. Adapted with 

permission from Adv. Mater. Interfaces 2019, 1900892. Copyright 2019 Royal Chemical Society. 

Finally, with respect to potential upscale and industrial process implementation, the 

investigation of solvent-free TEOS formulations as coating agent for paper samples are 

performed. The presence of small amounts of water is required to successfully achieve crucial 

condensation reaction and thus a permanently, chemically stable hydrophobic coating. TGA 

revealed that with solvent-free TEOS formulations, combined with small amounts of water as 

precursor, even less material is needed on the paper sheets (Figure 79a and b) as compared to 

coating from ethanolic solution in order to achieve stable hydrophobic surfaces with static 

contact angles of about 130°. In contrast to this “wet” TEOS, using solvent free and dry TEOS 

as coating agent leads to a slower water imbibition compared to untreated samples. This can 
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be explained by partial condensation of the TEOS due to residual moisture present in the fibers 

(around 5 wt.-%). 

 

Figure 79. TGA analysis of silica coated eucalyptus-sulfate paper sheets (80 g/m²) prepared from solvent free TEOS 

or solvent free TEOS with a drop of water and treated with 130 °C at atmospheric pressure or in vacuum. b) The table 

shows the macroscopic static contact angle measurements from top and bottom of the silica coated paper sheets. 

The influence of solvents to ultrathin dense silica coating is investigated using tetrahydrofuran 

(THF). In Figure 80a the SEM-image of a high concentration dense silica coated eucalyptus-

sulfate paper is shown as well as a water drop (2 µL) showing hydrophobic wetting behavior. 

The paper sheet is treated with THF for 20 min followed by drying. Figure 80b showing the 

SEM image after this solvent treatment and imbibition of water droplet (2 µL). In the SEM 

images no differences on microscopic scale are visible. But fibers are known for swelling in 

solvents like DMSO, THF or acetic acid270, 271, so the silica coating possibly crack or breaks 

because of new orientation of the fibers which results in a hydrophilic paper.   

 

Figure 80. a) SEM image of dense silica coated eucalyptus-sulfate fibers (80 g/m2) with high concentration resulting 

in hydrophobic wetting behavior. b) After 20 min in tetrahydrofuran (THF) and drying the samples show a hydrophilic 

wetting behavior. 
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In summery eucalyptus-sulfate paper functionalization with dense silica in a EISA-dipcoating 

process allows to design silica gradients by controlling the drying process. When choosing the 

right paper grammage together with right silica distribution along the paper sheet cross-section 

allows to generate papers with janus-type wettability. The achieved wetting behavior is due to 

the reduction of nanoporosity by the thin coating. The silica functionalized papers show great 

potential for application as oil/water separation membrane in first investigations. 

 

6.3.3. Outlook 

Targeted pore space design and its accessibility (through pore functionalization) on or even in 

paper fibers is of great interest to the development of new applications and the key to tailored, 

complex functional papers, e.g. for dynamic controllable fluidics or sensors. This raises the 

question whether nanoporous spaces in paper can be specifically designed and selectively 

functionalized and thus their influence on paper properties, such as the capillary fluid and 

molecular transport, systematically understood and adjusted. The use of sol-gel chemistry for 

the production of mesopores offers the possibility of selectively functionalizing by means of co-

condensation mesopores and e.g. transport-determining parameters, such as pore charge and 

wetting, directly incorporate in the manufacturing process. In combination with fiber 

functionalization prior to papermaking, this should enable to establish not only structurally, but 

also functionally hierarchical papers. The correlation of pulp fiber properties (morphology, 

length, wall thickness, etc.) of cellulosic fibers with the design of (meso) pores prior to 

papermaking can be investigated on the basis of sol-gel chemistry. In addition, the production 

of papers from differently functionalized fibers and their evaluation in terms of mechanical 

properties as well as potential applicability depending on fiber type, fiber distribution and fiber 

functionalization in paper may also be of interest compared to post-functionalized papers. 
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Figure 81. a) Schematic illustration of sheet forming with conventional Rapid-Koethen hand sheet maker according 

to DIN 54358 and ISO 5269/2. In forming column or filling chamber the fibers dispersed in water is filled in with 

possibly additives. This is diluted with more water, whirled up and sucked off through the sieve using vacuum. The 

formed paper sheet is dried for several minutes at 93 °C. b) Fiber functionalization with dense silica: The fibers are 

stirred for 24 h in a silica precursor solution containing TEOS, ethanol, water and HCl. The fibers are filtered off and 

dried in oven for 2 h at 130 °C before using for sheet forming.  

In the two previous chapters’ 0 and 0 the silica coating of two different fiber types (cotton linters 

and eucalyptus sulfate) are successfully demonstrated. In the future, silica fiber 

functionalization prior to paper fabrication should be investigated to enable higher degree of 

freedom in paper composition design. In a first proof of concept experiment, the 

functionalization of fibers with silica via sol-gel chemistry has been performed (Figure 81b). 

The functionalized cellulose fibers are used in the laboratory paper sheet building process 

(Figure 81a) as described in the experimental section (Chapter 8). The papers made of 

functionalized fibers have a non-optimal homogeneity, but are sufficiently stable both in the 

dry (left) and in the wet (right) state as shown in Figure 82c,d. Another complementary 

approach is the in-situ functionalization of cellulose fibers with sol-gel-solution during the paper 

building process by using the precursor as additive (Figure 82b). The reference paper 

(eucalyptus-sulfate) are shown in Figure 82a. 
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Figure 82. Images of different paper sheets in dry state (left) and wet state (right). a) eucalyptus sulfate paper b) 

eucalyptus sulfate paper with silica-precursor solution as additive c) paper made out of 50 % unfunctionalized and 

50 % silica functionalized eucalyptus sulfate fibers d) paper made out of silica functionalized eucalyptus sulfate fibers. 

A silica functionalization of eucalyptus-sulfate fibers/papers could be detected by TGA 

measurements (Figure 83). The ash content of unmodified eucalyptus-sulfate (89 g/m²) is 

about 0.55 wt.-%. The papers sheets that had a silica-precursor solution as additive showed no 

differences in TGA measurements. When using silica functionalized fibers for paper making 

(paper grammage: 55 g/m²), the residual of around 3.5 wt.-% after temperature treatment to 

600 °C can be correlated to silica which is stable till 1400 °C. When using a mixture of silica 

functionalized and unfunctionalized fibers (paper grammage: 112 g/m²) for paper making, the 

residual (ash content) is with 1.27 wt.-% in between the unfunctionalized or fully 

functionalized papers. However, no differences concerning ash content compared to 

unfunctioalized paper in TGA measurements are observed when using the sol-gel-precursor as 

additive (paper grammage: 69 g/m2).  
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Figure 83. Thermogravimetric analysis of eucalyptus-sulfate paper (magenta), silica functionalized eucalyptus-sulfate 

fibers (black) and paper made out of these fibers (green and red) as well as eucalyptus-sulfate paper made with silica-

precursor solution as additive (blue).  
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This very first result, indicates a successful silica functionalization of fibers and paper making, 

can be used for further experiments with respect to water imbibition. In general, the 

optimization in terms of functionalization, fiber and paper properties is required.  

A targeted design of pore spaces and their accessibility functionalized pores in paper fibers and 

on paper sheets is of great interest for the development of new applications and is the key to 

tailor-made, complex functional papers, e.g. for dynamically controllable fluidics or sensor 

technology. 
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7. Summary and Outlook 

This thesis is divided into three sections (Figure 18). In the first chapter the automation of the 

production of mesoporous silica by means of gravure printing is successfully carried out. The 

films are compared with films produced by conventional dip-coating processes and in both 

processes the EISA process is used as mechanism for nanopore formation by template assembly 

and silica formation by hydrolysis and condensation of silanes. The process parameters are 

optimized to produce mesoporous silica films with different layer thicknesses. In general, 

gravure printing produces very homogeneous mesoporous silica on large areas in an automated 

fashion. By using a co-condensate, gravure printing could be used as a fast and easy method for 

the production of multifunctional layers, which allows exciting new architectures. Furthermore, 

the binding of the coinitiator on silica surface for different layer thicknesses is investigated and 

an optimum is found. In the outlook a further promising method for the automated production 

of mesoporous silica films and even structures could be presented. In first tests a 3D printing 

process, which works with photoinitiated silica, is shown to be useful.  

The results concerning coinitator functionalized mesoporous silica films are used in the second 

chapter for the targeted polymer functionalization using visible light and near-field modes. The 

successful dye-sensitized polymerization of DMAEMA with methylene blue and a secondary 

amine with red light as initiator could be performed. When the amine is bound to the surface, 

polymer grafting to the mesoporous silica surface occurs. In different experiments a time, 

concentration and energy dependent adjustment of polymer amount could be shown. Both 

positively and negatively charged monomers could be successfully polymerized. By using a laser 

as a light source, a spatially resolved polymer functionalization in x-y direction could be realized 

using the appropriate reaction parameters. The free radical dye-sensitized polymerization is 

combined with nanoscale optical fields like surface plasmons (SP) or leaky transversal optical 

waveguide modes (TM). The SP induced polymerization in mesoporous silica can be controlled 

with respect to the generated polymer amount by varying the polymerization time and the 

energy. In terms of energy, not only the adjustable laser power, but also the coupling efficiency 

and the shape of the SP and TM have to be considered. This is highly dependent on the optical 

quality of the film and is very difficult to reproduce and optimize within the applied preparation 

methods. By comparing the generated C=O vibrational band intensity and thus the generated 

polymer amount between SP- induced and light induced polymerizations the enhancement of 

SP is demonstrated. It is also possible to use the TM to initiate polymer functionalization. It can 

be shown that the SP induced polymerization is locally limited in x-y direction while TM-

induced polymerization is more distributed in the area. In the case that both SP and TM induced 

polymerizations takes place in the same mesoporous silica film, less polymer is detected for the 
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SP induced polymerization than for TM induced polymerization although the SP has an 

enhancement factor. This fact clearly indicates that the polymer is formed as well on the outer 

surface in case of TM induced polymerization. To avoid the inequality of gold-substrate 

preparation with mesoporous silica, a proposal for the use of an evanescence field induced 

polymerization generated by TIRF is shown in the outlook. In initial experiments a successful 

polymerization could be shown by using an evanescent field. 

In the third part of this thesis the local functionalization with silica on hierarchically porous 

paper is shown. The focus is on the introduction of new structures, namely mesoporous silica 

and dense silica, into pre-prepared paper. A variation including the formation of a fluid stop 

barrier for the water imbibition in the functionalized papers could be shown successfully by 

exclusively using silica for paper functionalization. It could be shown that the grammage of the 

silica-functionalized paper plays a decisive role. The most probable mechanism is based on 

pinning at the three-phase contact line on the rough microstuctured paper, which is enabled by 

the fact that coated fibres do not allow subsequent swelling of the cellulose material. This 

hypothesis is supported by a rather tiny decrease in surface free energy from cellulose to silica, 

which was determined on model surfaces. By varying the amount of silica added and the drying 

process, the distribution of silica along the paper cross sections can be adjusted in terms of 

hydrophobicity. In initial tests, the application as a membrane for oil-water separation is 

successfully demonstrated. A subsequent functionalization with the redox-responsive polymer 

PFcMA is able to cause the switching of the papers in relation to the wetting, and the first tests 

of initial functionalization of the fiber and subsequent paper formation are described in the 

report, which is successfully carried out. This system may allow multifunctional 

functionalization in papers in the future and thus produce new tailor-made papers. By using a 

simple dip-coating process and tuning the initial TEOS concentration in the coating solution 

and drying process, the wetting characteristics progress from hydrophilic to Janus type and 

hydrophobic in a controlled fashion by adjusting a precise and simple gradient design. If ethanol 

evaporation and silane hydrolysis as well as condensation now occur on similar time scales, a 

gradient in silica distribution and thus a tailored adjustment along the paper cross-section is 

obtained.  
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8. Experimental Section 

8.1. Used chemicals and materials 

Chemicals 

1-Bromopropane       Sigma-Aldrich, 99 % 

2-(Dimethylamino)ethyl methacrylate (DMAEMA)   Sigma-Aldrich, 98 % 

3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane  ABCR, 62 % 

acetonitrile        AppliChem, 99,9 % 

aluminium oxide (AlOx)      Sigma-Aldrich 

calcoflour white       Sigma-Aldrich 

diethanolamine       Sigma-Aldrich, 98 % 

ethanol        EMPLURA®, Merck, 99 % 

hexaammineruthenium(II) chloride     VWR, 99 % 

hydrochloric acid (37 %ig)      VWR 

iodine         99,5 % 

methylene blue       Sigma-Aldrich 

phosphoric acid 2-hydroxyethyl methacrylate ester (MEP)  Sigma-Aldrich 

Pluronic® F127       Sigma-Aldrich, 99 % 

potassium chloride       Sigma-Aldrich 

potassium hexacyanoferrate(III)      Sigma-Aldrich, 99 % 

rhodamine B        Sigma-Aldrich, 95 % 

sodium hydrogen carbonate      Sigma-Aldrich 

sodium iodid        VWR, 99 % 

tetraethyl orthosilicate (TEOS)     Sigma-Aldrich, 98 % 

tetrahydrofuran (THF)      AppliChem, 0,5 ppm water 

toluene        AppliChem, 0,5 ppm water 

 

Materials 

chromium nuggets (Cr)      Alfa Aesar 

gold nuggets (Au)       ESG, Scheideanstalt 

index matching oil (nD=1,7000 ± 0,0002)    Cargille Labs 

indium-tin-oxide coated glass slide (ITO), SiO2 passivated  VisioTEK, Rs = 4-8 Ω 
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LaSFN9, optical glass with n632.8 = 1.84489    Schott 

microscope slide        VWR/Roth 

silicon-wafer, 525 ± 25 µm, type P/Bor, <100> orientation  Si-Mat, 2-5 Ω resistivity 

 

8.2. Used equipment 

In the following, all used characterization methods and relations used for data evaluation are 

briefly introduced. The methods ellipsometry, CV and SPR described in chapter 5 are not 

considered again. 

 

8.2.1. Infrared spectroscopy 

ATR-IR spectroscopy is applied for functional characterization and allows the independent 

determination of silica (Si-O-Si and Si-OH stretching vibration) and polymer (C=O vibration). 

The ATR-IR spectroscopy is performed on a spectrum One (Perkin-Elmer) in the attenuated 

total reflection mode. The porous silica films are scratched from the glass substrate for 

measurement or measured directly on the supporting substrate. The spectrum is recorded 

between 4000-650 cm-1 and background corrected automatically after the measurement. The 

spectra are normalized to the asymmetric stretching vibration of ~ 1070 cm-1 in case of 

scratched or in case of mesoporous films supported on gold coated glass substrate, or to the 

stretching vibration of Si-OH at around 900 cm-1 in case the mesoporous films are measured 

directly on the substrate (Figure 84). The polymer content is determined by the absorption of 

the C = O valence vibration of the ester group at ~ 1730 cm-1. Three different kinds of silica 

stretching vibrations are known from literature in silica spectra.232 Two belonging to the silica 

network Si-O-Si divided into asymmetric stretching vibration of bridged Si-O-Si at 1260 – 

1000 cm-1 and the symmetric stretching vibration of Si-O-Si ring structure at around 800 cm-1. 

The third typical silica vibration is the stretching vibration of free silanol groups Si-OH in the 

range of 900-980 cm-1 as indicated in Figure 84. Of course only mesoporous films treated 

identically can be directly compared. 
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Figure 84. ATR-IR spectra of glass substrate (black), mesoporous silica on glass (red), mesoporous silica scratched off 

(blue), mesoporous silica on gold coated glass substrate (green) and DMAEMA (magenta) showing the characteristic 

silica stretching vibration Si-O-Siasym,, Si-O-Sisym and the polymer typical C=O vibration. Bends are marked with arrows. 

 

8.2.2. UV/VIS 

UV/VIS absorption measurements are carried out using a Cary 60 UV/VIS-spectrometer from 

Agilent. The recording of measured data is done using the software package Agilent Cary 

WinUV-Software. The background is corrected prior to each measurement. 

 

8.2.3. Contact Angle 

Contact angle measurements are carried out using Model TBU90E DataPhysics Instruments 

GmbH with the Programm SCA-Software. All samples are measured at three to five positions, 

and the average value is calculated with standard deviation. For static contact angle 

measurements, a water drop volume of 2 µL is used. 

 

8.2.4. Transmission Electron Microscope (TEM) 

Transmission electron microscopy (TEM) micrographs are recorded using a FEI CM20 TEM 

microscope with a maximum resolution of 2.3 Å equipped with a LAB-6 cathode (200kV) and 

a CCD camera (Olympus) from Frau Ulrike Kunz (AK Prof. Dr. Klebe/ TU Darmstadt). Samples 

are dispersed in a few droplets of ethanol before being dropped onto a copper TEM grid to 

image. 
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8.2.5. Scanning Electron Microscope (SEM) 

Scanning electron microscopy (SEM) micrographs are captured using a JEOL JSM-6510 

scanning microscope operated at an acceleration voltage of 20 kV. Samples are coated with a 

platinum/palladium (80:20) layer of several nanometers with a Cressington 208 HR. 

 

8.2.6. X-ray Photoelectron Spectroscopy (XPS) 

XPS are recorded by K. Kopp (AK Prof. Dr. Hess, TU Darmstadt) using a Surface Science 

Laboratories SSX-100 X-ray photoelectron spectrometer equipped with a monochromatic Al Kα 

X-ray source (100 W). The X-ray spot size is 250−1000 µm. The binding energy scale of the 

system is calibrated using Au 4f7/2 = 84.0 eV and Cu 2p3/2 = 932.67 eV signals from foil 

samples. A Shirley background is subtracted from all spectra. Peak fitting is performed with 

Casa XPS using 70/30 Gaussian-Lorentzian product functions. Atomic ratios are determined 

from the integral intensities of the signals, which are corrected by empirically derived sensitivity 

factors. 

 

8.2.7. Profilometer 

Profilometric measurements are performed as complementary methods to SPR and ellipsometry 

measurements (Kompetenzzentrum Materialcharakterisierung, TU Darmstadt). The profiler 

device Dektak XT from Bruker with a vertical resolution to 1 Å, horizontal resolution of 120,000 

points and a force on top of 1 mg is used. Each measurement is scanned in Hills & Valley mode. 

 

8.2.8. Light-emitting Diode (LED)  

An Autolab Optical bench from Metrohm equipped with an Autolab LED Driver with 700 mA 

output is used as LED light source. As LED is a LDC627 with red light and a wavelength of 

627 nm is used. The spectrum and the intensities of the lamp is shown in Figure 85. The 

intensity can be varied by changing the incoming current of LED. 
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Figure 85. a) spectrum of the LED described with the wavelength 627 nm. b) light intensity of the LED when changing 

the current input of the LED between 50 and 700 mA. 

 

8.2.9. Lumatec®Lamp  

A Lumatec UV-Technik Superlite 410 lamp is used as the light source for reference 

polymerisations in mesoporous silica. The wavelength ranged from 400 to 700 nm (visible 

light). Each polymerisation is carried out in a polystyrene (PS) cuvette with substrate 

perpendicular to light beam and positioned 10 cm away from the light source in an aluminum 

foil-lined box. In Figure 86 a spectrum of Lumatec®Lamp with filter 0 (400-700 nm) and the 

intensity of Lumatec®Lamp at filter 0 is shown. 
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Figure 86. a) Spectrum of Lumatec®Lamp with filter 0 (400-700 nm) and b) intensity of Lumatec®Lamp at filter 0. 

 

8.3. Silica Film Preparation 

The mesoporous silica films are synthesized evaporation induced self-assembly (EISA)5 using 

sol-gel chemistry. The different substrates types are covered with the precursor solutions on 
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two different routes by dip-coating or gravure printing. The chapter is divided into a 

formulation part (chapter 8.3.1) and the preparation part (chapter 8.3.2). 

 

8.3.1. Formulations of Sol-Gel Solution 

Mesoporous silica  

Mesoporous silica films are synthesized via sol-gel-chemistry using tetraethyl orthosilicate 

(TEOS) in the presence of the template Pluronic® F127. The precursor solutions (1 TEOS: 

0.0075 F127: 40 EtOH: 10 H2O: 0.2 HCl) resulting in 8 nm mesopores (called small pores) or 

(1 TEOS: 0.02 F127: 40 EtOH: 34.5 H2O: 0.08 HCl)272 resulting in 16 nm mesopores (called 

big pores) are stirred for 24 h at room temperature before being used. 

 

Mesoporous silica with co-condensate 

The mesoporous silica with co-condensate where synthesized the same way like 

unfunctionalized mesoporous silica but with the changed formulation ((1−x) TEOS: x 3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane: 0.0075 F127: 40 EtOH: 10 H2O: 0.2 HCl) with x 

being between 0 and 25 mol %. 

 

8.3.2. Preparation via Sol-Gel Solution 

Mesoporous silica  

Mesoporous silica films are synthesized by evaporation induced self-assembly (EISA)5 on silicon 

wafer, glass or indium tin oxide coated glass substrates at 40-50 % relative humidity and 298 K. 

The mesoporous silica films are dip-coated with varying withdrawal speeds between 0.1 mm/s 

and 30 mm/s or gravure printed (G1-5 - IGT Testing Systems, Dr. Dieter Spiehl, AK Prof. Dr. 

Dörsam, TU Darmstadt) with different gravure cylinders cell volumes between 0.2 mL/m2 and 

24 mL/m². A printing speed of 0.6 m/s and a 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/m² cell volume is used. Between the first and the second layer an aging time of 

10 min is used. After deposition of the second layer films are 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 
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1 h steps at 60 °C 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 and 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. 

 

8.4. Surface Grafting of Initiator Molecules 

Mesoporous silica films are prepared by dip coating with two different withdrawal speeds 

2 mm/s and 10 mm/s for further functionalization via post-grafting approach with the 

formulation resulting in 8 nm. The binding with the coinitiator (3-[Bis(2-

hydroxyethyl)amino]propyl-triethoxysilane) is done with 0.01 wt.-% in toluene for 1 h 

(2 mm/s) and 0.05 wt.-% (10 mm/s) for 2 h at 80° in nitrogen atmosphere. Afterwards an 

extraction of mesoporous silica film with toluene takes place. 

When post-grafting the coinitiator on mesoporous silica films with pore sizes of 16 nm prepared 

by dip-coating and all mesoporous silica films prepared by gravure printing the conditions of 

1 h and a concentration of 0.01 wt.-% in toluene at 80 °C are used. The functionalization takes 

place in nitrogene atmosphere. Afterwards an extraction of mesoporous silica film with toluene 

takes place. 

 

8.5. Plasma Treatment with CO2 

The CO2 plasma treatment is carried out according to a protocol of Mr. Babu (AK Prof. Dr. 

Schneider, TU Darmstadt).237 The plasma treatment is carried out with carbon dioxide with a 

Diener Electronic Femto equipment, at a pressure of 0.4 mbar and a power of 20 % for 

12 seconds. 

 

8.6. Adsorption-tests of Polymerization 

The mesoporous silica films are separated and incubated for 1 h with different solutions. The 

solutions are the dye solution (methylene blue, 3 mg/50 mL 0.1 M aqueous NaHCO3 solution), 

monomer solution (DMAEMA or MEP, 500 mg/mL 0.1 M aqueous NaHCO3 solution) or 9:1 

ratio monomer:dye solution (450 mg/mL monomer, 0.0052 mg/mL methylene blue in 0.1 M 

NaHCO3 solution = polymerization solution). The mesoporous silica films are dried with 
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compressed air and freshly measured in ATR-IR and UV-Vis. Simultaneously the mesoporous 

silica film is polymerized with the same solution for 1 h with the laser (Pol.1 =Pol, 2 = 90°, 

5 mW). Then the substrate is measured in ATR-IR without extraction just dried with compressed 

air, then the extraction with water takes place, the film is dried and measured again in ATR-IR. 

 

8.7. Polymer-Functionalization of Surface 

The dye sensitized polymerization is used as a surface initiated photopolymerization explained 

in chapter 5.1. The polymer functionalization of mesoporous silica films of different film 

thickness and pore sizes are done with different initiation systems, light induced with different 

light sources like laser, LED or Lumatec®lamp of red light or near-field induced with surface 

plasmons or transversal modes.  

 

8.7.1. Light Induced Polymerization 

Initiator solutions are prepared by dissolving 3 mg methylene blue dye in 50 ml aqueous 0.1 M 

aqueous NaHCO3 solution. The monomer DMAEMA (destabilized over AlOx) is as well 

dissolved in an aqueous NaHCO3 solution. As DMAEMA concentrations mostly 225 g/L or 450 

mg/mL are used. Before polymerization the dye solution and the monomer solution are mixed 

in a ratio of 1:9 and the solution is degassed for 10 min by nitrogen or argon bubbling under 

the exclusion of light and in the presence of the coinitiator functionalized mesoporous film. For 

polymerization the mesoporous film is irradiated with red light (light source: LED, Laser or 

Lumatec®lamp) with a defined intensity and with a defined polymerization time. For the LED 

and Lumatec®lamp light source the mesoporous silica film is located in a distance of 10 cm, 

positioned perpendicular to the waveguide. For the laser light source, the mesoporous silica is 

located as shown in Figure 11, chapter 5.2 and the laser dot crossing the mesoporous film is 

marked for characterization. After polymerization the mesoporous film is extensively extracted 

in water. 

 

8.7.2. Near-Field Induced Polymerization 

More information of the experimentation set up is given in chapter 5.2.  

The laser power is adjusted to 100 % reflectivity (Pol. 1 ~ 22 °, Pol. 2 = 90 °) in the detector 

whithout sample. After installation of sample in the Kretschmann configuration a spectrum 
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measured against air is recorded.220 Than water is constantly flown with 5 µL/min flow rate 

through the sample and a second spectrum is recorded. Afterwards the polymerization solution 

prepared analogous to light induced polymerization is flown constantly during the experiment 

at a flow rate of 5 µL/min. The spectrum is recorded in a very fast way, to avoid a starting 

polymerization. After determination of the surface plasmon maximum (SP) or transversal mode 

(TM) the corresponding resonance angle and the intensity of laser is set and the polymerization 

is running for the desired time. After this the extraction with water is done in the flowing cell 

and after minimum 30 min a spectrum is recorded. Then the sample is removed, extracted again 

and dried and build in the set up again for a renewed measurement against air after 

polymerization.  

 

8.8. Papersheet Formation 

For the preparation of lab-engineered paper substrates eucalyptus sulfate pulp (curl: 16.2 %; 

fibrillation degree: 1.3 %; fines content: 15.2 %) is used. The pulp is refined in a Voith LR 40 

laboratory refiner. Refining is performed with an effective specific energy of 16 kWh/t (750000 

rotations). Laboratory-engineered paper substrates are prepared from eucalyptus sulfate pulp 

with a grammage of 80 ± 0.9 g/m2 by using a Rapid-Köthen sheet former according to DIN 

54358 and ISO 5269/2. (REF: ISO 5269-2:2004(E), Pulps – Preparation of Laboratory Sheets 

for Physical Testing – Part 2: Rapid Köthen Method, 2004.) No additives or fillers are used. 

After sheet formation, the paper substrates are equilibrated at a temperature of 23 °C, and a 

relative humidity of 50 % in a climate-controlled room for at least 24 h before further 

characterization and functionalization is performed. 

For the preparation of the cotton linter paper substrates, bleached, dry cotton linter pulp is 

used. The pulp is refined in a Voith LR 40 laboratory refiner. Refining is performed with an 

effective specific energy of 200 kWh/t. Cotton linter paper sheets with a grammage of 42−44 

g/m2 are fabricated using a conventional Rapid-Köthen hand sheet maker according to DIN 

54358 and ISO 5269/2 in the absence of additives and fillers. After sheet formation, the paper 

substrates are equilibrated at a temperature of 23 °C, and a relative humidity of 50 % in a 

climate-controlled room for at least 24 h before further characterization and functionalization 

is performed.  

The cotton linter paper sheets with other grammages used in this work are formed in the 

research group of Markus Biesalski from Tizian Venter.  
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8.8.1. Silica Functionalization of Paper Sheets 

These coatings are synthesized via sol−gel chemistry based on the oxide precursor 

tetraethoxysilane (TEOS) in the presence of a Pluronic® F127 template. Dynamic light 

scattering (DLS) measurements under the conditions used in the coating procedure of this study 

(acidic ethanol) reveal a concentration-independent micelle diameter of 6.8 ± 0.5 nm for 

Pluronic F127 concentrations between 0.3 and 9.3 g/mL. This indicates the Pluronic® F127 

forms spherical micelles under the coating conditions used. To prepare mesoporous silica 

coatings, the precursor solution is prepared using the following molar ratios: 

1 TEOS:0.075 Pluronic® F127:24 EtOH:5.2 H2O:0.28 HCl. Dense silica coatings are prepared 

similarly, but in the absence of the Pluronic® F127 template. The precursor solution is stirred 

for 24 h. 

Cotton linter paper (fibers are provided by Fachgebiet Papierfabrikation und Mechanische 

Verfahrenstechnik PMV, TU Darmstadt) sheets (prepared by S. Richter and T. Venter, AK Prof. 

Dr. Biesalski, TU Darmstadt) are dip coated with sol gel solution for mesoporous silica (8 nm) 

or dense silica with the intermediate concentration at 40−50 % relative humidity and 298 K at 

a withdrawal speed of 2 mm/s. Freshly deposited films are stored at 50 % relative humidity in 

a climate chamber for 1 h. A consecutive thermal treatment is then carried out in two successive 

1 h steps at 60 °C and 130 °C, followed by a temperature increase to either 200 °C or 500 °C, 

respectively, at a rate of 1 °C/min. This final temperature is held for 2 h before cooling to 

ambient temperature. The prepared samples are then rinsed with ethanol and stored under 

ambient conditions. The samples that are treated up to a temperature of 200 °C are then 

immersed into acidic ethanol (0.01 M HCl) to chemically extract the Pluronic® F127 template. 

To prepare cotton linter paper sheets that are coated only within one- half with dense silica, the 

samples are stored in a preheated oven at 130 °C for 1 h immediately after dip-coating, followed 

by a temperature increase to 200 °C at a rate of 1 °C/min. 

Eucalyptus-sulfate paper sheets (1 cm* 8 cm) are dip coated at 50 % relative humidity and 23 

°C at a withdrawal speed of 2 mm/s. Freshly deposited films are directly brought in a 130 °C 

preheated vacuum drying oven or a muffle furnace. The samples are kept in a horizontal 

position with a minimal bearing surface at 130 °C for 2 h before cooling to ambient temperature. 

Three different concentrations of dip-coating solution are prepared with the following molar 

ratios: 
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 1 TEOS:80 EtOH:20 H2O:0.04 HCl     → low concentration (lc) 

 1 TEOS:40 EtOH:10 H2O:0.02 HCl     → intermediate concentration (ic) 

 1 TEOS:20 EtOH:5 H2O:0.01 HCl        → high concentration (hc) 

The precursor solutions are stirred for 24 h. The samples are marked on the top side of the 

sheets.  
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influences the film thickness of the printed films according to literature of Spiehl et al..235
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hydroxyethyl)amino]propyl-triethoxysilane) functionalization. a) mesoporous silica with a 
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e) Zoomed spectra of the e) Si 2p and f) N 1s signal. XPS is measured by K. Kopp (AK Prof. 

Dr. Hess, TU Darmstadt). Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-
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Figure 26. Optimization of coinitiator (3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane) 

post-grafting of mesoporous silica films with 6-8 nm pore diameter of different film 
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nm film, 6 h. A functionalization with coinitiator concentration of 0.05 wt.-% in toluene 
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Figure 27. Comparing the functionalization of gravure printed mesoporous silica films with 

silane (3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane) via post-grafting or co-

condensation. a) Macroscopic static contact angle measurements with 2 µL water drops for 
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mesoporous silica co-condensed with 5 mol% dip-coated with 2 mm/s and 10 mm/s results 

in film thickness of 170 nm and 300 nm. Film thickness c) and refractive index d) obtained 

via ellipsometry for different co-condensation degrees and post-grafting of mesoporous 

silica prepared with a printing cylinder cell volume of 8 mL/m2 via gravure printing. Figure 

adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY. ........ 70 
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triethoxysilane, 8.5 mL/m2 cylinder, (d) 15 mol% coinitiator with 8.5 mL/m2 cylinder, (e) 

20 mol% 3-[Bis(2-hydroxyethyl)amino]propyl-triethoxysilane, 8.5 mL/m2 cylinder. 

Measurements taken after sputtering samples with a 3 nm platinum-palladium layer. 

Figure adapted from N. Herzog et al. in RSC Adv. 2019, 9, 23570-23578 used by CC BY.
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Figure 29. Cyclic voltammograms of mesoporous silica films of different film thickness of 190 
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and 10 mm/s using [Ru(NH3)6]2+/3+ and [Fe(CN)6]3- /4- as ionic redox probes at pH 3 (red) 
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and a second layer consists of mesoporous silica with 5 mol% co-condensed 3-[Bis(2-
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0.01 M PMEP solution in water against 0.1 M NaOH solution showing pKa values at around 

3 and 7. ......................................................................................................................... 83 

Figure 39. Free radical polymerization of coinitiator/methylene blue system with DMAEMA as 

monomer. a) ATR-IR spectra of the polymerization solution including a zoom onto the C=C 

vibrational band at 1635 cm-1 (yellow area) in dependence of the polymerization time. b) 
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coinitiator. a) without CO2 plasma treatment. b) After coinitiator functionalization the 

mesoporous silica films are CO2 plasma treated to remove coinitiator from outer surface. 

The C=O absorbance in Si-OH (900 cm-1) normalized spectra is shown (black). Error bars 
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power of 1.5 mW (Pol. 1=40 °, Pol. 2=90 °) for 30 min with DMAEMA as monomer and 

methylene blue as dye. a) Varying ratio of DMAEMA to methylene blue solution resulting 

in 1:9 (25 mg/mL DMAEMA, 0.047 mg/mL methylene blue), 5:5 (125 mg/mL DMAEMA, 
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vibrational band absorbance at 1730 cm-1 in Si-OH (900 cm-1) normalized spectra (black) 
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angle. a) Results for 25 min polymerization time in a 170 nm thick mesoporous silica film 

post-grafted with coinitiator is polymerized with DMAEMA (225 mg/mL DMAEMA, 0.0052 

mg/mL MB in 0.01 N NaHCO3) and b) for a 300 nm film using a DMAEMA with higher 
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sensitized polymerization with red laser as light source. The spot where the laser crosses 

the mesoporous silica coated substrate is clearly visible. After polymerization the switch 

from colored methylene blue to the leuco form is visible in dependence of the parameters 

only in this spot. b) The C=O absorbance in Si-OH (900 cm-1) normalized spectra are 

plotted against the vertical line of the polymerized mesoporous silica film. The 

polymerization conditions are the same like in Figure 51 but other laser powers are used. 

The laser spot is 3 for magenta, black and red, 4 for blue series................................... 104 
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silica) and the surrounding medium (air, polymerization solution). TM is guided through 

the hole dielectric layer. .............................................................................................. 108 
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methylene blue in 0.1 M NaHCO3-solution) in mesoporous films post-grafted with 

coinitiator under SP irradiation at the SP resonance angle (minimum) for 2 h using a laser 
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160 nm, green = 365 nm) or c) a double layer (red = 360 nm) film. Gray and black spectra 
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and d) 360 nm double layer film. The SPR spectra measured against polymerization 

solution are shown in cyano (b) for 160 nm films and bright green (b) for 365 nm single 
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fitting (one layer) of SP measurements. For details on the fitting procedure please refer to 
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prepared by gravure printing on gold coated glass substrates. The SPR spectra of untreated 

mesoporous films in contact with air are shown in red, the SPR spectra in contact with 

polymerization solution are shown in in black and the SPR spectra after polymerization in 

contact with air are shown in blue. Polymerization shown in a, c and d are performed using 

0.8 mW laser power (λ=632.8 nm) for two slow scans (each scan needs 8 min for 40-60° 

in 0.1° steps and 60-80° in 0.2° steps). Only the polymerization in b) is performed using a 

hold of 10 min at θSP= 78.9° after the first and before the second scan. The film thickness 
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pore diameters of 3-8 nm and c) 201 nm with pore diameter of 8-16 nm. e) ATR-IR spectra 

recorded directly from gold-substrate normalized to Si-O-Siasym. (1070 cm-1) vibrational 
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Figure 57. SP-induced polymerization (laser power 0.8 mW, 632.8 nm). The polymerization 

occurred during one angular scan of around 5 minutes (0.1 °/s von 40-60°, 0.2 °/s von 60-
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of 3-8 nm before polymerization (black), after polymerization with 225 mg/mL monomer 

concentration (red), and after polymerization with 450 mg/mL (blue) monomer 

concentration. Both polymerizations are performed under constant flow of polymerization 

solution (flow rate of 5 µL/min.). For comparison while the turquoise spectra are done 

with a static polymerization solution (no fluid flow). b) The SPR spectra corresponding to 

the ATR-IR spectra in a are shown. Dark color (dark red and dark blue) shows 

measurements before polymerization while bright colors (red and blue) showing 

measurements after polymerization against air. Magenta and cyano showing the 

measurement against polymerization solution. c) mesoporous silica films post-grafted with 

coinitiator with a layer thickness of around 500 nm and pore diameters of 8.16 nm. ATR-

IR spectra using the same color code like in a). d) showing also same experiments like in 
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Appendix 

Appendix related to chapter 6.1: 

Table 8. Ellipsometry results of dip-coated mesoporous silica films with different withdrawal speeds (mm/s) for 6-8 

nm pores. Values for film thickness and refractive index are obtained by fitting the obtained data to a one-box model. 

Vpore values are calculated using the Bruggeman approximation229. All samples printed on silicon wafer. Given errors 

are determined by standard deviation of minimal three measured points. Further Experimental details are given 

within the experimental section. 

Withdrawal 

speed [mm s-1] 

Layer thickness 

[nm] 
Refractive index RMSE Vpore

* [vol%] 

0.05 419.8 ± 127.6 1.210 ± 0.08 4.441 53 

0.5 168.8 ± 14.4 1.235 ± 0.008 1.779 47 

0.9 152.8 ± 16.3 1.252 ± 0.011 1.041 44 

1 140.5 ± 6.8 1.242 ± 0.035 0.407 46 

2 180.4 ± 7.5 1.250 ± 0.002 0.688 44 

3 226.3 ± 5.0 1.253 ± 0.001 1.439 44 

4 267.5 ± 2.9 1.259 ± 0.000 0.745 42 

5 265.3 ± 2.5 1.261 ± 0.000 0.760 42 

6 290.4 ± 3.4 1.273 ± 0.001 0.422 39 

7 323.9 ± 16.5 1.265 ± 0.011 0.843 41 

8 316.5 ± 0.7 1.278 ± 0.000 0.495 38 

9 339.3 ± 11 1.299 ± 0.019 0.769 34 

10 372.0 ± 13.2 1.275 ± 0.035 1.278 39 

15 395.5 ± 34.2 1.245 ± 0.001 1.576 45 

20 398.2 ± 46.6 1.270 ± 0.054 2.987 40 

25 357.9 ± 8.4 1.282 ± 0.010 0.927 38 

30 353.4 ± 4.7 1.269 ± 0.001 0.868 40 
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Table 9. Ellipsometry results of dip-coated mesoporous silica films with different withdrawal speeds (mm/s) for 8-16 

nm pores. Values for film thickness and refractive index are obtained by fitting the obtained data to a one-box model. 

Vpore values are calculated using the Bruggeman approximation229. All samples printed on silicon wafer. Given errors 

are determined by standard deviation of minimal three measured points. Further Experimental details are given 

within the experimental section.  

Withdrawal 

speed [mm s-1] 

Layer thickness 

[nm] 
Refractive index RMSE Vpore

* [vol%] 

0.25 256.9 ± 0.9 1.191 ± 0.001 0.706 57 

0.5 292.0 ± 9.4 1.305 ± 0.029 2.215 33 

1 318.6 ± 1.6 1.232 ± 0.004 0.377 48 

1.5 530.9 ± 2.4 1.139 ± 0.002 0.937 68 

2 595.5 ± 5.4 1.162 ± 0.005 2.614 63 

4 906.7 ± 16 1.127 ± 0.008 3.433 70 

7 856.7 ± 18 1.149 ± 0.011 3.778 66 

10 1016  ± 17 1.149 ± 0.008 5.482 66 

 

Table 10. Ellipsometry results of printed mesoporous silica films with different cylinders of different cell volumes 

(mL/m2) for 6-8 nm pores (700 N). Values for film thickness and refractive index are obtained by fitting the obtained 

data to a one-box model. Vpore values are calculated using the Bruggeman approximation229. All samples printed on 

silicon wafer. Given errors are determined by standard deviation of minimal three measured points. Further 

Experimental details are given within the experimental section. 

Printing cell 

volume [mL m-2] 

Layer 

thickness 

[nm] 

Refractive index RMSE Vpore
* [vol%] 

12.23 111.4 ± 2.1 1.319 ± 0.026 0.432 30 

10.14 103.1 ± 0.9 1.249 ± 0.009 0.215 44 

9.19 98.7 ± 2.3 1.287 ± 0.038 0.491 36 

8.30 93.3 ± 0.8 1.253 ± 0.006 0.275 44 

5.98 77.1 ± 2.0 1.255 ± 0.112 0.127 43 

4.71 72.6 ± 4.7 1.271 ± 0.031 0.382 40 

2.72 48.9 ± 0.8 1.406 ± 0.020 0.252 - 

1.67 37.8 ± 0.2 1.459 ± 0.013 0.059 - 

0.93 21.1 ± 0.6 1.500 ± 0.052 0.148 - 

0.45 8.9 ± 1.6 1.872 ± 0.154 0.041 - 
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Table 11. Ellipsometry results of printed mesoporous silica films with different cylinders of different cell volumes 

(mL/m2) for 8-16 nm pores (700). Values for film thickness and refractive index are obtained by fitting the obtained 

data to a one-box model. Vpore values are calculated using the Bruggeman approximation229. All samples printed on 

silicon wafer. Given errors are determined by standard deviation of minimal three measured points. Further 

Experimental details are given within the experimental section. 

Printing cell 

volume [mL m-2] 

Layer 

thickness 
[nm] 

Refractive index RMSE Vpore
* [vol%] 

12.23 199.3 ± 3.3 1.220 ± 0.002 0.597 51 

10.14 174.7 ± 4.1 1.222 ± 0.014 0.448 50 

9.19 175.2 ± 2.8 1.217 ± 0.004 0.683 51 

8.30 165.8 ± 3.4 1.215 ± 0.006 0.613 52 

5.98 141.4 ± 1.4 1.214 ± 0.013 0.536 52 

4.71 87.4 ± 0.6 1.212 ± 0.018 0.323 52 

1.67 59.0 ± 1.2 1.239 ± 0.002 0.136 47 

0.93 35.8 ± 1.8 1.346 ± 0.040 0.128 24 

0.45 19.4 ± 1.0 1.378 ± 0.264 0.214 17 
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Figure 87. TGA of Pluronic® F127. 
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Figure 88. Profiler measurements of film thickness of first layer cured at 120 ° C (black), first and second layer cured 

at 120 ° C (red) and first and second layer cured at 350 ° C (blue). Complementary method to the ellipsometry 

measurements of Figure 21. 
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Figure 89. Cyclic voltammetry measurements of an untreated indium-tin-oxid electrode at a scanrate of 100 mV s-1 

and a pH 3 (red) and pH 9 (blue) using [Ru(NH3)6]2+/3+ and [Fe(CN)6]3-/4- as an ionic redox probe molecule at a 

concentration of 0.01 mM in 100 mM KCl. 
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Figure 90. Randles-Sevcik relation between scan rate and Ip extracted from cyclic voltammograms of mesoporous 

silica thin films using [Ru(NH3)6]2+/3+ (-0.6 V - + 0.2 V) (Ru) and [Fe(CN)6]3-/4- (-0.2 V - +0.6 V) (Fe) as ionic redox probes 

at pH 3 and 9. The dip-coated mesoporous silica films are prepared with different withdrawal speeds a) 0.5 mm s-1 

b) 2 mm s-1 and c) 10 mm s-1 resulting in film thicknesses of a) 140 nm (47 vol% 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 mL m-2 e) 16.3 mL m-2 and f) 24 mL m-2 resulting in film thicknesses of d) 100 nm (48 vol% porosity), 

e) 162 nm (40 vol% porosity), f) 250 nm (48 vol% porosity). The data sports are fitted with a linear fit and the resulting 

slope is written in the same color next to the graphs. For c) and f) for basic pH and the positively charged probe 

molecule no linear fitting is possible. The figures belongs to Figure 24. Figure adapted from N. Herzog et al. in RSC 

Adv. 2019, 9, 23570-23578 used by CC BY. 



  

Appendix  Page 213 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0
0

250

500

750

1000

1250

1500

1750

2000

2250

2500

2750

2 mm/s - 5 % cocond.

 

 

h
e
ig

h
t 
/ 
n
m

distance / mm

~ 175 nm

~ 370 nm
10 mm/s - 5 % cocond.

 

Figure 91. Profilometer measurement for 5 mol% coinitiator co-condensed mesoporous silica films dip-coated with 

two different withdrawal speeds.  
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Appendix related to chapter 6.2: 

 

 

 

Figure 92. a) Synthesis of the coinitiator, propyldiethanolamine, without an anchor group for polymerization in 

solution with diethanolamine and 1- brompropan in acetonitrile and sodium iodid at 60 °C for 5 d. b) 1H NMR (300 

MHz, D2O) of anchorless coinitiator with assignment of the signals with letters to the chemical structure in a). 
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Figure 93. Extraction test. Mesoporous silica film (black, 370 nm film thickness) is incubated into polymerization 

solution (9:1 DMAEMA:methylenblue, 450 mg/mL MEP, 0.0052 mg/mL MB in 0.01 M NaHCO3 ) for 17 h (overnight) 

without illumination with light (blue). Than the substrate is extracted with water (red). No polymer is generated. 
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Figure 94. Test of DMAEMA polymerization in the presence (blue, green) and absence (red) of methylene blue. The 

polymerization time is adjusted to 10 minuted under irradiation using the Lumatec®Lamp (400-700 nm, 32 mW/cm²). 

The black spectrum shows mesoporous silica post-grafted with coinitiator. The red spectrum shows the 

polymerization in absence of methylene blue and blue spetrum the polymerization with the 9:1 ratio DMAEMA:MB 

(450 mg/mL DMAEMA, 0.0052 mg/mL MB in 0.01 M NaHCO3). The green spectrum shows the illumination and 

extraction of methylene blue.  
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Figure 95. ATR-IR-spectra belonging to Figure 46a and b. 

 

Figure 96. ATR-IR spectra belonging of Figure 46c. 
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Figure 97. ATR-IR spectra belonging to Figure 46d. 

 

Figure 98. ATR-IR spectra belonging to Figure 47. 

 

Figure 99. ATR-IR belonging to Figure 48. 
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Figure 100. Results from polymerization at different pH values using DMAEMA and methylene blue in a 9:1 volume 

ratio (450 mg/mL DMAEMA/0.0052 mg/mL methylene blue). 
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Figure 101. ATR-IR spectra belonging to Figure 49b. 
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Figure 102. ATR-IR spectra belonging to Figure 50a. 
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Figure 103. ATR-IR spectra belonging to Figure 50b. 
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Figure 104. Time dependent polymerization of MEP with He/Ne-Laser as irradiation source. The coinitiator 

functionalized mesoporous silica film has a film thickness of about 300 nm. In black the polarizer 1 has 20° (0.2 mW) 

, in red 90° and in blue 90° (6.5 mW), here the films are plasma treated before polymerization. Polarizer 2 is constant 

at 90°. 
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Figure 105. ATR-IR spectra belonging to Figure 104. 

 

Figure 106. ATR-IR spectra belonging to Figure 52. 
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Figure 107. ATR-IR spectra of mesoporous silica functionalized with coinitiator (black), mesoporous silica 

functionalized with a high amount of PDMAEMA (blue) and a lower amount of PDMAEMA (red) and bulk 

PDMAEMA (magenta). the spectra a normalized to 1080 cm-1. 
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Figure 108. Image of the gold coated LaSFN9 substrate with polymer functionalized mesoporous silica film. In the 

area of flow cell the polymer is visible by eye. Leading to very high C=O vibrational bands in Si-O-Siasym (1070 cm-1). 

normalized ATR-IR spectra. Image belongs to polymerization for 2 h in 160 nm thick films (Figure 55, blue). 

 

Figure 109. Polymerization of mesoporous silica films post-grafted with coinitiator with SP with and without plasma 

treatment after coinitiator binding. a) ATR-IR spectra, b) SPR spectra showing in red polymerization with SP and in 

blue polymerization with SP after Plasma treatment. MEP (450 mg/mL MEP, 0.0052 mg/mL methyleneblue in 0.1 M 

NaHCO3 solution) is used as monomer. Polymerization is done for 2 h with a laser power of 5 mW (λ = 632.8 nm). 

The film thickness is around 350 nm with small pore diameter of 3-8 nm.. 
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Figure 110. Time-depended polymerization with SP with two different laser powers black = 0,05 mW and red = 2 mW 

(λ = 632.8 nm). The mesoporous silica films post-grafted with coinitiator has a film thickness around 170 nm and a 

pore diameter of 3-6 nm. The used monomer is DMAEMA with 225 mg/mL (225 mg/mL DMAEMA, 0.0052 mg/mL 

methyleneblue in 0.1 M NaHCO3 solution). 

 

Figure 111. Energy dependent polymerization with SP. These spectra belong to Figure 60a, b. 
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Figure 112. Energy dependent polymerization with SP. Using monomer concentration (450 mg/mL DMAEMA, 0.0052 

mg/mL methylene blue in 0.1 M NaHCO3 solution) and a shorter polymerization time of 10 min. The laser powers 

are a) 6 mW, b) 1.9 mW and c) 0.6 mW. These spectra belong to Figure 60c, d. 
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Figure 113. SPR measurements against polymerization solution for polymerization with SP and TM in Figure 61. 

 

 

Figure 114. Polymerization of DMAEMA with SP (red) in a mesoporous silica film functionalized with coinitiator 

(black) with a layer thickness of 480 nm and pore diameters of 3-8 nm. The used laser power is 5 mW (λ =632.8 nm) 

and 1 h time with a constant flow of polymerization solution of 5µL/s a) SPR spectra measured against air (dots) 

before polymerization (black) and after polymerization (red). The fit curves are shown as line. b) ATR-IR spectra of 

mesoporous silica films before and after polymerization with SP to SPR spectra. This figure belongs to the experiment 

in Figure 61. 
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Figure 115. Polymerization of SP (blue) and TM (red) with two different monomers. Polymerization time is 30 min at 

a constant flow of 5 µL/min and a concentration of 225 mg/mL of monomer (laser power = 2 mW). Pore diameters 

of mesoporous silica films are between 8-16 nm. a + b) DMAEMA as monomer. Mesoporous silica film has a thickness 

of around 500 nm. c+d) MEP as monomer. Mesoporous silica film has a thickness of around 500 nm. e+f) DMAEMA 

as monomer. Mesoporous silica film has a thickness of around 800 nm. These spectra belong to Figure 63. 

  



  

Appendix  Page 225 

 

Figure 116. Polymerization with SP, TM and TE using DMAEMA (450 mg/mL DMAEMA, 0.0052 mg/mL methylene 

blue in 0.1 M NaHCO3 solution) as monomer. The polymerization time is 30 min with a laser power of 3 mW (λ = 

632.8 nm). Mesoporous silica films are post-grafted with coinitiator. The film thickness is around 600 nm and has a 

pore diameter of 8-16nm. a) image of the mesoporous silica film on gold coated glass after the polymerization 

showing the two rings of the flow cell from SPR set up with the five spots measured with ellipsometry (one-box fitting 

model for layer thickness and refractive index) c) and ATR-IR b). The polymerization with SP is in red, TM in green 

and TE in blue. d) SPR spectra before (dark colors, red = TE, blue = SP and TM = green) and after (bright colors) 

polymerization. Magenta (TE) and cyano (SP) and dark green (TM) shows spectra measured against polymerization 

solution. 
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Appendix related to chapter 6.3: 
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Figure 117. TGA of Cotton Linters 44 g/m². 

 

 

Figure 118. Kr-BET measurements of paper sheets coated with different amounts of silica. 
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