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1 Introduction 

In the recent years of research and development, many approaches on generating 

nanostructures have been made. With the physical properties of materials in the na-

nometer size range, technological applications in the fields of e.g. electronics,[1] optoe-

lectronics[2] and biological or chemical sensors[3] can be designed. For the generation of 

devices like displays,[4] lab-on-a-chip systems[5] or data storage,[6] a patterning of the na-

nomaterial is essential to obtain the desired functionality. 

Many lithographic methods to pattern surfaces both by a mechanical manipulation of the 

surface or by printing functionalities in the form of particles or molecules have been de-

veloped and used in research. The different approaches to achieve the desired patterned 

substrate are various and imply respective advantages and disadvantages. This work is 

focusing on contact-lithographic methods. Examples for contact-lithographic methods 

are soft lithography and polymer-pen lithography. Firstly introduced by Whitesides and 

co-workers in 1998[7] and Mirkin and coworkers in 2008,[8] respectively, their applications 

range from patterning of complex polymer structures to degradation processes of en-

zymes in defined stamped regions.[9,10] Especially those two methods are widely used in 

research as they create patterns of molecules on counterpart substrates with high defi-

nition and a large variety of different materials and applications.  

One of the main drawbacks of the previously mentioned methods is the lateral dimension 

of the obtained pattern. Due to limitations of stamps, materials and the methods them-

selves, feature sizes of arrays consisting of discrete spots in the sub-micrometer range 

remain challenging. Another factor in the state-of-the-art contact-lithographic methods is 

the ex situ adsorption of ink prior to the stamping procedure and thus, an uninterrupted 

flow of ink cannot be guaranteed. As the variety of imaginable inks is wide and the ap-

propriate solvent often appears to be of organic nature, state-of-the-art contact-litho-

graphic methods are unable to print these inks. The elastomeric polymer stamps used 

within contact-lithographic methods swell or dissolve in contact with organic solvents. 

Often, contact-lithographic methods require expensive equipment or defined conditions, 

e.g. high vacuum or a solvent-enriched humidity, and cannot be carried out in a simple 

and efficient way under ambient conditions. 

In this work, a new approach to generate patterned structures with feature sizes in the 

sub-micrometer range and spot-to-spot distances in the one-micron range is presented. 

Stamps with an integrated, continuous pore system generate the patterns while the ink 

is supplied through the capillaries of the stamp. The method of capillary nanostamping 
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provides a simple and low-cost stamping procedure by the synthesis of spongy mesopo-

rous silica stamps. Due to a continuous pore system within the stamp, the ink can be 

supplied continuously and even without a refilling system, the stamp itself serves as ink 

reservoir. This provides a continuous or intermittently ink supply for a stamping process 

with several stamping cycles without the need to refill the stamp. A new stamp or re-

inking after one stamping cycle is not necessary. The stamping process is carried out 

manually by hand under ambient conditions. Due to the silica network, the stamps can 

be infiltrated with organic solvents.  

 

 
Figure 1. Illustration of the general stamping process. a) The mesoporous stamp (blue) is brought into con-
tact with a counterpart substrate surface (grey). b) Capillary bridges of ink (orange) form between the contact 
elements of the stamp and the counterpart substrate surface. c) By removing the stamp from the substrate, 
droplets of ink are deposited on the substrate surface. 

 

The procedure of capillary nanostamping is illustrated in Figure 1. A mesoporous silica 

stamp (blue) is infiltrated with ink (orange) and brought into contact with a counterpart 

substrate surface (grey, Figure 1a). Typically, the ink consists of a non-volatile compo-

nent dissolved or dispersed in a volatile solvent. When the stamp is in close contact with 

the substrate surface, capillary bridges of solvent form. Within these capillary bridges, 

the ink is precipitated onto the substrate (Figure 1b). After a certain amount of time, the 

stamp is removed from the substrate and the ink forms liquid droplets on the surface 

(Figure 1c). After the volatile solvent evaporated, a pattern of the non-volatile ink com-

ponent is generated. 

The development of spongy mesoporous silica stamps for capillary nanostamping is pre-

sented in this work by demonstrating the progress from pure silica stamps in a typical 

well-known sol-gel synthesis to spongy and flexible silica stamps with a reduced network 
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bonding and hydrophobic internal residues. For the proof of concept of capillary nanos-

tamping with spongy mesoporous silica stamps, several different inks are stamped. All 

inks are chosen with respect to a potential application and consist of a volatile organic 

solvent to proof the stability of the stamps against these solvents, and a non-volatile 

component, which remains on the substrate surface after precipitation and drying of the 

solvent. As ink, a dispersion of C60 fullerenes in toluene is stamped onto perfluorinated 

glass slides. A solution of 1-dodecanethiol in ethanol is stamped onto a gold-coated glass 

with the outcome of a heterogeneous surface. As a model for nanoparticles, nanodia-

monds dispersed in isopropanol are stamped and subsequently functionalized with a 

fluorescent dye in a click-reaction. A polymer and two different block copolymers dis-

solved in toluene/chloroform are stamped onto differently functionalized substrate sur-

faces to analyze the dependency of the nature of the substrate on the stamping results. 

In a final experiment, a solution of 17α-ethinylestradiol in acetonitrile is stamped as a 

model for an active pharmaceutical ingredient and subsequently detached from the sub-

strate surface to obtain a defined nanodispersion. 
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2 State of the art 

2.1 Lithography 

Lithographic methods have always been used to print on surfaces or to generate figures 

or patterns in a desired fashion. Reaching from a woodblock printing process in the an-

cient China, to the printing of single molecules onto surfaces, many different lithographic 

methods have been invented and enhanced over the years. As this work is based on the 

contact-lithographic method of a maskless, parallel stamping procedure, the methods 

discussed in the following sections are sorted towards this method. First, an overview of 

serial lithographic methods, as well as mask-based methods is given. Subsequently, 

maskless, parallel stamping processes are discussed in detail. 

 

 

2.1.1 Serial lithographic methods 

In contrast to parallel stamping methods, where a large area of a desired pattern can be 

generated in a single stamping process, serial lithographic methods generate much 

smaller structured areas within similar time scales. In general, serial techniques imply a 

higher precision and therefore, smaller feature sizes can be achieved. In addition, the 

variety of obtained structures by serial lithography is independent from masks or pre-

structures and thus, arbitrary patterns can be written. On the other hand, serial litho-

graphic methods are working in a pixel-by-pixel manner and are normally time consum-

ing and long-lasting procedures. 

The serial lithographic methods with the highest resolution are the electron-beam (e-

beam) and focused ion beam (FIB) lithography. In the e-beam lithography, an electron 

beam is focused on a substrate with electron-sensitive resist and generates patterns in 

a pixel-by-pixel fashion as shown in Figure 2. The FIB lithography works in a similar 

principle, but with cations – normally gallium – instead of electrons on arbitrary sub-

strates. With FIB lithography, the substrate material is directly removed and thus, no 

photoresist is needed. These methods generate nanoscale patterns with a resolution of 

5-20 nm, but have a very low throughput due to the pixel-by-pixel patterning. In addition, 

they have to be carried out under high vacuum and are time consuming and cost inten-

sive. Therefore, the methods of e-beam or FIB lithography are normally used for the 

production of masks for other lithographic methods or the fabrication of nanoscale pro-

totypes.[11,12] 
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Figure 2. Illustration of maskless electron beam lithography. The electrons are focused on a substrate (grey) 
containing a photoresist (blue) pixel by pixel for the desired pattern, which results in holes in the photoresist. 

 

Another serial lithographic method is the scanning probe lithography. For this, the tip of 

an atomic force microscope (AFM) is used to manipulate a substrate. It can be scratched, 

heated or oxidized. Mirkin et al.[13] described the dip pen nanolithography (DPN), where 

molecules adsorbed on the AFM tip are used to pattern the substrate. Figure 3 shows a 

schematic illustration of DPN, where the AFM tip is coated with molecules by immersion 

of the cantilever. During contact between the tip and the substrate, the adsorbed mole-

cules are deposited onto the substrate surface by capillarity and local wetting. 

 

 

Figure 3. Illustration of dip pen nanolithography with adsorbed molecules (blue) on the AFM tip (black). 
Deposition of the particles on the substrate (grey) is performed by contact between the tip and the surface. 

 

This method leads to precisely patterned surfaces and proceeds under ambient condi-

tions. Nevertheless, only small areas can be patterned and the AFM tip has to be re-

immersed with the molecules to be printed from time to time. Therefore, DPN is a time 

consuming method. Nowadays, DPN is used to create terabit-per-square-inch storage 

and has the potential to even work with a high number of AFM tips simultaneously on 

one surface.[6,14] The group of Schubert presented the manipulation of silicon wafer sur-

faces by silanization of the surface with octadecyl trichlorosilane and a local probe oxi-

dation of the silane. In a subsequent reaction with quarternary ammonium salts, gold 
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nanoparticles could be adsorbed onto the patterned surface.[15] Chai et al. printed block 

copolymers from an aqueous solution with DPN.[16] 

 

 

Figure 4. Examples of the method of dip pen nanolithography. a) A fabricated computer chip[14] and b) ad-
sorbed gold nanoparticles on a functionalized patterned wafer.[15]  

 

As a further development of DPN, the method of nanoscale dispensing (NADIS) uses 

the AFM tip as a dispenser for attoliter volume.[17] For NADIS, the AFM tip has a small 

opening at its apex generated with FIB lithography. The hole size can vary and ranges 

from a few tens of nanometers to the submicron range. NADIS can be performed with a 

standard AFM equipment under ambient conditions. As shown in Figure 5a, the top of 

the AFM tip serves as an ink reservoir with space for some 100’s of femtoliters of ink. 

When the tip is brought into contact with the substrate surface, the ink is precipitated by 

capillarity.[17]  

 

 

Figure 5. Illustration of the NADIS principle.[18] a) An AFM tip with a hole at the apex is loaded with liquid. 
When brought into contact with a substrate surface, the liquid is precipitated by capillarity. b) Electron mi-
croscopy image of the apex of a NADIS tip. The aperture amounted to 310 nm. The scale bar is 200 nm. 

 

NADIS provides a method with a continuous ink flow. Although the ink reservoir appears 

to be small, one loading can be used for the dispensing of more than 1000 droplets.[17] 

Nevertheless, as the amount of ink in the reservoir is small, solvents with low evaporation 

rates (e.g. glycerol) have to be used to circumvent the ink from drying out. The obtained 

structure sizes range from 60 nm to ≈1 µm.[19] The structure sizes can be influenced by 

a chemical modification of the substrate surface, where a hydrophilic surface provokes 

larger sizes and a hydrophobic surface smaller structure sizes. Another factor of influ-

ence is the chemical modification of the outer tip surface as shown in Figure 6. If the 
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AFM tip is hydrophobic (Figure 6a), the resulting structure sizes appear small. If the AFM 

tip is chemically modified (in this case by coating dodecanethiol onto the gold surface of 

the tip, Figure 6b), the sizes of the resulting structures appear larger.[19] In addition, the 

contact time between AFM tip and substrate surface can influence the size of the ob-

tained structure. Nonetheless, after a certain contact time, an equilibrium state is reached 

and further contact has no longer influence in the structure size. 

 

 

Figure 6. Differently functionalized NADIS tips and the belonging results after printing.[19] a) Hydrophobic tip 
with an aperture of 200 nm resulted in droplets with diameters of ≈400 nm. b) Hydrophobic-hydrophilic tip 
with an aperture of 80 nm and surroundings coated with dodecanethiol in the size of 800x800 nm2 resulted 
in droplets with diameters of ≈1 µm. 

 

An advantage of this method is the use under ambient conditions with standard AFM 

equipment. Only small amounts of ink are needed and a large variety of non-volatile ink 

components can be used. In addition, the ink reservoir guarantees a continuous ink sup-

ply and can be refilled without interruption of the precipitation process.[17] A disadvantage 

is the time needed for a large area of dispensed droplets, as one droplet needs about 

0.5 s. The surface has to be chemically modified, as a bare SiO2 surface results in an 

instantaneously total liquid transfer and ink spreading over the surface. In addition, only 

solvents with low evaporation rates can be used to circumvent the ink from drying out 

within the small ink reservoir. 

Vengasandra et al.[20] deposited quantum dots in a micrometer size range with the 

method of NADIS. Another application of NADIS is presented by Deladi et al.[21] where 

two AFM tips are used, one represents the FIB-modified NADIS tip and the second one 

is used as a scanning tip. When the ink encounters the surface, it generates a chemical 

or mechanical modification whilst the second tip scans the ongoing alteration simultane-

ously.  

 



 

State of the art 

12 

2.1.2 Mask-based lithography 

Another category of lithographic methods is the mask-based lithography. In this category, 

patterns are created by applying a mask onto a substrate surface. In general, the mask 

is defining the pattern, which in turn is created either by irradiation of a photoresist 

through the mask or by applying the mask directly in contact with the substrate. The 

pattern can consist of a material on top of the substrate or the substrate material itself, 

which is etched through the mask. In addition, a material can be precipitated through the 

mask. In either case, the mask has to be removed after the pattern is created and is 

destroyed in some methods. 

The most common technique in the category of mask-based lithography is the photoli-

thography, which is mainly used in the integrated circuit and semiconductor industry.[22] 

The operating principle (Figure 7) is to transfer a pattern onto a substrate by an etching 

process of a photoresist (a UV light polymerizable organic polymer), which is coated onto 

the substrate surface. In the pattern transfer step, the exposed area of the surface, which 

is not protected by the photoresist, is etched in a dry or wet etching process. The gener-

ally used technique of dry etching is achieved with plasma or reactive ion etching (RIE), 

which avoids undercutting of the photoresist. The wet etching procedure is obtained by 

e.g. KOH. After the etching process, the photoresist is removed and the desired structure 

is obtained on the substrate surface. While the photoresist is destroyed during the pro-

cess, the photomask can be reused. 

 

 

Figure 7. Photolithographic process. A substrate (grey) to be patterned is coated with a photoresist (blue), 
which resolves through UV light irradiation. A structured photomask (black) is put on top of the substrate, 
UV light resolves the photoresist and leaves the desired structure on the substrate surface. A subsequent 
etching procedure of the substrate generates a structure where the substrate is not protected by the photo-
resist. After the etching procedure, the photoresist is removed. 
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This technique is highly common and up to this day of great interest due to the high 

throughput and large variety of patterns to create.[23,24] Nevertheless, the most effort is 

put into minimizing the lateral dimensions of the pattern, which is still challenging. The 

resolution of the generated structures is limited by the wavelength of the used light. A 

deep ultraviolet (DUV) light from an excimer laser has wavelengths of 248 and 193 nm 

and allows a minimum feature size down to 50 nm.[25] Commonly, photolithography is 

used to create fabricated microstructures for further applications, such as electro oxida-

tion of Si-wafers (Figure 8)[26] and synthesizing PDMS stamps.[27]  

 

 

Figure 8. Example of a patterned silicon wafer using photolithography. A gold or silver layer is deposited 
onto the surface generated with photolithography and subsequently, a metal-catalyzed silicon etching gen-
erates the final pattern.[26] 

 

Another mask-based method is the nanosphere lithography. In this method, a self-as-

sembled monolayer of spherical nano- or microparticles (typical sphere sizes >100 nm) 

on a substrate is used as a mask for the physical deposition of elements. After the dep-

osition procedure, the particles are etched or washed away, and the desired element is 

patterned on the surface. For the basic nanosphere lithography, usually monodisperse 

polystyrene latex microparticles are deposited with spin coating or drop casting on a 

substrate surface. With the evaporation of the solvent, the microspheres form a self-

assembled hexagonal packed monolayer on the substrate. By either thermal evapora-

tion, e-beam deposition or pulsed laser deposition, normally a metallic material is depos-

ited orthogonally to the surface.[28] After removing the microspheres from the substrate, 

a symmetric array of the deposited material is generated. The fabricated nanoparticles 

have a triangular shape with a P6mm symmetry as shown in Figure 9. 
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Figure 9. Illustration of nanosphere lithography with monolayered colloidal crystal mask (orange). Vapor 
deposition of a desired element results in triangularly shaped nanoparticles (blue) on the counterpart sub-
strate (grey). 

 

If the concentration of microspheres on the substrate surface is increased, the self-as-

sembly of the microspheres forms hexagonally close-packed particles with more than 

one layer. With a second layer, every other hole is blocked, which leads to a lower den-

sity and a hexagonally arranged pattern of deposited spherical microparticles. If the 

higher concentration leads to three or more layers of microspheres, then a possible 

ABCABC packing results in full hole blocking, so no more material can be deposited onto 

the substrate surface. 

 

 

Figure 10. Example of shape variation by nanosphere lithography. a) The silver is deposited from three 
different angles to yield in the nanochain structure shown in b).[28] 

 

The size of the deposited material can be tuned by increasing or decreasing the size of 

the microspheres. By other surface positions during the deposition, the particle shape 

can be tuned further, but is still limited to the shape of the microsphere holes. One ex-

ample is shown in Figure 10. This technique produces parallel nanoparticles with a con-
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trolled size, shape and interparticle spacing in an inexpensive way with a high through-

put.[29] Nevertheless, the microspheres have to be chemically modified to avoid electro-

static interactions with the substrate surface and to obtain a homogeneous monolayer of 

microspheres. Typical defects as polydispersity and therefore occurring point or line de-

fects or polycrystalline domains within the microspheres lead to typical domain sizes of 

10-100 µm2. In addition, only a limited number of materials can be deposited, which are 

mostly inorganic metals and no organic particles can be fabricated with this method. In 

addition, the arrangement of the deposited material is limited by the symmetry of the 

microspheres. This leads to a main application in data storage, where single domain 

magnetic nanoparticles are needed.[28] 

 

 

Figure 11. a) Illustration of thermodynamically stable diblock copolymer phases, where the two blocks, A 
and B, are simplified by a two-color chain. The self-organization of the blocks occurs in a way that the contact 
between the two immiscible blocks is minimized and an elongated chain conformation is avoided. The struc-
ture is primarily dependent on the relative volume fraction of the two blocks (fA).[30] b) Exemplary AFM image 
of different phases of a self-assembled BCP.[31] 

 

Another method of mask-based lithography is the block copolymer (BCP) lithography. 

Here, a usually directed self-assembled BCP is used to generate a desired pattern on a 

substrate surface by microphase separation. Figure 11a shows different thermodynami-

cally stable phases of a diblock copolymer. Dependent on the relative volume fraction 

(fA) of the single polymer, a minimized contact between the two immiscible blocks and 

the tendency to avoid entropic unfavorable elongated chain conformation, different mi-

crodomain structures can occur. Figure 11b shows an exemplary AFM image of different 

phases of a BCP coated on a substrate surface. In a directed self-assembly procedure, 

a specific phase can be generated.[32] Typically, this method is used for a further treat-

ment with e.g. photolithographic procedures or to generate the negative BCP structure 

with other materials like silicon.[33] The feature sizes of the pattern are dependent on the 
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used BCPs and can be tuned within the range of the chain lengths. In a typical multiple-

step procedure, where the BCP lithography is used as a mask for further treatment, the 

BCP is destroyed within the process. 

 

Mask-based lithographic methods are normally based on the use of sacrificial masks or 

photoresists (for the method of photolithography, the photomask is reusable, but the 

photoresist is destroyed in the procedure) and therefore, for each process, a new mask 

or photoresist has to be generated. A mask-based lithographic procedure typically con-

tains multiple steps and is a time consuming process. 

 

 

2.1.3 Maskless, parallel stamping processes 

Maskless, parallel stamping processes include both, stamping processes, where mate-

rial is transferred, as well as methods for a topographic structuring. Although these meth-

ods are based on similar backgrounds and development steps, the following chapter is 

sorted correspondingly to the method of capillary nanostamping, which reflects a stamp-

ing method with material transfer. 

 

2.1.3.1 Topographic structuring 

Techniques of producing topographic structured elastomeric polymers are well studied 

and used.[34] One example is the UV-imprint lithography. Here, a UV-curable polymer is 

structured by pouring or drop-dispensing it into a mold and curing it with UV irradiation. 

With this method, the resulting structured polymer can be hard or soft as reported by Yoo 

et al.[35] Another similar technique is the imprint lithography, where a hard mold is pressed 

into an elastomeric polymer, which is heated to a temperature above its glass transition 

temperature (Tg) simultaneously.[36] Although the created shapes can reach sub-10 nm 

sizes, the imprinting lithographic process is limited. With imprint lithography in general, 

a large variety of surface structures can be created as shown in Figure 12. 
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Figure 12. Example of polymeric microstructures fabricated with imprint lithography and  microtransfer 
molding.[37] 

 

Polydimethylsiloxane (PDMS) stamps can be used as molds, where the notches of the 

stamp serve as capillaries if put on a substrate surface. This is the principle of micromold-

ing in capillaries (MIMIC), first published by Whitesides and co-workers in 1995.[38] The 

ink solution is poured at the open edges of the mold and is spontaneously filling the 

capillaries by capillary forces (Figure 13a).[39] The method is depending on the concen-

tration of the solution, the size of the microchannels and the self-organizing properties of 

the solute, therefore the control of the experimental conditions is very important.[39] As 

the degree of wetting of the ink on the counterpart substrate plays an important role, 

concentration of ink, humidity and temperature have to be adjusted and controlled within 

the procedure. After the capillaries are completely filled (Figure 13b), Figure 13c and d 

show the control of the concentration of the solution and the related outcome. In the 

concentrated regime, the microchannels are filled up with solution while reaching super-

saturation, which leads to a negative replica of the channels by the ink (Figure 13d). If 

the ink solution is diluted and the solvent starts to evaporate within the channels while 

reaching supersaturation, the ink accumulates on the boundaries of the channels and 

forms split lines or microstripes (Figure 13f). 
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Figure 13. Schematic illustration of the principle of MIMIC.[39] a) A mold is placed onto a substrate surface 
and forms capillaries, the ink (red) is poured at the end of the capillaries and is sucked into the channels by 
capillarity. b) The mold is supersaturated with the ink. c) The pattern obtained by the concentrated regime is 
the negative replica of the mold. e) The pattern obtained by the dilute regime is dependent on the concen-
tration and shows defects. d), f) After evaporation of the solvent. 

 

Exemplary results of this principle are shown in Figure 14.[40] Here, the microchannels 

are filled with different solution volumes varying from filled up (100%, Figure 14a) to 25% 

filling (Figure 14d). The different outcomes can clearly be seen in the inserted AFM 

height profiles. When the microchannels are filled up 100%, the resulting structure is 

continuous (Figure 14a), while a 75% filling results in a structure showing defects and by 

the reduction to 50% filling, two separate lines are generated (Figure 14b and c). If the 

filling of the microchannels is reduced to 25%, randomly distributed particles are gener-

ated where the microchannels were applied onto the substrate surface (Figure 14d). 

With MIMIC, possible applications are not widely spread due to several limitations of the 

method. Clearly, the mold has to consist of continuous channels and structures besides 

connected lines have to be obtained by subsequent dewetting, ripening or self-organiza-

tion of the pattern. In addition, the solvent should be chosen so that a swelling of the 

mold is prevented. Some applications of MIMIC include the fabrication of a heterostruc-

tured field-effect transistor by using inorganic materials and a multistep procedure, pub-

lished by Hu et al.[41] Cavalli et al. generated a pattern of magnetic nanoparticles in the 

sub-µm size range with periodic features and a vertical solution of a monolayer by using 

MIMIC.[40] 
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Figure 14. Exemplary results of the MIMIC principle showing different outcomes dependent on the degree 
of channel upfilling with ink solution.[40] a) 100%, b) 75%, c) 50%, d) 25% of the microchannels are filled with 
the ink solution. The insets show the AFM line scans with belonging heights of the obtained structures. 

 

A larger variety of patterned structures can be fabricated with capillary force lithography. 

First presented by Suh et al. in 2001,[42] it combines nanoimprint lithography by molding 

a polymer melt, and soft lithography with the use of an elastomeric mold. The principle 

is the same as for MIMIC, the capillary force lithography uses masks with open ends and 

liquid polymers. A polymer is spin-coated onto a substrate, where an elastomeric PDMS 

mold is placed on top of the surface. Heating the spin-coated polymer to a temperature 

above Tg leads to a polymer melt with mobile polymer chains, which is filling up the voids 

of the mold driven by capillary forces.[43] After cooling to room temperature, the mold can 

be lift off and leaves a negative replica of polymer on the surface. Figure 15 shows the 

principle of capillary force lithography. If the polymer layer spin-coated onto the substrate 

is not thick enough to fill up the capillaries of the mold, menisci are formed on the edges 

of the capillaries and leave a double pattern due to a “molded dewetting” process (Figure 

15b).[44] 

The limitations of this method mostly originate from the mold, here the elastomeric be-

havior of PDMS influences the resolution. When the aspect ratio of the capillaries is too 

high, it causes stress originating from gravity, adhesion or capillary forces and results in 

collapse of the imprinted structures.[43] If the aspect ratio of the capillaries is too small, 

the recessed region will not be able to maintain its structure during stamping.[34] With 

PDMS as mold, the generation of sub-100 nm features is not possible and a stiffer ma-

terial, such as polyurethane acrylate is used.[45] In general, the sizes of the generated 

patterns depend on the used mold material and this method is more suitable to generate 

large patterned structures. 
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Figure 15. Illustration of capillary force lithography.[45] The mold (black dotted) is placed on a substrate 
(white) containing a spin-coated polymer film (grey), the polymer is heated to a temperature above Tg and 
starts to fill up the capillaries. After cooling down, the mold can be removed and dependent on the thickness 
of the polymer film, leaves a negative replica (A) or forms a meniscus within the capillaries (B). 

 

With this method, Suh et al.[45] generated pillars up to 5 µm in height and 80 µm in line-

and-space and even nanoparticles could be transferred, but only in a two-step proce-

dure, where the nanoparticles were adsorbed onto the patterned polymer surface.[46] An-

other application of capillary force lithography is shown in Figure 16, where Moga et al. 

generated a flexible polymer with a microneedle array.[47] Other applications are found in 

the fields of biology[48] and the engineering of core-shell nanoparticles.[49] 

 

 

Figure 16. Example of capillary force lithography.[47] A flexible microneedle array produced with capillary 
force lithography. The scale bar in A is 200 µm, scale bars in B and C are 1 cm.  
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2.1.3.2 Stamping including material transfer 

The mostly used lithographic method related to maskless, parallel stamping is the micro-

contact printing (µCP) as reviewed by Xia and Whitesides already in 1998.[7] As stamp, 

an elastomeric polymer – mostly PDMS – is produced by a soft lithographic process as 

illustrated in Figure 17. 

 

 

Figure 17. Illustration of the production process of PDMS stamps. A fabricated microstructure (e.g. by pho-
tolithography, grey-blue) is molded with an elastomeric PDMS precursor (orange). After curing of the PDMS, 
it can be peeled off and consists of the reverse structure of the molding template. 

 

For this purpose, a microstructure in a desired shape and size is produced by e.g. pho-

tolithography or other lithographic methods. The polymer precursor is applied onto the 

mold; after curing and hardening, it can be peeled off and consists of the negative replica 

of the mold. 

To use the obtained structured polymer as a stamp for µCP, it is e.g. immersed into a 

solution of molecules or particles to be transferred. After the adsorption process of the 

desired ink, the stamp is dried. Printing is carried out by pressing the PDMS stamp onto 

the counterpart surface, sometimes with the addition of e.g. a weight or UV light curing 

for a faster drying of the ink (see Figure 18). 
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Figure 18. Process of microcontact printing (µCP) with PDMS stamps. The desired molecules or particles 
(blue) are adsorbed onto the PDMS surface (orange); after drying, the PDMS stamp is pressed onto a coun-
terpart surface (grey). The molecules adsorbed on the contact elements are transferred onto the counterpart 
surface. 

 

Microcontact printing is easily available, simple and low cost in fabrication of PDMS 

stamps; due to the softness of the stamps, curved substrate surfaces can be printed and 

even rolling stamp systems are made with great interest due to a wide range of industrial 

applications.[50] The drawback of this method is a normally long-lasting adsorption pro-

cess of the molecules to be stamped onto the PDMS surface. In addition, the stamping 

often has to be performed under UV light irradiation or another catalyst for the certainty 

of the ink transfer. Moreover, due to a missing ink supplying system, commonly only one 

stamping cycle without deterioration of the quality of the stamped pattern can be carried 

out. Due to the PDMS, the stamps do not withstand a number of organic solvents, such 

as toluene or hexane. Swelling of the PDMS due to the organic solvent causes the struc-

tures to deform or rupture, therefore the single contact elements cannot be too small. In 

addition, the accuracy of the structure can vary over a large area due to the deformability 

of the PDMS and thus, a homogeneous pressure has to be applied during the stamping 

procedure. Another disadvantage of the µCP with PDMS stamps is the lateral dimension 

of the contact elements of only down to 3 µm and the size reduction has remained chal-

lenging.[51] The elastomeric PDMS would cause the stamp’s contact elements to collapse 

if the lateral dimension is too small. In addition, the aspect ratio of the contact elements 

is of importance. Figure 19a shows a PDMS stamp with optimal aspect ratio, which is 

important for the stamp design, as an aspect ratio of height to length (H/L) > 5 leads to 

a lateral collapse of the single stamp elements, also called pairing, as shown in Figure 

19b. If the aspect ratio of H/L < 0.5, the recessed structures begin to decline and sagging 

occurs, as shown in Figure 19c. For a stamp with feature sizes smaller than 500 nm, a 

stiff layer of hard PDMS has to be supported by a flexible layer of PDMS, which is gen-

erated in a four-step procedure containing electron beam (e-beam) lithography and the 

combination of hard and flexible PDMS.[34]  
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Figure 19. Possible problems occurring in the stamp design of PDMS stamps. a) PDMS stamp with optimal 
aspect ratio. b) If the aspect ratio H/L > 5, the relief structures collapse or pair. c) Sagging of recessed 
structures when the aspect ratio H/L < 0.5.[34] 

 

Due to the hydrophobicity of PDMS, the stamp surface either has to be treated with 

ozone plasma or chemically modified, to make stamping of polar inks possible.[52] Nev-

ertheless, surface modification opens a variety of usable inks with PDMS stamps. There-

fore, stamping of biological polymers and DNA is carried out as well as stamping of initi-

ators for polymer brushes to produce highly chemically active surfaces for further chem-

ical modification.[53] As the PDMS is chemically affected during the ink adsorption pro-

cess, where the PDMS is swollen; and the stamping procedure itself, where pressure is 

applied to the stamp, it is recommended to use a new stamp with each stamping pro-

cess.[34] 

 

 

Figure 20. Examples of µCP with PDMS stamps. a) Printed DNA microarrays with coated PDMS stamps 
and b) printed biotin ligands for further biofunctionalization.[53] 

 

Another way to create a patterned surface with the use of PDMS stamps is the particle 

transfer printing or lift-up soft lithography. In this method, colloidal particles – mostly 

monodisperse silica nanoparticles – are coated onto a substrate and form a uniform 
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monolayer or multiple layers.[54,55] A PDMS stamp with structured contact elements is 

brought into contact with the particles, normally under pressure or heating. Afterwards, 

the PDMS stamp is carefully peeled off the particle containing substrate and leaves the 

negative replica of its pattern on the substrate while the stamp adsorbs the particles of 

former contact.[56] In a second printing step, the adsorbed particles on the stamp can be 

printed onto another counterpart surface. 

 

 

Figure 21. Schematic illustration of particle transfer printing. A monolayer of colloidal particles (blue) is ap-
plied on a substrate (grey), the PDMS stamp (orange) is brought into contact with the particles with simulta-
neous heating or pressure. The PDMS stamp is peeled off and contains the particles of former contact. The 
original substrate is left with the negative pattern of the PDMS stamp. Furthermore, the adsorbed particles 
on the PDMS stamp can be printed onto another counterpart surface in a second printing step. 

 

 

 

Figure 22. Example of the particle transfer printing process. Yao et al.[57] generated a 3D structure by the 
lift-up of colloidal silica nanoparticles from a multiple layered surface with a PDMS stamp with structured 
contact elements. All scale bars are 2 µm. 
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In Figure 22, an example of this particle transfer lithographic method is shown. By the 

lift-up of the upper layer of colloidal silica nanoparticles from a surface with multiple lay-

ers of particles, even 3D patterns could be created as reported by Yao et al.[57] This 

method generates 2D or 3D patterns of uniform particles, which can be further treated 

or functionalized. The patterns created by lift-up lithography are a few µm in size. When 

particles are used to pattern with lift-up lithography, the formation of precise edges is not 

possible as the obtained structures consist of nanospheres. 

 

Another method within the category of parallel, maskless contact lithography is the pol-

ymer pen lithography. It was presented by Mirkin et al. in 2008[8] and is based on the 

combination of dip pen lithography (see chapter 2.1.1) with PDMS stamps. In the scan-

ning probe-based polymer pen nanolithography, an array of elastomeric polymer tips is 

fabricated with prior lithographic methods. This array is then moved by a piezo scanner 

and, like in the common PDMS stamping method, desired molecules are adsorbed on 

the surface. With controlling of force of the tips and delivery time of the adsorbed mole-

cules, patterns with spot sizes from 90 nm to over 10 µm can be generated.[58] With this 

method, the group around Mirkin generated patterns of electronic circuits and protein 

nanoarrays.[59,60] 

 

 

Figure 23. Illustration of polymer pen lithography. An array of pyramidal elastomeric tips (orange) is glued 
onto a glass slide, which is moved by a piezo scanner. When the tips are brought into contact with the 
substrate surface (grey), the adsorbed ink (blue) is dispensed onto the surface. 

 

Although the typical contact element densities are some 100 per mm2, the method of 

polymer pen lithography entails long-lasting preparation times including a time-consum-

ing alignment process of the substrate prior to stamping, and requires a defined atmos-

phere. Furthermore, the single tips are large and have a minimal center-to-center dis-

tance of 10 µm, which implies that printing of smaller sized patterns has to be done by 

displacing the stamp. The wait time between two printing steps is approximately around 

15 minutes, during which the solvent moves onto the depleted pen tips. Additionally, the 
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relative positioning of the stamp between two contact cycles needs to be precisely ad-

justed using techniques (and time scales) of scanning probe microscopy. These factors 

result in ink loss throughout the stamped pattern and spot sizes with a high deviation as 

shown in Figure 24.[61] Within polymer pen lithography, the stamping procedure is carried 

out in a defined atmosphere containing evaporated solvent, which leads to a swelling of 

the PDMS. Therefore, lateral stamp element dimensions in a sub-µm size range are 

impossible. 

 

 

Figure 24. Example of an array of fluorescent molecules printed by polymer pen lithography.[61] The inset 
shows the magnification of the printed pattern with a scale bar of 20 µm (scale bar of big image equals 
100 µm). The spot sizes and accuracies vary significantly within the printing process. 

 

The factor that all of the above presented methods have in common is that elastomeric 

PDMS is mainly used as stamp material. Elastomeric PDMS used for µCP is important 

for the conformal contact between stamp and counterpart surface, transfer molding and 

decal transfer.[34] But also, it is a source of technical problems as described above. The 

aspect ratio within the stamp design has to be within a certain range to obtain suitable 

stamps as described in Figure 19. A stamp with lateral dimensions below 3 µm remains 

challenging due to the elasticity of the PDMS, which causes the stamp’s contact ele-

ments to collapse if the lateral dimension is too small. Before stamping, the surface of 

the stamp has to be modified due to its hydrophobicity and thus, the adsorption of an 

aqueous solution would be impossible when left untreated. The ink has to be adsorbed 

on the PDMS stamp, which is a long-lasting process and stamping is only possible under 

defined humidity and temperature conditions. The adsorbed ink can be precipitated 

within one stamping cycle and has to be repeatedly adsorbed for each additional stamp-

ing cycle. Pressure has to be applied during stamping and it is recommended to use a 

fresh stamp for each stamping cycle.[34] 
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2.2 Sol-gel synthesis and reinforcement strategies 

The sol-gel chemistry provides a huge variety of materials to be synthesized. Its rele-

vance up to this date is still high and working groups all around the world published 

almost 18,000 articles in 2018 alone (see Google Scholar). The processes of hydrolysis 

and condensation reactions of silica precursors in a catalytic (acidic or basic) medium 

are nowadays well understood and described in detail elsewhere.[62] The synthesis and 

conditions can be conveniently customized for each individual desire. Defined mesopore 

systems can be generated by introduction of structure directing agents within the syn-

thesis to generate 2D or 3D pore structures in a large variety throughout the whole silica 

network.[63,64] Either particles or monolithic gels can be generated. After synthesis and 

aging of a monolith, the obtained hydrogel is typically dried. When the wet silica is dried 

under ambient conditions, the boundary between the liquid and the vapor phase causes 

the liquid to form menisci inside the pore channels. Hence, the Laplace pressure on the 

liquid-vapor interface induces stress within the wet gel. This stress causes the pore chan-

nels to collapse and the generated pore structure cannot be maintained after drying. This 

generates a dense structure with smaller pores compared to the wet gel, which is called 

xerogel.  

 

 

Figure 25. Schematic illustration of the sol-gel synthesis. By the supercritical drying procedure, an aerogel 
is generated consisting of the exact structure as the hydrogel where the liquid is replaced by air.[69] 

 

The hydrogel can also be dried in a supercritical drying procedure with liquid CO2. The 

supercritical drying path is shown in Figure 25 within the phase diagram of CO2. Drying 

under supercritical conditions (high pressure, heat, dependent on solvent) prevents a 
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phase boundary between gas and liquid phases. In the state of a supercritical fluid, the 

densities of liquid phase and vapor phase become equal and the formation of menisci 

within the pores is prevented. With this method, the exact pore structure of the hydrogel 

can be conserved.[65] This leaves an aerogel with very low density and high surface area, 

high insulating properties and a withstanding of high temperatures at a light weight. Over-

all, sol-gel processes are of low cost and normally fast. The applications derive from 

sensors, catalysts, over storage media and thermal insulator to space applications.[66–68] 

The mostly used silica precursor is tetraethylortho silicate (TEOS) and one of the most 

common silica materials is the mesoporous MCM-41 silica.[70,71] Babin et al.[72] produced 

silica monoliths consisting of MCM-41 material with control of macro- and mesoporosity. 

The as-synthesized macroporous monoliths using polyethylene oxide (PEO) as structure 

directing agent are hydrothermally post-treated with ammonia, which leads to a formation 

of disordered mesoporosity and stabilizes the network. Due to the basic post-treatment, 

a dissolution-reprecipitation process of the silica is induced which results in mesopores 

without changing the silica skeleton. 

Pure inorganic silica gels are normally brittle and of poor mechanical stability. There are 

several different methods to reinforce pure silica for greater mechanical stability in the 

literature.[69] One method is to produce ORMOSILs (ORganically MOdified SIlica), where 

the co-gelation of the silica precursor with an organic polymer (such as PDMS) is in-

duced. In this case, the compression of the silica is increased of up to 30%.[73] Another 

method is to mechanically reinforce the silica. Zhang et al. incorporated polypropylene 

fibers into the silica as supporting skeleton for the network.[73]  

Another possibility of generating flexible or even spongy aerogels is the synthesis of 

silsequioxanes. Here, the precursor consists of less than four polymerizable functionali-

ties, which leads to a less interconnected network with a higher flexibility. The molecular 

formula of silica changes from SiO2 to RSiO3/2 (R = H, alkyl, aryl, alkoxyl), this causes a 

reduction of free hydroxyl groups in the silica network and – dependent of the incorpo-

rated residue – a change to hydrophobic silica gels.[74,75] The group of Kanamori synthe-

sized methylsilsequioxane materials by using methyltrimethoxy silane (MTMS, three di-

mensional network see Figure 26) as the silica source.[76] Due to less bonding within the 

silica network, they could determine a linear compression of up to 80% with a spring-

back behavior of the gels to more than 95% of their original size. 
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Figure 26. Three dimensional network structure of a sol-gel derived from the trifunctional precursor MTMS.[69] 

 

As aerogels are prepared by pouring the liquid sol-gel into a polymeric container, the 

obtained shape of the aerogel is dependent on the container and can be chosen freely. 

To obtain a secondary structure on the outer surface of the aerogel, a template can be 

used and will be replicated by the sol-gel. Grimm et al.[77] achieved this secondary struc-

ture by pressing a nanorod array made from poly(methyl methacrylate) (PMMA) into the 

sol-gel with the outcome of mesoporous silica aerogels with macropores perpendicular 

to the surface. Figure 27 shows a schematic illustration of this synthesis. 

 

 

Figure 27. Illustration of the preparation of mesoporous silica aerogels with macropores as secondary struc-
ture. a) The PMMA nanorod array (grey) is applied to a sol-gel (black), b) the shrinkage of the gel presses 
out the nanorods. c) The aerogel after drying has both mesopores, as well as a lateral macroporous fea-
ture.[77] 

 

Silica is an appropriate material to obtain structured monoliths with a defined porous 

network. With low costs and a large variety of possibly achievable network structures 

and pore sizes, it provides a great opportunity to use it as a material for lithographic 

patterning.  
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3 Experimental 

3.1 Materials and methods 

3.1.1 Methods and sample pretreatment 

In the following chapter, the different methods used in this work are described concerning 

technical information and sample pretreatment. The chapters are in alphabetical order. 

 

3.1.1.1 Atomic force microscopy (AFM) 

Atomic force microscope (AFM) measurements were carried out with a NT-MDT Ntegra 

device using gold-coated silicon cantilevers with a force constant of 0.003-0.13 N/m. For 

the scanning, both contact and tapping mode were used. The tapping mode was used 

for samples with movable particles (fullerenes, nanodiamonds), while the contact mode 

was used for all other experiments due to a higher resolution. 

 

3.1.1.2 Confocal fluorescence microscopy/spectroscopy 

Confocal fluorescence microscopy was used to identify nanodiamonds on the substrate 

surface. The beam path was directed into a spectrometer using mirrors, where locally 

integrative spectra could be obtained. Fluorescence spectra were recorded using an ex-

citation laser with a wavelength of 520 nm, an optical power of 413 µW and a CCD cam-

era (DU401A-BV, 25 µm slit, 600 l/mm grating) from Andor. Spectral resolution was 

achieved by means of spectrograph (MS 125 77400) from Oriel Instruments. The cali-

bration of the optical detection instrument has been done with a mercury-vapor lamp. 

The spectra were obtained by an integration time of 1 second per spectrum and accu-

mulation of 100 single spectra. Confocal fluorescence measurements were carried out 

by René Wieczorek in the Physics Department at the University Osnabrück. 

 

3.1.1.3 Contact angle measurements 

Contact angles were measured in the sessile drop mode at 22 °C and a humidity of 37% 

using a drop shape analyzer DSA100 by Krüss. To obtain the contact angle of ethanol 

on gold containing a layer of 1-dodecanethiol, the gold-coated glass slide was immersed 

into a solution of 2 mM 1-dodecanethiol in ethanol for 5 s. To obtain the contact angle of 

toluene/chloroform (1:3) on a PS- and P2VP-coated glass slide, 2.5 mg of the respective 

polymer was dissolved in 500 µL of chloroform and drop-casted onto a glass slide. 
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3.1.1.4 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) was carried out to obtain hydrodynamic diameters. For 

DLS, a Zetasizer nanoseries S from Malvern with a laser at a wavelength of 633 nm, was 

used at an equilibrium temperature of 25 °C. For the measurements, each sample was 

measured 2x15 times. 

 

3.1.1.5 Fluorescence spectroscopy 

Fluorescence spectroscopy was carried out with a Cary Eclipse Fluorescence Spectrom-

eter from Agilent Technologies. Fluorescence spectra were edited with OriginLab and 

the single curves were smoothed with a FFT-filter. 

 

3.1.1.6 FT-IR spectroscopy 

Fourier-transformation infrared spectroscopy (FT-IR) was measured with a UATR Two 

from Perkin Elmer in an attenuated total reflection (ATR) mode. 

 

3.1.1.7 Nitrogen sorption measurements 

Nitrogen sorption measurements were performed with a Porotec Surfer device at 77 K 

on dried samples. Before any measurement, the samples were outgassed at 250 °C for 

10 h. The nitrogen sorption measurements were carried out by Maximilian Münzner and 

Alexander Grimm at the University of Leipzig.  

To obtain the pore size distribution, the adsorption branch of the BET isotherm was used 

with the method of Barrett, Joyner and Halenda (BJH).[78] For the analysis, the program 

ASiQwin from Quantachrome Instruments was used. 

 

3.1.1.8 Optically detected magnetic resonance (ODMR) 

Optically detected magnetic resonance (ODMR) measurements were conducted in a 

home-built confocal microscope setup. A 520 nm digital modulated Diode Laser from 

Swabian Instruments was used for optical excitation (CW mode) such as initialization 

and readout (pulsed mode). The focusing of the laser beam as well as the collecting of 

the fluorescent light of the NV- center was achieved by an oil immersion objective 

(PLAPON 60XO; NA = 1.42) from Olympus. The emitted photons were guided through 
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a 25 µm pinhole, detected with an avalanche photodiode (SPCM-AQRH-24) from Exceli-

tas and, subsequently, counted either by a NI PCI-6236 counter card (National Instru-

ments) or by a commercially available FPGA based counter from Swabian Instruments. 

The microwave was applied by means of a 30 µm copper wire fed through a MW gener-

ator (APSIN 6010) from AnaPico and a downstream connected 42.3 dBm amplifier 

(AS0104-30/17) from Milmega. The experimental control was accomplished by using 

adapted Qudi software.[79] The following pulse scheme was used for T1 relaxation meas-

urements: 3 µs laser pulse – 2 µs waiting time – incrementing of the control variable – 

repetition. ODMR measurements were carried out by René Wieczorek in the Physics 

Department at the University Osnabrück. 

 

3.1.1.9 Quartz crystal microbalance 

To estimate the thicknesses of the coated titanium and gold layers, an AT-cut eQCM 

quartz having a defined area was coated with metal under the same conditions as the 

glass slides and weighed prior to and after metal deposition using a GAMRY eQCM 10 

M quartz crystal microbalance. The quartz crystal microbalance analyses were carried 

out by Jonas Klein in the Organic Chemistry at the University Osnabrück. 

 

3.1.1.10 Scanning electron microscopy (SEM) 

For scanning electron microscopy (SEM) analysis, a Zeiss Auriga system with additional 

energy dispersive X-ray spectroscopy (EDX) and focused-ion beam (FIB) system was 

used both with a secondary electron chamber detector (SESI), as well as with an in-lens 

detector. The main differences of these two detectors is the position in the SEM chamber. 

In general, if a sample is irradiated with an e-beam, the depth of penetration is dependent 

on the density of the material, atomic number of the elements within the material and the 

acceleration voltage. The penetrating electrons interact with the sample material and 

generate secondary electrons, which in turn can be detected with the SEM. The geom-

etry of the detector in the SEM chamber defines, which secondary electrons each single 

detector mainly detects. The SESI detector is attached laterally tilted to the sample sur-

face and collects SE1 and SE2 secondary electrons and backscattered electrons. The 

spatial arrangement of the SESI detector gives a side view of the sample and thus, a 

topographic image can be acquired. The in-lens detector is attached parallel to the sam-

ple surface above the objective lens. This ensures the collection of almost sole second-

ary electrons of type SE1, limits the collection of scattered electrons and enhances the 

signal to noise ratio significantly. The electrostatic field promotes a sample image with a 
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higher contrast and much more surface information compared to the SESI detector. Due 

to the geometry of the in-lens detector and the exclusion of SE2 and backscattered elec-

trons, topographic information disappears. Prior to SEM analysis, the samples were at-

tached to a conductive sample holder and coated with a conductive layer of platinum and 

iridium with a K575X Sputter Coater by Emitech. All samples were analyzed with an 

accelerating voltage of 3 keV. 

 

3.1.1.11 Other instruments 

Sonication was carried out with a Sonorex RK 102 H sonicator from Bandelin at a fre-

quency of 35 kHz. Critical point drying was carried out with a CPD300Auto manufactured 

by Leica. Prior to the drying procedure, the solvent was exchanged three times with eth-

anol. The samples were placed in a sample holder under a filling of ethanol. Within the 

drying procedure, the ethanol was exchanged by liquid CO2 for 25 times. After heating 

to 42 °C and adjustment of the pressure to 80 bar, the CO2 was evaporated and dry 

samples without any change of the porous structure were obtained. To obtain metal-

coated glass slides (titanium and gold), chemical vapor deposition was carried out by 

thermal evaporation in a vacuum chamber at 10−4 mbar using a Balzers BAE 120 evap-

orator. Cleaning and hydroxyl termination of substrate surfaces was carried out with O2 

(at a pressure of 5 mbar) or air plasma for 10 min using a Diener femto plasma cleaner. 

Spin Coating was carried out using a G3P-8 from Specialty Coating Systems. A diluted 

solution was spin coated with a frequency of 300-3000 rpm. 

 

3.1.1.12 Size and shape analysis 

The size and shape analysis of the obtained stamped spots, micelles or particles were 

analyzed, if not mentioned otherwise, by evaluating corresponding SEM images with the 

program ImageJ. For binarization, the threshold was selected in a way that the sizes of 

the stamped spots did not change with changing brightness and contrast. Subsequent, 

particle analysis was carried out with ImageJ. The particle diameter d was calculated 

with OriginLab from the obtained area values A with the formula[80] 

 

d = 4 ∙
𝐴

𝜋
 

 

(1) 
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The circularity and the aspect ratio of an object are geometric descriptors quantifying the 

deviation of the object’s contour from that of an ideal circle, for which aspect ratio and 

circularity equal 1. The circularity was calculated with the formula[80] 

 
C =

4π ∙ A

perimeter
 

 

(2) 

The aspect ratio was calculated with 

 
AR =

[Major axis]

[Minor axis]
 

 

(3) 

 

 

3.1.2 Chemicals 

Table 1. Register of used chemicals within this work. The indices of the polymers show the repeat unit 

Chemical Supplier Purity Pre-treatment 

11-Bromoundecyltri-
chlorosilane 

Gelest 95%  

17α-Ethinylestradiol Sigma-Aldrich 98%  

1-Dodecanethiol AlfaAesar 98%  

1H,1H,2H,2H-Per-
fluorodecyltri-
chlorosilane (FDTS) 

Abcr 97% (stabilized with 
copper) 

 

Acetic acid 10 mM Merck Puriss  

Acetonitrile Sigma-Aldrich ACS reagent, 99.5%  

C60 Fullerenes New Jersey Institute of 
Technology (Newark, 
USA) 

C60:C70:higher fuller-
enes ≈ 78 wt%: 20 wt%: 
2 wt%  

99.9 wt% of C60 by sub-
limation at ≈500 °C, 
chromatographic sepa-
ration on activated 
charcoal/silica gel, pre-
parative HPLC 

Chloroform Roth For synthesis, >95%  

Cyanine-3-DBCO Lumiprobe 95%  

Dimethyldichloro silane 
(DMDCS) 

Merck For synthesis  

Dimethylformamide 
(DMF) 

Fluka Purum, 98%  

Ethanol Brekel AHK Alko-
holhandel 

Anhydrous, 100%  
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Isopropanol ORG Laborchemie For analysis, 99.8%  

Methyltrimethoxy silane 
(MTMS) 

Sigma-Aldrich 98%  

N-(2-aminoethyl)-2,2,4-
trimethyl-1-aza-2-silacy-
clopentane (ATAS) 

Gelest   

Nanodiamonds (NDs), 
10 nm 

Adámas RT-DND detonation 
nanodiamonds, diame-
ter: 10-13 ± 5 nm 

Acid treatment by heat-
ing under reflux in a 
1:1:1 volume ratio of 
sulfuric acid, perchloric 
acid and nitric acid 

Nanodiamonds (NDs), 
5 nm 

Ray-Techniques Ltd. RT-DND detonation 
nanodiamonds, diame-
ter: 4-5 ± 3 nm 

Acid treatment by heat-
ing under reflux in a 
1:1:1 volume ratio of 
sulfuric acid, perchloric 
acid and nitric acid 

n-Hexane Fisher Chemicals Analytical grade, 95%  

Nitric acid (64-66%) Merck Emplura  

PFS103-b-P2VP30 University Darmstadt   

Pluronic F127 
(EO108PO70EO108) 

Sigma-Aldrich   

Polyethylene glycol 
(PEG)  

Sigma-Aldrich Mw = 8500-11500 g/mol  

Polystyrene (PS)  PSS Polymer Mw = 239000 g/mol, Mn 
= 233000 g/mol, Mw/Mn 
= 1.03 

 

Polystyrene (PS)  Sigma-Aldrich Mw = 32000 g/mol, Mn = 
31000 g/mol, Mw/Mn = 
1.02 

 

PS(27.7 kDa)-b-
P2VP(4.3 kDa),  

Polymer Source Mw/Mn: 1.04  

Poly(2-vinylpyridine) 
(P2VP)  

Sigma-Aldrich Mw = 37500 g/mol, Mn = 
35000 g/mol, Mw/Mn = 
1.07 

 

Potassium ferrocyanide 
(II) 

Alfa Aesar 98%  

Potassium ferrocyanide 
(III) 

Alfa Aesar 98%  

Potassium hydroxide Sigma-Aldrich ACS, >95%  

Octanol Merck   

Sodium azide Merck For synthesis, 99%  

Sodium thiosulfate pen-
tahydrate 

Alfa Aesar ACS, 99.5-101%  
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Sulfo-cyanine-3-azide Lumiprobe 95%  

Sylgard 184 Dow Corning   

Tetraethyl orthosilicate 
(TEOS) 

Sigma-Aldrich Reagent grade, 98%  

Titanium tetrachloride Fluka Puriss, >99%  

Toluene Fisher Analytical reagent grade   

Toluene, anhydrous AlfaAesar 99.8%  

Urea Sigma-Aldrich >98%  

Zeonex 330 R Zeonex   

 

 

3.1.3 Materials 

The polystyrene and polyethylene containers used for the syntheses, were obtained from 

Licefa. The stamp holder was made from stainless steel in the mechanical workshop at 

the University of Osnabrück. As glass substrates, standard microscopy slides with a 

thickness of 0.17 and 1 mm, respectively, were obtained from VWR International. The 

quartz substrate for the CNT growth was a standard ST cut purchased from Hoffman 

Materials. The dialysis tube was a Servapor, MWCO 12000-14000 from Serva with a 

pore diameter of approximately 2.5 nm. 

 

 

3.2 Procedures 

3.2.1 General procedures and preparation 

3.2.1.1 Silanization of macroporous silicon templates 

Pieces of macroporous silicon (mSi) with areas of 2x2 cm2 were silanized by immersion 

into a mixture of 500 µL dimethyldichloro silane (DMDCS) and 9.5 g n-hexane at 40 C 

for 24 h. The silanized mSi was then rinsed with ethanol and dried in air. 

 

3.2.1.2 Silanization of substrate surfaces with different silanes 

Prior to the stamping procedure, some of the glass substrates were silanized to achieve 

a surface with a certain hydrophilicity or hydrophobicity. Therefore, different silanes were 
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used to functionalize the substrates and obtain different functional groups as residues. 

The silanization procedures were kept equally throughout the whole work. 

For the silanization with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS), the glass 

slides were subjected to O2 plasma for 10 min. The glass slides thus treated were then 

silanized with FDTS via vapor phase deposition. For this purpose, the glass slides were 

heated to 80 °C for 2 h in a sealed glass container in the presence of an excess of FDTS 

(≈2 µL).  

The silanization with dimethyldichloro silane (DMDCS) was carried out by immersing the 

plasma-cleaned glass slides into a 2 vol% solution of DMDCS in anhydrous toluene for 

3 h at RT. 

The silanization with N-(2-aminoethyl)-2,2,4-trimethyl-1-aza-2-silacyclopentane (ATAS) 

was carried out by immersing the plasma-cleaned glass slides into a 2 vol% solution of 

ATAS in toluene for 3 h at RT.  

Prior to stamping, all silanized glass slides were washed with ethanol and dried in a 

nitrogen stream. 

For the hydroxyl-terminated glass, the glass slides were used directly after the plasma 

treatment. 

 

 

3.2.2 Stamp syntheses 

3.2.2.1 Silica stamps – first generation 

The first generation of mesoporous silica stamps were synthesized according to Babin 

et al.[72] 1.69 g polyethylene glycol (PEG) were mixed with 16 g deionized water and 

1.37 g nitric acid in an Erlenmeyer flask and vigorously stirred for 30 min at 0 °C. Then, 

13.4 mL tetraethyl orthosilicate (TEOS) was quickly added and stirring at 0 °C was con-

tinued for 30 min. Silanized mSi located in a polystyrene container was coated with the 

sol. The container was tightly sealed, and the sol was allowed to age for 3 days at 40 °C. 

The obtained silica monoliths were neutralized with deionized water for 5 times within 

24 h at room temperature to remove residual surfactant and chemicals. After the washing 

water reached a pH of at least 4-5, the monoliths were immersed in 40 mL of 0.1 N am-

monia at 80 °C for 24 h. The obtained mesoporous monoliths were again washed with 

water 2 times. The water was replaced by ethanol and the ethanol was in turn replaced 

with fresh ethanol for two more times within 24 h.  
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3.2.2.2 Silica stamps – second generation 

For the second generation of mesoporous silica stamps, the previously described syn-

thesis procedure was supplemented by the incorporation of Ti-atoms into the silica net-

work. Therefore, a synthesis procedure according to Schäfer et al.[81] was adapted. 

1.69 g PEG were mixed with 16 g deionized water and 1.37 g nitric acid in an Erlenmeyer 

flask and vigorously stirred for 30 min at 0 °C. Then, 13.4 mL TEOS and 0.1 mL titanium 

tetrachloride were quickly added, and stirring was continued at 0 °C for 30 min. Silanized 

mSi located in a polystyrene container was coated with the sol. The container was tightly 

sealed, and the sol was allowed to age for 3 days at 40 °C. The obtained mesoporous 

silica stamps were neutralized with deionized water for 5 times within 24 h at room tem-

perature to remove residual surfactant and chemicals. The water was replaced by etha-

nol and the ethanol was in turn replaced with fresh ethanol for two more times within 

24 h.  

 

3.2.2.3 Silica stamps – third generation 

3.2.2.3.1 Stamps with pore diameters of 31 nm 

For the synthesis of the third generation of mesoporous silica stamps, a synthesis ap-

proach reported by Kanamori et al.[76] was used. Therefore, 14 g of 10 mM aqueous ace-

tic acid solution was mixed with 2.2 g Pluronic F127 and 1 g urea in an Erlenmeyer flask 

and vigorously stirred for 30 min at room temperature. Then, 9.97 mL methyltrimethoxy 

silane (MTMS) were quickly added and stirring was continued for 30 min. Silanized mSi 

located in a polystyrene container was coated with the sol thus obtained. The container 

was tightly sealed, and the sol was allowed to age for 4 d at 60 °C. The obtained silica 

monoliths were neutralized with deionized water for 1 d at 60 °C to remove residual sur-

factant and chemicals. The water was replaced by ethanol, which was in turn replaced 

by fresh ethanol for two more times within 24 h.  

 

3.2.2.3.2 Stamps with pore diameters of 44 nm 

For the synthesis of third generation mesoporous silica stamps with larger pores, the 

procedure from Kanamori et al.[76] was used with different quantities of chemicals. There-

fore, 10 g of 10 mM aqueous acetic acid solution was mixed with 1 g Pluronic F127 and 

0.5 g urea in an Erlenmeyer flask and vigorously stirred for 30 min at room temperature. 

Then, 4.98 mL MTMS were added quickly and stirring was continued for 30 min. Si-

lanized mSi located in a polystyrene container was coated with the sol thus obtained. 
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The container was tightly sealed, and the sol was allowed to age for 4 d at 60 °C. The 

obtained silica monoliths were neutralized with deionized water for 1 d at 60 °C to re-

move residual surfactant and chemicals. The water was replaced by ethanol, which was 

in turn replaced by fresh ethanol for two more times within 24 h. 

 

 

3.2.3 Stamp holder and stamp preparation 

As stamp holder a stainless steel cylinder with a height of 4.5 cm, a diameter of 2 cm, a 

mass of ≈27 g and a flat cylinder base was used. An elastomeric PDMS film with a thick-

ness of 3 mm was prepared using Sylgard 184 formulation. Base and PDMS prepolymer 

were mixed at a ratio of 1:9, stirred for 10 min, and poured into a polyethylene mold. The 

mixture was then allowed to cure for 1 week at room temperature. Using double-sided 

adhesive tape, the elastomeric PDMS film was glued onto the flat cylinder base of the 

stamp holder. The mesoporous silica stamps were loaded with ink as described in the 

sections below. Excess ink on the surfaces of the mesoporous silica stamps was re-

moved with tissue. Then, the mesoporous silica stamps were fixated on the PDMS films 

with double-sided adhesive tape. The mesoporous silica stamps mounted on the stamp 

holders were manually brought into contact with glass slides modified as described 

above. 

 

 

3.2.4 Stamping procedures and subsequent functionalization 

3.2.4.1 Stamping of C60 fullerenes from toluene onto FDTS-glass 

Fullerene nanoparticles were stamped on 0.17 mm thick glass slides silanized with 

FDTS. The dry mesoporous silica stamps were infiltrated from the non-structured side 

with a solution of 1 mg C60 per 1 mL toluene and then brought into contact with the FDTS-

modified glass slides for 5 s. 

 

3.2.4.2 Stamping of 1-dodecanethiol from ethanol onto gold-coated glass 

1-Dodecanethiol was stamped onto 1 mm thick glass slides. Prior to stamping, the glass 

slides were coated with titanium and gold by thermal evaporation. At first, a 5 nm thick 

titanium layer was deposited followed by the deposition of a 30 nm thick gold layer. Be-

fore stamping, the metal-coated glass slides were rinsed with ethanol and dried in an 
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argon flow. The ethanol-wet mesoporous silica stamps (pore diameter of 31 nm) were 

infiltrated by immersion into an ethanolic 2 mM 1-dodecanethiol solution for 5 min and 

then brought into contact with the gold-coated glass slides for 1 s.  

To increase the contrast of stamped 1-dodecanethiol spots for SEM analysis, the unpro-

tected part of the gold layer was thinned to 10 nm by a cyanide etching process reported 

elsewhere.[82] For this purpose, the stamped gold-coated glass slides were immersed in 

a solution containing sodium thiosulfate, potassium ferrocyanide (III), potassium ferrocy-

anide (II), potassium hydroxide and octanol at a molar ratio of 1:0.1:0.01:10:0.02 for 

6 min at room temperature. Subsequently, the substrates were rinsed with water as well 

as with ethanol and dried in an argon flow. 

 

3.2.4.3 Dewetting of polystyrene after stamping of 1-dodecanethiol from ethanol onto gold-

coated glass 

For the dewetting of polystyrene (PS) from the as-stamped 1-dodecanethiol dots on gold-

coated glass (here, the etching procedure has not been carried out), 10 µL of solutions 

of PS in chloroform (0.5 and 0.05 wt%, respectively) were spin coated onto gold-coated 

glass slides modified with arrays of 1-dodecanethiol dots at 3000 rpm for 30 s. To eval-

uate the thickness of the PS films, the solutions were spin-coated under exactly the same 

conditions onto glass slides without gold coating. The step height of scratches in the PS 

films were measured with AFM. The PS films covering the gold-coated glass slides pat-

terned with arrays of 1-dodecanethiol dots were first kept at 80 °C, a temperature at 

which PS is vitreous, for 24 h to remove residual solvent. Then, the samples were heated 

to 170 °C, a temperature well above Tg of PS, for 30 min to enable dewetting. 

 

3.2.4.4 Stamping of nanodiamonds from isopropanol onto FDTS-glass 

Nanodiamonds (NDs) with a mean size of 10 nm were stamped on 0.17 mm thick glass 

slides silanized with FDTS. The NDs were bought in a stabilized solution of 1 mg/mL 

NDs in water and salt. As the used stamps were hydrophobic, the aqueous ND disper-

sion needed to be exchanged by an organic solvent prior to stamping. Therefore, 1 mL 

of NDs were centrifuged and washed with 1 mL of water one time and with 1 mL of iso-

propanol two times. After washing, the dispersion was diluted 1:100 to obtain an ink 

solution with a concentration of 10 µg/mL NDs. The dry mesoporous silica stamps (pore 

diameter 31 nm) were infiltrated from the non-structured side with ink solution and then 

brought into contact with the FDTS-modified glass slides for 5 s. 
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3.2.4.5 Functionalization of stamped nanodiamonds via click-chemistry with cyanine-3-DBCO     

NDs with an average size of 5 nm were wet-chemically modified to obtain click-chemis-

try-accessible NDs containing azide residues on the surface. The wet chemical proce-

dures were performed similar to different reported synthesis strategies.[83–85] To obtain 

NDs-OH, the hydroxylation protocol was conducted according to Krueger et al.[86] For 

this purpose, 500 mg of acid treated detonation NDs were used. After the reaction, a 

washing procedure including subsequent steps of deionized water rinsing and centrifu-

gation (5 x) was carried out. The NDs-OH were then silanized with 11-bromoundecyltri-

chlorosilane by adding 50 mg of NDs-OH and 10 mL of anhydrous toluene in a flask 

under argon and sonicated for 30 min. 250 µL of 11-bromoundecyltrichlorosilan was 

added to the dispersion and stirred overnight at RT. To separate the product of bromide-

functional NDs (NDs-Br) from unreacted 11-bromoundecyltrichlorosilane, the reaction 

mixture was centrifuged and redispersed with toluene for five times. After the last wash-

ing cycle, the solvent was decanted and the NDs-Br were dried for 2 h at 60 °C. The 

silanized NDs-Br were then added with 10 mL of dimethylformamide (DMF) and a spat-

ula tip of sodium azide (NaN3) in a flask, sonicated for 5 min and stirred overnight at 

60 °C under reflux. The obtained NDs-N3 were washed by centrifugation and redisper-

sion with water for two times and with isopropanol for two times. The isopropanol is de-

canted and the NDs-N3 were dried for 24 h at 60 °C. After drying, a dispersion of 1 mg/mL 

of ND-N3 in isopropanol was made and used as ink solution. 

Azide-functionalized NDs (NDs-N3) were stamped on 0.17 mm thick glass slides. The 

ethanol-wet mesoporous silica stamps (pore diameter of 31 nm) were infiltrated with a 

solution of 1 mg NDs-N3 per 1 mL isopropanol and then brought into contact with the 

glass slides for 5 s. 

For the click-reaction with cyanine-3-DBCO, the glass slides were fixated into a holder 

and 1 mL of a 1 µM cyanine-3-DBCO solution in isopropanol was added. The holder was 

covered with aluminum foil and the reaction took place for 30 min at RT. Afterwards, the 

glass slide was carefully washed with isopropanol and dried in air.  

To confirm the successful click-reaction, the NDs-N3 were also functionalized with dye in 

a flask. For this purpose, the dried NDs-N3 from the previous reaction (functionalization 

with azide) were added with 20 mL of isopropanol in a flask and sonicated for 30 min. 

Then, 20 µL of a 1 mM solution of cyanine-3-DBCO in isopropanol was added to obtain 

a total dye concentration of 1 µM. The reaction was stirred for 30 min at RT and subse-

quently washed by centrifugation and redispersion with isopropanol. 
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3.2.4.6 Stamping of Zeonex from toluene/chloroform onto FDTS-glass 

Zeonex was stamped as-received on 0.17 mm thick glass slides silanized with FDTS. 

The ethanol-wet mesoporous silica stamps (pore diameter of 31 nm) were immersed into 

a solution of toluene and chloroform (1:3) for 1 d. The ink consisted of 125 µL of a 

100 mg/mL Zeonex in toluene solution, 125 µL toluene and 750 µL chloroform, which 

amounted to a total concentration of Zeonex of 12.5 mg/mL within the ink. After the im-

mersion of the stamps into the solvent of the ink, the stamps were immersed into the ink 

for 2 h. For stamping, the stamps were brought into contact with the FDTS-modified glass 

slides for 5 s. 

 

3.2.4.7 Stamping of PS-b-P2VP from toluene/chloroform onto different functionalized substrates 

and subsequent swelling of the BCP 

The polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) was stamped onto 0.17 mm 

thick glass slides silanized with FDTS, DMDCS and ATAS, or hydroxyl-terminated, re-

spectively. The ethanol-wet mesoporous silica stamps (pore diameter of 44 nm) were 

immersed into a solution of toluene and chloroform (1:3) for 1 d. As ink, a solution of PS-

b-P2VP in toluene/chloroform (1:3) was prepared with a total concentration of 2.5 mg/mL 

of PS-b-P2VP within the ink. After the immersion of the stamps into the solvent of the 

ink, the stamps were immersed into the ink for 2 h. For stamping, the stamps were 

brought into contact with the silanized and hydroxyl-terminated glass slides for 5 s. 

For the swelling of PS-b-P2VP, the glass slides were immersed into ethanol subsequent 

to stamping and kept at 60 °C for 1 h. After retrieval, the ethanol evaporated at air and 

the glass slides could be analyzed.[87] 

 

3.2.4.8 Stamping of PFS-b-P2VP from toluene/chloroform onto different substrates and subse-

quent growing of CNTs 

The polyferrocenyl(dimethylsilane)-block-poly(2-vinylpyridine) (PFS-b-P2VP) was 

stamped onto 1 mm thick glass slides silanized with FDTS, or hydroxyl-terminated, re-

spectively. The ethanol-wet mesoporous silica stamps (pore diameter of 44 nm) were 

immersed into a solution of toluene and chloroform (1:3) for 1 d. As ink, a solution of 

PFS-b-P2VP in toluene/chloroform (1:3) was made with a total concentration of 

2.5 mg/mL of PFS-b-P2VP within the ink. After the immersion of the stamps into the 

solvent of the ink, the stamps were immersed into the ink for 2 h. For stamping, the 
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stamps were brought into contact with the silanized and hydroxyl-terminated glass slides 

for 5 s. 

The calcination process was carried out with stamped PFS-b-P2VP on FDTS-function-

alized quartz substrates at 900 °C under a constant flow of argon (1.5 sccm, quality 4.6). 

The heating rate amounted to 40-41 °C/min and thus, after 22 min, a temperature of 

900 °C was reached. Subsequently, the furnace was turned off and the samples cooled 

down to room temperature with no further support. 

Carbon nanotube (CNT) growth using chemical vapor deposition was carried out by 

stamping PFS-b-P2VP onto a FDTS-functionalized quartz substrate. The samples were 

heated in a tube furnace to 900 °C under constant flow of argon (1.5 sccm, quality 4.6). 

The heating rate amounted to 40-41 °C/min and thus, after 22 min, a temperature of 

900 °C was reached. CNTs were grown applying CH4 (quality 2.5, flow 0.52 sccm) and 

H2 (quality 5.0, flow 0.70 sccm) for 10 minutes. The samples were cooled down under 

argon flow. Mainly single-walled and double-walled CNTs with respect to the growth tem-

perature were expected.[88] 

 

3.2.4.9 Stamping of 17α-ethinylestradiol (EE2) with subsequent redispersion and functionalization 

with fluorescent dye 

17α-Ethinylestradiol (EE2) was stamped as-received on 0.17 mm thick glass slides si-

lanized with FDTS. Prior to stamping, the ethanol-wet silica stamps (pore diameter of 

31 nm) were immersed in acetonitrile (ACN) for 12 h and subsequently a solution of 

50 mM of ethinyl estradiol in ACN for 2 h. The mesoporous silica stamps immersed in 

solution of EE2 in ACN were then brought in contact with the FDTS-modified glass slides 

for 5 s. 

For the detachment of the stamped EE2 particles, the FDTS-functionalized substrate was 

placed in a glass container including 2 mL of water in a way, that the stamped EE2 par-

ticles were facing the water. The glass container was sonicated for 2 h at 50 °C.  

For the click reaction of the redispersed EE2 particles, 5 µL of a 1 mM sulfo-cyanine-3-

azide solution in water were added to the obtained 2 mL of water dispersion (total con-

centration of 2.5 µM of dye). The solution was slowly stirred at RT for 2 h. The reaction 

solution was washed in a dialysis tube with 1 L of water for 5 d, which was then replaced 

with fresh water for 1 d. 
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Figure 28. Fluorescence spectrum of 1 mM sulfo-cyanine-3-azide in H2O with an absorption wavelength of 
530 nm. The emission maximum is at 563 nm and a shoulder at 600 nm is visible. 
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4 Results and discussion 

4.1 Capillary nanostamping with mesoporous silica stamps – stamp design 

Conventional lithographic methods, specifically stamping or printing to generate patterns 

of particles or molecules on counterpart surfaces are discussed in section 2.1 (see page 

8). The advantages and disadvantages of each method were compiled within the discus-

sion of these methods. One trait all of these methods have in common is the limitation of 

ink supply, as the stamping process with solid stamps only allows the transfer of mole-

cules adsorbed on the stamp surface, whereby continuously stamping is not possible. 

To overcome this disadvantage and generate a stamping method with high throughput, 

fast cycle times and a continuous ink supply, porous stamps were made. For the suc-

cessful development of a capillary stamping procedure, several requirements have to be 

fulfilled.  

 As many possible inks and particles are dissolved or dispersed in organic sol-

vents, the stability against these solvents should be ensured. Therefore, silica 

was chosen as stamp material, as it is chemically inert against organic solvents. 

 The porous stamp should have a continuous pore system with a relatively narrow 

pore size distribution to allow for a continuous ink flow throughout the whole 

stamp. A broad pore size distribution would be accompanied by different Laplace 

pressures within larger and smaller pores on the stamps’ surfaces, which could 

lead to stress of the silica network. This factor is important for the infiltration of 

dry stamps. 

 As the solid stamp is used to print on usually flat and inflexible surfaces, the sur-

face to encounter the counterpart substrate should be flat. 

 To withstand the stamping procedure and to obtain the best possible results, the 

stamp should be flexible to a certain extent and mechanically stable at the 

same time. 

 To generate patterns of ink on the substrate surface, the stamp needs to have 

ordered contact elements on its flat top surface. 

 

A silica gel is fabricated by pouring a sol-gel into a mold to reproduce the shape of the 

mold. Although the gel undergoes a certain shrinkage during aging, the mold could con-

sist of any structure or shape and is equally replicated. To create structured contact ele-

ments on top of the silica aerogel, a silanized macroporous silicon wafer (mSi), as de-
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scribed in chapter 3.2.1.1 (see page 36), was used as mold. The mSi contained hexag-

onal arrays of macropores with a center-to-center distance of 1.5 µm, as shown in Figure 

29a, and a macropore depth of 600 nm. The diameter of the macropores amounted to 

900 nm at their openings and to 600 nm at their bottoms as shown in Figure 29b. The 

sol was poured into a polypropylene container with the porous mSi on the bottom. After 

the aging procedure, the silica gel consists of a bulk in manageable size for manual 

operation, with contact elements on the top surface in the sub-µm size range.  

 

 
Figure 29. SEM images of macroporous silicon (mSi) with hexagonally arranged pores. a) Top and b) side 
view of the mSi pores with a center-to-center distance of 1.5 µm and a depth of 600 nm. The pore size at 
the pore openings is 900 nm and 600 nm at the pore bottoms. The images were taken with a SESI detector. 

 

 

4.1.1 Silica stamps – first generation 

As first attempt, stamps consisting of pure silica were made in a procedure described in 

chapter 3.2.2.1 (see page 37) following procedures reported by Babin et al.[72] Here, tet-

raethyl orthosilicate (TEOS) was used as silica precursor, which is the “classical” tetra 

functional silica source. Polyethylene glycol (PEO) was used as structure directing agent 

to generate macropores, and a treatment with ammonia hydroxide (NH4OH) after aging 

was used to rearrange the pore structure into a mesoporous system. After synthesis, the 

stamps were dried in a supercritical drying process with liquid CO2 to prevent pore col-

lapse. The synthesis of monoliths based on the well-known MCM-41 material resulted in 

monolithic aerogels in the size of 2x2 cm2, consisting of a flat surface with ordered con-

tact elements on top. The dried stamps were white and opaque. The SEM image in Fig-

ure 30a shows the bulk structure of the stamp, where the porosity is clearly visible. Figure 

30b shows the hexagonally arranged contact elements on top of the silica stamp. The 

single contact elements were 490 ± 22 nm in diameter and the distance between the 

single contact elements resulted in 0.9 µm. An overview of the stamp surface (Figure 
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30c) shows a flat top surface with well-ordered contact elements. During aging, the silica 

network is formed by participation of single particles to generate a network. This leads 

to an overall shrinkage of the silica. In comparison to the mSi templates, the finished 

silica stamps underwent a lateral shrinkage of 20-40%.  

 

 
Figure 30. SEM images of first-generation silica stamps. a) View of the porous bulk material, b) magnification 
of structured stamp elements and c) overview of the topographically patterned stamp surface. The images 
were taken with a SESI detector. 

 

Nitrogen sorption analysis of the synthesized silica material is shown in Figure 31. The 

BET isotherm in Figure 31a displays a variety of a type IV isotherm with a H1 hystere-

sis,[89] which stands in good agreement with the literature.[72] The BET specific surface 

area is 233 m2/g (overview of all nitrogen sorption data see Table 2 on page 56), the 

isotherm shows a narrow hysteresis, which indicates a uniform pore size distribution. 
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The ammonia hydrothermal treatment induces the formation of a mesoporous system 

into the macroporous monoliths without changing the overall system.[72] The pore size 

distribution is relatively narrow and shows pore sizes between 13-19 nm with a mean 

pore diameter of 15 nm (see Table 2, page 56). 
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Figure 31. Nitrogen sorption measurements of silica stamps of the first generation. a) The BET isotherm is 
a variety of a type IV isotherm with a H1 hysteresis.[89] b) The pore size distribution is calculated with the 
BJH theory from the adsorption branch of the BET isotherm. It shows a relatively narrow peak at 15 nm.  

 

The generation of silica stamps consisting of pure silica was successful, but revealed 

several disadvantages originating from pure silica. Although the top surface resulted to 

be flat, the monoliths in total were very brittle and mechanically unstable. The infiltration 

with ink resulted almost every time in breaking of the stamp. Therefore, this stamp gen-

eration was not suitable for a mechanical stamping process and could not be used for 

stamping.  

 

 

4.1.2 Silica stamps – second generation 

As pure silica was not suitable for stamp production, a reinforcement strategy was de-

veloped. The methods discussed in section 2.1.3.2 (see page 21) all have in common, 

that they change the silica network by the introduction of either chemically reactive mol-

ecules or pore structure changing fibers. The requirements of the silica stamps for a 

successful application in a stamping procedure do not allow chemically active residues 

within the silica network, as they could react with the ink to be stamped. Therefore, these 

methods are not compatible with the requirements for the stamps. 
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To strengthen the silica network without causing a chemical interaction between silica 

and the used inks, Ti-atoms were introduced into the silica network, as titanium is known 

to build SiO2-similar materials.[90–93] Following the procedures reported by Schäfer et 

al.,[81] the silica network derived by the previously used synthesis was incorporated with 

Ti-atoms by addition of TiCl4 to the synthesis mixture. The resulting Si1-nTinO2 (with n<1, 

a total implementation of Ti-atoms would yield in Si0.98Ti0.02O2) stamps were much harder 

than the first generation and did not break as easy. The dried stamps were white opaque. 

The SEM image in Figure 32a shows the porous network of the bulk material, while Fig-

ure 32b shows the topographically patterned surface. The single contact elements are 

more defined compared to the first-generation stamps and with 342 ± 32 nm also smaller 

in top diameter. Determining the distance between the single contact elements is difficult 

in this case due to the high surface waviness. If measured on a spot with uniform ordered 

contact elements as shown within the orange square in Figure 32c, the center-to-center 

distance between the single contact elements amounted to 1.0 µm. In comparison to the 

mSi templates, the finished silica stamps underwent a lateral shrinkage of 32-43%. Fig-

ure 32c shows clearly the disadvantage of these stamps – a high waviness and therefore 

no hexagonally ordered structure on the surface of the stamp. This waviness prevents 

parts of the contact elements from touching the counterpart substrate during stamping, 

which leads to a non-promising stamping process. 
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Figure 32. SEM images of second-generation silica stamps. a) View of the porous bulk material, b) magnifi-
cation of stamp elements and c) overview of the topographically patterned stamp surface. The distance 
between single stamp elements was calculated within the area of the orange square. Images were taken 
with a SESI detector. 

 

The BET surface area amounted to 330 m2/g with a mean pore volume of 2.2 mL/g, 

which increased compared to the first-generation stamps, as shown in Table 2 (see page 

56). Nevertheless, the pore size distribution (see Figure 33b) does not show uniform 

pore sizes, but a broad peak from 20-60 nm. A porous network with different pore sizes, 

which could cause different flow rates within different pore channel sizes. This could in 

turn lead to a possible retention of an ink consisting of nanoparticles or molecules with 

high intermolecular interactions thus, presumably cannot provide a continuous ink flow 

throughout the whole network.  
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Although the mechanical properties were improved by introducing titanium into the silica 

network, the stamps of the second generation could not be used for the stamping pro-

cess. As the mechanical strength was improved by hardening the network, the stamps 

became tough to handle. Apart from their waviness, they were not suitable for mechani-

cal grinding and broke easily under stress or ink infiltration.  
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Figure 33. Nitrogen sorption measurements of silica stamps of the second generation. a) The BET isotherm 
is of type IV with a H1 hysteresis. b) The pore size distribution is calculated with the BJH theory from the 
adsorption branch of the BET isotherm. It shows a wide peak from 20-60 nm.  

 

 

4.1.3 Silica stamps – third generation 

4.1.3.1 Stamps with pore diameters of 31 nm 

The mechanical reinforcement and the introduction of Ti-atoms into the network did not 

result in a suitable stamp material. As an alternative route to the common sol-gel syn-

thesis with tetra functional silica precursors, a silsequioxane was synthesized using a 

trifunctional precursor as introduced in section 2.1.3.2 (see page 21). The silica stamps 

were synthesized in a procedure described in chapter 3.2.2.3.1 (see page 38). According 

to Kanamori et al.,[76] methyltrimethoxysilane (MTMS) was used as silica precursor, re-

sulting in a SiMeO3/2 stamp. The mild reaction conditions and the increasing pH during 

aging due to the added urea ensured the prevention of a macroscopic phase separation 

and promote gelation of the network. After the synthesis, the stamps were again dried 

via critical point drying with liquid CO2 and resulted in fully transparent monoliths. The 

SEM image in Figure 34a shows the porous network, while Figure 34c shows the highly 

uniform and flat top surface with hexagonally arranged contact elements with a diameter 

of 459 ± 22 nm and a distance between the single elements of 1.1 µm. This reflects a 
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lateral shrinkage of 24-26% in comparison to the mSi template, which is much less com-

pared to the first- and second-generation silica stamps. Figure 34b shows the magnifi-

cation of a single stamp element, where the porous structure is clearly visible both on 

the top surface of the contact element, and within the bulk silica on the bottom of the 

contact element.  

 

 
Figure 34. SEM images of third-generation silica stamps. a) View of the porous bulk material, b) magnifica-
tion of a single contact element and c) overview of the topographically patterned stamp surface. Images 
were taken with a SESI detector. 

 

The SEM image in Figure 35a shows the side view of a silica stamp. It can be seen that 

the stamp consists of a bulk silica network and ordered contact elements on the flat top 

surface of the stamp. The length of the contact elements amounted to 450 nm. The silica 

network is interconnected not only in the bulk, but also throughout the contact elements, 
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which guarantees an unimpeded ink flow. Figure 35b shows a photograph of a dried 

silica stamp. The typical sizes amounted to 5x5x3 mm3.  

 

 
Figure 35. a) SEM image of the side view of a silica stamp. The stamp is synthesized as a bulk silica with a 
topographically structured top surface. The stamp elements have a top diameter of 459 nm and a length of 
450 nm. The image was taken with a SESI detector. b) Photograph of a dried silica stamp in a typical di-
mension of 5x5x3 mm3. 

 

Nitrogen sorption measurements revealed a BET surface area of 530 m2/g (shown in 

Table 2, page 56), which is noticeably higher than the surface areas of the first- and 

second-generation stamps. The shape of the nitrogen sorption isotherm shown in Figure 

36a could be assigned to a type IV isotherm with a H1 hysteresis loop. Here, the steep 

and narrow H1 hysteresis loop indicates that the necks and the nodes of the mesopore 

system are uniform in size and highly interconnected.[94] By contrast, a mesopore system 

consisting of narrow necks and wider nodes would yield a H2 hysteresis loop.[95] The 

pore size distribution (Figure 36b) shows a narrow peak at 31 nm and a total pore volume 

of 2.2 mL/g (Table 2), which suggests that an empty mesoporous silica stamp with a 

mass of ≈90 mg may absorb ≈200 µL ink. The results of the nitrogen sorption measure-

ments obtained here are in line with results reported by Yun et al.,[96] who synthesized 

silica microspheres using MTMS as a silica precursor. 
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Figure 36. Nitrogen sorption measurements of silica stamps of the third generation. a) The BET isotherm is 
of type IV with a H1 hysteresis. b) The pore size distribution is calculated with the BJH theory from the 
adsorption branch of the BET isotherm. It shows a narrow peak at 31 nm.  

 

4.1.3.2 Stamps with pore diameters of 44 nm 

To create the same stamps but with larger pores, the quantities of chemicals within the 

sol solution were varied whilst the procedure and pre-treatment conditions were kept 

equally. The synthesis procedure is described in chapter 3.2.2.3.2 (see page 38). The 

SEM image in Figure 37 shows the surface structure containing contact elements. The 

pores are clearly visible both in the contact elements as well as in the bulk silica. For 

verification of the larger pore sizes, only SEM is not suitable as the small difference be-

tween 31 and 44 will not be visible in this method. Therefore, nitrogen sorption measure-

ments were taken as shown in Figure 38 and summarized in Table 2 (see page 56). The 

specific surface area amounted to 465 m2/g, which is less than for the same stamps with 

smaller pores, which is due to a decreasing surface area with increasing pore sizes. The 

BET isotherm shown in Figure 38a shows a type IV isotherm with a H1 hysteresis loop, 

which could not be fully obtained due to technical problems during measurements. Nev-

ertheless, this result is comparable to the same stamps with smaller pores. The pore size 

distribution (Figure 38b) shows a relatively narrow peak at 40-48 nm and a total pore 

volume of 2.4 mL/g (Table 2), which is again due to larger pores. Compared to the same 

stamps with smaller pores, an empty stamp with larger pores and a mass of ≈90 mg may 

absorb ≈215 µL ink. 
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Figure 37. SEM images of third-generation silica stamps synthesized to obtain larger pore sizes with a) 
overview of larger area and b) magnification. The pore structure is well visible both in the contact elements 
as well as in the bulk silica. The images were taken with an in-lens detector for a higher contrast. 
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Figure 38. Nitrogen sorption measurements of silica stamps of the third generation. a) The BET isotherm is 
of type IV with a H1 hysteresis. The measurement interrupted at desorption due to a high surface area and 
technical problems during the procedure. Nevertheless, as the calculation of the pore size is referred to the 
adsorption branch of the isotherm, it remained valid to calculate. b) The pore size distribution is calculated 
with the BJH theory from the adsorption branch of the BET isotherm. It shows a relatively narrow peak at 
40-48 nm. 

 

The third generation of silica stamps consisting of a silica network with methyl residues 

resulted in a more flexible silica network compared to a TEOS-derived silica material. 

Due to less interconnection in the silica network and the reduction of the hydroxyl group 

density on the silica surface, the stamps of the third generation became mechanically 

resilient and hydrophobic. The stamps could be ground with abrasive paper to obtain a 

form appropriate to the stamping procedure. Also the edges on the structured side of the 

stamp (referred to as top side) were ground so that air bubbles caused during the aging 

process could be removed. The BET isotherm reflects a pore system without any con-

strictions and therefore, no pore blocking effects can occur when infiltrating the stamp 

with ink. The top surface of the stamps is flat and when turned in sunlight, interference 
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colors caused by the regular arrangement of the contact elements could be seen. These 

stamps fulfill the entire requirements for a successful stamping process. 

The comparison of all three stamp generations shows clearly that the silsequioxane is 

the most promising material for a stamp design. Therefore, further stamping experiments 

were all carried out with the third-generation stamps. 

 

Table 2. Comparison of nitrogen sorption data of different stamp generations. SBET is the specific surface 
area calculated from the BET isotherm; C is the BET constant (empirical constant for quantification of the 
attractive adsorbent-adsorbate interactions); the mean pore diameter and the specific pore volume were 
calculated from the adsorption branch of the BET isotherm. 

Stamp genera-
tion 

SBET (m2/g) C Mean pore diame-
ter (nm) 

Specific pore vol-
ume (mL/g) 

1st 233 44 15 0.87 

2nd 330 80 27 2.2 

3rd, smaller pores 534 61 31 2.2 

3rd, larger pores 465 72 44 2.4 

 

 

4.1.4 Stamping process 

In this entire work, the silica stamps of the third generation were used in a manual stamp-

ing procedure under ambient conditions. The respective pore diameters of the used 

stamps are specified in each chapter. To manage the stamping process, a stamp holder 

was made of stainless steel as shown in Figure 39. As the stamping process is a contact 

lithographic method and the stamps consist of a material not as flexible as e.g. a polymer, 

attention has to be taken when the contact elements of the stamp come in contact with 

the counterpart surface. Although the silica network is flexible and to some extent robust, 

the single stamp elements are still in the sub-µm size range and can break easily when 

sheared on a hard surface. Therefore, an elastomeric PDMS layer is applied between 

stamp holder and stamp, which increases the flexibility and softens the stamp-substrate 

interaction. 
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Figure 39. Stamp holder for manual stamping processes. The stamp holder consists of stainless steel, on 
top is an elastomeric PDMS layer glued to the stamp holder to soften the contact between stamp and coun-
terpart surface. The stamp (in this case a dry stamp of the third generation) is glued on top of the PDMS 
layer. The stamp holder is held and brought into contact with a surface to be patterned manually by hand. 

 

The stamp holder is operated by hand by bringing the stamp surface in contact with the 

counterpart substrate. Figure 1 (see page 6) illustrates a general stamping procedure. 

The mesoporous stamp (blue) infiltrated with ink (orange) is brought into contact with a 

surface to be patterned (grey). When the distance between stamp and substrate is small 

enough, liquid bridges form between the contact elements of the stamp and the counter-

part surface. By removing the stamp from the surface, the liquid bridges rupture and 

leave droplets of ink on the surface. 

The stamping procedure consists of several adjustable factors. As mentioned before, the 

stamps were ground before gluing them onto the stamp holder. This grinding procedure 

has two reasons. As the sol is poured into the mold for aging, a meniscus is formed 

during the aging process, which leads to a concave backside surface. If the stamp was 

glued to the holder on these edges only, it would not withstand the stamping process. 

Therefore, the backside of the stamps was ground to form a flat surface to provide a 

larger area for gluing. The second reason for grinding is to compensate possible imbal-

ances in the height of the stamps due to aging processes. To avoid air bubbles and small 

edges on the structured surface side of the stamp, the top edges were also ground, which 

is visible in Figure 35b (see page 53).  

The dry stamps were infiltrated from the backside (unstructured side), which verifies that 

the ink supplied from the backside permeates through the stamps’ mesopore system to 
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the tips of the contact elements, as shown in Figure 40. This proofs the principle of a 

capillary process. Within this work, the stamps were used both dry and wet and infiltrated 

with ink as described in each chapter. After infiltration, the stamps were kept wet through-

out their entire lifetime; this has the advantage of circumventing the drying procedure 

and reduces the stress for the stamps. Therefore, the stamps were kept in ethanol until 

used and immersed in the desired ink for a certain time. In general, the stamps should 

be prevented from drying out after the infiltration with ink, as the fragile silica structure 

breaks due to capillary forces. In addition, the expansion during the conversion of a dis-

solved to a solid molecule caused by a possible crystallization of ink can lead to break-

age. 

 

 

Figure 40. Photographs of the imbibition process of a silica stamp with ink (in this case a solution of C60 in 
toluene). The stamp is located on a glass slide with the structured stamp side facing upwards. The dried 
silica stamp is opaque and colorless. The infiltration occurs from the backside of the stamp by dropping the 
stamp solution onto the glass slide. The fully infiltrated stamp appears pink transparent. 

 

When the stamp is brought into contact with the counterpart surface, both pressure and 

contact time can be varied. Several attempts to systematically measure the expended 

pressure during stamping did not reveal meaningful results. This is due to the fact that 

stamping is performed by hand and therefore, measuring the pressure is not only de-

pendent on the individual operator but also not reproducibly applicable. Nevertheless, 

the pressure tests showed that the applied pressure during stamping in the range of 

additional 30-100 g per stamp did not produce good results and also broke the single 

contact elements as shown in Figure 41. Hence, stamping was performed by bringing 

the stamp slightly into contact with the substrate surface.  

 



 

Results and discussion 

59 

 
Figure 41. SEM image of exemplary stamping with additionally applied pressure. The single stamp elements 
broke off the stamp and could be found on the surface. The image was taken with a SESI detector. 

 

The contact time between stamp and counterpart surface was 5 s, if not specified other-

wise. This contact time was long enough for an enrichment of the non-volatile ink com-

ponents in the ink menisci between the stamp’s contact elements and the counterpart 

surface. A longer contact time did not result in well ordered stamped spots, as the manual 

stamping process can cause shear effects due to slight movement of the stamp holder. 

Also, for volatile organic solvents as chloroform or toluene, the contact time should be 

rather short to prevent the stamp from running dry.  

The throughput of this capillary stamping method varies with different inks and different 

solvents. In general, several stamping cycles could be performed with almost every ink 

type as discussed later in this section. The bulk material of the stamp serves as ink res-

ervoir and carries approximately 200 and 215 µL of ink for stamps with mean pore sizes 

of 31 and 44 nm, respectively. Thus, the contact elements will be automatically refilled 

through the capillaries. Nevertheless, if the volatile ink component (solvent) has a high 

evaporation rate or is used throughout several stamping cycles, the stamp could be re-

filled with ink by simply applying a small amount of ink either on the backside or on the 

side walls of the stamp. This represents a capillary nanostamping process with short 

cycle times and a high throughput with self-refilling and manual refilling possibilities. 
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4.2 Capillary nanostamping of selected model inks 

In the following chapter, the stamping process with different inks is described. As the 

method of capillary nanostamping with spongy mesoporous silica stamps was firstly de-

veloped, a proof of the stamping principle had to be carried out. Therefore, different kinds 

of model inks were stamped and investigated in their behavior as ink and within the 

stamping process. Every used ink consisted of a volatile component (solvent), which 

evaporated after or during the stamping process, and a non-volatile component, which 

remained on the substrate surface after the solvent evaporated. 

Three possible ink precipitation processes are presumably possible. First, a stamping 

process, where the volatile ink component evaporates during stamping and enables an 

enrichment of the non-volatile ink component within the meniscus between the stamp’s 

contact elements and the substrate surface. Second, a stamping process, where the 

non-volatile ink component has a high affinity to the surface, which would cause ink 

spreading. Third, particulate ink, which would undergo a size separation process since 

the stamps also act as filters to withhold larger aggregates. In addition, the dependency 

of different surface functionalities on the stamping results were investigated. 

 

 

4.2.1 Meniscus confined particle growth – stamping of C60 fullerenes from toluene 

onto hydrophobic glass 

Fullerenes are of great interest, more precisely, C60 is a model for endohedral fuller-

enes.[97] Moreover, C60 is being considered as one of the best electron acceptors for 

organic solar cells.[98] Morphology design via controlled assembly of C60 may pave the 

way for efficient phase-separated donor/acceptor systems.[99] However, while C60 nano-

particles have gained significant interest,[100] controlled assembly of fullerenes[101] has 

remained challenging. 

C60 molecules have a high affinity to each other and crystallize in different morphologies 

when the solvent is evaporating. The drying conditions determine the crystal structure of 

the obtained C60 particles, e.g. C60 needles in controlled sizes can be obtained.[102] C60 is 

a molecule by definition, but the formed agglomerates or crystals can be designated as 

nanoparticles. 

The conditions of the stamping process of C60 from toluene can be found in chapter 

3.2.4.1 (see page 39). As stamps, the third-generation silica stamps with an average 

pore diameter of 31 nm were used. The substrate was functionalized with FDTS to obtain 
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a reduced surface wettability to thermodynamically prevent ink spreading. Therefore, the 

contact angle of toluene on FDTS-functionalized glass amounted to ≈71°. As illustrated 

in Figure 42, it is reasonable to assume that liquid bridges form as soon as the stamp 

approaches the counterpart surface between the contact elements of the stamp and the 

FDTS-functionalized glass. As the contact time lasted 5 s, additional ink was drawn into 

the liquid bridges by solvent evaporation (Figure 42b). This is due to the silica stamp, 

which serves as ink reservoir and draws the contained ink to flow through the network 

towards the counterpart substrate. As toluene is evaporating, C60 could be enriched 

within the liquid bridges and crystallized into nanoparticles. When the stamp was re-

tracted from the substrate surface, ordered arrays of C60 nanoparticles remained on the 

surface (Figure 42c). 

 

 

Figure 42. Illustration of a stamping process with C60 as ink. a) When the silica stamp (blue) filled with ink 
(orange) is brought into contact with a counterpart surface (grey), liquid bridges form when the stamp is 
close enough to the surface. b) As C60 (red) in toluene is stamped onto a hydrophobic substrate, the ink only 
partially wets the surface. The evaporation of the solvent draws additional ink into the liquid bridges and C60 
enriches and crystallizes into nanoparticles. c) After detachment of the stamp, the C60 nanoparticles remain 
at the former positions of the contact elements. 

 

SEM images of the obtained fullerene nanoparticles were taken either with a secondary 

electron chamber detector (SESI) or with an in-lens detector. The SESI detector is at-

tached laterally tilted to the sample surface and collects SE1 and SE2 secondary elec-

trons from the surface and a few nanometers below the surface of the sample. As it sees 

the sample from the side, a topographic image can be acquired. The in-lens detector is 

attached parallel to the sample surface above the objective lens, this ensures the collec-

tion of solely secondary electrons of type SE1 and enhances the signal to noise ratio 

significantly. The electrostatic field promotes a sample image with a higher contrast and 
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much more surface information compared to the SESI detector. Due to the geometry of 

the in-lens detector, topographic information disappears. 

 

 
Figure 43. SEM images of stamped C60 particles. a) The hexagonally arranged C60 particles show a high 
uniformity over a large area. Image acquired with an in-lens detector. b) Magnification of array of C60 nano-
particles. c) The higher magnification of the particles shows that the C60 has crystallized and formed particles 
on the substrate. Images b) and c) were acquired with a SESI detector. 

 

Figure 43 shows the results of the stamped fullerene nanoparticles. The SEM images 

acquired with the in-lens detector show the stamped fullerene nanoparticles as bright 

spots due to low work functions, while the glass surrounding appears dark due to a high 

work function, as shown in Figure 43a. The hexagonally arranged arrays of C60 nanopar-

ticles have a long-range order and show few defects. The SESI detector shows topo-

graphic structures with less contrast than the in-lens detector as shown in Figure 43b 
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and c. Both are magnifications of the large area, in Figure 43b the order of the stamped 

particles can clearly be seen, while Figure 43c with the highest magnification shows the 

crystallized rectangular nanoparticles consisting of fullerenes. Analysis of the obtained 

particles was carried out according to chapter 3.1.1.12 (see page 33). The evaluation of 

Figure 43b resulted in 713 analyzed particles with a diameter of 123 ± 22 nm, a circularity 

of 0.98 ± 0.06, an average aspect ratio of 1.37 ± 0.27 (see Figure 44) and a center-to-

center distance between neighboring particles of 1.1 µm.  
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Figure 44. Histograms of 713 analyzed stamped C60 particles showing a) the diameters, b) the circularities 
and c) the aspect ratios of the C60 particles. 

 

An AFM image was obtained to analyze the particle height as shown in Figure 45, the 

average height of the C60 particles amounted to 50-70 nm. The challenge in obtaining a 

qualitatively good AFM image is to select a scanning mode, where the AFM tip is not in 

physical contact with the fullerene nanoparticles, therefore the so-called tapping mode 

or non-contact mode was used. Nevertheless, the AFM tip can still drag single particles 

along the substrate and precipitate these again on a different spot. In addition, AFM is a 

very sensitive method and shows smallest particles, which would not be of interest in 

analysis methods as e.g. SEM. 
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Figure 45. a) AFM image of stamped C60 particles and b) height profile of blue line. The average height of 
the C60 particles amounted to 50-70 nm. 

 

Within the process of stamping fullerenes onto FDTS-functionalized glass slides, the 

stamps were used at least two times without changing the outcome of the pattern. As 

toluene is a volatile solvent, which evaporates quickly under ambient conditions, the 

stamp was refilled after 2-3 stamping cycles. As the stamping process lasted 5 s, evap-

oration of toluene results in the enrichment of the fullerenes within the meniscus between 

the contact elements and the substrate surface. The ink is refilled from the non-structured 

side or onto the side walls of the stamp and thus, a continuous stamping process was 

carried out. Additionally, the ink could be washed out of the stamp. To this end, the infil-

trated stamp was immersed in toluene, which was replaced by fresh toluene after two 

hours. After five washing cycles, the stamps were fully transparent again. The nitrogen 

sorption analysis shows a full recovery of the mesopores and a maintaining pore system 

(see Figure 46). The slight changes in pore sizes and pore volume is because the anal-

ysis could not be carried out with the same stamp. Therefore, a slight variation between 

the single stamps is possible. 
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Figure 46. Nitrogen sorption analysis of silica stamps prior and subsequent to infiltration with ink and washing 
of the stamp. The pore size distribution calculated with the BJH method from the adsorption branch of the 
BET isotherm. The red curve shows a pure silica stamp, the orange curve shows a washed silica stamp, 
which has been infiltrated with C60/toluene and washed with toluene. 

 

Although dry stamps were used and infiltrated for the described stamping process, a 

drying out of the already infiltrated stamp should be avoided. Nevertheless, every new 

stamping process was carried out with new stamps. Although the stamps can outlast a 

long time when infiltrated with ink, the fullerenes tend to aggregate when stored in a 

solution and interactions between the pores and the fullerene aggregates could lead to 

pore blocking or breakage of the stamp. Hence, a dispersion of fullerenes in toluene was 

freshly made and a new stamp was used every time stamping experiments were carried 

out. 

 

C60 fullerenes from toluene could be stamped on perfluorinated glass slides and resulted 

in defined particles of regular sizes and shapes in a hexagonally arranged order. The 

particle sizes were smaller compared to the contact elements of the stamp, which is due 

to the crystallization of the fullerenes on the substrate surface. 

When fullerenes dispersed in toluene as solvent are used as ink, attention has to be 

taken of preventing the stamp from drying out. Therefore, refilling of the infiltrated stamp 

with ink is possible to keep the continuous stamping process running. 
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4.2.2 Self-limited spreading – stamping of 1-dodecanethiol from ethanol onto gold-

coated glass 

The strong affinity of thiols with gold surfaces[103] was utilized to develop a stamping pro-

cess of 1-dodecanethiol on gold-coated glass slides. 1-Dodecanethiol is a representative 

of the broad variety of functional thiols used for the generation of chemically patterned 

surfaces.[104] 

 

4.2.2.1 Microscopic characterization 

The conditions of the stamping process of 1-dodecanethiol from ethanol can be found in 

chapter 3.2.4.2 (see page 39). As stamps, the third-generation silica stamps with an av-

erage pore diameter of 31 nm were used. The glass slides were coated with titanium and 

gold, respectively, by physical vapor deposition. The titanium layer ensures the adhesion 

of the gold layer on the surface. The thicknesses of the layers, determined with a quartz 

crystal microbalance (as described in chapter 3.1.1, page 30), amounted to 5 and 30 nm 

for titanium and gold, respectively.  

 

 

Figure 47. Illustration of a stamping process with 1-dodecanethiol as ink. a) The ethanolic 1-dodecanethiol 
solution (orange) is stamped onto a gold-coated glass slide (grey). b) Submicron dots of 1-dodecanethiol 
(red) are formed at the positions of the contact elements by adsorption of 1-dodecanethiol onto the gold 
surface. c) After detachment of the silica stamp, a chemically patterned surface is obtained. 

 

The general schematic illustration of the stamping process of inks, where both, the non-

volatile ink component and the solvent, have a high affinity to the surface to be stamped, 

is shown in Figure 47. The contact elements close to the substrate surface form capillary 

bridges, whereby the non-volatile component of the ink (in this case the 1-dodecanethiol) 
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is transported to the substrate surface (Figure 47a). When the stamp is retracted from 

the substrate and the volatile component of the ink (in this case ethanol) has evaporated, 

spots of the non-volatile ink component remain where the contact elements encountered 

the substrate surface (Figure 47c). 

 

4.2.2.2 Image analysis 

After stamping of 1-dodecanethiol, the unprotected part of the gold layer was partially 

etched as described in chapter 3.2.4.2 (see page 39), to create a higher topographic 

contrast, which allowed the identification of the 1-dodecanethiol spots with SEM analysis. 

The images in Figure 48 show the outcome of the SEM analysis. The dots of stamped 

1-dodecanethiol are clearly visible as well as the hexagonal order. Figure 48a shows a 

large area with an even larger area obtained as shown in Figure 49. Figure 48b shows 

a detail of Figure 48a, but was taken with an in-lens detector. The areas with 1-dodec-

anethiol have a high work function and hence appear dark, whereas the gold appears 

bright. The differences between the SESI and the in-lens detector can be seen clearly in 

the images in Figure 48a and b. The SESI detector gives a topographic information, 

where the stamped 1-dodecanethiol spots and the surroundings appear to be on a dif-

ferent height level. With the in-lens detector, the height information vanishes completely, 

while the material contrast increases significantly. While the SESI detector shows both 

structures, spots and surroundings, in the same grey, the in-lens detector differentiates 

between higher and lower work function, which leads to black 1-dodecanethiol spots and 

bright gold surroundings. 
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Figure 48. SEM images of hexagonally arranged arrays of 1-dodecanethiol dots generated by stamping on 
gold-coated glass slides after partial etching of the gold. The 1-dodecanethiol serves as protection for the 
gold, therefore on the stamped dots, the gold could not be etched away. a) Overview of large stamped area. 
b) Detail of a), but taken with an in-lens detector. The areas with 1-dodecanethiol have a high work function 
and hence appear dark, whereas the remained gold appears bright. c) Stamped dots prepared in the 10th 
successive stamping cycle without refilling of the stamp. Image a) acquired with a SESI detector, images b) 
and c) acquired with an in-lens detector. 
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Figure 49. SEM image acquired with a SESI detector of a large overview area of 1-dodecanethiol dots 
stamped on a gold-coated substrate with subsequent partially etching of the unprotected gold layer. 

 

One SEM image (see Figure 50) was binarized for a more precise analysis of the single 

dots according to chapter 3.1.1.12 (see page 33). The analysis resulted in 1304 dots with 

an average diameter of 757 ± 25 nm and a distance of 1.2 µm between the single dots. 

For the evaluated 1-dodecanethiol dots, the obtained average circularity is 0.94 ± 0.03 

and the average aspect ratio is 1.09 ± 0.04 (Figure 51). The slight deviations from ideal 

circular shape may be rationalized by slight shear during stamping or by aberration. 
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Figure 50. Binarized SEM image of stamped 1-dodecanethiol dots on gold-coated glass. 
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Figure 51. Histograms of 1304 analyzed stamped 1-dodecanethiol dots (see Figure 50) showing a) the di-
ameters, b) the circularities and c) the aspect ratios of the 1-dodencanethiol dots. 

  

The peak-to-valley height of the 1-dodecanethiol dots and their partially etched gold sur-

roundings amounted to 15-20 nm as measured with AFM using the contact mode and 

extracting a line profile of the measured data. AFM image with inserted line and related 

line scan are shown in Figure 52.  
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Figure 52. a) AFM image of 1-dodecanethiol stamped on gold-coated glass with subsequent etching of un-
protected gold layer and b) height profile of blue line. The average peak-to-valley height between the 1-
dodecanethiol dots and their gold surroundings amounted to 15-20 nm. 

 

4.2.2.3 Structure formation model 

The stamped 1-dodecanethiol dots had a larger diameter than the contact elements. In 

fact, the mean diameter of the 1-dodecanethiol dots is by a factor of 1.75 larger than the 

diameter of the contact elements of the stamps. It is remarkable that discrete sub-micron 

1-dodecanethiol dots were obtained despite the fact that macroscopic ethanol drops 

spread on the gold-coated glass slides. The contact angle of ethanol on gold is 0°, which 

should lead to ink spreading. Nevertheless, dots of 1-dodecanethiol on gold could be 

obtained. 

 

 

Figure 53. Illustration showing a concave meniscus formed by ink (orange) at a mesopore opening of a silica 
stamp (blue). The pressure of the ink pink is smaller than the air pressure poutside. The pressure difference 
across the meniscus is the Laplace pressure. 

 

This outcome may be rationalized as follows. The ink is drawn out of the contact ele-

ments of the stamp by van der Waals interactions between ink and gold-coated glass 

slide. However, the entire surface of the stamp exhibits mesopore openings where the 

ink forms concave menisci. Because of the concave curvature of the menisci, the ink 

pressure pink is lower than the air pressure outside the stamp poutside (see Figure 53). The 

pressure drop across the menisci with 
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 Δp = 𝑝 − 𝑝  (4) 

is referred to as Laplace pressure,[105] which counteracts the attractive van der Waals 

forces between ink and gold-coated glass slide. Therefore, it is reasonable to assume 

that the Laplace pressure within the open mesopores in the silica stamps impedes 

spreading of ethanol on the gold-coated glass substrates. On the other hand, if a gold-

coated glass slide is immersed into a solution of 2 mM 1-dodecanethiol in ethanol for 5 s, 

the contact angle of ethanol on this glass slide increases to ≈34°. Hence, the adsorption 

of 1-dodecanethiol on the gold-coated glass substrate itself in the course of capillary 

nanostamping may suppress ink spreading. 

Stamping of 1-dodecanethiol was carried out up to 10 times before re-infiltration of the 

stamp as shown in Figure 48c. As the stamping process only lasts ≈1 s, multiple stamp-

ing cycles without refilling were possible. Due to the ink reservoir within the stamp, a 

continuous stamping procedure can be achieved. The number of cycles is mostly de-

pendent on the nature of the used ink.  

 

1-Dodecanethiol dissolved in ethanol could be stamped onto gold-coated glass with the 

outcome of regular, round dots of sizes larger than the contact elements of the stamp. 

Although ethanol spreads on gold surfaces, an overall ink spreading did not occur, as 

the mesoporous contact elements serve as counteracting part due to the occurring La-

place pressure. Furthermore, the changing surface properties due to the adsorption of 

1-dodecanethiol on the substrate, prevents further ink spreading. 

In general, a continuous stamping mode could be achieved by creating an ink storage 

out of the silica network. When 1-dodecanethiol was used as ink, up to 10 stamping 

cycles could be carried out without deformation or changes in the pattern obtained.  

 

4.2.2.4 Dewetting of polystyrene on 1-dodecanethiol stamped gold-coated glass slides 

Stamping of 1-dodecanethiol results in a heterogeneous substrate surface, where the 

created pattern consists of areas of different chemical properties. Chemically heteroge-

neous surfaces have gained significant interest in research.[106] Surface patterns of areas 

with chemically different properties template the dewetting of polymeric liquids deposited 

on the chemically heterogeneous surfaces.[107,108] Therefore, a dewetting experiment with 

polystysrene (PS) as well-characterized model liquid was carried out.[109,110]  
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Solutions of 0.5 and 0.05 wt% of PS in chloroform, respectively, were spin-coated onto 

the gold-coated glass slides patterned with 1-dodencanethiol dots. Subsequently, the 

samples were heated to 170 °C for 30 min, a temperature above the glass transition 

temperature (Tg) of PS. The exact procedure is described in chapter 3.2.4.3 (see page 

40). PS selectively wets gold because the polarizability of gold is higher than that of 1-

dodecanethiol. Thus, the attractive London dispersion interactions between PS and gold 

are stronger than between PS and 1-dodecanethiol. 

 

 
Figure 54. Dewetting process of PS on a gold-coated glass slide modified by stamping of 1-dodecanethiol 
dots. a) The dewetting process starts with the building of round holes where the 1-dodecanethiol dots were 
stamped and continues by b), c) forming a honeycomb structure around the dots and d) finally ends in 
creating single PS dots in triangular spaces located in the gaps between three adjacent 1-dodecanethiol 
dots. The inset of d) shows the FFT analysis, where the hexagonal order is clearly visible. All SEM images 
were acquired with a SESI detector. 

 

The dewetting velocities slightly varied in different sample regions so that snapshots of 

different wetting stages could be taken as seen in Figure 54. In some parts, a continuous 

PS film still exists (Figure 54a). Also seen, however, are circular holes in the PS film at 

the positions of 1-dodecanethiol dots. Many of these holes have smaller areas than the 

1-dodecanethiol dots, suggesting that dewetting is initiated by nucleation of holes in the 

PS film at positions where the PS film covers 1-dodecanethiol dots. Dewetting then pro-

ceeds by growth of the holes and formation of thickened PS rims surrounding the growing 

holes (Figure 54b). The thickened rims move outwards until they impinge on each other 
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in areas where gold is exposed to the PS. As a result, the PS leaves the 1-dodecanethiol 

dots blank and forms a honeycomb pattern that coincides with the exposed gold surface 

separating the discrete 1-dodenanethiol dots (Figure 54c). The honeycomb pattern fur-

ther decomposes into discrete triangular PS nanoparticles located in the gaps between 

three adjacent 1-dodecanethiol dots. Eventually, ordered arrays of PS nanoparticles 

were obtained. The obviously patterned structure is shown in Figure 54d, where the inset 

shows the FFT analysis, and thus the hexagonal order, of the acquired image. 

 

The heterogeneous surface obtained with stamping of 1-dodecanethiol dots onto gold-

coated glass could be used in a dewetting application. It was shown that PS spin-coated 

onto the heterogeneous surface with subsequent heating to a temperature above Tg of 

PS resulted in triangularly shaped dots of PS arranged on the unmodified gold-coated 

area of the surface. This opens the opportunity to create heterogeneous substrates con-

sisting of discrete dots and remaining surroundings with different properties regarding 

e.g. wettability or adhesion. 

 

 

4.2.3 Particulate inks – stamping of nanodiamonds from isopropanol onto hydro-

phobic glass 

Nanodiamonds (NDs) are widely used in a wide range of research. Biologists have found 

the advantages of NDs as robust, fluorescent emitters with applications in biolabeling 

while NDs can be introduced into the cells without toxic effects.[111–113] Physicists are 

working on understanding and controlling the electronic properties of lattice impurities 

within the nanodiamonds.[114] The mostly investigated defect is the nitrogen-vacancy 

(NV) defect, which has magnetic properties and shows quantum behavior. The detection 

of electron paramagnetic resonance (EPR) from a single NV defect was reported by 

Gruber et al. in 1997.[115] These characteristics make nanodiamonds predestined as sen-

sors to monitor electric or magnetic fields with high sensitivity.[116–118] For that means, 

many attempts on patterning nanodiamonds for spatially resolved sensors onto a desired 

substrate were made.[119–121] All of these patterning experiments were long-lasting and 

time-consuming procedures with many synthesis steps resulting in ND spots with diam-

eter sizes of 300 nm up to tens of micrometers.  
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Using the method of capillary nanostamping, nanodiamonds were stamped from disper-

sion onto glass and investigated with SEM, confocal fluorescence microscopy and opti-

cally detected magnetic resonance (ODMR). The exact stamping conditions can be 

found in chapter 3.2.4.4 (see page 40). As stamps, the third-generation silica stamps 

with an average pore diameter of 31 nm were used. Nanodiamonds with average sizes 

of 10 nm were stamped from a dispersion in isopropanol with a concentration of 

10 µg/mL onto FDTS-functionalized glass to prevent ink spreading (contact angle of iso-

propanol on FDTS-functionalized glass ≈45°). For the stamping of NDs from isopropanol, 

dry stamps were infiltrated from the non-structured backside. The dispersion of NDs in 

isopropanol is not stabilized and thus, the NDs rapidly start to aggregate. To prevent the 

precipitation of larger aggregates of NDs on the substrate surface, the silica stamp was 

additionally used as a filter. The stamping process of NDs in isopropanol as ink follows 

the procedure described in Figure 55. Bigger aggregates of NDs are rejected by the 

stamp due to a larger size compared to the stamp’s pore size (Figure 55a). During stamp-

ing, the non-volatile ink component is enabled to enrich within the meniscus between 

contact element and substrate surface (Figure 55b). After evaporation of the solvent, 

small aggregates of NDs are left at the former positions of the contact elements (Figure 

55c). 

 

 

Figure 55. Illustration of a stamping process with particulate inks, which tend to aggregate, e.g. nanodia-
monds. a) When the silica stamp (blue) filled with ink (orange) is infiltrated with nanodiamonds (red), bigger 
aggregates are rejected by the stamp, as larger particles cannot pass through the pore system. When the 
infiltrated stamp is brought into contact with a counterpart surface (grey), liquid bridges are formed. b) As 
the NDs in isopropanol are stamped onto a hydrophobic substrate, the ink only partially wets the surface. 
The evaporation of the solvent draws additional ink into the liquid bridges and the NDs enrich and crystallize 
into small aggregates. c) After detachment of the stamp, the NDs remain at the former positions of the 
contact elements. 
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Figure 56. SEM images of stamped NDs on FDTS-functionalized glass. a) Overview of larger area. The NDs 
are hexagonally arranged. b), c) Magnifications of stamped particles. From image c) it is assumable that 
only 1-4 NDs were precipitated per spot. Image a) was taken with an in-lens detector, images b) and c) were 
taken with a SESI detector. 

 

The SEM image in Figure 56a shows the overview of a larger area of precipitated NDs 

on the substrate surface. The hexagonal order is visible, although the overall area is not 

highly clean. The magnification in Figure 56b illustrates the accumulation of larger ag-

gregates of NDs on some spots. Although the dry stamps were infiltrated from the non-

structured side to prevent the precipitation of larger aggregates, a total avoidance was 

not successful. Bigger particles and larger aggregates may have been transferred over 

the edges of the stamp onto the substrate. In addition, some parts of the stamp’s contact 

elements presumably broke during stamping and were precipitated on the surface. In 

some regions, as seen in Figure 56c, only a very small amount of NDs was precipitated 

onto the substrate. In this case, it is assumable, that only 1-4 NDs were stamped per 
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spot. If compared to any state-of-the-art literature, where NDs were used to obtain an 

ordered pattern on a substrate, the diameter of the obtained spots ranges from 

100 nm[120] to 30 µm,[121] which is significant larger than the ND spots obtained by capil-

lary nanostamping. Analysis of the obtained ND aggregates was carried out according 

to chapter 3.1.1.12 (see page 33). The analysis of the SEM images resulted in 334 ag-

gregates with a particle-to-particle distance of 1.1 µm, an average diameter of 

43 ± 24 nm, a circularity of 0.90 ± 0.16, and an average aspect ratio of 1.55 ± 0.50 (see 

Figure 57). 
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Figure 57. Histograms of 334 analyzed stamped ND aggregates showing a) the diameters, b) the circularities 
and c) the aspect ratios of the ND aggregates. 
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Figure 58. a) AFM image of stamped NDs on FDTS-functionalized glass. b) The line scan shows the height 
of the stamped ND aggregates. The height of the aggregates amounted to 10-50 nm. 

 

AFM analysis turned out to be quite delicate, as the nanodiamonds interact with the AFM 

tip and were pulled away by the tip. The obtained AFM image shown in Figure 58a re-

sulted in a height of 10-50 nm (Figure 58b). 
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To prove the presence of stamped NDs on the substrate surface, the detection of the 

characteristic response of diamond-hosted NV- centers was measured with ODMR and 

T1-relaxation by René Wieczorek in the Physics Department of the University of Osna-

brück.[122] The zero-field splitting D is the energy difference between spin sublevels in the 

absence of external magnetic fields. It originates from the triplet spin ground state of the 

NV- center, which further splits into three spin sublevels once a magnetic field is ap-

plied.[114] Characteristic values for D within NV- centers in nanodiamonds are 

D=2.87 GHz for the ground state and D=1.42 GHz for the excited state.[123] Further, the 

transition rate between the different sublevels is given by the T1 relaxation time, which is 

typically in the millisecond range at room temperature and can be influenced by applying 

a magnetic field, which makes nanodiamonds excellent sensors for magnetic fields.[124] 
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Figure 59. ODMR measurement of nanodiamonds stamped onto FDTS-functionalized glass at two different 
microwave power settings. The microwave power was set to -5 dBm amplified by 43 dBm (blue curve), and 
7 dBm amplified by 43 dBm (orange curve). The results were fit with a Gaussian model and resulted to 
D=2.856 and D=2.847 GHz for a microwave power of -5 and 7 dBm, respectively. The integration of the 
Gaussian fit gives an area of 11.7 and 20.4 a.u.·GHz for a microwave power of -5 and 7 dBm, respectively. 

 

The results of the ODMR measurements are shown in Figure 59. The stamped NDs were 

measured with a microwave power of -5 and 7 dBm amplified by 43 dBm, and resulted 

in the blue and orange curves, respectively. The obtained data were approximated by a 

single Gaussian model, which amounted to D=2.856 and D=2.847 GHz for a microwave 
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power of -5 and 7 dBm, respectively. The slight difference of the single center resonance 

frequencies is due to thermal background conditions and the deviation from the typical 

zero magnetic field resonance at room temperature may be due to crystal strain, which 

is typically observed for small nanodiamonds.[123] The integration of the Gaussian fit re-

sults in an area of 11.7 and 20.4 a.u.·GHz for a microwave power of -5 and 7 dBm, re-

spectively. Within these measurements, no fine structure could be monitored, which is 

traced back to power broadening. Nevertheless, the data was taken below the saturation 

limit and an increasing microwave power led to enhanced signal areas as expected.[125] 
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Figure 60. T1 relaxation time measurement. The blue data was fit with a double exponential model according 
to Tetienne et al.[126] with (5) and amounted to T1=1.8 µs. 

 

The typical spin relaxation is obtained with the T1 measurement shown in Figure 60. 

Therefore, the data was fit to a double exponential model according to Tetienne et al.[126] 

with 

 
𝐼(𝜏) = 𝐼(∞) 1 − 𝐶 𝑒 + 𝐶 𝑒  

 
(5) 

The obtained relaxation time amounted to T1=1.8 µs. These measurements reflect a 

proof of stamped nanodiamonds on the substrate surface.  

 

Stamping of nanodiamonds with an average size of 10 nm from dispersion with the 

method of capillary nanostamping with mesoporous silica stamps resulted in hexagonally 
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ordered spots in the 40 nm size range, which corresponds to 1-4 nanodiamonds per 

spot. These results show the capability of capillary nanostamping with a particulate ink 

and present a new way of generating ordered arrays of a few nanodiamonds per spot. 

The used NDs had an amount of NV- centers of 6%, although fluorescence microscopy 

analysis was carried out, it did not result in sufficient images due to a relatively low 

chance of the presence of NV- centers within 1-4 nanodiamonds per spot. With a higher 

quality of NV- centers within the nanodiamonds, these measurements would supplement 

the presented results. 

  

4.2.3.1 Functionalization of stamped nanodiamonds with a diameter of 5 nm 

The modification of surfaces to control their behavior and availability for chemical reac-

tions is of great interest. Nevertheless, a direct functionalization of a surface in a defined 

order is difficult due to steric hindrances and long-lasting functionalization procedures. 

As click chemistry is easily available, fast and offers a whole range of possibilities, it 

becomes more and more interesting for surface functionalization.[127–129] The combination 

of click chemistry and µCP allows a controlled surface functionalization in a desired pat-

tern.[130–132] Nevertheless, if the surface should be patterned with larger structures, e.g. 

proteins or large bio-molecules, a direct printing process would become difficult. NDs 

provide an outer surface consisting of a variety of organic residues, which can be re-

duced or oxidized as desired.[83] To combine these methods, click-available NDs were 

stamped onto a substrate surface in a capillary nanostamping procedure. A subsequent 

click reaction was carried out to show the accessibility of the as-stamped particles on the 

surface for further chemistry. 

The exact synthesis procedures can be found in chapter 3.2.4.5 (see page 41). As 

stamps, the third-generation silica stamps with an average pore diameter of 31 nm were 

used. For the functionalization, NDs with an average size of 5 nm were used. Prior to 

stamping of NDs, a functionalization towards click-availability was carried out. Therefore, 

the as-received NDs were functionalized according to Figure 61. Raw nanodiamonds 

have a variety of surface residues, ranging from hydroxyl-groups to carboxyl or ketone 

residues.[86] To generate a homogeneous surface with equally available residues for fur-

ther synthesis, the surface residues of the as-received NDs were reduced with BH3·THF 

to obtain a mostly hydroxyl-terminated surface of NDs (Figure 61a). With this easily avail-

able surface residues, a further synthesis with a silane was carried out (Figure 61b) to 

generate a bromo-residue, which again is available for a variety of further functionaliza-

tion. In the next step, the NDs were converted to become click-accessible by the reaction 
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of the bromo-residue with sodium azide (Figure 61c). The obtained ND-N3 could then be 

stamped and provided a suitable reaction partner for click chemistry. 
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Figure 61. Reaction scheme of functionalization of NDs. a) The as-received NDs were reduced with BH3·THF 
to receive hydroxyl residues on the surface. b) In a second step, the surface was silanized with 11-bro-
moundecyltrichlorosilane for a bromo-functionalization, which then reacted with c) sodium azide to generate 
an azide residue on the ND surface. 
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Figure 62. FT-IR spectra of NDs after reduction (blue) and functionalization with NaN3 (orange), respectively. 
At a wavenumber of 2100 cm-1, the specific azido band is shown in the orange spectrum. 

 

As the functionalization of NDs prior to stamping was carried out with a dispersion of 

diamonds in a flask, the obtained outcome could be analyzed with Fourier-transformation 

infrared spectroscopy (FT-IR) as shown in Figure 62. The silica band overlaps with the 

ND band, which makes the silanized intermediate product ND-Br difficult to analyze. 
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Whereas after the reaction with sodium azide, the azide band is clearly visible at a wave-

length of 2100 cm-1, proving the successful reaction of ND-Br with sodium azide.  

A dispersion of 1 mg ND-N3 in 1 mL isopropanol was stamped onto glass with a subse-

quent click reaction with cyanine-3-DBCO forming a triazole ring of the triple bond within 

DBCO and the azide residue on the NDs according to Figure 63. 
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Figure 63. Reaction scheme of copper-free click reaction with stamped ND-N3. The triple bond and the azide 
residue have formed a triazole ring (red). 

 

The SEM images in Figure 64 show the results of the stamped NDs subsequent to the 

click reaction. Although the areas of ordered particles are smaller compared to previous 

stamping results, still in some regions, the hexagonal order is retained after the click 

reaction. This can be due to the washing procedure after the click reaction, which may 

have caused the nanodiamonds to move around the surface. The surface tension of the 

water drop and the curvature of the drop on the outer edges of the substrate could have 

driven the nanodiamonds towards the edges of the substrate. This mechanism was pre-

sumably driven by the Marangoni effect or the coffee-ring effect.[133,134] To obtain a higher 

degree of order within larger areas, a possible immobilization of the nanodiamonds onto 

the surface could be carried out. The size and shape analysis is shown in the histograms 

in Figure 65. Analysis of the obtained ND aggregates was carried out according to chap-

ter 3.1.1.12 (see page 33). The analysis of 527 stamped ND aggregates after click reac-

tion amounted to a mean diameter of 134 ± 49 nm, a circularity of 0.85 ± 0.17, and an 
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average aspect ratio of 1.55 ± 0.54. The particle-to-particle distance amounted to 

1.1 µm. The diameters of the obtained ND aggregates stamped from a dispersion of 

5 nm NDs amounted to a larger size compared to the 10 nm NDs stamped in the previ-

ous chapter. This can be due to a higher particle mobility with decreasing size within the 

pore system. The smaller particles presumably move faster and do not get bogged down 

in the pore system as easy as the bigger particles and thus, can undergo an enrichment 

process during stamping. 

 

 
Figure 64. SEM images of stamped ND-N3 subsequent to the click reaction with cyanine-3-DBCO. Although 
the hexagonally arranged NDs are not visible over a large area anymore, still NDs are on the substrate 
surface and can be found ordered in some areas. Images were taken with an in-lens detector. 
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Figure 65. Histograms of 527 analyzed stamped ND aggregates showing a) the diameters, b) the circularities 
and c) the aspect ratios of the ND aggregates. 

  

To confirm the success of the click reaction of the ND-N3 with cyanine-3-DBCO, fluores-

cence spectra of the stamping results and drop-casted ND nanodispersions were rec-

orded with a confocal fluorescence microscope as shown in Figure 66 (see description 

in chapter 3.1.1.2, page 30). After the functionalized NDs were localized with confocal 

fluorescence microscopy, the beam path was directed into a spectrometer to obtain lo-

cally integrative spectra of the NDs. For a comparison of stamped NDs and NDs within 

nanodispersion, a dispersion of NDs was functionalized with dye via click-chemistry to 
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obtain a larger amount of dye-functionalized NDs for analysis. 200 µL of a 1 mg/mL dye-

functionalized ND nanodispersion was drop-casted onto a glass substrate and analyzed 

likewise to the stamped NDs. The red curve in Figure 66 shows the fluorescence spec-

trum of the functionalized ND dispersion. The band at 570 nm and a shoulder at 610 nm 

are specific for the cyanine-3-dye as shown in Figure 28 (see page 44). The orange 

curve shows the measurement of stamped NDs subsequent to the click reaction with 

cyanine-3-DBCO. Although with less intensity, the specific band and shoulder of cyanine-

3 are clearly visible. This confirms the successful reaction of stamped nanodiamonds 

with a fluorescent dye via click chemistry on the substrate surface. 
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Figure 66. Fluorescence spectra of NDs after click reaction with cyanine-3-DBCO. The confocal fluorescence 
microscope had a laser stimulation at 530 nm. The blue curve shows the measurement of the background 
of the glass slide, the red curve shows the measurement of the nanodispersion of ND-N3 clicked with cya-
nine-3-DBCO. The band at 570 nm and a shoulder at 610 nm are specific for the cyanine-3-dye. The orange 
curve shows the measurement of stamped NDs subsequent to the click reaction with cyanine-3-DBCO. 
Although with less intensity, the specific band and shoulder of cyanine-3 are visible. 

 

Although the NDs were “clicked” with the cyanine-3-DBCO and the confocal fluorescence 

microscopy results show the successful reaction in the spectra in Figure 66, fluorescence 

images of the dye-functionalized NDs could not show the same order as the SEM images 

in Figure 64. This is due to several factors, first, the substrate surface was not clean 

enough after the click reaction. This means that not only on the stamped spot sizes, but 

also in between these spots, some particles, presumably dye-functionalized, could be 

observed in the SEM images (Figure 64). As the resolution limit of the fluorescence mi-

croscope amounted to 600-700 nm, these disruptive particles could not be differentiated 

in the fluorescence images as they could be differentiated in the SEM images. Second, 



 

Results and discussion 

85 

as not every single ND is functionalized with the same amount of dye molecules, the 

signal intensity varies and a high quality of dye and therefore, a high signal intensity 

could lead to extinction of adjacent lower quality of dye on the NDs. 

 

Nevertheless, the results of this experiment give a good orientation of possible applica-

tions of NDs. Stamping of NDs with the method of capillary nanostamping results in hex-

agonally ordered NDs with a diameter smaller than in state-of-the-art literature pre-

sented.[121] With a functionalization of the NDs towards a click-accessible surface, a com-

bination of stamping of NDs and subsequent reaction applicability of the ND-structured 

surface in an ordered pattern becomes possible. 

 

 

4.2.4 Stamping of Zeonex from toluene/chloroform onto hydrophobic glass 

Silica is inert against most organic solvents, which opens the possibility of using poly-

mers as ink, which mostly dissolve in organic solvents. Zeonex is a commercially avail-

able cyclo olefin polymer (COP) with a structural formula shown in Figure 67. The phys-

ical properties of Zeonex include a refractive index of 1.51,[135] which is similar to the 

refractive indices of optical glasses (1.46-1.85) as quartz, crown or flint glass, which are 

used for optical components like lenses, prisms or mirrors.[136] It has a high transparency 

and high transmittance in the visible and near-infrared range, a low water absorption and 

a high molding precision.[135] Therefore, Zeonex is used as material for lenses, thin-film 

transistors and optical fibers.[137,138] With upcoming applications within these fields, an 

exemplary attempt of stamping of Zeonex was made. 
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Figure 67. Structural formula of COP. 

 

The conditions of the stamping procedure of Zeonex from toluene/chloroform can be 

found in chapter 3.2.4.6 (see page 42). As stamps, the third-generation silica stamps 

with an average pore diameter of 31 nm were used. The substrate was functionalized 

with FDTS to obtain a hydrophobic surface to thermodynamically prevent ink spreading. 
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Therefore, the contact angle of toluene/chloroform on FDTS-functionalized glass 

amounted to ≈55°. It is assumable that the stamping process of Zeonex on FDTS-func-

tionalized glass can be compared to the stamping process of C60 and thus corresponds 

to meniscus confined particle growth (see Figure 42, page 61). The SEM images shown 

in Figure 68 and Figure 69 show the outcome of stamping of Zeonex. The Zeonex forms 

small, uniform particles on the substrate surface over a large area, which is confirmed 

by the FFT analysis shown in the inset of Figure 68. Analysis of the obtained particles 

was carried out according to chapter 3.1.1.12 (see page 33). The analysis of 289 parti-

cles resulted in a particle-to-particle distance of 1.4 µm, an average particle diameter of 

91 ± 16 nm, an average circularity of 0.77 ± 0.18 and an average aspect ratio of 

1.53 ± 0.37 as shown in Figure 70. The analysis with AFM shown in Figure 71 confirms 

the hexagonal order as well as the particle shape and sizes. The height determined with 

the AFM line scan (blue line in Figure 71b) amounted to a particle height of 25-30 nm. 

 

 
Figure 68. SEM image of stamped Zeonex particles on a FDTS-functionalized substrate. The overview im-
age shows the hexagonal arrangement of the particles. The inset shows a FFT analysis, where the hexag-
onal pattern is significant. The image was acquired with an in-lens detector. 
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Figure 69. SEM image of stamped Zeonex particles. Magnification of Figure 68. The particles are not per-
fectly round in shape. The image was acquired with an in-lens detector. 
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Figure 70. Histograms of 289 analyzed stamped Zeonex particles showing a) the diameters, b) the circular-
ities and c) the aspect ratios of the Zeonex particles. 
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Figure 71. AFM images of stamped Zeonex particles on FDTS-functionalized glass. a) The overview shows 
highly ordered particles of uniform sizes and shape. b) Magnification of a). c) Line-scan of blue line in b). 
The average height of the Zeonex particles amounted to 25-30 nm. 

 

The stamping procedure of Zeonex from toluene/chloroform onto FDTS-functionalized 

glass was successful and promises surfaces patterned over a large area with uniform 

Zeonex particles serving as e.g. lenses. Further experiments for the development of pos-

sible applications were not performed within this work. 
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4.2.5 Stamping of PS-b-P2VP from toluene/chloroform onto differently functional-

ized glass with subsequent solvent treatment 

Block copolymers (BCPs) are macromolecules consisting of two or more blocks of dif-

ferent polymers that are covalently connected to each other. As the single blocks are 

normally immiscible, a microphase separation occurs and leads to ordered nanoscopic 

domain structures with a defined morphology (see Figure 11, page 15). The nature of 

the nanoscopic domain structure is determined by the volume fractions of the blocks, the 

degree of compatibility between the blocks and the tendency of the blocks to adopt coiled 

conformations associated with high conformational entropy.[139] The nanoscopic self-as-

sembly and the material characteristics itself make BCPs highly attractive for applications 

in the fields of nanolithography,[140] drug delivery,[141,142] organic photovoltaics (OPVs)[143] 

and organic light emitting diodes (OLEDs).[144] Polystyrene-block-poly(2-vinylpyridine) 

(PS-b-P2VP, Figure 72), consisting of the two blocks polystyrene (PS) and poly(2-vi-

nylpyridine) (P2VP), is used e.g. for the immobilization of gold nanoparticles.[145–147] Alt-

hough BCPs have the affinity to undergo a self-assemble, the phase separation periods 

depend on the polymer chain lengths and are normally in the size range of a few tens of 

nanometers. BCPs can be patterned on substrate surfaces with common lithographic 

methods. Mirkin and coworkers used the method of dip-pen nanolithography to deposit 

poly ethylenglycol-block-poly(2-vinylpyridine) (PEO-b-P2VP),[148] polypyrrole and 

poly(aniline sulfonic acid) from aqueous solution.[149] Nevertheless, lithographic deposi-

tion of BCPs, which dissolve in organic solvents, could not be carried out with state-of-

the-art methods. Therefore, BCPs dissolved in organic solvents were stamped in a ca-

pillary nanostamping procedure with spongy mesoporous silica stamps from a solution 

of toluene/chloroform. In the following chapter, PS-b-P2VP was stamped by capillary 

nanostamping and subjected to swelling-induced morphology reconstruction by solvent 

treatment. 

 

N
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Figure 72. Structural formula of PS-b-P2VP. The polystyrene block has n repeat units, while the poly(2-
vinylpyridine) block has m repeat units. 
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4.2.5.1 Contact angle measurements 

Contact angle measurements were carried out to understand the wettability behavior of 

the solvent on the differently functionalized glass slides. The procedures can be found in 

the chapters 3.1.1.3 (see page 30) and 3.2.1.2 (see page 36). The results of the contact 

angle measurements of the volatile solvent toluene/chloroform (1:3) on the differently 

functionalized glass slides are shown in Table 3 and Figure 73. The contact angle 

amounted to ≈55° for FDTS-functionalized glass (Figure 73a), which is less compared to 

the contact angle of pure toluene on FDTS-functionalized glass, which amounted to ≈71°, 

as analyzed in chapter 4.2.1 (see page 60). Nevertheless, the surface still shows a partial 

wettability and thus, discrete droplets can be formed and will be stable on the surface. 

The contact angle on DMDCS-functionalized glass amounted to ≈18° (Figure 73b), which 

represents a higher wettability of the solvent on the surface. The contact angles on hy-

droxyl-terminated and ATAS-functionalized glass amounted to 0° (Figure 73c, picture 

representatively for both surfaces), which eventually causes total ink spreading.  

 

Table 3. Overview of different surface functionalization with structural formula and residual group on the 
substrate surfaces, and contact angle measurements of toluene/chloroform (1:3) on the surfaces at 22 °C 
and a humidity of 37%. 

Functionaliza-
tion 

Structural formula Residual group 
on surface 

Contact angle 
of solvent (°) 

OH (SiO2)n-OH -OH 0 
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SiCl
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Si
Cl
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-CH3 ≈18 
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Si
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-NH2 0 
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Figure 73. Contact angle measurements of toluene/chloroform (1:3) on glass slides functionalized with a) 
FDTS, b) DMDCS and c) ATAS-silane or hydroxyl-terminated. The contact angles amounted to 55°, 18° and 
0°, respectively. 

 

4.2.5.2 Stamping onto hydroxyl-terminated glass 

Stamping procedure, ink preparation and further information about the ink are described 

in chapter 3.2.4.7 (see page 42). As stamps, the third-generation silica stamps with an 

average pore diameter of 44 nm were used. The results of stamping of PS-b-P2VP onto 

hydroxyl-terminated glass are shown in Figure 74. The PS-b-P2VP formed spots in a 

hexagonally arranged pattern with interconnection between the single spots. Although 

the contact angle of toluene/chloroform on hydroxyl-terminated glass amounted to 0° 

(see Figure 73), stamping of PS-b-P2VP from toluene/chloroform onto hydroxyl-termi-

nated glass yielded in discrete spots and the expected ink spreading did not occur. This 

phenomenon was observed before in chapter 3.2.4.2 (see page 39) with stamping of 1-

dodecanethiol onto gold-coated glass, which proceeded according to Figure 47 (see 

page 66). In this stamping procedure, a similar process ensured the generation of dis-

crete spots. As shown in Figure 75, the contact angle of toluene/chloroform increased 

from 0° on hydroxyl-terminated glass to ≈32-34° after immersion of the glass slide into 

solutions of 2.5 mg/mL P2VP and PS in toluene/chloroform. This change in surface wet-

tability in conjunction with the mesopores of the stamp, where the Laplace pressure 

counteracts the attractive van der Waals forces between ink and substrate surface, en-

sured the formation of polymer spots.  
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Figure 74. SEM images of stamped PS-b-P2VP on hydroxyl-terminated glass. a) Overview and b) magnifi-
cation. The block copolymer has formed spots in a hexagonal order. The spots are interconnected with each 
other. The images were taken with a SESI detector. 

 

 

Figure 75. Contact angle measurements of toluene/chloroform on hydroxyl-terminated glass after immersion 
of the glass into solutions of 2.5 mg/mL a) P2VP and b) PS in toluene/chloroform. The contact angle 
amounted to a) ≈32° and b) ≈34°. After adsorption of the first monolayer of P2VP and PS, respectively, the 
plain glass is not determining anymore. 

 

Since polystyrene and poly(2-vinylpyridine) do not show any contrast in the SEM, a sol-

vent treatment was carried out according to chapter 3.2.4.7 (see page 42).[87] In this pro-

cess, the poly(2-vinylpyridine) was selectively swollen with ethanol, while polystyrene 

remains glassy. After the removal of the glass slides from the ethanol, the P2VP relaxed 

into the coiled state so that pores formed in place of the previously swollen P2VP do-

mains. After swelling, the P2VP blocks are exposed and accessible for further function-

alization. Figure 76 shows the results of the stamped PS-b-P2VP on hydroxyl-terminated 

glass after solvent treatment. In Figure 76a, a large area of stamped PS-b-P2VP struc-

tures is shown, the PS-b-P2VP structures are hexagonally ordered over the whole area. 

Figure 76b and c show magnifications of a few and one single PS-b-P2VP spots, respec-

tively. Due to the reconstruction of the morphology of the stamped PS-b-P2VP spots 

during the treatment, a porous structure has formed.  
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Figure 76. SEM images of stamped PS-b-P2VP on hydroxyl-terminated glass after solvent treatment in EtOH 
at 60 °C for 1 h. a) Overview of larger area of stamped spots and b, c) magnifications. The stamping resulted 
in porous spots with a diameter of 730 ± 24 nm, consisting of PS-b-P2VP in a hexagonal order. c) A single 
spot shows the visible porous structure of the PS-b-P2VP due to the morphology reconstruction during sol-
vent treatment. All images were taken with an in-lens detector. 
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Figure 77. Histograms of 89 analyzed stamped PS-b-P2VP spots on hydroxyl-terminated glass after solvent 
treatment. Showing a) the diameters, b) the circularities and c) the aspect ratios of the PS-b-P2VP spots. 
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The SEM images were analyzed concerning diameter, circularity and aspect ratio of the 

stamped PS-b-P2VP spots according to chapter 3.1.1.12 (see page 33). Figure 77 shows 

histograms of 89 analyzed spots, which had an average center-to-center distance of 

1.3 µm, a mean diameter of 730 ± 24 nm, a circularity of 1.00 ± 0.01 and an average 

aspect ratio of 1.04 ± 0.04. AFM analysis (see Figure 78) resulted in a spot height of 2-

5 nm.  

 

 
0.0 0.5 1.0 1.5 2.0 2.5

0

1

2

3

4

5

6

7

8

H
e

ig
ht

 (
n

m
)

Distance (µm)

c)

 

Figure 78. AFM images of stamped PS-b-P2VP on hydroxyl-terminated glass after solvent treatment in EtOH 
at 60 °C for 1 h. a) Overview area and b) magnification. c) The line scan of the blue line shows clearly that 
the obtained structures are not even particles but formed large spots with pores. The height of the blue line 
scan shows heights within the polymer spots of 2-5 nm. 
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4.2.5.3 Stamping onto FDTS-functionalized glass 

The stamping of PS-b-P2VP onto FDTS-functionalized glass was carried out according 

to chapter 3.2.4.7 (see page 42) and obtained the following results shown in Figure 79 

to Figure 82. As stamps, the third-generation silica stamps with an average pore diame-

ter of 44 nm were used. The SEM images shown in Figure 79 were obtained prior to the 

swelling procedure. Here, similar to stamping onto hydroxyl-terminated glass, large pol-

ymer spots are hexagonally ordered over a large area. A difference is though, that the 

stamped spots are not throughout connected, but already formed separate smaller struc-

tures, which can be due to a limited wettability of the PS-b-P2VP on the FDTS-function-

alized surface and a higher cohesion of PS-b-P2VP compared to the interaction of PS-

b-P2VP with FDTS. As the solvent evaporates after the stamping procedure, a dewetting 

process of the polymer occurs and leads to separated small particles within the stamped 

spots. The larger particle within each stamped spot (Figure 79b) presumably shows the 

spot, where the contact elements of the stamp encountered the substrate surface. 

 

 
Figure 79. SEM images of stamped PS-b-P2VP on FDTS-functionalized glass without solvent treatment. A) 
Overview area and b) magnification. The block copolymer has formed large spots in a hexagonally arranged 
order. Within the stamped spots, a dewetting process of the polymer occurred and yielded single smaller 
particles. Images were taken with an in-lens detector. 

 

After solvent treatment and thus morphology reconstruction of the PS-b-P2VP, small 

particles were obtained as shown in Figure 80. The hexagonal pattern is visible over a 

large area (Figure 80a) and when magnified (Figure 80c), a small non-porous island with 

several smaller polymer particles can be seen.  
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Figure 80. SEM images of stamped PS-b-P2VP on FDTS-functionalized glass after solvent treatment in 
EtOH at 60 °C for 1 h. a) Large area overview and b), c) magnifications of stamped particles. The stamping 
results in discrete particles consisting of PS-b-P2VP in a hexagonal order. All images were taken with an in-
lens detector. 
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Figure 81. Histograms of 183 analyzed stamped PS-b-P2VP particles on FDTS-functionalized glass after 
solvent treatment. Showing a) the diameters, b) the circularities and c) the aspect ratios of the PS-b-P2VP 
particles. 
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The SEM images were analyzed concerning diameter, circularity and aspect ratio of the 

stamped spots according to chapter 3.1.1.12 (see page 33). Figure 81 shows histograms 

of 183 analyzed spots, which resulted in a particle-to-particle distance of 1.3 µm, a mean 

diameter of 191 ± 21 nm, a circularity of 0.88 ± 0.05 and an average aspect ratio of 

1.20 ± 0.14. AFM analysis (see Figure 82) resulted in a spot height of 20-60 nm.  
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Figure 82. AFM images of stamped PS-b-P2VP on FDTS-functionalized glass after solvent treatment in 
EtOH at 60 °C for 1 h. a) Overview of large area and b) magnification. c) The line scan of the blue line shows 
a structure height of 20-60 nm. 
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4.2.5.4 Stamping onto DMDCS-functionalized glass 

The stamping onto DMDCS-functionalized glass was carried out according to chapter 

3.2.4.7 (see page 42). As stamps, the third-generation silica stamps with an average 

pore diameter of 44 nm were used. The stamping resulted in a continuous polymer layer 

with no visible obtained structure as shown in Figure 83.  

 

 
Figure 83. SEM image of stamped PS-b-P2VP on DMDCS-functionalized glass without solvent treatment. 
The pattern is not visible. Either a continuous polymer layer has formed or the stamping process did not 
work out. The image was taken with a SESI detector. 

 

Subsequent to the solvent treatment, a small patterned area could be found as shown in 

Figure 84. In this case, no large area with the typical hexagonal pattern could be obtained 

(Figure 84a) and even the small structured area shows a large variety of stamped struc-

tures concerning size and shape. From the magnification in Figure 84b, it is visible that 

the stamped PS-b-P2VP has formed structures with multiple height levels, which is called 

“terracing”.[30] 

 

 
Figure 84. SEM images of stamped PS-b-P2VP on DMDCS-functionalized glass after solvent treatment in 
EtOH at 60 °C for 1 h. The results show a short-range order of hexagonally arranged particles on the surface. 
At closer look, the particles formed small hills with bigger bottoms and smaller heights. The sizes of the 
particles show a large variety. Image a) was taken with a SESI detector, b) was taken with an in-lens detec-
tor. 
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Figure 85. Histograms of 61 analyzed stamped PS-b-P2VP particles on DMDCS-functionalized glass after 
solvent treatment showing a) the diameters, b) the circularities and c) the aspect ratios of the PS-b-P2VP 
particles. 

 

Small ordered areas and large varieties in size and shape led to an imprecise analysis 

of only 61 obtained particles, which resulted in a particle-to-particle distance of 1.0 µm, 

a mean diameter of 282 ± 111 nm, a circularity of 0.88 ± 0.05 and an average aspect 

ratio of 1.20 ± 0.14 (Figure 85). The AFM analysis in Figure 86a confirms the weak order, 

while Figure 86b shows the different height levels. The line analysis of the single ob-

tained particle (Figure 86c) yields in three height levels, a ground level at a height of 

15 nm, a second level at a total height of 20 nm and a top level at a total height of 30 nm. 

This terracing behavior occurred presumably within an asymmetric wetting of the ink on 

the substrate.[30] The peak up to 80 nm can be due to tip-sample interactions during 

scanning or indicate higher edges on the top level of the single particle, which have been 

investigated before for specific conditions.[150] The shape of these particles are similar to 

printed lipid structures obtained with dip-pen nanolithography (DPN).[151] 
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Figure 86. AFM images of stamped PS-b-P2VP on DMDCS-functionalized glass after solvent treatment in 
EtOH at 60 °C for 1 h. a) Overview of large area and b) magnification. c) The line scan of the blue line shows 
the height of one single stamped polymer particle. The particle consists of three height levels, the first is at 
15 nm, the second at 20 nm and the third level has a height of up to 80 nm with a plateau at 30 nm. 

 

4.2.5.5 Stamping onto ATAS-functionalized glass 

The stamping onto ATAS-functionalized glass was carried out according to chapter 

3.2.4.7 (see page 42). As stamps, the third-generation silica stamps with an average 

pore diameter of 44 nm were used. The stamping resulted in a continuous polymer layer 

with no visible obtained structure as shown in Figure 87.  
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Figure 87. SEM image of stamped PS-b-P2VP on ATAS-functionalized glass without solvent treatment. The 
pattern is not visible. Either a continuous polymer layer has formed or the stamping process did not work 
out. The image was taken with a SESI detector. 

 

The results of stamping with subsequent solvent treatment can be seen in Figure 88. As 

shown in Figure 88a, PS-b-P2VP particles are hexagonally ordered over a large area. 

The magnification (Figure 88b) shows some single defects within the ordering, which can 

be explained by single defects of contact elements within the stamp. Figure 88c shows 

roundly shaped particles without any porous structure. 

The analysis of 205 stamped particles resulted in a particle-to-particle distance of 1.1 µm, 

a mean diameter of 143 ± 18 nm, a circularity of 0.89 ± 0.15 and an average aspect ratio 

of 1.45 ± 0.28 as shown in Figure 89. The AFM analysis was difficult due to low adhesion 

between the stamped PS-b-P2VP particles and the ATAS-functionalized surface and did 

not reveal the long range order. Nonetheless, two single particles could be measured 

concerning their height as shown in Figure 90a. The height analysis (Figure 90b) 

amounted to a total height of 25 nm.  
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Figure 88. SEM images of stamped PS-b-P2VP on ATAS-functionalized glass after solvent treatment in 
EtOH at 60 °C for 1 h. a) Large area overview and b), c) magnifications of stamped particles. The stamping 
resulted in discrete particles consisting of PS-b-P2VP in a hexagonal order. All images were taken with an 
in-lens detector. 
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Figure 89. Histograms of 205 analyzed stamped PS-b-P2VP particles on ATAS-functionalized glass after 
solvent treatment. Showing a) the diameters, b) the circularities and c) the aspect ratios of the PS-b-P2VP 
particles. 
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Figure 90. a) AFM image of stamped PS-b-P2VP on ATAS-functionalized glass after solvent treatment in 
EtOH at 60 °C for 1 h. b) The line scan shows the height of two stamped polymer particles. The height of 
the particles amounted to 20-25 nm. The AFM analysis was difficult due to low adhesion between the 
stamped PS-b-P2VP particles and the ATAS-functionalized surface. 

  

4.2.5.6 Discussion of stamping of PS-b-P2VP and comparison of the impact of the differently func-

tionalized substrates 

Table 4 gives an overview of all data of stamped PS-b-P2VP onto differently functional-

ized substrate surfaces and summarizes analyzed PS-b-P2VP particle diameters and 

heights. The comparison of the mean diameters is shown in Figure 91. 

A comparison of stamped PS-b-P2VP onto hydroxyl-terminated glass prior and subse-

quent to the solvent treatment shows that the spot sizes became significant smaller and 

the spots did not remain interconnected subsequent to the solvent treatment (compari-

son of Figure 74 and Figure 76). As the solvent treatment proceeds in EtOH at 60 °C for 

1 h, the polymer became mobile in a certain way and presumably formed discrete, po-

rous spots. The disjoining pressure[152,153] forces the wide-spread polymer to contract, 

which is supported by the cohesion of the intramolecular interaction of the polymer. Nev-

ertheless, due to acidic hydroxyl groups on the substrate surface, the nitrogen residue 

within the P2VP presumably formed hydrogen bonds with the substrate and a high mo-

bility of the polymer is prevented. As a result, large spots with a small height were formed 

during the solvent treatment. 

A comparison of stamped PS-b-P2VP onto FDTS-functionalized glass prior and subse-

quent to the solvent treatment shows a decreasing particle size (comparison of Figure 

79 and Figure 80). Stamping of PS-b-P2VP onto FDTS-functionalized glass resulted in 

non-interconnected spots, where a dewetting process formed small particles. Within the 

solvent treatment of the stamped PS-b-P2VP on FDTS-functionalized glass, the polymer 

became mobile. As the interaction between polymer and substrate surface is weak, the 



 

Results and discussion 

104 

mobility of the polymer increased compared to the stamped PS-b-P2VP on hydroxyl-

terminated glass. During the solvent treatment, surface diffusion of the polymer and a 

possible process similar to the Ostwald ripening formed one large PS-b-P2VP particle 

per initial contact between the stamp’s contact elements and the FDTS-modified sur-

face.[154,155] Although the size of the stamped polymer spots is large, normally one big 

polymer particle has formed after solvent treatment. Skaug et al.[156] observed the diffu-

sion process of a molecule on a substrate and concluded that intermitted hopping could 

occur while the polymer is mobile on the substrate surface. Nevertheless, it is visible that 

some smaller particles have formed around the big particle (see Figure 80c, Figure 82b). 

The interruption of the solvent treatment could be a reason for this observation. 

Stamping of PS-b-P2VP onto DMDCS-functionalized glass did not result in any patterned 

structures (see Figure 83, page 98). The results of stamping PS-b-P2VP onto DMDCS-

functionalized glass after solvent treatment show non-porous particles as observed be-

fore on the FDTS-functionalized substrate. As the overall results are of weak order and 

similarity, a structure building mechanism is difficult to define. The interaction between 

the methyl residues on the substrate surface and the stamped PS-b-P2VP is presumably 

weak and thus, the mobility of the PS-b-P2VP during solvent treatment is high. The ob-

served terracing behavior can occur, when one block of the BCP preferentially wets the 

surface and one block of the BCP preferentially wets the interface. The selective wetting 

is then driven by the minimization of the surface energy.[30] A minimal order within the 

observed terracing behavior is achieved after the solvent treatment in comparison to the 

results prior to swelling, where no structure at all is visible. Nevertheless, the results of 

stamping of PS-b-P2VP onto DMDCS-functionalized glass are poor compared to the 

stamping results when hydroxyl-terminated or FDTS-functionalized glass is used as sub-

strate.  

Stamping of PS-b-P2VP onto ATAS-functionalized glass resulted in a polymer layer 

throughout the hole surface area (see Figure 87, page 101). When compared to the 

results of stamping of PS-b-P2VP onto hydroxyl-terminated glass, the hexagonally or-

dered arrays could not be observed. This is presumably due to a reduced interaction 

between PS-b-P2VP and the ATAS-modified surface compared to the occurring hydro-

gen bridge bonding between PS-b-P2VP and the hydroxyl-terminated surface. After sol-

vent treatment of the polymer, discrete particles with a narrow size range have formed 

over a large area of the surface. During the silanization of the glass with ATAS, the bond 

between silicon and nitrogen breaks and the ring opens (structural formula see Table 

3).[157,158] This leads to a long chain, which could either stand up on the substrate surface 

or collapse and lay on the surface, where the latter is presumably the preferred option. 
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Although hydrogen bonding can occur between the amino residues and the PS-b-P2VP, 

the collapsing of the amino-containing chain causes a decrease in accessibility of amino 

groups. This weak interaction between surface residues and PS-b-P2VP increases the 

mobility of the polymer during the solvent treatment and thus, discrete particles can form 

at the former positions of the stamp’s contact elements. The mechanism of the particle 

formation is presumably similar to the mechanism of stamped PS-b-P2VP on FDTS-

functionalized glass after solvent treatment and thus follows surface diffusion and Ost-

wald ripening processes.[154,155] 

 

Table 4. Summary of all results of stamping of PS-b-P2VP onto differently functionalized substrate surfaces 
after solvent treatment. Showing the contact angles of toluene/chloroform (1:3) on the differently functional-
ized glass slides, the mean particle sizes of the stamped polymer analyzed with SEM and the particle heights 
analyzed with AFM. 

Functionalization Functional group Contact angle of 
solvent (°) 

Mean particle size 
(SEM, nm) 

Particle height 
(AFM, nm) 

OH -OH 0 730 ± 24 2-5 

FDTS -(CF2)7-CF3 ≈55 191 ± 21 20-60 

DMDCS -CH3 ≈18 282 ± 111 40 

ATAS -NH2 0 143 ± 18 20-25 
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Figure 91. Diameter analysis of all stamped samples on differently functionalized substrate surfaces after 
solvent treatment. The smallest particles were obtained by stamping on ATAS-functionalized glass. Also 
small non-porous particles were obtained by stamping onto FDTS-functionalized glass. A large variety of 
sizes and no long-range order were obtained when stamped onto DMDCS-functionalized glass. Large and 
porous spots could be obtained by stamping of PS-b-P2VP onto hydroxyl-terminated glass. 

 



 

Results and discussion 

106 

In general, stamping of PS-b-P2VP worked and solvent treatment resulted in the for-

mation of either porous or solid BCP structures, size and shape of which depended on 

the nature of the substrate. The interaction of PS-b-P2VP with the surface residues on 

the substrate surface is the main factor to influence particle size, height and shape. Dur-

ing the solvent treatment, the PS-b-P2VP becomes mobile in a certain way, which is also 

dependent on the interaction with the surface residues. This mobility of the polymer leads 

to a particle formation during solvent treatment, where the positions of the particles cor-

respond to the former position of the stamp’s contact elements. Overall, the solvent treat-

ment plays an important role in the particle formation. Nevertheless, stamping of the PS-

b-P2VP influences the positions of the particles to form during solvent treatment. 

After the solvent treatment, the P2VP is exposed and the free electrons of the nitrogen 

are available for further chemistry. This can be used for different applications as atomic 

layer deposition (ALD) of semiconductors[159] or the immobilization of gold nanoparti-

cles.[145,146] 

 

 

4.2.6 Stamping of PFS-b-P2VP from toluene/chloroform onto hydroxyl-terminated 

and FDTS-functionalized glass with subsequent pyrolysis 

Block copolymers containing poly(ferrocenylsilanes) (PFS) can be used in a wide appli-

cation range. As shown in Figure 92, the PFS block consists of repeat units that contain 

a ferrocenyl and an organosilane (in this case a dimethylsilane) group. Therefore, BCPs 

consisting of a PFS block can be used for redox-active gels[160] or plasma and electron 

beam etch resist.[161] The PFS block within a BCP is mostly immiscible with other organic 

or inorganic blocks and thus, a nanostructured material is formed by self-assembly of the 

BCP with periodic iron rich domains and varied morphologies.[162] As stamping of PS-b-

P2VP from organic solution resulted in highly ordered arrays of BCPs on differently func-

tionalized substrate surfaces (see chapter 4.2.5, page 89), the highly interesting polyfer-

rocenyl(dimethylsilane)-block-poly(2-vinylpyridine) (PFS-b-P2VP) was also stamped in a 

capillary nanostamping procedure. 
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Figure 92. Structural formula of the used derivative of PFS-b-P2VP containing two methyl residues bound 
to the Si-atom. The poly(ferrocenyldimethylsilane) block has m repeat units, while the poly(2-vinylpyridine) 
block has n repeat units.  

 

4.2.6.1 Stamping of PFS-b-P2VP onto hydroxyl-terminated glass 

The procedure of stamping of PFS-b-P2VP onto hydroxyl-terminated glass can be found 

in chapter 3.2.4.8 (see page 42). As stamps, the third-generation silica stamps with an 

average pore diameter of 44 nm were used. Stamping of PFS-b-P2VP onto hydroxyl-

terminated glass resulted in discrete spots with a visible porous structure as shown in 

Figure 93. The overview of a large stamped area in Figure 93a shows the hexagonal 

pattern. Magnifications in Figure 93b and c illustrate the porous structure and furthermore 

presumably show a certain degree of shearing during the stamping process.  
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Figure 93. SEM images of stamped PFS-b-P2VP onto hydroxyl-terminated glass. a) Large area overview of 
stamped spots, b),c) magnification of the spots. The PFS-b-P2VP has formed porous structures. All images 
were taken with a SESI detector. 

 

The structures obtained by AFM measurements in Figure 94a were used for size and 

shape analysis according to chapter 3.1.1.12 (see page 33). The histograms in Figure 

95 illustrate the analysis of 44 particles with a center-to-center distance of 1.3 µm, a 

mean diameter of 571 ± 41 nm, a circularity of 1.00 ± 0.01 and an average aspect ratio 

of 1.06 ± 0.06. The line scan in Figure 94b shows the height of the spots marked in Figure 

94a, which amounted to 1-1.5 nm. 
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Figure 94. a) AFM image of stamped PFS-b-P2VP onto hydroxyl-terminated glass. b) Line scan of the blue 
line in a), the average height of the spots amounted to 1-1.5 nm. 

 

450 500 550 600 650 700
0

5

10

15

20

 

 

F
re

q
ue

nc
y

Diameter (nm)

a)

0.990 0.995 1.000
0

5

10

15

20

25

30

 

 

Circularity

b)

 

Figure 95. Histograms of 44 analyzed stamped PFS-b-P2VP spots on hydroxyl-terminated glass showing a) 
the diameters, b) the circularities and c) the aspect ratios of the PFS-b-P2VP spots. 

 

The stamping of the PFS-b-P2VP onto hydroxyl-terminated glass resulted in discrete 

spots showing a porous structure without ink spreading. These results can be compared 

to the stamping of PS-b-P2VP onto hydroxyl-terminated glass subsequent to the solvent 

treatment (see chapter 4.2.5.2, page 91). 

 

4.2.6.2 Stamping of PFS-b-P2VP onto FDTS-functionalized glass 

The procedure of stamping PFS-b-P2VP onto FDTS-functionalized glass can be found 

in chapter 3.2.4.8 (see page 42). As stamps, the third-generation silica stamps with an 

average pore diameter of 44 nm were used. Stamping of PFS-b-P2VP onto FDTS-func-

tionalized glass resulted in discrete, porous spots as shown in Figure 96. The overview 

of a large stamped area in Figure 96a shows the hexagonal pattern. The magnification 

in Figure 96c shows a phenomenon, where within some of the structures, the pores are 

visible and within others, the polymer is allocated all over the stamped spot. This can be 
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due to the FDTS-functionalization, which causes a reduced wettability of the ink on the 

substrate and thus, encourages a possible polymer enrichment during stamping. This 

phenomenon was not visible within stamping of PFS-b-P2VP onto hydroxyl-terminated 

glass. 

 

 
Figure 96. SEM images of stamped PFS-b-P2VP onto FDTS-functionalized glass. a) Large area overview 
of stamped structures, b) magnification of the spots. c) shows a phenomenon, which did not occur when 
stamped onto hydroxyl-terminated glass. The upper left spots are still forming porous structures, while the 
rest of the spots are filled with polymer. Images a) and b) were taken with an in-lens detector, image c) was 
taken with a SESI detector. The white lines are scratches in the glass substrate. 
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Figure 97. Histograms of 70 analyzed stamped PFS-b-P2VP spots on FDTS-functionalized glass showing 
a) the diameters, b) the circularities and c) the aspect ratios of the PFS-b-P2VP spots. 

  

Analysis of the obtained particles was carried out according to chapter 3.1.1.12 (see 

page 33). The SEM images were analyzed and resulted in 70 stamped spots with sizes 

and shapes as shown in the histograms in Figure 97. The analysis revealed a center-to-

center distance of the stamped spots of 1.3 µm, a mean diameter of 606 ± 42 nm, a 

circularity of 1.00 ± 0.01 and an average aspect ratio of 1.07 ± 0.04. The AFM image in 

Figure 98a illustrates the height of the spots, which amounted to 2-5 nm as shown in 

Figure 98b. The height differences of 1-3 nm between the stamped PFS-b-P2VP on hy-

droxyl-terminated and FDTS-functionalized glass strengthens the assumption of different 

wettability behaviors of toluene/chloroform on the individual substrates. As toluene/chlo-

roform has a high evaporation rate and additional ink is supplied through the stamp, the 

PFS-b-P2VP undergoes a certain degree of enrichment on the substrate surface during 

stamping. 

 

 
0 1 2 3 4 5 6 7

0

1

2

3

4

5

6

H
ei

gh
t (

nm
)

Distance (µm)

b)

 

Figure 98. a) AFM image of stamped PFS-b-P2VP onto FDTS-functionalized glass. b) Line scan of the blue 
line in a), the spots have an average height of 2-4 nm. 
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The stamping procedures of PFS-b-P2VP on both substrates, hydroxyl-terminated and 

FDTS-functionalized, respectively, resulted in discrete porous spots or an enrichment of 

polymer within the stamped spots, dependent on the wettability of the solvent on the 

substrate surface. This second example of a block copolymer used as ink proves the 

capability of the method of capillary nanostamping with spongy mesoporous silica 

stamps as a good method to obtain hexagonally arranged discrete spots dependent on 

the surface functionality and nature of the polymer. In general, this method could be used 

to achieve patterned functional surfaces with desired block copolymers for further appli-

cations.  

 

4.2.6.3 Pyrolysis of stamped PFS-b-P2VP spots 

A characteristic of PFS-containing BCPs is their ability to transform into ceramics after 

pyrolysis.[163] When poly(ferrocenylsilanes) are pyrolized, a ceramic consisting of Fe/Si/C 

with magnetic characteristics dependent on temperature and atmosphere during pyroly-

sis is obtained.[164] Therefore, PFS-b-P2VP was stamped onto FDTS-functionalized 

quartz substrates and pyrolized at 900 °C in an argon atmosphere as described in sec-

tion 3.2.4.8 (see page 42).  

The quartz substrate was silanized with FDTS, as the smooth quartz surface did not yield 

sufficient results when left untreated. During pyrolysis, the organic block is burned, while 

the PFS block is forming a ceramic structure. Therefore, after pyrolysis, solely ceramic 

particles are left. In Figure 99, SEM images of the pyrolized and thus, ceramic structures 

are shown. The diameters of 108 ceramic particles after pyrolysis amounted to 

90 ± 37 nm (see histogram in Figure 100). The height analyzed with AFM resulted in a 

height of 5-6 nm after pyrolysis (see Figure 101b).  

 

 
Figure 99. SEM images of ceramic particles after pyrolysis at 900 °C under a constant argon flow. a) Over-
view area and b) magnification of single ceramic particles. Images were taken with an in-lens detector. 
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Figure 100. Histogram showing the diameters of 108 analyzed ceramic particles after pyrolysis. 
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Figure 101. a) AFM image of ceramic particles on FDTS-functionalized quartz subsequent to pyrolysis. b) 
Line scan of the blue line in a) shows a height of 5-6 nm. 

 

One can see a clear difference between the stamped PFS-b-P2VP particles on FDTS-

functionalized glass and the ceramic particles on FDTS-functionalized quartz after pyrol-

ysis. The diameter of the stamped PFS-b-P2VP particles prior to the pyrolysis amounted 

to 606 ± 42 nm (see Figure 97), while the diameter of the pyrolized ceramic particles 

decreased to 90 ± 37 nm (see Figure 100). This decreasing particle size has several 

reasons. First, the polymer becomes mobile during heating, where the disjoining pres-

sure[152,153] forces the wide-spread polymer to contract, which is supported by the cohe-

sion of the intramolecular interaction of the polymer. Second, with higher temperature, 

the organic parts of the polymer are burned and the iron, silicon and carbon formed a 

ceramic structure and thus, the diameters decrease. Another observation subsequent to 

pyrolysis is the formation of small particles, which are spread over the substrate surface 

(see Figure 99b and Figure 101a). Due to a particle size shrinkage of ≈500 nm during 

pyrolysis, it seems plausible that the mobility of the polymer during pyrolysis is not high 
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enough to form one single polymer particle. Therefore, several smaller ceramic particles 

are formed on the substrate surface. 

 

4.2.6.4 Growing of CNTs onto pyrolized PFS 

Ceramic structures obtained from PFS-containing block copolymers are known as a 

good catalyst for the growth of carbon nanotubes (CNTs).[165,166] For this application, or-

dered structures were made in a complex photolithographic process as a catalyst for the 

growth of patterned CNTs.[167,168] Capillary nanostamping was used in an explorative ex-

periment to stamp PFS-b-P2VP particles, which undergo a pyrolysis procedure and form 

ceramic particles, with the application as a catalyst for the subsequent growth of CNTs. 

In a one-step synthesis procedure, the as-stamped PFS-b-P2VP was converted into a 

ceramic by a pyrolysis procedure at 900 °C in an argon atmosphere with subsequent 

growing of CNTs according to chapter 3.2.4.8 (see page 42). As stamps, the third-gen-

eration silica stamps with an average pore diameter of 44 nm were used. For this exper-

iment, the PFS-b-P2VP was stamped onto FDTS-functionalized quartz. The SEM im-

ages of the resulting ceramic particles are shown in Figure 102. The hexagonal arrange-

ment is still intact after the procedure and a small amount of CNTs were grown on the 

surface. The magnification in Figure 102c shows the CNTs as long lines with a small 

diameter.  

The diameters of 147 ceramic particles obtained from pyrolysis and CNT growth 

amounted to 148 ± 22 nm (see histogram in Figure 103). The AFM analysis resulted in 

ceramic particles with a height of 17-22 nm after pyrolysis and CNT growth (see Figure 

105c and green line in a). The SEM images in Figure 102 show the same phenomenon 

as observed before with the ceramic particles after pyrolysis. Smaller ceramic particles 

were formed during pyrolysis and seem to have formed a honeycomb-like pattern around 

the larger ceramic particles. Also noteworthy from these results is the form of the ob-

tained ceramic particles after pyrolysis and CNT growth. In Figure 102b and c, it is clearly 

visible that every single particle has a brighter spot on one side, where the work function 

of the material is lower than for the rest of the spot. As the stamped PFS-b-P2VP was 

treated with methane and hydrogen during pyrolysis, a possible enrichment of carbon on 

these spots could have happened. 
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Figure 102. SEM images of stamped ceramic particles after pyrolysis and growing of CNTs. a), b) The 
stamped and pyrolized ceramic particles on quartz are hexagonally ordered over a large surface area. c) 
The magnification of b) shows the grown CNTs as long lines with small diameters. Images a) and b) were 
taken with an in-lens detector, image c) was taken with a SESI detector. 
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Figure 103. Histogram showing the diameters of 147 analyzed ceramic particles after pyrolysis and CNT 
growth. 
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Figure 104. AFM overview image of ceramic particles on quartz subsequent to pyrolysis and growing of 
CNTs. The hexagonal order remained visible after pyrolysis and CNT growth. 
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Figure 105. a) AFM image of ceramic particles on quartz subsequent to pyrolysis and growing of CNTs. b) 
Line scans of the single lines in a) show the single CNTs with a height of approximately 2 nm. c) The green 
line shows the height analysis of ceramic particles and amounted to 17-22 nm. 
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The grown CNTs were analyzed with AFM. The AFM analysis shows a larger area in 

Figure 104, whereas the height analysis of the ceramic particles and the CNTs was car-

ried out with Figure 105a due to a higher precision with higher magnification. Figure 105a 

shows the grown CNTs with a height of approximately 2 nm as shown in Figure 105b 

(blue, orange and red line). Within this size range, it can be assumable that the growing 

of CNTs led to single- or double-walled CNTs.[168] Nevertheless, it is also visible that the 

CNTs did not grow from the larger ceramic particles, but seem to have grown from the 

smaller ceramic particles surrounding the larger ceramic particles. This seems logical, 

as a good catalyst for the growth of CNTs is supposed to be in the same size range.[166] 

Therefore, although the CNT growth worked on the ceramic particles, the sizes of the 

resulting ceramic particles after pyrolysis should be further decreased for an improve-

ment as a catalyst. 

 

When the results of the ceramic particles after pyrolysis and pyrolysis with additional 

CNT growth are compared, both, the particle sizes and the heights increased. In detail, 

the ceramic particles after pyrolysis show a diameter of 90 ± 37 nm and a height of 5-

6 nm, which increased after pyrolysis with additional CNT growth, to a diameter size of 

148 ± 22 nm and a height of 17-22 nm. Therefore, it is presumable, that with the CNT 

growth, a graphitic sheet is formed around the ceramic particles, as this is supposed to 

be the competing reaction to the CNT growth.[169] This could also be the explanation for 

the bright spots visible in the SEM images of the ceramic particles after pyrolysis and 

CNT growth. 

 

In principal, ceramic particles obtained by pyrolysis of stamped PFS-b-P2VP spots, can 

be used as a catalyst for the growth of CNTs. Even though only a small amount of CNTs 

were grown onto the stamped substrate, this could become a potential usage for this 

block copolymer. To produce highly dense CNTs on the substrate surfaces patterned 

with ceramic particles, the reaction conditions of the CNT growth should be optimized, 

as well as the ceramic particle size, which should be decreased significantly. Neverthe-

less, the optimization of these results could be an improvement to previous methods, 

where the patterning was carried out by a complicated and time consuming photolitho-

graphic process and the pyrolysis and growing of CNTs was done in a two-step proce-

dure.[166] 
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When compared to the former chapter 4.2.5 (see page 89), it is possible to achieve an 

altered formation of the single BCPs either by a solvent treatment, or by pyrolysis. Both 

methods lead to smaller, denser particles compared to the particles prior to the solvent 

treatment or pyrolysis procedures. Whereby the properties of the surface play a signifi-

cant role. What should be kept in mind is that, in the latter chapter, the smaller ceramic 

particles are obtained by burning of the organic parts within the PFS-b-P2VP and there-

fore, the obtained structure became smaller after the pyrolysis. The solvent treatment of 

PS-b-P2VP does not provoke an extinction of a polymer component. Nevertheless, a 

certain degree of movement of the polymer is provided by both methods and therefore, 

smaller and denser particles were formed. 

 

 

4.2.7 Active pharmaceutical ingredients – stamping of 17α-ethinylestradiol (EE2) 

A significant proportion of the active pharmaceutical ingredients (APIs) in the market or 

under development suffers from poor water solubility and, consequently, low bioavaila-

bility that impedes their clinical use.[99,170,171] Poor water solubility of APIs has become a 

major challenge in the drug development process as APIs with poor water solubility are 

difficult to formulate by conventional methods.[172] To overcome this problem, engineering 

approaches such as pH adjustment and salt-form selection, polymorphism management, 

and cocrystallization, formulations containing surfactants and cyclodextrins, lipid-based 

formulations and amorphous solid dispersions have been investigated,[173] as well as hot 

melt extrusion[174] and 3D printing.[175,176] Particle size reduction to the sub-micron range 

significantly increases the specific API surface area and has, therefore, been considered 

as a particularly promising strategy to enhance solubility and bioavailability of poorly wa-

ter-soluble APIs as compared to conventional dosage forms.[172] Apart from oral admin-

istration, nanocrystals of poorly water-soluble APIs are also suitable for transdermal de-

livery, for example of cosmeceuticals and in the therapy of skin diseases.[177] Besides 

nanoscale API carriers formed, for example, from polymers or liposomes,[178,179] “cargo-

free” nanomedicines consisting of the APIs themselves without new excipients have at-

tracted significant attention.[177] Nanoparticles of poorly water-soluble APIs[172,177,180–182] 

have predominantly been obtained by nanoprecipitation-based approaches[99] and via 

mechanical milling.[183] Nanodispersions containing poorly water-soluble API nanoparti-

cles are versatile delivery systems for oral, dermal, ocular, parenteral and pulmonary 

administration routes.[184]  
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Despite the advantages of nanoparticulate APIs, it has remained challenging to form 

nanoparticles of poorly water-soluble APIs in a well-defined way with a narrow size dis-

tribution.[180] Therefore, poorly water-soluble APIs, in detail the estrogen 17α-ethi-

nylestradiol (EE2), was stamped by capillary nanostamping according to the mechanism 

in Figure 106. The silica stamps are filled with a solution of the poorly water-soluble EE2 

in a suitable organic solvent, in this case acetonitrile (ACN, Figure 106a). When the silica 

stamp approaches the perfluorinated glass surface, liquid bridges of the EE2 solution 

form at the positions of the stamp’s contact elements. As the ACN evaporates, more 

solution is drawn into the liquid bridges, where the EE2 enriches and eventually precipi-

tates (Figure 106b). After retraction of the silica stamp, nanoparticles of EE2 remain on 

the perfluorinated glass surface at the former position of the stamp’s contact elements 

(Figure 106c). Since the contact elements are uniform in size and shape, the formed 

nanoparticles have similar sizes. Eventually, the nanoparticles of EE2 are transferred to 

aqueous colloidal nanodispersions by sonication (Figure 106d). 

 

 

 

Figure 106. Production of poorly water-soluble EE2 nanoparticles by capillary nanostamping. a) The silica 
stamp (blue) is filled with a solution of the poorly water-soluble EE2 in ACN (orange). b) Upon approach of 
the ink-filled silica stamp to the FDTS-functionalized glass slide (grey), liquid ink bridges form between the 
contact elements of the silica stamp and the glass slide. c) Solvent evaporation drives additional EE2 into 
the liquid bridges so that solid EE2 particles form. d) After stamp retraction, EE2 nanoparticles remain on the 
glass slides. The poorly water-soluble EE2 nanoparticles are transferred to aqueous colloidal nanodisper-
sions by sonication. 
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4.2.7.1 Stamping of EE2 and analysis of obtained particles 

The conditions of the stamping process of EE2 from ACN solution can be found in chapter 

3.2.4.9 (see page 43). As stamps, the third-generation silica stamps with an average 

pore diameter of 31 nm were used. The substrate was functionalized with FDTS to obtain 

a hydrophobic surface to thermodynamically prevent ink spreading. The contact angle of 

ACN on FDTS-functionalized glass amounted to ≈70°. The SEM images in Figure 107 

show the outcome of the stamping of EE2. The EE2 forms small, uniform particles on the 

substrate surface over a large area. Nevertheless, small deviations from the perfect hex-

agonal order can be observed, which can be due to the high contact angle of ACN on 

the FDTS-functionalized substrate. During the stamping process, dissolved EE2 in ACN 

is precipitated through the contact elements of the stamp onto the substrate surface. As 

the ACN is evaporating, EE2 particles form by the movement of single molecules to one 

discrete spot, where an accumulation of molecules forms the final particle. The mobility 

of the single molecules within the ink droplet is dependent on the nature of the substrate 

surface, where weak interactions between the surface residues and the molecules within 

the non-volatile ink component promotes a high mobility.  

 

 
Figure 107. SEM images of stamped EE2 particles on FDTS-functionalized glass. The particles are hexag-
onally arranged. a) Overview of larger area and b) magnification of the particles. Although the pattern has 
slight deviations from a perfect hexagonal order, the particles are uniform in sizes and shape and the overall 
order is visible. Images were taken with an in-lens detector. 
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Figure 108. Histograms of 154 analyzed stamped EE2 particles on FDTS-functionalized glass showing a) 
the diameters, b) the circularities and c) the aspect ratios of the EE2 particles. 
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Analysis of the obtained particles was carried out according to chapter 3.1.1.12 (see 

page 33). The analysis of 154 particles amounted to a particle-to-particle distance of 

1.3 µm, an average particle diameter of 123 ± 19 nm, an average circularity of 

0.73 ± 0.21 and an average aspect ratio of 1.33 ± 0.31 as shown in Figure 108. The 

analysis with AFM shown in Figure 109 confirms the hexagonal order as well as the 

particle shape and sizes. The height determined with the AFM line scan (blue line in 

Figure 109b) amounted to a particle height of 10-12 nm. Thus, the EE2 nanoparticles had 

a disk-like shape, which is advantageous for the administration of poorly water-soluble 

drugs in that the specific surface of discs is larger than that of spheres. 
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Figure 109. AFM analysis of stamped EE2 particles. a) Overview of large area. b) The magnification of a) 
shows the hexagonal order of the particles in detail. c) A line scan of the blue line in b) shows an average 
height of the particles of 10-12 nm. 
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4.2.7.2 Detachment of stamped EE2 particles into aqueous dispersion 

Subsequent to stamping of EE2 onto FDTS-functionalized glass, the particles were dis-

persed into an aqueous solution by sonication. The theoretical concentration of the dis-

persed EE2 particles can be calculated as followed. It is assumed that the EE2 nanopar-

ticles generated by the stamping process constitute a defect-free hexagonal lattice with 

a lattice constant of 1.3 µm. A hexagon with an edge length of 1.3 µm corresponding to 

the lattice constant of the EE2 nanoparticle array has one EE2 nanoparticle in the middle 

of the hexagon plus one EE2 nanoparticle located on each of its six corners. However, 

since each of the 6 EE2 nanoparticles on the edges touch overall three hexagons, only 

1/3 of each EE2 nanoparticle can be assigned to the considered hexagon. The area A 

can be calculated with an equilateral hexagon with a side length a, which is reflected by 

the particle-to-particle distance and amounted to 1.3 µm (mean distance). Therefore, the 

area is[80] 

 
𝐴 =

3

2
∙ 𝑎 ∙ √3 = 4.39 𝜇𝑚  

 

(6) 

As every hexagon has an amount of 𝑃 = 1 + 6 ∙ = 3 particles, and the total stamped 

area Atot, which consists of 10 times 5x5 mm2 spots, amounts to 𝐴 = 250,000,000 𝜇𝑚 , 

the total amount of stamped particles amounts to  

 
𝑃 =

𝐴

𝐴
∙ 3 = 170,842,825 ≈ 170 𝑚𝑖𝑙𝑙𝑖𝑜𝑛𝑠 

 

(7) 

The stamped particles have the shape of a spherical cap with a height h of 11 nm and a 

segmental radius a of 62 nm, the spherical radius r can be calculated with[80] 

 𝑎 = ℎ ∙ (2𝑟 − ℎ) 
 

(8) 

and amounts to 175 nm. From that, the spherical volume can be calculated with[80] 

 
𝑉 =

𝜋

3
∙ ℎ ∙ (3𝑟 − ℎ) = 65,129 𝑛𝑚  

 

(9) 

Therefore, the volume of all stamped particles amounts to 𝑉 = 1.11 ∙ 10  𝑛𝑚 . With a 

density of EE2 of 𝛿 = 1.21 ,[185] the total mass of EE2 within the dispersion results in 

0.013 µg or 13 ng. Therefore, the EE2 concentration within the dispersion amounted to 

0.02 nmol/mL or 7 ng/mL. 
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The EE2 nanoparticle dispersions were investigated by dynamic light scattering (DLS) 

measurements (Table 5). Standard DLS evaluation procedures are only valid for disper-

sions of spherical particles. Because of the non-spherical shape of the EE2 nanoparti-

cles, only “apparent” hydrodynamic diameters were accessible. However, DLS measure-

ments may yield information on the stability of the EE2 nanoparticle dispersions. As the 

polydispersity index (PDI) is > 0.5 for each measurement, the Z-average number was 

not taken into account. Therefore, only the apparent diameter and its alteration were 

considered. Directly after the preparation of the aqueous EE2 particle dispersion, the 

apparent diameter according to DLS measurements amounted to ≈70 nm (see Table 5). 

After one hour, the DLS measurements still show apparent diameters in the same range. 

Two hours after the dispersion was prepared, the particles began to aggregate, which is 

visible in the increasing diameter of 116-194 nm. After 20 hours, the particle sizes in-

creased significantly and reached an apparent diameter of ≈300 nm. After one day, the 

dispersion was redispersed by sonication for one hour and again measured with DLS. 

Here it is visible, that the original particle sizes of 60-80 nm could be obtained again. The 

freshly dispersed EE2 particles were stable without aggregation for at least one hour, 

whereby a sonication procedure for one more hour ensured a dispersion stability for 24 

hours. If considered that the dispersion was not stabilized with any techniques at all, the 

stability of pure EE2 particles in an aqueous solution amounted to last long enough for a 

possible application in a medical field. For long-lasting dispersion stabilities, several work 

groups have used surfactants,[186,187] an emulsification-evaporation method[188] or a high-

gravity process with subsequent spray-drying of the particles to stabilize the disper-

sion.[189] 
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Table 5. Mean diameters with standard deviations and number percentages of particle populations of DLS 
measurements on aqueous EE2 nanoparticle dispersions after different storage times. Before each meas-
urement, the dispersion was sonicated for 10 min. The number reflects the absolute percentage of measured 
particles. After 24 h, the dispersion was sonicated for 1 h. 

  Peak 1 Peak 2 

Storage 

time (h) 

Sonication 

treatment (min) 

Apparent diam-

eter (nm) 

Percentage 

particles  

Apparent diam-

eter (nm) 

Percentage 

particles  

0  10 301 ± 78 3.1 69 ± 18 96.9 

0  10 268 ± 67 4.7 71 ± 12 95.3 

1 10 289 ± 54 2.2 68 ± 10 97.8 

1  10 315 ± 62 1.6 63 ± 9 98.4 

2  10 317 ± 85 11.6 116 ± 30 88.4 

2  10 -- -- 194 ± 94 100 

20  10 296 ± 54 100 -- -- 

20  10 310 ± 51 100 -- -- 

24 60 302 ± 64 1.2 61 ± 10 98.8 

24  60 273 ± 47 7.1 88 ± 13 92.9 

 

The SEM image in Figure 110 shows the stamped EE2 particles after detachment from 

the substrate and dispersion into aqueous solution, which were drop-casted onto a glass 

slide and dried in air for SEM analysis. It is visible that the EE2 remained in discrete 

particles and did not dissolve within the dispersion in water. If the EE2 would have dis-

solved in water, an overall EE2 film on the substrate surface would have occurred. 
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Figure 110. SEM image of stamped EE2 particles, which where detached from the substrate and redispersed 
in water. It is visible that the EE2 particles are still intact and did not dissolve in water. The SEM image was 
taken with a SESI detector. 

 

4.2.7.3 Click-chemical functionalization of EE2 particles from dispersion 

EE2 molecules possess terminal triple bonds accessible for functionalization. For an ex-

emplary functionalization, the dye sulfo-cyanine-3-azide was coupled to EE2 nanoparti-

cles dispersed in water via a copper-free click reaction according to chapter 3.2.4.9 (see 

page 43). The EE2 nanoparticles have a density similar to water and thus, could not be 

separated by centrifugation. Therefore, the excess of dye had to be washed out by dial-

ysis. For this purpose, the reaction mixture was washed in a dialysis tube for 7 days to 

remove excess dye. The dialysis was continued until the repeatedly exchanged water at 

the other side of the semipermeable membrane did no longer show traces of dye fluo-

rescence. The reaction mixture of containing the dye-modified EE2 nanoparticles turned 

from pink to colorless during dialysis. 

The fluorescence spectra after click reaction and dialysis give evidence of a successful 

functionalization of EE2 particles. The orange curve shows the pure EE2 nanoparticles 

dispersed in water prior to the click reaction. Here, no significant fluorescence signal is 

visible. The red curve shows the reaction mixture after click-chemical coupling of sulfo-

cyanine-3-azide to the EE2 nanoparticles dispersed in water followed by removal of ex-

cess dye by dialysis. The band at 563 nm and the shoulder at 600 nm are characteristic 

for the cyanine-3 dye as shown in Figure 28 (see page 44). 
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Figure 111. Fluorescence spectra prior and subsequent to click reaction of EE2 particle dispersion with sulfo-
cyanine-3-azide. The orange curve shows the pure EE2 particles prior to the click reaction. Here, no signifi-
cant fluorescence signal is visible. The red curve shows the reaction mixture after dialysis and washing of 
excess dye. The band at 563 nm and the shoulder at 600 nm are characteristic for the cyanine-3 dye as 
shown in Figure 28. 

 

Stamping of EE2 resulted in small, uniform particles in a hexagonal pattern over a large 

surface area. After detachment of the EE2 particles from the substrate and dispersion 

into aqueous solution, the dispersion stability was measured with DLS and remained 

unchanged for one hour, whereas within 24 hours, the original obtained particle sizes 

could be recovered by sonication. The EE2 particles do not dissolve in water and remain 

particulate even after re-precipitation on a substrate surface. The successful copper-free 

click reaction with the fluorescent dye sulfo-cyanine-3-azide shows the remaining acces-

sibility of the EE2 particles within aqueous solution. 
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5 Conclusion and outlook 

The method of capillary nanostamping with spongy mesoporous silica stamps was de-

veloped and carried out within this work. Typical disadvantages of commonly used state-

of-the-art methods are large sizes of the obtained stamped structures, the limitation of 

water as solvent, a non-continuous stamping procedure and defined temperature, hu-

midity or vacuum conditions during stamping. To overcome these disadvantages, mes-

oporous silica stamps were synthesized in a sol-gel process. The spongy mesoporous 

silica stamps withstand the contact with organic solvents and provide a large variety of 

usable inks. The pore system of the stamp serves as ink reservoir due to the porous 

network of the silica. Therefore, the stamp can be used in a continuous stamping proce-

dure without the need of refilling the stamp or can be refilled through the pore system 

without significant interruption of the stamping process. The infiltration with ink and the 

stamping process itself are non-complicated, inexpensive procedures and can be per-

formed under ambient conditions manually by hand. 

The development of silica stamps resulted in spongy, flexible silica stamps with a high 

mechanical stability, due to a less interconnectivity of the silica within the network. The 

generation of a manual stamping procedure under ambient conditions was carried out 

by creating a stamp holder with an elastomeric PDMS layer between the stamp holder 

and the stamp.  

To proof the method of capillary nanostamping with spongy mesoporous silica stamps, 

several different model inks with regard to a possible application were used in a stamping 

process. 

C60 fullerenes serve as a model for endohedral fullerenes and were stamped from tolu-

ene onto FDTS-functionalized glass with dry stamps. The stamping resulted in hexago-

nally ordered C60 particles with diameters of 123 ± 22 nm and a height of 50-70 nm over 

a large surface area. The precipitation process during stamping followed a mechanism, 

where the non-volatile ink component was enriched during stamping within the meniscus 

between the stamp’s contact elements and the substrate surface. As the volatile solvent 

evaporates during stamping, more ink is driven through the capillaries onto the substrate 

surface. The non-volatile ink component enriched during stamping, and due to a higher 

affinity to itself than to the substrate surface, formed small, discrete particles of C60 full-

erenes. 

1-Dodecanethiol is a model for functional thiols, which was stamped in a self-limited 

spreading process from ethanol onto gold-coated substrate surfaces. The ink consisting 
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of 1-dodecanethiol in ethanol had a high affinity to the gold-coated surface and thus, ink 

spreading was expectable. Nevertheless, full ink spreading was prevented as the contact 

angle of ethanol changed from 0° on pure gold to 34° on a layer of 1-dodecanethiol. The 

stamped spots had a diameter of 757 ± 25 nm with a height of 15-20 nm. As application, 

the created heterogeneous surface was used in a dewetting experiment. The dewetting 

process of polystyrene began by the formation of holes on the spots, where the 1-dodec-

anethiol was stamped as the polystyrene selectively wets the gold; proceeded by forming 

honeycomb-shaped structures of polystyrene around the stamped spots, and finally con-

tinued until single polystyrene dots appeared in the gaps between adjacent 1-dodecan-

ethiol spots. 

Nanodiamonds were stamped to analyze particulate inks within capillary nanostamping. 

Nanodiamonds with sizes of 10 nm were stamped from isopropanol onto FDTS-function-

alized glass. For this purpose, dry stamps were used and infiltrated from the backside to 

prevent larger aggregates of nanodiamonds to precipitate onto the substrate surface, as 

nanodiamonds in isopropanol do not maintain a stable dispersion. The stamping resulted 

in hexagonally arranged nanodiamond-clusters with diameters of 43 ± 25 nm and a 

height of 30-50 nm, which indicates only a few nanodiamonds per spot. ODMR and T1 

relaxation measurements were carried out to successfully prove the existence of NV- 

centers within the stamped nanodiamonds. As nanodiamonds are applicable for further 

functionalization, a copper-free click reaction was carried out with nanodiamonds with 

sizes of 5 nm and cyanine-3-DBCO. Here, the nanodiamonds were functionalized to ob-

tain azide residues on the nanodiamond surface and subsequently stamped onto a sub-

strate. The click reaction was carried out with the stamped nanodiamond-clusters to ob-

tain a functionalized substrate surface. The successful click reaction could be proven by 

fluorescence spectroscopy of the stamped and functionalized nanodiamond-clusters. 

A commercially available cyclo olefin polymer, Zeonex, was stamped from toluene/chlo-

roform onto FDTS-functionalized glass and yielded highly uniform particles with diame-

ters of 91 ± 16 nm and a height of 25-30 nm. This material is mainly used to generate 

lenses, which could be used to create patterned surfaces of a lens material. The stamp-

ing of Zeonex followed the precipitation process of ink with higher affinity to itself than to 

the substrate and proved the applicability of stamping of polymers with capillary nanos-

tamping. 

Block copolymers are mostly soluble in organic solvents, which makes it difficult to print 

with state-of-the-art methods. Capillary nanostamping with spongy mesoporous silica 

stamps is a good method to generate surfaces patterned with block copolymers. PS-b-
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P2VP was chosen for its capability of solvent-induced morphology reorganization. A so-

lution of PS-b-P2VP in toluene/chloroform was stamped onto four differently functional-

ized substrate surfaces and subsequently, a solvent treatment with ethanol was carried 

out. Hydroxyl-terminated, FDTS-, ATAS-, and DMDCS-functionalized surfaces were 

used as substrates and resulted in structures with diameters between 140 and 730 nm, 

dependent on the surface properties. Stamping and subsequent solvent treatment of PS-

b-P2VP on hydroxyl-terminated glass amounted to porous structures, where the PS-b-

P2VP underwent a morphology reorganization. While the PS block remained glassy, the 

P2VP block became mobile and formed a layer around the PS block, exposing the mor-

phology formed on the substrate surface. The interactions between the silane-function-

alized substrates and the PS-b-P2VP were weaker than for the hydroxyl-terminated sub-

strate. Therefore, the mobility of the PS-b-P2VP increased during solvent treatment. As 

a result non-porous, smaller and denser particles were formed. Stamping of PS-b-P2VP 

onto FDTS- and ATAS-functionalized substrates resulted in well-ordered and small par-

ticles. From stamping of PS-b-P2VP onto DMDCS-functionalized substrates, only a small 

ordered area with larger particles showing terracing behavior, could be obtained. 

PFS-b-P2VP was stamped from toluene/chloroform onto hydroxyl-terminated and FDTS-

functionalized glass. The stamping resulted in structures with diameters of 571 ± 41 nm 

and 606 ± 42 nm for hydroxyl-terminated and FDTS-functionalized glass, respectively. 

PFS-b-P2VP was stamped onto FDTS-functionalized quartz and pyrolized, resulting in 

ceramic particles with significantly decreased sizes of 90 ± 37 nm. This was used to cre-

ate structured ceramic particles for the growth of carbon nanotubes. 

17α-Ethinylestradiol was used as a model molecule for poorly water-soluble drugs, which 

are difficult in formulation and clinical efficiency. 17α-Ethinylestradiol was stamped from 

acetonitrile onto FDTS-functionalized glass and resulted in hexagonally arranged dis-

crete particles with diameters of 123 ± 19 nm and a height of 10-12 nm. A detachment 

by sonication was carried out to obtain a dispersion of 17α-ethinylestradiol particles in 

aqueous solution. The solution was stable for one hour without any additional stabiliza-

tion and remained particulate even after re-precipitation. To proof the remaining acces-

sibility of the terminal triple bond of 17α-ethinylestradiol within the particles, a copper-

free click reaction with sulfo-cyanine-3-azide was carried out successfully. 

In total, seven different model inks were successfully stamped with spongy mesoporous 

silica stamps in a capillary nanostamping procedure under ambient conditions. This 

proves not only the applicability of this method, but also the flexibility in the ink selection. 

Particulate inks, dissolved molecular inks, as well as polymeric ink solutions could be 

transferred into hexagonally ordered arrays onto counterpart substrate surfaces. The 
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method of capillary nanostamping with spongy mesoporous silica stamps was developed 

and proven to work. It provides a new lithographic method and can be used in a manual 

stamping procedure under ambient conditions. Neither temperature, nor humidity have 

to be defined. The stamps can be used dry or can be kept wet after the synthesis for a 

variety of different stamping approaches and the simultaneous use of the stamp’s pore 

system as a size filter for particulate inks. The synthesis of the stamps is easy, cost 

inexpensive and relatively fast. With variable stamp sizes, large surface areas in the mm 

size range can be patterned with obtaining structures down to ≈40 nm in size in one 

stamping cycle. The stamp’s bulk structure serves as ink reservoir and ensures a con-

tinuous stamping process of up to 10 cycle times without the need of refilling. When kept 

within the ink, the stamp can be used for several weeks in an unlimited number of stamp-

ing cycles. 

In the future, a huge variety of ink systems and their individual applications could be 

stamped and used as e.g. sensors, to generate heterogeneous surfaces or for further 

chemical modifications. 
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6 Appendix 

6.1 List of abbreviations 

The following abbreviations are used in this work. 

 

µCP Microcontact printing 

2D Two dimensional 

3D Three dimensional 

AFM Atomic Force Microscopy 

API Active pharmaceutical ingedrient 

ATAS N-(2-aminoethyl)-2,2,4-trimethyl-1-aza-2-silacyclopentane 

BET Brunauer-Emmett-Teller 

BH3·THF Borane–tetrahydrofuran 

BJH Barret, Joyner and Halenda 

CNT Carbon nanotube 

CO2 Carbon Dioxide 

COP Cyclo olefin polymer 

CPD Critical Point Drying 

DBCO Dibenzocyclooctyne 

DLS Dynamic Light Scattering 

DMDCS Dimethyldichloro silane 

DMF Dimethylformamide 

DNA Deoxyribonucleic acid 

DPN Dip pen nanolithography 

DUV Deep ultraviolet 

EDX Energy dispersive X-ray spectroscopy 

EE2 Ethinylestradiol 

e.g. For example 

FDTS 1H,1H,2H,2H-Perfluorodecyltrichlorosilane 

FIB Focused Ion Beam 

H/L Height/Length 
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HPLC High-performance liquid chromatography 

KOH Potassium hydroxide 

Mn Average molecular mass by number 

Mw Average molecular mass by weight 

MCM-41 Mobile Composition of Mater No. 41 

MIMIC Micromolding in Capillaries 

mSi Macroporous Silicon 

MTMS Methyltrimethoxy silane 

NADIS Nanoscale dispensing 

NaN3 Sodium azide 

ND Nanodiamond 

NH4OH Ammonia hydroxide 

ODMR Optically Detected Magnetic Resonance 

OLED Organic light emitting diode 

OPV Organic photovoltaic 

ORMOSIL Organically modified silica 

PDMS Polydimethylsiloxane 

PDI Polydispersity index 

PEO/PEG Polyethylene oxide/glycol 

PFS-b-P2VP Polyferrocenyl(dimethylsilane)-block-poly(2-vinylpyridine) 

PMMA Poly(methyl methacrylate) 

PS Polystyrene 

PS-b-P2VP Polystyrene-block-poly(2-vinylpyridine) 

RIE Reactive ion etching 

SEM Scanning Electron Microscopy 

SESI Secondary electron chamber detector (SEM) 

TEOS Tetraethyl orthosilicate 

Tg Glass Transition Temperature 

TiCl4 Titanium tetrachloride 

UV-Vis Ultraviolet visible (spectroscopy) 
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