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Abstract
Microfluidic devices have attracted great attention in the fields of biological, analytical and
chemical applications. Miniaturized lab on a chip devices offer numerous benefits, e.g. low
sample consumption, high surface to volume rations (rapid thermal exchange), higher reaction
control and faster analysis and separation times. In this thesis microfluidics is used as a tool for
separation and chemical synthesis taking advantage of the non-chaotic mixing conditions
provided on chip.
In the first part of this thesis a glass microdevice was developed for the separation of solvents in
a continuously operating fashion. The device was developed as a module for the continuous
synthesis of PET radiopharmaceuticals and facilitated the exchange from organic to aqueous
reaction conditions. This new microfluidic approach was based on the introduction of nitrogen as
supporting gas for the continuous solvent removal at an annular two-phase flow regime.
Applying these annular conditions it was possible to reduce the concentration of acetonitrile in
an aqueous solution from a 50 wt% feed solution down to approximately 20 wt% in one
exchange step. Furthermore, a reduction of the feed solvent concentration in only three
subsequent exchange steps was demonstrated resulting in a final acetonitrile concentration of
only 1 wt%. Hydrophilic capillaries embedded within the device were used to establish a reliable
separation of the solvent enriched gas phase from the liquid phase. These capillaries enabled a
complete separation of gas and liquid even at the fairly high nitrogen pressures required for a
stable annular flow regime. Therefore, a two-layer chip geometry was developed avoiding the
introduction of additional membrane materials for an efficient gas/liquid separation. This
powerful and robust device could be applied as a tool for a vast number of solvent exchange
tasks in chemical processes applicable as a continuously working solution exchange module.
The glass microdevice was additionally applied as a tool for continuous stripping of volatile
organic compounds (VOCs). VOCs play an important role as pollutants especially in wastewater
treatment, e.g. in chemical industry. A microfluidic stripping device applicable for the inline and
on-site monitoring of VOC in aqueous solutions would hence be beneficial for the monitoring
of, e.g., wastewater or coolant streams in industrial processes. Here, the glass microfluidic
device was employed for stripping different VOCs in a continuous fashion. Nitrogen was
introduced as a stripping agent and the device was directly coupled to a semiconductor VOC
detector for continuous monitoring. Using this setup a detection of VOCs in the low ppm level
range could be achieved demonstrating the feasibility of this µ-stripping approach. This study
demonstrates the high potential of microfluidics for online separation systems, since small,
miniaturized systems allow an on-site integration with minimum space requirements while
offering tangible analytical results.
Finally a diffusion-based synthesis of crystalline metal-organic-based functional materials was
performed in well-defined microchambers inside a PDMS microdevice. The chip-based
approach was used to facilitate the synthesis in a high spatial resolution additionally allowing a
direct integration of the functional crystalline assemblies to readout components fabricated on
the surface of the device. For the formation of crystalline materials reproducible and precisely
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controllable reaction conditions are essential, since they can offer a high molecular order, which
thus can provide elevated functionalities of these crystals. The direct integration and the mild
reaction conditions avoid complex post-processing or further fabrication steps, which could
disrupt the crystal nature of the products. Arrays of microchambers demonstrating the potential
parallelization of this process were used, each encapsulating a volume of only a few hundred
picoliters, to form anisotropic structures. The study was based on the synthesis of the fluorescent
metal-organic complex Zn(bix), the charge transfer salt AuTTF and the charge transfers complex
AgTCNQ. The formation of the fluorescent complex Zn(bix) was performed to prove the
convection free operation of the device. The reaction of AgTCNQ wires, which was
demonstrated for the first time using microfluidics, clearly showed the capability of the device to
perform two-step reactions. Moreover, by direct integration of the AgTCNQ wires the potential
application as logic elements was underlined performing I/V measurements. Finally it was
presented, for the first time, that AuTTF conductive wires could be used as sensing elements for
the detection of vaporized solvents. The spatial confinement, direct integration to readout
components and mild conditions applied make this microfluidic approach an attractive choice for
the preparation and investigation of organic-based molecular conductors and transistors.
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Zusammenfassung
Lab-on-a-chip-Applikationen stossen vor allem im Bereich der biologischen, analytischen und
chemischen Anwendungen auf grosses Interesse. Im Vergleich zu makroskopischen Systemen
bieten miniaturisierte, mikrofluidische Chips zahlreiche Vorteile, z. B. einen geringen Probenverbrauch, ein hohes Oberfläche-zu-Volumen-Verhältnis (schnelle Wärmeübertragung), höhere
Reaktionskontrolle sowie schnelle Analyse- und Trennzeiten. Im Rahmen dieser Arbeit wurden
die im Chip vorherrschenden nicht-chaotischen Mischverhältnisse für die Trennung und die
chemische Synthese genutzt.
Im ersten Teil der Arbeit wurde ein miniaturisierter Glaschip für die kontinuierliche Abtrennung
von Lösungsmitteln entwickelt. Der Chip wurde als Modul für die Synthese von PETRadiopharmaka konzipiert und ermöglicht den Austausch von organischen hin zu wässrigen
Reaktionsbedingungen. Das Funktionsprinzip dieses Chips basiert auf dem Einleiten von
Stickstoff als Trägergas, welches die Abtrennung des Lösungsmittels unter ringförmigen Zweiphasenströmungen ermöglicht. Unter Ausnutzung dieser Ringströmungen war es möglich die
Konzentration von Acetonitrile von 50 auf etwa 20 Gewichtsprozent (Gew.-%) in einem Schritt
und in nur fünf Sekunden zu reduzieren. In drei aufeinander folgenden Austauschschritten
konnte die Startkonzentration auf lediglich ein Gew.-% reduziert werden. Die Abtrennung der
mit Lösungsmitteln angereicherten Gasphase von der flüssigen Phase wurde mit Hilfe
integrierter, hydrophiler Kapillaren ermöglicht. Diese Kapillaren konnten selbst unter den hohen
Gasflüssen, welche für die Erzeugung der Ringströme benötigt wurden, eine komplette
Trennung der Gas- von der Flüssigphase sicherstellen. Um dies zu ermöglichen und die
Implementierung zusätzlicher Membranen zu vermeiden wurde eine zweilagige Chipgeometrie
entwickelt. Dieses leistungsfähige und robuste Lab-on-a-chip-Modul kann in einer Vielzahl
chemischer Prozesse als kontinuierlich arbeitendes Modul für den Lösungsmittelaustausch
eingesetzt werden.
Das entwickelte Modul wurde zusätzlich für das kontinuierliche Strippen von flüchtigen
organischen Verbindungen (VOC) verwendet. VOCs spielen als Schadstoff vor allem in der
Abwasserbehandlung, z.B. in der chemischen Industrie, eine bedeutende Rolle. Eine
miniaturisierte Stripping-Apparatur für die Online- und Vorortüberwachung von VOCs in
wässrigen Lösungen wäre somit vor allem für die Ab- und Kühlwasserkontrolle von chemischen
und industriellen Prozessen von Nutzen. Der hier entwickelte Glaschip wurde für das
kontinuierliche Strippen verschiedener VOCs eingesetzt. Als Strippgas für den Prozess wurde
Stickstoff gewählt. Der Gasausgang des Moduls wurde zur Onlineüberwachung direkt an einen
kommerziell erhältlichen Halbleiter-VOC-Detektor gekoppelt. In dieser Konfiguration war es
möglich VOCs im niedrigen ppm-Level zu detektieren, was die Machbarkeit dieses
miniaturisierten Stripping-Moduls unterstreicht. Diese Studie verdeutlicht das grosse Potential
von Lab-on-a-chip-Anwendungen für Onlinetrennsysteme, da diese miniaturisierten Systeme
eine Integration vor Ort mit nur minimalem Raumbedarf ermöglichen und dabei vergleichbare
oder gar bessere analytische Ergebnisse liefern.
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Im abschliessenden Kapitel wurden miniaturisierte Reaktionskammern zur Durchführung
diffusions-kontrollierter Synthesen von funktionellen organometallischen Materialien in PDMSChips eingesetzt. Dieser chipbasierte Ansatz erlaubt die lokal definierte Synthese von
funktionellen kristallinen Strukturen und dadurch die direkte Integration dieser Materialien zu
Messkomponenten. Reproduzierbare und präzise steuerbare Reaktionsbedingungen sind vor
allem für die Herstellung von kristallinen Strukturen essenziell, da diese eine effiziente
molekulare Ordnung ermöglichen. Eine hohe Kristallordnung kann eine deutliche Steigerung der
Funktionalität bewirken und macht somit diesen Ansatz besonders interessant. Durch die direkte
Integration und die milden Reaktionsbedingungen kann eine aufwendige Nachbearbeitung der
Kristalle vermieden werden, welche ansonsten die Kristallstruktur beeinflussen könnte. Um das
Potential der Parallelisierung zu verdeutlichen wurde die Synthese von anisotropen Strukturen in
Arrays von Mikrokammern mit einem Volumen von nur einigen hundert Pikolitern durchgeführt. Im Rahmen dieser Arbeit wurde die Synthese des fluoreszierenden organometallischen
Komplexes Zn(bix), des Charge-Transfer-Salzes AuTTF und des Charge-Transfer-Komplexes
AgTCNQ untersucht. Um die konvektionsfreien Reaktionsbedingungen zu demonstrieren wurde
der fluoreszierende Komplex Zn(bix) in den Reaktionskammern hergestellt. Mit Hilfe der
erstmalig auf einem Mikrochip durchgeführten Synthese von AgTCNQ konnte die Machbarkeit
einer zweistufigen Synthese untermauert werden. Weiterhin konnte durch die direkte Integration
der AgTCNQ-Strukturen und durch Messung von Strom-Spannungs-Kurven das Potential dieser
Materialien als logische Schaltelemente verdeutlicht werden. Mit Hilfe der im Chip
synthetisierten AuTTF-Strukturen konnte zum ersten Mal deren Potential als Sensor für die
Detektion von Lösungsmitteldämpfen aufgezeigt werden. Die hohe räumliche Auflösung sowie
die direkte Integration zu Messkomponenten zusammen mit den milden Reaktionsbedingungen
machen diesen mikrofluidischen Ansatz zu einer attraktiven Wahl für die Herstellung und
Untersuchung von organisch basierten molekularen Leitern und Transistoren.
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1.1. Introduction to microfluidics

1. General introduction
1.1. Introduction to microfluidics
In the last two decades miniaturization of analytical systems for chemical and biological
applications has gained increasing interest. Already in the 1970s a miniaturized gaschromatographic air analyzer, microfabricated in silicon, was demonstrated1. Another milestone,
in the early 1990s, was the introduction and description of the concept of micro total analysis
systems (µTAS)2.
Nowadays, µTAS or so-called “lab-on-a-chip” devices, which belong to the field of
miniaturization, have attracted numerous researchers but also found its way towards commercial
applications. Among these miniaturized “lab-on-a-chip” devices microfluidics is a prominent
example. However, an exact definition of the term microfluidics is not always easy, especially
because this research field attracts people from different disciplines, who are often used to
different terminologies. One of the applicable definitions of microfluidics is given by George
Whitesides “It is the science and technology of systems that process or manipulate small (10–9 to
10–18 litres) amounts of fluids, using channels with dimensions of tens to hundreds of
micrometres“3. This definition contains the two main aspects targeted with microfluidics, which
is on the one hand the small size and on the other hand the handling of tiny amounts of fluids.
However, the size when a channel or device is still considered to be as microfluidic is one of the
facts most argued regarding the definition of this technology. Nevertheless, there is one main
feature all microfluidic devices have in common, the laminar flow. The laminar flow is
furthermore the parameter enabling unique control of concentrations of molecules in space and
time3.
To illustrate the size and volume used in a microfluidic device a comparison with a macroscopic
object, a fly, can be made (Figure 1.1). The eye of this fly is roughly a cube of 1 mm in size,
resulting in a volume of 1 µL. For every day life, this is already a small size but still not to be
considered as microfluidics. To enter the dimensions of commonly used lab-on-a-chip devices
this compound eye has to be further magnified, which leads to an image of several facets with a
size of 100 µm (1 nL), or zooming even deeper into the eye that finally results in the size of one
single facet with the size of 10 µm (1 pL). This range between ten and some hundred
micrometers is the usual target size of microfluidic devices.
But what are the changes and new features miniaturization can offer?
Downscaling of macroscopic systems leads to a dramatic reduction of the volumes, which can
easily exceed 10 orders of magnitude from the milliliter (10-3 L) down to the picoliter (10-12 L) or
even the femtoliter (10-15 L) range. Miniaturized lab-on-a-chip devices enable the manipulation
and metering of these small volumes, which is hardly possible using conventional devices like
robotic fluid handling systems4. Only the downscaling of fluidic systems makes such small
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volumes accessible since the key tools for manipulation have to be in a similar dimension as the
sample to be analyzed.

Figure 1.1: Illustration of the volumes handled in microfluidics by analyzing the dimensions of a
fly’s eye (D = 10-9 m2s-1)5.
Handling fluids in channel systems with dimension of only a few up to some hundred
micrometers in size results in unusual behaviors compared to macroscopic analogues. The most
prominent example is that viscous rather then inertial forces dominate the fluid properties in
microfluidics. This effect increases with reduced size of the fluidic systems. One dimensionless
parameter used to describe this behavior is the Reynolds number (Re). The Re number is
typically in the range of < 102 for microfluidic systems and > 103 for macroscopic systems6 (see
also chapter 1.4.2 for further details). The difference in the Re number for microfluidic devices
is noticeable in the absence of turbulences. These non-turbulent or laminar flow conditions
provided in microfluidic devices display one of the most important features gained by
miniaturization. Laminar flows allow a mixing of fluids only by diffusion across the fluidic
interfaces instead of a convective mixing obtained in turbulent macroscopic systems. Due to the
small scale the usually slow diffusion-based mixing processes are shortened since the travelled
distance for the molecules to achieve a complete mixing is dramatically decreased. This can be
described using the expression for the diffusion time td to travel a distance d.
td =

d2
D

(1)

Since the diffusion coefficient D is a matter constant reducing the distance d results in a
reduction of the diffusion time by the factor of 1/d2, i.e. reducing the distance by a factor of 2
will result in a 4 times faster diffusion time over the channel5. This fact enables a fast and
precise control of the mixing processes in miniaturized systems, which can be advantageous for
fast chemical reactions. Especially reactions with two or more reagents can benefit from
miniaturization since they are usually limited by the diffusion rates, thus, the yield can be
regarded as a direct extend of the mixing degree6. Many examples demonstrated that product
yield and specificity of the reactions were significantly increased7-15.
However, for fast mixing processes additional passive (devices with increased interfaces,
obstacles) or active (time dependent perturbation) mixers have sometimes to be introduced6.
Illustrations of mixing processes are shown in Figure 1.2. One nice example of passive mixing is
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hydrodynamic focusing (Figure 1.2-b). In hydrodynamic focusing devices the reaction stream is
narrowed (focused) upon application of additional sheath flows from the sides. Narrowing the
reaction stream leads to smaller diffusion distances and thus to fast mixing times, e.g. it has been
demonstrated that mixing in a hydrodynamic focusing device was achieved within a
microsecond16. Another example for passive mixing in microfluidics is shown in Figure 1.2-c. It
represents a passive mixer in which convection is induced by changes in the channel geometry,
e.g. by staggered-herringbone grooves. In Figure 1.2-d an example for an active mixer is
presented. The active rotary mixer is based on the perturbations induced by three valves in a
looped channel.
a

b

c

d

Figure 1.2: Illustration of different mixing process in microfluidic devices. (a) Diffusive mixing
of two laminar fluid streams6. (b) passive mixing in a hydrodynamic focusing device17, (c)
passive mixer with staggered-herringbone grooves17 and (d) active rotary mixer18.
Reducing the size of devices can additionally change separation processes. For a better
illustration of these changes scaling laws can be applied. Using the similarity approach and the
typical length parameter d the behavior of physical variables upon downscaling can be
predicted5. Taking the experimental or process time as a constant the resulting flow rate in a
downscaled system decreases by the factor d, the Re number by d2 and the resulting volume flow
by d3. The main advantage compared to macroscopic systems is the dramatically reduced
volume required for the same operation. This decreased sample consumption can be
advantageous for combinatory chemistry or for the generation and screening of huge compound
libraries, i.e. in drug development (Figure 1.3). Furthermore, the reduction of sample solution
can also be beneficial for analytical problems since the required sample is reduced. Additionally,
from the environmental point of view downscaling is advantageous since the generated waste
volumes during chemical synthesis and analysis are significantly reduced.
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a

b

Figure 1.3: Schematic illustration of a 2x2 combinatorial synthesis in microfluidic devices4,19.
(a) Composed of four microchips (b) realized in one three-dimensional microchip.
In contrast processes in which the molecular diffusion, heat diffusion or flow characteristics are
dictating the separation efficiency the time scale can be treated proportional to the surface d2. In
this case the dimensionless parameters (Reynolds, Fourier, Bodenstein, Peclet) remain constant.
As a result, downscaling of the system enables a speed up of the analysis and detection times by
d2 while at the same time the separation efficiency is kept comparable to macroscopic
approaches5. However, the pressure drop induced is increasing by 1/d2, which increases the
physical stress and might require sophisticated pumping systems and highly stable chip
materials.
Apart from single-phase flow operations another huge strength of microfluidics is the
manipulation of phase flows3. Miniaturized fluid control enables the formation of highly
monodisperse droplets or bubbles of a dispersed gas or liquid phase into a continuous phase.
This enables a new route to foams or emulsions. The generated, monodisperse droplets can be
used as compartments or single reactors, which are separated from each other by a continuous
liquid phase. The droplet reactors, which are usually in the range of microliter down to
femtoliters, furthermore enable a fast mixing due to chaotic advection in the submillisecond
range without dispersion20 (Figure 1.4-a). These droplet based devices are able to generate water
in oil droplets with a frequency of up to 10 kHz and with a high monodispersity ( < 3 %
polydisperse)21. The use of miniaturized systems also enables the precise handling and formation
of monodisperse gas/liquid streams which was used, e.g. for the formation of high quality CdSe
quantum dots22 (Figure 1.4-b). In that study a segmented gas/liquid flow of argon gas and
precursor solution was used to improve the yield and the size distribution of the quantum dots by
an enhanced mixing and a reduced residence-time distribution offered by the microfluidic
device. Using these droplets as miniaturized chemical reactors enables a high throughput
screening with minimal sample consumption and a precise control of the reaction conditions.
Besides chemical applications the formation of droplets can also be attractive for biological
processes as the encapsulation of cells and small organisms in these compartments was already
demonstrated and can be applied for cell-based assays21 (Figure 1.4-c). Another field in which
droplet-based microfluidics could provide a significant improvement is the formation of multiple
emulsions. Multiple emulsions are used for encapsulating active ingredients and thus are
interesting for numerous applications, i.e. in cosmetics, drug delivery or food industry23.
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Microfluidic devices could provide precise control of the number of inner droplets inside
multiple emulsions, which was hardly possible with conventional macroscopic techniques23
(Figure 1.4-d).

a

b

c
i

ii

d

Figure 1.4: Droplets as microreactors. (a). Example of a reaction within aqueous droplets,
which contain reagent A, reagent B, and a separating stream containing buffer. The droplets are
encapsulated by a layer of a carrier fluid and transported through the microchannels20. (b)
Photographs of inlets and main channel section of the microreactor applied for CdSe quantum
dot fabrication using a gas-liquid segemented flow22 (c) (i) Illustration of the microfluidic
device, (ii) micrograph demonstrating the encapsulation of single Jurkat cells (highlighted by
red circles) into 660 pl droplets at a frequency of 800 Hz. Scale bar: 100 mm21. (d) Micrographs
of monodisperse multi-emulsions containing a controlled number of monodisperse emulsions23.
One of the most prominent and highly developed applications of microfluidics is the use for
screening of protein crystallization3, which was initially demonstrated by Quake24. Here, the
screening of large numbers of conditions combined with the separation of nucleation and growth
of the crystals together with minimized damage due to handling of the crystals which could
disrupt their crystal nature are the key features offered by microfluidic systems.
Besides the reduction of the fluidic volumes inside the device, miniaturization also results in the
reduction of the overall size of the device. Already this fact can offer numerous benefits.
Reducing the size of a device offers a higher degree of portability since usually besides the size
also the mass and the energy demand of the device is reduced. Furthermore, as a result of the
small size a higher information density can be provided using miniaturized systems (Figure 1.5),
e.g. if 25 (5 x 5) devices can fit on a given quadratic area downscaling of these devices by a
factor of 10 allows to fit 2500 (50 x 50) devices on the same area. A further reduction by a factor
of 10 even results in 25 x 104 (500 x 500) devices on the same area. This simple example shows
the huge potential for parallelization of miniaturized devices. Taking the shortened processing
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times into account a dramatically increased information density is provided using
miniaturization.
Diffusion time:
No. of volumes (volumes in cm2)

Maximum information density:

15 min
5 x 5 = 25

10 s
50 x 50 = 2500

100 ms
500 x 500 = 25 x 104

1 cm

1 cm

1 cm

1.5 per min cm2

250 per s cm2

2.5 x 106 per s cm2

Figure 1.5: Illustration of the size dependent information density, adapted from Janssek et al5.
Another vast research field of microfluidics is cell treatment in micodevices. Miniaturized
devices are of particular interest for the investigation of cells or small organisms since the
generated dimensions are close to the ones typically found in biological systems4. Furthermore,
the flexible polymer poly(dimethylsiloxane) (PDMS), which is predominantly used for
microchip fabrication, is compatible with most biological assays25. Using the advantages of
microfluidics the response of cells to different stimuli can be studied in vivo, i.e. due to laminar
parallel flows containing different stimuli (drugs, concentration) can be applied to locally
stimulate cells on a chip4 (Figure 1.6-a). Using microfabrication techniques also small features
can be integrated into the channel geometries. These patterns can be used for the positioning of
cells, which would otherwise be randomly settled down in the microfluidic device (Figure 1.6-c).
Tuning the size and the shape of these obstacles traps can be fabricated, which allow the
trapping and investigation of single cells. The local positioning of cells in microfluidic devices
allows additional manipulation of these cell(s), e.g. the flexibility of PDMS is used to integrate
pneumatically actuated obstacles or surfaces which can be used to perform mechanobiological
studies enabled by dynamic application of defined forces onto cells26 (Figure 1.6-b).
Finally another important parameter, which is changed by miniaturization, is the surface to
volume ratio resulting in an increasing importance of surface phenomena. Considering the
surface of a cube with a length d, the area d2 and the volume d3 the surface (S) to volume (V)
ratio is going to follow d-1, e.g. if the volume is reduced by the factor 1000 the corresponding
surface to volume ratio is only reduced by 1005.
S / V = d −1

(2)

With the increased surface compared to the volume of microfluidic devices surface phenomena
like surface wetting and capillary forces get more important. Additionally, the increased surface
enables an enhanced thermal transfer. This enhanced thermal transfer is advantageous for fast
cooling which enables, e.g. highly exothermic reaction due to effective heat transfer.
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Figure 1.6: Microfluidics for cell treatment. (a) (i) Experimental set-up; (ii) shows a close-up of
the point at which the inlet channels combine into one main channel (iii) fluorescence images of
a single cell after treatment of its right pole with a green dye and its left pole with a red dye. The
entire cell is treated with the DNA-binding dye27 (b) illustration of different kind of mechanical
forces acting on cells in the living body and the transformation of these forces to cells on a
microfluidic device26 (c) illustration of cell positioning using cell traps (i) sketch of the chip, (ii)
schematic top and side view of the trapping region, (iii) trapping of HeLa cells4.
The potential throughput compared to a standard device is reduced due to miniaturization, which
might especially be a drawback for synthesis. However, miniaturization at the same time offers
the opportunity of a massive parallelization to overcome at least some of the limitations in
throughput (Figure 1.7).

Figure 1.7: Comparison of macroscopic and miniaturized reaction systems using schematic
illustrations4.
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To conclude, microfluidics offers numerous benefits for a variety of different research fields.
Miniaturization opens the possibility to precisely handle single and multiphase flows and it is an
efficient tool for treatment of cells and small organisms. The use of microreactors for chemical
processes offers several unique advantages compared to conventional batch processes. Most
importantly, rapid heat transfer inside the micro devices allows for precise control of the reactor
temperature. Additionally the mixing of educts is reproducible due the laminar flow regime
present in the microreactors and can be fast due to the small dimensions. Many examples
demonstrated that product yield and specificity of the reactions were significantly
increased15,28,29. Together with the short reaction times and the efficient use of chemicals,
microreactors enable an easy and safe route to dangerous or sensitive compounds, while at the
same time the produced chemical waste is kept at a minimal level7-13,15,18,30. Furthermore, the
small volumes are of great potential for screening applications, e.g. in combinatorial chemistry
of drug screening. For analytical purposes the reduced volume combined with the increased
information density offers great potential.

1.2. Surface Tension
As discussed before, the surface to volume ratio is dramatically increased in microfluidic
systems. Even though surface phenomena are not changing with miniaturization the increased
surface leads to an increased importance of the surface properties. Among surface phenomena
one of the most important parameters is the wettability of a surface by fluids31. Wetting occurs if
a contact line connects three interfaces. One simple example is a water droplet on a glass
surface. In this example the three different interfaces are the liquid-solid, the liquid-gas and the
gas-solid interface. An interface can be regarded as a stretched elastic membrane with surface
tension as driving force. The wettability of a surface (glass) by a fluid (water) can be assessed by
the contact angle θ (Figure 1.8). The contact angle is created at the liquid-solid interface and can
be derived from the Young equation. For the contact angle in equilibrium it can be written as:
γ SG − γ SL − γ LG ⋅cos(Θ) = 0

(3)

The contact angle is dependent on the surface tension of the solid-vapor interfacial energy γSG,
the solid-liquid interfacial energy γSL and the liquid-vapor energy γLG (Figure 1.8). Usually a
fluid is defined as wetting the surface, if the resulting contact angle θ < 90° and called nonwetting if θ > 90° 32. Hence, a perfectly non-wetting fluid has a contact angle of 180°, while a
perfectly wetting fluid has a contact angle of 0°. The different behavior of two fluids towards a
surface can be explained by differences in the strength of the interactions between the fluid and
the solid phases. A strong interaction of the fluid with the surface will result in a low contact
angle and high wettability, while strong fluid interactions usually result in higher contact angles
and a low wettability of the surface33.
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Due to the increased surface to volume ratios in microfluidics the surface properties gain a
higher significance. Wettability can strongly be influenced by the surface and the fluids used and
therefore these parameters have to be chosen carefully for these applications.

a
γSG

γLG

γSL

θ

b
θ = 180°

θ > 90°

θ = 0°

No
wetting

Incomplete
wetting

Spreading

Figure 1.8: Schematic representation of the solid-liquid-gas contact line illustrating the wetting
phenomenon (a) and examples of behavior at different contact angles (b).

1.3. Capillary phase separation
“Capillary forces result from the interaction of liquid, gas and solid surfaces, at the interface
between them”34. In principle they can be described by the cohesive forces keeping the liquid
together and the adhesive forces that act between the liquid-gas and the liquid-solid interfaces. In
the liquid bulk, the cohesive forces between one molecule and the surrounding liquid molecules
are balanced. However, for the same molecule at the edge of the liquid, the cohesive forces with
other liquid molecules can be different from the interaction with a solid surface. If the interaction
of the solid with the liquid is stronger compared to the cohesive forces in the liquid the liquid is
going to spread on the surface. In contrast, if the cohesive forces are stronger then the interaction
of the liquid with the solid interface the liquid will not wet the surface.
In nature capillary forces are essential to supply water from the ground homogeneously to the
tens of thousands of leaves on a tree. This water supply of the leaves involves flows in micro and
submicrometer sized channels35.
Capillary forces can be used to separate two immiscible fluids from each other. They can be
used to exclusively allow one component (wetting component) of a multiphase mixture to pass a
defined capillary area, whereas the non-wetting component is rejected by the capillaries and is
not able to pass under experimental conditions36.
This phenomenon can also be applied to separate a wetting from a non-wetting fluid flow inside
a microfluidic device37-39. A complete separation of the wetting fluid from the non-wetting fluid
is achieved as long as the pressure difference across the capillaries is huge enough to facilitate a
complete transport of wetting liquid through the capillaries. This capillary flow has to be at least
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equal to the feed flow rate of the wetting fluid. Increasing the pressure difference across the
capillaries will result in a higher flow of the wetting liquid through the capillaries. If the
resulting capillary flow exceeds the liquid feed flow, not all capillaries will be used (“active”)
any more to ensure the complete separation40.
However, if the pressure difference is further increased above a certain breakthrough pressure,
even the non-wetting fluid will be able to pass this capillary. This threshold pressure is called
breakthrough pressure of the non-wetting fluid pB and defines the upper limit of the experimental
conditions still to result in a complete phase separation. Derived from the Young-Laplace
equation, an estimation of this breakthrough pressure can be made for given capillary
geometries. The capillary geometry can be taken into account by the numerical prefactor β,
which is multiplied by the interfacial surface tension γ of the two fluids and the wetting angle Θ.
Additionally, the pore radius r of the capillary has to be taken into account.
pB =

β ⋅ γ ⋅cos(Θ)
r

(4)

The numerical prefactor β is 2 for cylindrical pores. For other capillary geometries it can be
estimated replacing β/r with the ratio of the perimeter U to area A of the pore geometry.
pB =

U
⋅ γ ⋅ cos(Θ)
A

(5)

1.4. Fluid dynamics
1.4.1. Newtonian and non-Newtonian fluids
Fluids are defined as substances, which deform under the application of shear stress. Besides
liquids also gas phases are regarded as fluids32. Depending on their physical behavior fluids can
generally be divided into two main classes, which are Newtonian and non-Newtonian fluids. The
main difference between these two classes is their behavior upon application of shear stress. For
Newtonian fluids the shear stress is directly proportional, whereas for non-Newtonian fluids the
shear stress is not proportional to the rate of strain.
For fluids shear stress develops due to viscous flow. Viscosity is an extent of the inner friction of
fluids and is an indication of the capability of a fluid to withstand a deformation. In Figure 1.9
the shear rate is described considering the behavior of a fluid element between two infinite
plates. Induced by a constant applied force in x-direction Fx, the upper plate W moves over the
fluid film with a constant velocity ux. The shear stress τzx resulting from this force Fx can be
described considering the contact area Az of the fluid with the plate as follows:
τ zx =

10

δ Fx
δ Az

(6)
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If the plate moves for a time interval δt, the fluid element is deformed from the initial position
KLMN to K*L*MN. The deformation rate or shear rate D is given as
D=

δα
δt ,

(7)

whereas α is the angle induced upon application of the force Fx. Furthermore the covered
distance δl can be expressed by the product of the velocity of the upper plate δu and
time interval δt:

δ l = δ u ⋅δ t

(8)

For small angles the covered distance δl can be described by multiplication of α with the
thickness of the fluidic element δz:

δ l = δα ⋅ δ z ,

(9)

finally leading to the equation for the shear rate:
D=

δα δ u
=
δt δ z

(10)

Based on equation (10), Newtonian fluids are defined as fluids, in which the shear stress τ is
directly proportional to the shear rate D, while for non-Newtonian fluids the shear stress and
shear rate are not directly proportional.
For Newtonian fluids, τzx can be depicted as:
τ zx ∝

δu
δz

(11)

The constant of proportionality in (11) can be described by the dynamic or absolute viscosity μ,
which leads to Newton`s law of viscosity:
τ zx = μ⋅

δu
δz

The resulting SI unit of the dynamic or absolute viscosity µ is

(12)

kg
. As alternative to the
m⋅s

dynamic viscosity, the kinematic viscosity ν is used, which is mathematically defined by the
quotient of the dynamic viscosity µ and density ρ of the fluid
ν=

μ
ρ

(13)
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Figure 1.9: Illustration of the deformation of a fluid element used for the derivation of the shear
stress32.
Examples for Newtonian fluids are aqueous solutions or air, some of the prominent examples for
non-Newtonian fluids are ketchup, paint, shampoo.
Note that the dynamic as well as the kinematic viscosity are temperature dependent. For liquids
the viscosity is decreasing with temperature, since the molecules gather more kinetic energy with
temperature, what makes it more likely to overcome the cohesiveness. On the other hand the
viscosity for gases is increasing with temperature since the increased kinetic energy increases the
collisions of the molecules and thus a higher friction is induced leading to a higher viscosity.
Another parameter influencing the viscosity is the pressure. Increasing the pressure of a gas or of
a liquid results in a compression of the fluids and induces a higher amount of friction, which
leads to an increased viscosity. For liquids, however, this effect is only noticeable at high
pressures, for example for water at 1000 bar41. Since such high pressures are not used for liquids
in this work, liquids will be treated as incompressible and therefore the viscosity will be treated
as pressure-independent.

1.4.2. Laminar flow
In microfluidic devices the fluid behavior is usually different from what we observe in the
macroscopic world. In everyday life we usually experience turbulent flows of fluids, like
vortices in a river or smoke from a power plant. However, flows in microfluidics are
predominantly laminar, meaning that viscous forces dominate over inertial forces resulting in a
diffusion based mixing. One well-known example for laminar flow is the blood pumping
through thin blood vessels. A parameter defining laminar conditions is the Reynolds number
(Re), a dimensionless number which can be derived from the Navier-Stokes equations. For a
pipe flow it can be calculated dividing the product of the density ρ, the velocity u and the
hydraulic diameter of the pipe Dh by the dynamic viscosity µ the Re-number can be calculated:
Re =

12

ρ ⋅u ⋅ Dh inertial forces
=
µ
viscous forces

(14)

1.4. Fluid dynamics
The behavior of fluids is called laminar for Re < 2000, here viscous forces dominate over inertial
forces. The transition between laminar and turbulent flows is not sharp, for a straight circular
pipe it occurs for Reynolds numbers between 2000 - 300042,43. Fluid flows with a Reynolds
number >3000, however, behave turbulent indicating the dominance of inertial forces42. An
illustration of turbulent and laminar flow behavior is given in Figure 1.10. Here, yellow, green
and red food dyes, are on the one hand dropped into a macroscopic 50 mL flask and on the other
hand sucked through a microfluidic device by capillary forces. Dropping of the dyes into the
flask results in turbulent mixing, while a laminar flow can be observed inside the microfluidic
device without obvious mixing of the dyes.

a

b

Figure 1.10: Turbulent vs. laminar behavior of food dyes. (a) Photograph of food dyes after
drop casting into a 50 mL flask containing water, (b) photograph of food dyes sucked through a
microfluidic device by capillary forces. Microchip courtesy of Micronics.
Since the flow characteristics in the microfluidic devices in this work are exclusively laminar a
detailed description of some of the specific features are discussed within the next chapters.

1.4.3. Velocity distribution in microfluidics
The velocity distribution for a laminar flow inside a round shaped channel can be described
using the approximation of a plug flowing inside a tube (Figure 1.11). Using the equations (6) &
(12) and additionally taking the cross sectional area of the plug Aplug into account the driving
hydrostatic force Fp, which acts on the fluid, can be described as:
Fp = μ ⋅ Az ⋅ Aplug ⋅

δu
= δ p ⋅ Aplug = δ p ⋅ π ⋅ r 2
δz

(15)
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Figure 1.11: Schematic illustration of a microfluidic channel with a virtual plug flow used for
the calculation of the velocity distribution41.
Besides the driving force FP a second force FR is acting on the plug in the opposite direction.
This force is caused by the friction acting on the surface of the fluidic element:
FR = Acyl ⋅ τ = 2 ⋅ π ⋅ r⋅ δ x ⋅ τ

(16)

In equilibrium state both forces are equal to each other:
FR = Fp

(17)

Taking only Newtonian fluids for the shear stress into account τ derives from:
τ = −µ⋅

δu
δt

(18)

The integration of the equations (18) and (17) under the boundary of no-slip condition, i. e. the
velocity at the wall of the channel is zero, leads to the Stokes equation for laminar flows in
round shaped channels. The local fluid velocity u is dependent on the pressure difference Δp, the
length of the channel l, the dynamic viscosity µ and the radius of the channel R as well as the
radius of the cylindrical fluid element r and can thus be expressed by
u=

Δp
⋅ R2 − r 2
4 ⋅l ⋅ μ

(

)

(19)

The maximum velocity umax is reached for r = 0, which is in the middle of the channel (Figure
1.12)
umax =

Δp
⋅ R2
4 ⋅l ⋅ μ

(20)

Multiplying the ring shaped areas with the flow velocity results in the volume flow V . The
integration of this volume flow over the whole channel cross-section finally leads to the HagenPoiseuille equation for laminar flows:
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π ⋅ Δp ⋅ R
V =
8 ⋅l ⋅ μ

4

(21)

Another important parameter is the mean flow velocity u of a fluid inside a channel, which can
be derived from the Hagen-Poiseuille equation since the volume flow is equal to the virtual plug
flow multiplied by the cross sectional area Aplug of the plug.
π ⋅ Δp ⋅ R
V =
= Aplug ⋅u = π ⋅ R 2 ⋅u
8 ⋅l ⋅ μ
4

(22)

Resulting from (22) the mean velocity u for the fluidic flow can be derived from
u=

Δp ⋅ R 2
8 ⋅l ⋅ μ

(23)

u= 0
R
r

umax= 2 ū

Figure 1.12: Longitudinal section of a parabolic velocity profile for laminar flows inside a tube.

1.4.4. Pressure drop inside a channel
One fact, which always has to be considered in fluidic systems, is the pressure drop inside a
channel or tubing upon application of a flow. This pressure drop Δp is dependent on several
factors as the tube resistance coefficient ξ   
   
      mean velocity u    :
l ρ ⋅u 2
Δp = ξ ⋅ ⋅
d
2

(24)

For laminar flows (Re < 2000) the coefficient ξ is directly dependent on the Re number. It can be
derived from the Hagen-Poiseuille equation (23), Re number eq (14) and equation (24).
ξ=

64
Re

(25)

For flows inside non-round shaped channels the hydraulic diameter dh can be used for the
calculation of the pressure drop with the length of the wetted surface lp and the cross section Acs.
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dh =

4 ⋅ Acs
lp

(26)

1.4.5. Gas/liquid flow regimes
The introduction of a gas phase into a liquid stream inside a microfluidic can result in numerous
different flow patterns or flow regimes. Typical examples are bubbly, slug, annular, plug,
segmented and co-flows. Additionally numerous intermediate flow regimes were already
observed and investigated44-49. Three flow regimes usually observed under experimental
conditions are depicted in Figure 1.13. Besides viscosity and surface tension of the compounds,
the occurrence of one or the other regime is determined by the flow velocity ratio of gas and
liquid flow. In general if the flow velocity ratios of gas and liquid is matching each other the
resulting flow is rather in a bubbly (for higher velocities) or segmented (for lower velocities)
regime. Increasing the velocity ratio to larger gas velocities, the regime changes to an annular
regime. Here it applies that a higher gas velocity leads to a rather dry annular flow, while gas
velocities which are close to match the liquid ones end up in wavy annular flows44.
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Figure 1.13: Schematic drawings of planar chip designs (top) and micrograph (bottom) of
different flow regimes; co-flow, annular, segmented (from left to right)

1.5. Fluorescence spectroscopy
Fluorescence spectroscopy is a widely used technique for a broad range of methods e.g.
fluorescence lifetime imaging microscopy, single molecule detection, and fluorescence
correlation spectroscopy50. Besides phosphorescence, fluorescence is one example of
luminescence. The main difference is defined by the nature of the excited states. In both
processes molecules (fluorophores) are transfered into an excited state. Upon relaxation back to
the ground state photons are emitted and can be detected. In a fluorescence process an excited
singlet state is reached. The relaxation back to the ground state this thus a spin-allowed process.
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Fluorescence processes are therefore rather fast, with fluorescence life times in the nanosecond
range. In phosphorescence processes the excited electron converts, however, in an excited triplet
state (T) meaning that the electron has the same orientation as the one in the ground state. This
results in a spin-forbidden relaxation process, thus phosphorescence is a rather slow process in
the range of milliseconds up to seconds. Phosphorescence light results compared to fluorescence
usually in the emission of a longer wavelength.
For a more detailed discussion of these phenomena a Jablonski diagram is consulted (Figure
1.14). The Jablonski diagram can be used to describe various molecular processes occurring
during the absorption and emission of light. Fluorescence is a process that can be explained by
electrons excited from the singlet ground stated (S0) into a higher energy singlet state S1 or S2.
All these energy states are divided into several vibrational states (0, 1, 2), which can be excessed
by the electron. After excitation, the electrons in the excited states S2 and S1 usually undergo a
relaxation to the lowest vibrational level of the lowest excited state (S1, 0). During these
processes the relaxation from a higher excited state, e.g. from S2 to S1, is called internal
conversion. After arriving at the lowest vibrational level of the excited state the electron is
relaxing down to the ground state emitting light. This transfer of an electron from S1 to S0, which
is resulting in the emission of light, is called fluorescence. After the fluorescence process usually
a higher vibrational energy level of the ground state is reached and hence an equilibration to the
lowest ground state is occurring.
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Figure 1.14: Jablonski-diagram.
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The vibrational relaxation processes during the luminescence processes are the reason for the
Stokes shift. The Stokes shift is the difference in the wavelength of the fluorescence compared to
the corresponding absorption. Generally fluorescence is shifted to lower energies, longer
wavelengths.
The Stokes shift demonstrates that fluorescence and phosphorescence emission can be
influenced by interactions of the excited or ground states of the fluorophore with the surrounding
environment. One of the most obvious interactions of a fluorophore in solutions is the interaction
with the solvent. In fact, the influence of different solvents on the fluorescence emission and
quantum yield of fluorophore is widely known and referred to as fluorosolvatochromism.
Several facts how a solvent and in more general the environment of a fluorophore might
influence the emission spectrum and the quantum yield of this process are known in literature50:
- Solvent polarity and viscosity
- Rate of solvent relaxation
- Probe conformational changes
- Rigidity of the local environment
- Internal charge transfer
- Proton transfer and excited state reactions
- Probe–probe interactions
- Changes in radiative and non-radiative decay rates
As a fluorophore in solution is excited the vibrational relaxation can quickly occur by energy
transfer to the surrounding solvent. This results in a stabilized excited state and thus the emission
wavelength is shifted to a longer wavelength.
Due to the fact that fluorophores usually have a higher dipole moment in the excited state
compared to its ground state, polar solvent molecules can thus interact with this dipole moment,
which lowers the energy of the excited state (Figure 1.15-a)50. Solvents with higher polarity are
usually able to build up a stronger interaction with these excited states and therefore lower the
energy more significantly than less polar solvents. Stabilizing the exited states finally results in a
shift to lower energies and therefore to longer wavelength of fluorescence.
Furthermore, fluorophore with a higher dipole moment usually show a stronger shift of the
fluorescence spectrum induced by polar solvents50. The shift in fluorescence depending on the
solvent can be used to study the polarity of solutions. Due to the solvent induced change in
polarity also the concentration of a solvent inside a solution can be correlated with this fluorosolvatochromic shift. In Figure 1.15-b the fluorescence spectra of 1-Methyl-4-[(oxocyclohexadienylidene)ethylidene]-1,4-dihydropyridine (MOED) in acetonitrile (MeCN), water and a
50 vol-% mixture of acetonitrile and water are shown. The shift of the fluorescence maximum
underlines the great potential of this dye for detect different acetonitrile concentrations in
aqueous solutions (see chapter 3.3.1).
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Figure 1.15: Jablonski diagram illustrating the solvent effect on the fluorescence emission50 (a)
and normalized fluorescence emission of the solvatochromic dye (MOED) in acetonitrile
(MeCN), water and a 50 vol-% mixture of acetonitrile and water (b).
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2. Microfabrication
2.1. Introduction
One of the commonly used techniques for the fabrication of micro devices is lithography. In
1798 the actor and writer Alois Senefelder invented the lithographic process for printing a text or
an image onto paper using the flat surface of a Bavarian limestone51. The stone was first
chemically treated and inked to be able to transfer and reproduce copies of the previously
imprinted structure later on.
Nowadays microfluidic devices are predominantly fabricated by photolithography, which
enables the preparation of structures down to submicron size. Generally photolithography uses
light, e.g. UV light, to transfer a structure from a photomask to a photosensitive polymer
(photoresist). Depending on the final microstructure, a variety of different protocols and process
steps are necessary to create the final device. However, the key steps in the workflow of
commonly used microfabrication processed still remain similar. In this section the applied
microfabrication techniques will be described in more detail to give an overview of micro
fabrication.
A SU-8 structured silicon master mold and an example for a bonded PDMS-micro device is
shown in Figure 2.1.

a

b

Figure 2.1: Photograph and scanning electron microscopy (SEM) image of a SU8-structured
silicon master (a) and photograph of a PDMS micro device (b). Scale bars: photographs: 1 cm
and SEM image: 50 µm.
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2.2. Wafer fabrication
The first step of the microchip fabrication is the development of a new design for the specific
application. This design has to be transferred into a schematic drawing, which is prepared using
a computer-aided design (CAD) software. The CAD drawing is afterwards transferred to a
photomask. In general, photomasks are a print out of the CAD drawing onto a substrate. Usually
the mask is either made of quartz glass, patterned with an opaque chrome or iron oxide layer, or
a polymer foil patterned with opaque ink using a high-resolution printer. The main difference
between a patterned quartz mask and a foil mask is the resolution, which can be achieved for the
printed structures. But also economical differences exist since the fabrication costs for the
different kinds of masks have to be considered. Quartz masks offer generally a high resolution of
the smallest features even down to submicrometer sizes. For a foil mask the smallest features are
usually in the low micrometer range, roughly about 5 - 10 µm. However, the actual costs for a
foil mask are usually about 1/20 up to 1/40 of the prize of a quartz mask52,53. Of cause these
values for feature sizes and prizes can differ depending on the fabrication technique and the
manufacturer, nevertheless they provide an overview of the key differences of commonly used
photomasks.

2.2.1. Substrate preparation
Preparing a substrate generally includes cleaning, pretreatment, spin coating of the photoresist
and baking steps. At the beginning an adequate substrate has to be chosen, this can be glass,
silicon or other substrates. The first step during substrate preparation is a substantial cleaning
and afterwards a dehydration of the target substrate at high temperatures (up to 200 °C). In some
cases it is also recommended to chemically pretreat the substrate to promote the adhesion of the
photoresist. Next the substrate is placed on a vacuum-chuck of a spin coater and the photoresist
is dispensed onto the substrate. The chuck is able to rotate with a speed between 500 - 8000 rpm.
The centrifugal force, which is given by the spin speed and furthermore the viscosity of the resin
define the final thickness of the created photoresist film. The correlation between the spin-speed
and the final resign thickness is specified in the user manual of the photoresist used. The coating
step is followed by one or several backing steps at temperatures of 65 – 110 °C depending on the
photoresist and the film thickness. These backing steps promote the evaporation of solvent inside
the resist, which decreases the physical stress on the one hand and increases the adhesion of the
resist to the substrate on the other hand.

2.2.2. Photolithography
After accomplishing the baking of the substrate the transmission of the device geometries is
achieved by the photolithography process. A mask aligner is used that consists of a mercury
lamp, a mask holder for the photomask, a chuck for the substrates, and a microscopy setup for
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alignment of mask and substrate. The mercury lamp in combination with optics and filters
provides the h-line (405 nm) and/or the i-line (365 nm), which are needed for the polymerization
of the commonly used photoresists, but also other wavelengths might be used depending on the
specifications of the photoresist. The mask and the substrate are fixed on holder and chuck using
a vacuum system and are brought into contact or close proximity. Moving and rotating the chuck
is used to align mask and substrate. After alignment the pattern are transferred to the substrate by
exposure to UV light through the photomask.
Depending on the photoresist two different behaviors can be observed upon UV-irradiation. For
a negative photoresist the illuminated areas polymerize, whereas for a positive photoresist the
non-exposed areas polymerize (Figure 2.2). After exposure of the substrate post-exposure baking
steps might be reasonable to promote the reaction started by the UV-exposure. Temperatures in
the range of 65 – 110 °C are typically used. After the post exposure baking steps the nonhardened photoresist is removed from the substrate using a developer solution.

Photomask
Photoresist
Substrate
Positive Photoresist

Negative Photoresist

Figure 2.2: Behavior of a positive photoresist (left) and a negative photoresist (right) after
exposure. The positive resist is removed at the region of exposure, while the negative resist is
hardened at these regions and remains after development.
Finally, to fix the structures and to remove the still remaining solvent a hard bake is performed.
Depending on the resist used, this baking can be performed at temperatures up to 180 °C for
several hours.

2.2.3. Fabrication of single layer silicon SU-8 masters
The negative photoresist SU-8 was used to structure silicon master molds used for the standard
PDMS microdevice fabrication.
In the following, the master mold production for a wafer with a height of 100 µm is described.
The SU-8 structures for the microfluidic channel were prepared using a four-inch silicon wafer.
The silicon wafer was dehydrated at 180 °C on a hotplate for five minutes. After that, negative
photoresist (Microresist; SU-8 2050) was spin-coated at 1500 rpm for 30 seconds to create a
100 µm high photoresist layer. Afterwards the wafer was soft baked at 65 °C for 300 seconds
and 1260 seconds at 95 °C on a hotplate. Next, the wafer was exposed to 245 mJ/cm2 (at
365 nm) using a mask aligner (MA-6 mask aligner, Karl Suess) and a transparency photo mask
(JD or Circuitgraphics). A post-exposure bake was performed for 300 seconds at 65 °C, and at
95 °C for 600 seconds on a hotplate. Development was done using mr-Developer-600
(Microresist) for 600 seconds. To fixate the structures and to remove the remaining solvent a
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hard bake was performed at 180 °C for 1-3 hours to completely dry the final SU-8 structure.
Finally, the silicon master mold was silanized using 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane (ABCR) in order to avoid PDMS adhesion during chip fabrication.

Silicon wafer

Spin coated SU-8

UV exposure

Developed SU-8
Figure 2.3: Illustration of the microfabrication steps involved in the production of SU-8 master
molds for soft lithography.
For the production of master molds in various heights the procedure was modified by either
changing the SU-8 type or the process parameters yield in a brought range of feature sizes. In
Table 1 a selection of process parameters for most commonly used SU-8 heights is shown.
Table 2.1: Characteristic process parameters for different SU-8 film thicknesses54,55.
Spin-Coating

Soft bake [s]

Thickness
[µm]

SU-8 type

2

SU-8 2002

2000

-

5

SU-8 2005

2000

10

SU-8 2010

20

Exposure [mJ/cm2]

Post exposure bake [s]

at 365 nm

at 65°C

at 95°C

Development
[s]

60

80

-

120

60

-

120

110

-

180

120

2500

-

180

130

-

240

180

SU-8 2015

1750

-

240

150

-

300

240

30

SU-8 2025

2100

150

360

158

-

360

270

40

SU-8 2050

3250

180

360

160

60

360

300

50

SU-8 2050

2500

180

450

180

60

420

360

60

SU-8 2050

2100

180

510

200

120

420

390

70

SU-8 2050

1900

300

600

215

120

480

420

80

SU-8 2050

1750

300

960

225

180

540

510

90

SU-8 2050

1600

300

1200

240

300

540

570

100

SU-8 2050

1500

300

1260

245

300

600

600

24

Speed [rpm] at 65°C at 95°C
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2.2.4. Fabrication of double layer silicon SU-8 masters
The fabrication of SU-8 structures also with high and ultra-high aspect ratios of 1:20 and even
up to more then 1:50 was reported56,57. However, since the SU-8 structures are used as molds for
soft lithography processes with PDMS, this holds some limitations for the structural features.
Soft lithography using PDMS only allows rather small aspect rations of 1:10 for the final PDMS
devices. This makes the fabrication of structures with a board feature size distribution
challenging.
For some devices, however, features with a size of 5 µm x 5 µm had to be integrated next to
features with a size of 100 µm x 400 µm. To be able to produce SU-8 masters with such
independent structural features two layers of SU-8 were structured and super positioned by
modifying the process proposed by Campo et al.58. For this reason, two photomasks were used,
one containing all features (A) and one containing only the larger features (B). To ensure the
alignment of the first layer (A) of SU-8 with the second, mask alignment marks were
implemented onto the CAD-designs.
The silicon wafer was dehydrated at 180 °C on a hotplate for five minutes. After that, first
negative photoresist (Microresist; SU-8 2050) was spin-coated for the lower SU-8 layer usually
for a final height of 5 - 20 µm for the channels (for the exact parameters see Table 2.1). Next, the
wafer was soft baked at 95 °C, exposed to UV light (at 365 nm) using a mask aligner (MA-6
mask aligner, Karl Suess) and a transparency photo mask (Circuitgraphics) and post exposure
baked according to the protocol (Table 2.1). Instead of the development step a second spin
coating process was introduced to create a subsequent layer of SU-8.
Negative photoresist (Microresist; SU-8 2050) was spin-coated on top of the post exposure
baked first layer of SU-8 to a final height of 50 - 100 µm of the photoresist. Next, the wafer was
soft baked at 65 and 95 °C, exposed to UV light (at 365 nm) using a mask aligner (MA-6 mask
aligner, Karl Suess) and a transparency photo mask (Circuitgraphics) and post exposure baked
according to the protocol (Table 2.1). Note that after exposure the first layer of SU-8 changed its
optical properties and therefore the alignment marks transferred from the first photo mask were
visible and could be aligned according to the second mask used.
Afterwards, the development was performed using mr-Developer-600 (Microresist). For fixation
of the structures and to remove the remaining solvent a hard bake was performed at 180 °C for
1 - 3 hours to completely remove the remaining solvent residues from the final SU-8 structure.
Finally, the silicon master mold was silanized using 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane (ABCR) in order to avoid PDMS adhesion during chip fabrication.
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Silicon wafer
Spin coated SU-8

UV exposure A

Spin coated SU-8

UV exposure B

Developed SU-8
Figure 2.4: Illustration of the microfabrication steps involved in the production of SU-8 master
molds for soft lithography.

2.2.5. Fabrication of silicon AZ masters
For the fabrication of pneumatic actuated valves round shaped fluidic channels had to be
fabricated. The master mold for the liquid channel was prepared using two-inch silicon wafers.
First, the silicon wafer was dehydrated for five minutes at 180 °C on a hotplate. After drying,
1 mL of hexamethyldisiloxane (HMDS, Merck) was spin-coated at 7500 rpm for 30 seconds to
increase the adhesion of the photoresist. Next, 1 - 2 mL positive photoresist AZ-9260
(Microchemicals) was spin-coated at 1900 rpm during 60 seconds creating a resign thickness of
about 12 - 13 µm for the fluidic layer. After a soft bake process performed at 110 °C on a
hotplate for 200 seconds, the wafer was exposed to 750 mJ/cm2 (at 365 nm) using a mask aligner
(MA-6 mask aligner, Karl Suess) and a transparency photo mask (Circuitgraphics).
Development was conducted in a mixture of 25 vol-% AZ-400K developer concentrate
(Microchemicals) and 75 vol-% DI-water for 3 - 4 minutes. A reflow of the photoresist at 120 °C
during 2 minutes permitted the formation of round-shaped channels needed for the experiments.
Silanization using 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane (ABCR) of the final wafer
prevented PDMS adhesion during molding of the fluid layers.
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Silicon wafer

Spin coated AZ

UV exposed AZ

Developed AZ

AZ after reflow
Figure 2.5: Illustration of the microfabrication steps involved in the production round shaped
positive AZ-master molds for soft lithography of PDMS devices with flexible valves.

2.2.6. Metallization of glass slides
For electrical characterization of AgTCNQ and AuTTF wires in chapter 5, platinum patterned
electrodes were fabricated on top of glass cover slips (24 x 60 mm No.1, Menzel Gläser) using
conventional photolithographic methods and physical vapor deposition. After dehydration of the
glass cover slips for five minutes at 180 °C, a layer of image reversal photoresist AZ5214E (AZ
Electronic Materials) was spin-coated on the slips at 4000 rpm for 30 seconds. After a soft bake
for 1 minute at 100 °C, the glass cover slip was exposed to 75 mJ/cm2 (at 405 nm) using a mask
aligner (MA-6 mask aligner, Karl Suess) and a transparency photo mask (JD Photo-Tools). Next
the glass cover slip was baked for 45 seconds at 120 °C and again exposed to 300 mJ/cm2 at
(405 nm) using a mask aligner. After development using AZ726 developer (AZ Electronic
Materials) a 10 nm adhesion layer of chromium (Cr) and a 100 nm layer of platinum (Pt) was
evaporated on the glass cover by physical vapor deposition (PVD; Plassys II, Plassys-Bestek).
The surplus metal was removed using Microposit Remover 1165 (Rohm and Haas) finally
resulting in the patterned electrode slides.
Different designs were fabricated for two- and four-point electrical characterization.
Nevertheless, all designs consisted of a Cr adhesion layer (10 nm high) and subsequently a Pt
layer (100 nm high).
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Glass cover slip

Spin coated AZ resist

UV-exposure

Image reversal bake

Developemed AZ

Metall evaporation

Resist removal
Figure 2.6: Illustration of the microfabrication steps involved in the metallization of glass cover
slips.

2.2.7. Micro-heater fabrication
A similar process was furthermore used for the fabrication of the µ-heater devices used for the
solvent exchange module fabricated by the project partner in Lecce, Italy.
The heater was fabricated by physical vapor deposition of a thin (300 nm) gold film on a glass
substrate as described before for the platinum electrodes. These gold structures were used as
resistive heater elements, which produce heat upon applying a voltage. Since the temperature
increases linear with the voltage a precise temperature could be set. Therefore, a laboratory
voltage source (DC power supply, DF 1730 SB) was connected to the heater structures.
Besides the meandering gold structure used for resistive heating, a second structure for direct
temperature sensing was patterned on the glass substrate. The sensing structure has a known
resistance at different temperatures and can thus be used to monitor the temperature during the
experiments. Temperatures up to 150 °C could be achieved using this configuration.

28

2.3. Soft lithography and device fabrication

2.3. Soft lithography and device fabrication
Soft lithography is a widely used technique to produce microfluidic devices; here it was used to
produce the single and the double layer polydimethylsiloxane (PDMS) microchips.
PDMS is a commercially available polymer, which usually consists of a vinyl-terminated PDMS
oligomer and a curing agent (platinum catalyst). To produce a microfluidic PDMS-device these
two liquid components are mixed, using weight:weight ratios of about 5:1 – 20:1 (PDMS:Curing
agent) depending on the application. Less cross-linked, i. e. softer, PDMS is produced with a
lower ratio of curing agent while a higher degree of cross-linking, i. e. harder, PDMS is gained
with a higher ratio of curing agent. After mixing, the PDMS was degased for about 15 minutes
to ensure a bubble-free polymerization. In the next step the mixture is poured onto the master
mold and the PDMS is cured at temperatures of 80 - 150 °C for 15 minutes up to several hours
depending on the temperature used. After curing, the PDMS slab is peeled off the master mold
and inlet and outlet holes are punched (biopsy puncher, Miltex, 1 mm OD) into the device.
Finally the structured PDMS is sealed by bonding it to e.g. to a glass cover slips or PDMS.
Two aspects regarding PDMS-device fabrication should be mentioned here. Due to the curing
process the resulting PDMS-replica shrinks usually about 1 % compared to the master
structure59, which has to be taken into account for the chip design. Furthermore, since PDMS is a
rather elastic material, the ratio between height and width (aspect ratio) of the micro features
should not exceed roughly 1:10 hight:width to prevent a collapse or deformation of the designed
microstructures59.
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Figure 2.7: Catalytic formation of PDMS using the siloxan oligomer and the siloxan copolymer.

2.3.1. Single layer devices
Degassed PDMS mixture (10:1 w/w elastomer:curing agent, Sylgard 184, Dow Corning) was
poured on a silicon master mold and baked for 15 minutes at 150 °C on a hotplate to facilitate
the polymerization of the PDMS. After cooling down, the approximately 5 mm thick PDMS slab
was removed carefully from the silicon master and holes were punched (biopsy puncher, Miltex,
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1 mm OD) through the PDMS in order to create the fluidic connections. The PDMS slab was
plasma-bonded to a glass cover slip (24 x 60 mm No.1, Menzel Gläser) using a plasma cleaner
(PDC-32G Plasma Cleaner, Harrick Plasma, power: 18 W, time: 45 seconds) to finally create the
microfluidic device.
During the plasma bonding process an oxygen plasma induced by a high voltage inside the
plasma cleaner is created. This oxygen plasma is often used to clean inorganic surfaces since
organic residuals are oxidized and therefore removed. During this process hydroxyl groups are
created on the glass as well as on the PDMS surface60. Contacting the PDMS slab and the glass
cover slip induces a condensation process resulting in covalent bonds between silicon and
oxygen atoms of the two pieces.

2.3.2. Double layer devices
The multilayer chips were prepared following the protocol established by the Quake group52,61
with minor variations. Degassed PDMS mixture (20:1 w/w, elastomer:curing agent) was spin
coated at 2300 rpm on the structured two-inch fluidic master mold wafer to create a 12 - 13 µm
high PDMS membrane. The silicon wafer with the spin-coated PDMS layer was then pre-cured
for 15 minutes at 80 °C in the oven. The control layer was created poring a second mixture of
PDMS (5:1 w/w elastomer:curing agent) on the respective structured silicon wafer to create a
5 mm thick layer of structured PDMS. The control layer was then pre-cured for 30 minutes at
80 °C in an oven, connection holes were punched (biopsy puncher, Miltex, 1 mm OD), and the
two PDMS layers were aligned and cured overnight at 80 °C in the oven to achieve a permanent
and final bonding. Next, holes were punched (biopsy puncher, Miltex, 1 mm OD) through the
two PDMS layers in order to create the fluidic connections to the fluidic layer. The resulting
multi-layer PDMS assembly was then plasma-bonded to a glass cover slip (24 x 60 mm No.1,
Menzel Gläser) using a plasma cleaner (PDC-32G Plasma Cleaner, Harrick Plasma, power:
18 W, time: 45 seconds).

2.4. Glass devices
The planar glass micro device was designed using CAD software (AutoCAD 2010, Autodesk)
and fabricated using standard lithography techniques and wet chemical etching. Two different
types of glass devices were used in these studies.
For the fabrication of the final solvent exchange device (SE-V2) a multilayer approach was used
to enable a high flexibility in channel dimensions and geometry. The device consists of a base
soda lime glass slide including the small capillary geometry with a height of 5 µm and a width of
10 µm and a top glass plate where the main channels with a height of 100 µm and a width of
400 µm were embedded. Inlet and outlet holes (1/16” OD) were drilled into the top glass layer
and both layers were aligned and thermally bonded. About 25 mm of standard polyether ether
ketone (PEEK) tubing (1/16"OD x 0.030" (0.75 mm) ID, BGB Analytik AG) was glued (TS10
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Vacuum Epoxy, Thorlabs) to the device enabling the connection of additional tubing for fluid
supply. For the fluid supply chemically stable fluorinated ethylene propylene (FEP) tubing
(1/16" OD x 0.25 mm ID, BGB Analytik AG) was used.
Besides the double layer devices for the final studies also single layer glass devices (SE-V1)
were fabricated and used during process optimization. These planar glass devices were
fabricated using standard lithography techniques and wet chemical etching. Tubing and
connections were implemented as described above.
Furthermore, both device designs were equipped with a resistive µ-heater for temperature
control.
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3. Continuous microfluidic evaporation for solvent exchange
This chapter focuses on the development of a microfluidic module for continuous solvent
exchange. The exchange of solvents is an operation frequently performed in chemical synthesis.
Several examples for continuous microfluidic flow synthesis are demonstrated in
literature8,12,62,63, however the continuous performance of clean-up or solution exchange steps
before or after the reaction is still challenging64. Most processes commonly applied for solvent
exchange, in macro- as well as in microfluidic systems are discontinuous ones. Typical examples
are temperature-based methods (distillation, evaporation, rectification), extraction-based
methods (solid phase extraction, liquid-liquid partitioning) and filtration-based methods
(pervaporation, nanofiltration). However, this study is based on the need of a continuous solvent
exchange for the synthesis of positron emitting tomography (PET) tracers. Therefore, most of
the mentioned discontinuous methods were not applicable. For a continuously operating solvent
exchange module different approaches were tested regarding their feasibility of integration into a
microfluidic platform. Furthermore, the performance in terms of evaporation efficiency and
process time was evaluated. Different techniques were supposed to be most promising for the
implementation of a miniaturized solvent exchange module and will be discussed in detail.
Besides the evaporation based continuous and semi-continuous evaporation, a liquid-liquid
extraction technique was tested to perform the solvent exchange from acetonitrile to water.
The work presented in this chapter is one part of the cooperative European project called
radiochemistry on a chip (ROC-project). A brief introduction to the overall project will be given
in the following paragraph before the work on the solvent exchange device will be explained in
detail.

3.1. Motivation
The short half-life of the applied radionuclides for positron emission tomography (PET) entitles
a fast, selective, on-demand production of the radiopharmaceuticals. In this regard, an
improvement of the reaction speed and production is expected when using microfluidic-based
technologies. Applying a microreactor instead of a classical bulk reactor provides the advantages
of faster diffusion times, reaction kinetics and further improves heat transfer resulting in higher
yields and selectivity.
Especially in the synthesis of drugs or drug precursors, the solvent exchange of the target
molecule after synthesis from organic solvent to aqueous conditions is crucial. For example,
nucleophilic substitution reactions were often performed in an organic solvent to ensure a
sufficient reaction yield. However, in most examples the final products have to be transferred
into aqueous conditions before administration. One of the commonly used solvents for synthesis
is acetonitrile, which is completely miscible with water. After reaction the acetonitrile solution
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has to be removed and substituted by water. A removal of acetonitrile down to 1 wt% would be
the target value for a sufficient exchange step. Due to the complete miscibility of water and
acetonitrile simple phase separation processes are not applicable. For this reason the removal of
acetonitrile from an aqueous solution using nitrogen supported evaporation in a micro device is
of particular interest.

3.2. Introduction
3.2.1. Project description
The ROC-project was concerned with the design of a microfluidic modular device, which is
capable of synthesizing radiotracers for PET radiopharmaceuticals in a continuous fashion.
Combining modularity with miniaturization a versatile device with minimized reagent
consumption, spatial requirements and user interaction should be developed. A comparison of a
traditional device with the new modular microfluidic ROC-device is shown in Figure 3.1.
Several benefits that can be offered by the final ROC-device are listed.

Traditionel device

- One tracer producable
- Bulky device
- Process risks (batch process)
- Cleaning required
- Large hot cell required
- Slow release of dose
- Expansive maintenance
- Complex personal training

ROC modular device

- Several tracers producable
- Small device
- Lower process risk
- Cleaning not required
- Local shielding
- Faster release of dose
- Inexpansive maintenance
- Higher yields and selectivity

Figure 3.1: Comparison of a traditional device for the synthesis of radiopharmaceuticals (left)
and the vision of the ROC modular device (right)65. Scale bar: 2 cm.
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One of the major keystones of this project was to transform the complex, discontinuous process
of radiopharmaceutical synthesis into a continuously operating modular approach. That is why
all operational steps of the process were dissected into individual modules. Each module was
assigned to one operation, e.g. pre-concentration, reaction, etc., during the overall process. The
individual modules were developed by the different project partners, which allowed a high
flexibility during the optimization of the single modules since each project partner was able to
perform the optimization independently. After optimization the single modules were combined
to a fully functional device capable of the synthesis of radiopharmaceuticals. Furthermore, this
modular approach allowed an adaption of this device to similar synthesis processes by a simple
recombination or addition of developed modules to perform other synthesis approaches.
To illustrate the idea and the goal of the project a detailed look at the common synthesis pathway
of the production of 18F-fluorinated tracers is necessary (Figure 3.2). In the first stage
[18F]-fluorine is produced by proton bombardment of [18O]-enriched water in the cyclotron.
Following the aqueous solution is usually concentrated and the 18F-fluorine is transferred to an
organic solvent to enable the chemical reaction towards the target molecule. Finally the product
has to be transferred to the aqueous phase and purified.
Fluoride
Concentration
18

18

F- in H2O

(no reactivity)

Cyclotron

F- in solvent

(high reactivity)

Solvent
Exchange

Figure 3.2: Key steps of the
green.

18

Solvent
Exchange

Drug-X

18
F -drug
in solvent

Microfluidic
Reaction

18

F -drug

Purification

Detection

F-fluorinated tracer production, main modular operations in

The key operations that had to be developed in a modular fashion are indicated in green and
represent some of the main operations to be accomplished by the different project partners.
Furthermore, this scheme underlines the versatility of the platform since the developed modules
will cover a broad range of different operations, enabling a straightforward adaption of these
modules to other chemical reactions.

3.2.2. Radiopharmaceuticals
Radiopharmaceuticals have many areas of applications in medicine. Among them positron
emission tomography is one of the applications with higher social impact66. PET is a noninvasive technique, which enables monitoring of in vivo molecular processes and thus, PET
radiopharmaceutical can be assigned as diagnostic radiotracers67,68. In general, a radiopharmaceutical consists of a radionuclide and a biological tracer. For some applications a linker
between the nuclide and the tracer is additionally introduced to stabilize the connection69.
A broad range of molecules can be used as tracers and radionuclides. The tracer or vehicle
molecule fulfills the task of connecting the radiopharmaceutical to the target site (“lock-and-key
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principle”). Regarding different targets, e.g. antigens, enzymes, transporters a special tracer
molecule can be introduced.
The function of the radionuclide is to emit positrons, which are necessary to detect and localize
the target and to reconstruct the images. Several biological significant radionuclides (13N, 11C,
15
O and 18F) are providing a broad spectrum of possible radiopharmaceutical compounds. The
main challenge regarding the radionuclides is, however, their availability and their physical
properties. Especially the half-life time of the radionuclides is an important parameter since most
of them are rather short living nuclides. An overview of some of the most important PET
radiopharmaceuticals, their application and half-life times is given in Table 3.1. This short list of
radiopharmaceuticals already gives an idea about the broad range of possible applications within
the living body.
One of the main advantages in PET labeling is that most PET radiopharmaceuticals are
chemically not distinguishable from non-radiolabeled compounds since their chemical structure
often only differs in one isotope. This ensures that PET and natural compounds are identically
treated in biological processes enabling an unpersuaded in vivo study69. The incorporation of
biologically relevant tracers is quite easy achieved, since most of the commonly used positronemitting radionuclides are isotopes of atoms like carbon, nitrogen, and oxygen. These atoms are
the main constituents of bioorganic molecules, and thus allow the synthesis of
radiopharmaceuticals that are chemically indistinguishable70.
In some examples a change in the molecular structure still has to be induced e.g. for
[18F]-Fluorodeoxyglucose ([18F]FDG), which is used to study the glucose uptake. However,
fluorine is not a natural component of glucose, so 18F-fluorine has to be introduced into the
structure, in this case by a substitution of a hydroxyl-group of the glucose molecule.
Table 3.1: Some of the widely used radiopharmaceuticals, their applications and half-life
times69,71,72.
Radiopharmaceutical
18

F-Fluorodeoxyglucose
18

18

Application

Half-life [min]

F-FDG

Glucose metabolism

110

F-DOPA

Parkinson’s disease,
neuroendocrine tumor imaging

110

F-FMISO

Hypoxia imaging

110

Cell membrane build-up

110

18

F-Fluorodopa

18

F- fluoromisonidazole

18

18
13

F-Choline

-

N-Ammonia

13

N-NH3

Blood flow

10

15

15

O-H2O

Blood flow, brain studies

2

Myocardial perfusion studies

1.3

82
11

11
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Short name

O-Water

Rubidium

82

Rb

C-Acetate

-

Cardiology, prostate cancer

20

C-Choline

-

Cell membrane build-up, shorter
living derivate

20

3.2. Introduction
Conventional radiology imaging techniques like computer tomography (CT) or magnetic
resonance imaging (MRI) mostly access the morphological or anatomical features of a tumor.
PET imaging has the important difference or advantage of directly accessing the metabolomic
behavior of such tumors. This makes PET much more specific and even allows detecting
metabolomic changes before the morphology has changed. Thus, PET imaging offers an early
detection of oncological diseases73.
To get a better understanding about the advantages and disadvantages of PET a closer look at the
physical principles of PET imaging might be useful. PET imaging is first of all not a result of
positron detection; in fact it is based on the detection of photons. These photons are a result of
the annihilation of a positron and an electron. This process can be explained by using the most
widely used nuclide 18F. The radionuclide decays to oxygen 18 (18O), one positron (e+) and one
neutrino (ν).
18

F → 18 O + e+ + ν

(27)

Here, the positron is the only particle relevant for imaging. It leaves the decay site and losses its
kinetic energy in the surrounding tissue by ionization and excitation processes involving close
by atoms74. The path length of this process is less then 1 mm for 18F74. Finally, the positron
collides with and electron (e-) under annihilations, producing two photons (γ).
e+ + e− → γ + γ

(28)

Due to the conservation of energy and momentum these photons have the same energy
(511 keV) and leave the annihilation site in opposite directions (180° angle to each other). This
fact is used for a coincidence detection of the photons. A schematic representation of the
physical process of the imaging and a brain PET scan is shown in Figure 3.3.

18

511 keV
γ-ray

F
Positron

Electron
511 keV
γ-ray

Figure 3.3: Schematic illustration of the physical processes of PET imaging (right) and a
resulting brain PET scan (left)68.
The potential socioeconomic impact of radiopharmaceuticals can be evaluated using a recent
study of Bedford et. al. from 200475. Based on data of lung cancer incidents in the UK the
number of required PET scanners needed to supply the demand for oncological PET studies was
calculated for several European countries. Next, the gathered numbers were compared with the
currently available scanners. As a result of this study one PET scanner is needed for about
1 million inhabitants. In most of the European countries this number is by far not achieved. In
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the 36 European countries studied, 479 PET scanners would be required in total, but currently
just about 160 (which is only 33 %) are available. Furthermore, it is to mention that even in more
than half of the countries (22) no PET-scanner is installed at all (see also Table 6.1 for detailed
information). Taking the short half-life times of radiopharmaceuticals into account, a broad
network of PET-scanners and PET-facilities has to be introduced not to exceed the
recommended maximum two hours delay between radiotracer synthesis and the application of
this tracer75. This study underlines the huge future potential of radiopharmaceuticals and thus the
need for fast synthesis platforms for radiopharmaceutical synthesis.

3.2.3. Commercially available devices for PET synthesis
Commonly used state of the art devices for the synthesis of radiopharmaceuticals are bench top
systems that are still quite bulky and heavy. A short summary of the currently available
instruments should be given regarding the most important industrial manufacturers. Four
different examples were chosen to demonstrate the state of the art equipment available (Figure
3.4). Note that further systems are available provided by these or other companies, which will
not be mentioned in detail. The first system, Advion: NanoTek®, is a combination between
micro and macro scale processes. The idea is to perform a flow synthesis, which is achieved by
different modules that can be connected with each other.
The second system is called Explora® GN by Siemens and displays a device, which is capable
of performing a broad range of different nucleophile reactions for the synthesis of PET tracers. It
is a stand-alone system with a readily integrated “semi-prep” HPLC module.
The third device is called FASTlab offered by GE, which is, as the Explora®, a multi-tracer
platform. It is a cassette-based system, which can be equipped with different cassettes depending
on the desired synthesis product.
Finally the Allinone system by Trasis should be mentioned, which is offered readily integrated
into a hot cell and, furthermore, provides synthesis, HPLC and reformulations features.
Note that all of the devices can be used fully automated, which also includes cleaning and
conditioning programs.

Figure 3.4:Examples of available PET synthesisers: Advion: NanoTek® modules, Siemens:
Explora® GN, GE: FASTlab, Trasis: AllinOne (from left to right)76-79
Furthermore, a completely microfluidic based device by Trasis was announced recently
underlining the ongoing development and high potential in this field (Figure 3.5).
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Figure 3.5: Photograph of the announced Trasis microchip (left) and the complete device for
synthesis (right)80.

3.2.4. State of the art in microfluidics
Among others, radiochemistry is one of the fields recently attracted by microfluidics.
Particularly for the synthesis of positron emission tomography (PET) radiotracers, which are
usually short living radionuclides, a safe, fast and on demand synthesis would be
advantageous18,81-87.
First examples of miniaturized discontinuous PET-radiotracers production were shown in 2004
and 200518,88,89 and improved by different research groups84-86,90. The work performed by Lee et
al. should be especially pointed out since it clearly demonstrates the potential of microfluidics
for radiopharmaceutical synthesis (Figure 3.6).

a

b

Figure 3.6: (a) Schematic representation of a chemical reaction circuit used in the production of
FDG. The five sequential processes are shown: (i) concentration of fluoride ion (ii) solvent
exchange from water to dry MeCN (iii) fluorination (iv) solvent exchange back to water, and (v)
acidic hydrolysis. (b) Optical micrograph of the central area of the circuit. Channels have been
loaded with food dyes to visualize the different components of the microfluidic chip; fluidic
channels were colored with green dye. Inset: Photograph of the device18.
In this work they have demonstrated the integration of the entire synthesis of [18F]FDG in a
sequential approach of five process steps: 18F-fluoride concentration, water evaporation,
radiofluorination, solvent exchange, and hydrolytic deprotection on a single microfluidic device
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with high radio-chemical yield and purity. Furthermore, the process was performed with shorter
synthesis time relative to conventional automated synthesis. However, one of the challenges
besides the miniaturization itself remains still the continuous multistep operation of such
devices91,92. In all approaches for PET radiotracer synthesis mentioned above, the miniaturized
solvent exchange step was exclusively performed discontinuously, either by trapping and release
of the target compound on supporting materials like resigns and electrodes93,94 or by
discontinuous evaporation steps18,85.
Evaluating the currently available miniaturized approaches towards a continuous solvent
exchange, most promising methods are based on the evaporation of the solvent. For example,
Timmer et al. presented a method for concentration of NaCl in solution by means of an
integrated membrane support and a nitrogen convection flow95 (Figure 3.7). Wotton et al.
showed a nine-fold enrichment of acetonitrile from a acetonitrile:DMF mixture using helium as
supporting gas96.

Figure 3.7: Illustration of evaporation enhanced by a convective nitrogen flow. The solutions
are separated by a hydrophobic, vapor permeable membrane while the nitrogen convective flow
is enhancing the evaporation95.
Several approaches using distillation devices were shown92,97-99. Especially the group of Klavs
Jensen has demonstrated distillation approaches for multistep synthesis in silicon-based
microfluidic devices97. In the device an inert gas was used to create segmented flow conditions,
which allowed a controlled flashing of the liquid mixture within the microchannel. The
gas/liquid separation was achieved by integrated PTFE membrane (Figure 3.8-a). A fused silica
chip equipped with nanopillar structures was used by Hibara et al. to perform an enrichment of
ethanol100 (Figure 3.8-b). In this approach the evaporation was performed in micro channels
(Figure 3.8-b (ii)), while the following condensation of the vapor enriched gas phase was
triggered by the nanopillar structures Figure 3.8-b (iii). Using this micro device Hibara et al.
demonstrated an enrichment of ethanol from 9 to 19 %.
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Figure 3.8: (a) Microfluidic device used to achieve single-stage distillation. The illustration
shows a capillary in which vapor–liquid equilibrium is reached using segmented flow. A gas–
liquid membrane separator is then used to separate vapor from liquid, and thus realizing
distillation97. (b) (i) Illustration of the fused-silica microchip. (ii) Expanded view of the
evaporation zone. (iii) Expanded view of the condensation zone100.

3.2.5. [18F]-Fluorodeoxyglucose ([18F]-FDG)
2-Deoxy-2-[18F]fluoroglucose is the most widely used radiopharmaceutical. To describe the
mechanism of imaging with [18F]-FDG it is mandatory to have a look to the glucose metabolism,
since FDG is an analogue of glucose (Figure 3.9). For the synthesis a non-isotopic substitution
of the hydroxyl group in the glucose molecule has to be performed. Since fluorine and hydrogen
show similar steric parameters, the replacement of hydrogen with fluorine is going to induce
only minimal steric stress. This results in an identical first part of the metabolic process for
glucose and [18F]-FDG. The substances are transported across the cell membrane by glucose
transporter proteins. Inside the cell an enzymatic phosphorylation with hexokinase takes place.
From this stage on the metabolic pathway differs regarding the two substances. While glucose-6phosphate is further metabolized to carbon dioxide and water, FDG-6-phosphate is metabolically
trapped and gets enriched, usually in the regions or organs with a high glucose demand, in
particular, the brain, the breast, the lungs and lymphoma and melanoma cells72. One exception to
be mentioned is the liver where FDG is not metabolically trapped since it is an organ with high
concentration of phosphatase enzymes.
After the radioactive decay of 18F the resulting 18O-glucose is metabolized normally and thus
18
F-FDG shows no adverse effects. Combining the knowledge of the metabolic trapping and the
fact that cancer cells usually have a higher demand of glucose, FDG can be used to detect many
areas that are oncological relevant.
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Figure 3.9: Schematic representation comparing glucose and FDG metabolism101

3.2.6. Binary mixture of acetonitrile and water
According to Raoult`s law the vapor pressure of an ideal solution depends on the vapor pressure
of each chemical component and the mole fraction of the component present in the solution102.
During the ideal evaporation process of a binary mixture of two solvents the lower boiling
solvent is vaporized first and can, therefore, be separated from the higher boiling solvent e.g. by
distillation. However, for some binary mixtures, like acetonitrile and water, a non-ideal behavior
can be observed. As a result, even though the two pure compounds differ in boiling points at a
specific mole fraction, which is called the azeotrope or azetropic point, the mixture is constantly
boiling and liquid and gas phase have the same composition.
This fact is based on the interaction of the different components in a non-ideal, real solution.
These interactions result in a deviation from Raoult`s law. Two different deviations from the
ideal case can be observed. For a mixture of solvent A and solvent B the two different deviations
can be described. In the first case the interaction of the solvent molecules A and B inside the
solution are stronger than the interaction between the molecules of the same kind (AA or BB),
which can be a result of intermolecular interaction as secondary bonds. This is called a negative
deviation from Raoult`s law and results in a lower volatility of the mixture and a lower vapor
pressure then expected from the ideal behavior. Preparing these kind of solutions usually results
in an exothermic mixing process and, furthermore, in a volume contraction after mixing. In some
cases these real mixtures additionally form a negative or a higher boiling azeotrope at a certain
composition. Examples are solutions of acetone/chloroform, here the boiling point of the
azeotrope is higher than the boiling point of the individual components103.
The second possibility is that the interaction between the different solvent molecules A and B
inside the solution is weaker than the interaction between molecules of the same kind (AA or
BB). This is called a positive deviation from Raoult`s law. Mixing A and B results in an
endothermic process. Furthermore, the resulting volume is usually expanded in comparison to
the volumes used for mixing. Solutions with a positive deviation from Raoult`s law have higher
vapor pressures than expected. One example is the mixture of acetonitrile and water. If the
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solvent mixture additionally forms an azeotrope, this will result in a positive deviation or lower
boiling azeotrope.
For the general description of evaporation processes including boiling and condensation phase
diagrams are often used102. In these diagrams the aggregate state of the mixture at different
temperatures is plotted against the composition of the mixture. In Figure 3.10-a a representative
diagram for a mixture of A and B with a positive azeotrope is shown. The diagram can basically
be divided into three different parts. (i) In the bottom part, (below the first temperature-line,
bubble curve) only the liquid phase (l) in equilibrium state is present. (ii) The second top part at
high temperatures, where only the gas phase (g) exists. This part is defined by the dew point
curve. And finally (iii) the intermediate part, here a mixture of liquid and gas phase exists in
equilibrium.
The azeotrope in this diagram can be found where the dew point and the boiling point curves are
intersecting. As a conclusion recovery of the pure compounds out of an azeotrope mixture is not
possible by simple distillation.
For example, if a 0.20/0.80 liquid mixture Z of X/Y (see Figure 3.10-a) is constantly heated it
would start boiling at point A, which is the intersection with the bubble curve. The boiling
process of the mixture Z at the point A would generate vapor of composition B over liquid of
composition A. If the resulting vapor is now separated and condensed the resulting liquid C is
finally richer in X than the solution at the starting point A. If the condensate C is boiled again, it
progresses to point D, and so on. As a result a subsequent distillation would finally end at the
azeotrope. A further boiling and condensation of the solution would only result in the azeotropic
mixture.
In Figure 3.10-b different vapor-liquid equilibrium curves from literature for various
acetonitrile:water mixtures are shown. The azeotrope point of the acetonitrile water mixture can
be found at a molar fraction of acetonitrile of 0.6926, or 83.7 mass-% of acetonitrile, with a
boiling point of 76.5 °C103. While the boiling point of the pure compounds acetonitrile and water
is at 82 °C and 100 °C, respectively.
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Figure 3.10: Vapor-liquid equilibrium curves (a) for a theoretical mixture of x and y and (b) for
a mixture of acetonitrile and water at 101.32 kPa104.
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Regarding the evaporation module for the solvent exchange this phase diagram plays an
important role, since a simple distillation process to obtain the pure compounds is clearly
restricted.
Since a distillation-based removal of acetonitrile will not be preferential, other alternatives have
to be evaluated. Considering a continuous evaporation flow pattern a maximum amount of gas is
desirable, since this should promote the uptake of solvent from the liquid phase.

3.3. Materials and Methods
3.3.1. Detection methods
At first, suitable detection methods for monitoring the efficiency of the exchange modules
without the need of radiolabeled compounds were established. For the evaluation of the
detection methods fast and preferentially online detections were of interest to enable an efficient
optimization of the solvent exchange process.
For the characterization of the solvent exchange modules, the concentration of acetonitrile in
water had to be detected. Usually used methods like gas chromatography coupled with a flame
ionization detector (GC/FID)105,106 for high concentrations of acetonitrile in water or KarlFischer titrations107 for low concentrations of acetonitrile in water were not the ideal since these
methods require a rather long process time per sample and do not allow a straightforward
integration into an online detection system. One physical property, which could be used for the
detection of acetonitrile in an aqueous mixture, is the difference in polarity of acetonitrile and
water as the resulting mixture of acetonitrile and water will also change its polarity depending on
the concentration of acetonitrile.
The polarity changes could be determined using a fluorosolvatochromic dye as described in
chapter 1.5. Several different commercially available fluorosolvatochromic dyes were tested,
however, the shift in fluorescence was rather low. Finally, a dye with a larger spectral shift
(1-methyl-4-[(oxocyclohexadienylidene)ethylidene]-1,4-dihydropyridine, MOED) was synthesized108 (see Figure 6.10 in the appendix for a detailed description). The dye shows a spectral
shift from aqueous solutions to pure acetonitrile solutions of about 30 nm (575 – 605 nm). Using
the MOED dye it was finally possible to detect the ratio between acetonitrile and water with a
precision of 2 % in a standard spectrometer (Figure 3.11).
Another advantage of the fluorescence detection is the integration of this method for online
detection (Figure 3.12), which allows to obtain the acetonitrile concentration at specific positions
in the microchip and thus, can be used as a fast tool for the characterization and optimization of
the solvent exchange process.
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Figure 3.11: The calibration curve shows the change in the fluorescence maximum of the MOED
dye for various acetonitrile concentrations. The inset is a photograph demonstrating the shift of
MOED absorption for a solution of acetonitrile, acetonitrile/water and water (from left to right).

3.3.2. Microscopy setup
Fluorescent and bright field images were taken with an inverted microscope (IX71, Olympus),
equipped with a mercury lamp (U-RFL, Olympus) and optical filters (HQ 470/40 Dichro 495
dcxr, LP500). The images were recorded with a digital camera (UK1117, ABS).
For the determination of the acetonitrile concentration fluorescence spectra were recorded with a
fiber optic spectrometer (USB2000, Ocean Optics). For excitation a laser (argon-ion laser,
excitation wavelength 488 nm, Laserlight) was coupled with the inverted microscope. The laser
light was focused by the objective to excite the sample solution, which was labeled beforehand
using the fluorosolvatochromic MOED dye. The fluorescence was collected by the same
objective and detected with the spectrometer. The fluorescence maximum was derived from the
spectrum. This optical configuration facilitates imaging of the mixtures with high sensitivity and
a spatial resolution of about 1 µm. An illustration of the experimental setup can be seen in
Figure 3.12.
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Figure 3.12: Schematic representation of the experimental setup used for the online fluorescence
detection inside the microfluidic device.

3.3.3. Microchip
For almost all evaporation experiments an increase of temperature was necessary. Therefore, a
microfabricated heating module was used (for micro device fabrication see chapter 2.2.7). The
heating device was brought into contact with the solvent exchange module by placing it below
the solvent exchange chip. The µ-heater device consists of a thin gold-layer evaporated onto a
glass slide, which was used for resistive heating of the whole fluidic chip (Figure 3.13).
A laboratory source meter (DC power supply, DF 1730 SB) was used to control the resistive
µ-heater and the resulting temperature was determined measuring the resistance change of the
implemented resistor using a laboratory multimeter (Agilent U1271B). Temperatures between
20 and 150 °C could be applied in this configuration.
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Figure 3.13: Photographs of (a) the gold patterned µ-heater device and (b) the microdevice
(fluidic layer, blue) equipped with a µ-heater (bottom layer, gold). Fluid connections are glued
onto the device and pads for the electronic connections can be seen in front. Scale bars: 1 cm.
Syringe pumps were used to control the liquid flow rates in all experiments. For the liquid-liquid
extraction experiments a syringe pump (neMESYS, Cetoni) was used, while for the continuous
evaporation experiments a single module syringe pump (Nexus 3000, Chemyx) was used for
fluidic control. For nitrogen control an in-house nitrogen line was used to adjust the pressure of
the gaseous nitrogen stream. Typical liquid flow rates ranged between 3 – 250 µL/min and
nitrogen pressures applied varied between 0.25 – 1.6 bar overpressure.
The evaluation of the evaporation efficiency was either monitored online using the laser setup
and the fluorosolvatochromic dye (for micro device SE-V1, see chapter 3.4.3) or discontinuously
after the evaporation process. Therefore, the separated fluids were collected and analyzed after
the evaporation outside of the microfluidic device (for micro device SE-V2, see chapter 3.4.5).
Hereby, the gas phase was additionally condensed using an ice-bath and collected for the
determination of the acetonitrile content. In this way, both product streams could be analyzed.
The analysis of the acetonitrile content was performed by fluorescence spectrometry.

3.3.4. Chemicals and solutions
All solutions were prepared using an analytical balance (Mettler-Toledo, AE240). Liquid feed
solutions in concentrations of 5 – 80 weight percent (wt%) were prepared using deionized water
and acetonitrile (purris. p.a., Sigma-Aldrich). Butyl acetate was purchased from Sigma-Aldrich
(ACS reagent, ≥ 99.5 %). The fluorosolvatochromic dye, 1-methyl-4-[(oxocyclohexadienylidene)ethylidene]-1,4-dihydropyridine was synthesized as described by Minch et al. (1977)108
and added to the sample solution (2.5 µM).
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3.4. Results and discussion
3.4.1. “Semi-continuous” evaporation
In discontinuous microfluidic devices exchange of solvents is usually achieved by evaporation of
the solvent through a porous material like PDMS. After this evaporation the target substance
remains in the device (as a solid) and can be taken up by the new solvent.
An adaption of this approach was performed by the implementation of PDMS membranes with
various thicknesses, varying from 5 mm to 50 µm. First tests were performed in a flow-through
mode, however, no significant evaporation of solvent (here acetonitrile) through the PDMS
membrane could be observed. Clearly, long times are required for the process.
One solution to overcome this problem was the construction of a “semi-continuous” evaporation
chip. In this approach, a PDMS multilayer microchip was fabricated (Figure 3.14). The idea of
the chip design was to convert a discontinuous process by parallelization of the key steps into a
“semi-continuous” process allowing a quasi-continuous output. The schematic CAD drawing of
the device is shown in Figure 3.14-a. Using this design three reaction chambers could be filled
alternating with the initial solution (solvent acetonitrile). Additionally, the chip was equipped
with resistive heater structures to perform experiments at increased temperature. Since the three
chambers could be controlled independently by integrated pneumatic valves they enabled three
parallel operations namely filling, evaporation and uptake of the compound into the new solvent
(here: water).

Figure 3.14: Illustrations of the "semi-continuous" evaporation chip. (a) AutoCAD drawing: The
chip is made of three layers: The electrode layer on the bottom (blue), the fluidic layer in the
middle (red) and the control layer at the top (green). The chip can be filled using three inlets
(top, red), all connected to the three evaporation channels, which can be heated by three
electrodes (blue). The fluid flow is controlled by nine different valves (green). (b) Photograph of
the chip made of PDMS. The fluid channels are filled with colored solutions. The position of the
valves at the entrance is emphasized.
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By parallelization of these processes a “semi-continuous” evaporation could be achieved. The
photograph in Figure 3.14-b shows a microfluidic device filled with different food dyes. This
device was used as a proof of principle demonstration of an additional approach for the solvent
exchange. Since the main focus of the study was based on the development of a continuously
working solvent exchange device this design was not studied in more detail.

3.4.2. Liquid-liquid extraction
Liquid-liquid extraction or liquid-liquid partitioning (LLP) is a commonly used technique to
transfer analytes from an aqueous phase to an organic phase based on their different relative
solubility109. Therefore, usually an organic phase, which is immiscible with water, is added to
the aqueous analyte solution. As a requirement the target analyte has to be more soluble in the
organic phase and thus is preferentially partitioning to the organic phase. Finally, the two
solutions are separated taking advantage of the resulting two-phase mixture, e.g. using a
separation funnel.
LLP based extractions have already been reported in microfluidic devices110-114 and could be
adapted for the solvent exchange of [18F]-drug from acetonitrile to an aqueous solution as
required in the synthesis of [18F]FDG. To remove acetonitrile from an aqueous mixture an
organic solvent had to be found, which is immiscible with water and additionally capable of
extracting acetonitrile. As butyl-acetate (BuAc) is known to efficiently extract acetonitrile out of
acetonitrile/water mixtures105, this solvent was chosen for the extraction process. Furthermore,
butyl-acetate is not miscible with water and hence, can be separated from the target aqueous
phase.
The extraction potential of butyl-acetate was first tested and proven in macroscopic batch
experiments. Following experiments in surface modified PDMS devices were performed. The
surface modification was performed since untreated PDMS is known to be incompatible to nonpolar organic solvents like butyl-acetate115. Therefore, a solvent resistant sol-gel modified PDMS
device was created according to Abate et al.116. For the deposition of a sol-gel layer onto the
PDMS channel walls tetraethoxysilane (TEOS) and methyltriethoxysilane (MTES) were used as
precursors. A solution of TEOS:MTES:ethanol:water in the volumetric ratio 1:1:1:1 was
prepared and stirred for 10 hours at 75 °C. Finally, the solution was stored at 4 °C in the fridge
until use. To perform the functionalization of the device, a PDMS chip was filled with the
solution and heated to 115 °C for 30 seconds in an oven to initiate the gelation reaction.
Afterwards the chip was rinsed subsequently with nitrogen, deionized water and again with
nitrogen. A coating thickness of about 10 µm was created using this method116.
To characterize the feasibility of this approach online detection based on the fluorosolvatochromic dye (MOED) was realized. This online detection along the device enabled a fast
characterization and adjustment of the extraction efficiency and the experimental parameters.
The analysis of the separation efficiency of the two immiscible fluids at the end of the device
was investigated in a separate step, described in chapter 3.4.6. The laser setup (as described in
chapter 3.3.2) was used to enable the monitoring of the extraction at different positions,
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representing different time points of the extraction process. During the extraction process the
fluorescence signal was exclusively collected from the aqueous phase, since the fluorescent dye
is not soluble in the butyl acetate phase.
Using this modified PDMS device droplets of a water/acetonitrile mixture (discontinuous phase)
in butyl-acetate (continuous phase) were created and the extraction efficiency was analyzed. A
schematic representation for this extraction process is shown in Figure 3.15.

BuAc/MeCN

MeCN/H2O

H 2O

H2O/MeCN

BuAc

H 2O

BuAc/MeCN

Figure 3.15: Schematic illustration of the liquid-liquid extraction process inside the microfluidic
channels. The inlets of the device are on the left and the outlets on the right.
Droplets of the aqueous acetonitrile mixture in BuAc as continuous phase were created at the
T-junction of the microfluidic device and the concentration was monitored at different positions
along the device (Figure 3.16). As feed solution an 80 wt% mixture of acetonitrile and water was
used.

Figure 3.16: Schematic drawing of the microfluidic channel design used for the extraction
process. Red dots: inlets, yellow dots: measuring points along the channel and green dots:
outlets.
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Considering the applied flow rates ( V ) and the channel volume between mixing point and the
measuring point (Vmp) the extraction time tLLP could be calculated, by
t LLP =

Vmp
.
V

(29)

In first experiments the overall flow rate was fixed to 10 µL/min resulting in a residence time of
the liquids inside the micro device of 28 seconds. The flow rate ratio between the feed solution
and butyl-acetate was varied (7:3, 5:5, 3:7 µL/min) to monitor the acetonitrile concentration in
correspondence to the extraction time (Figure 3.17). Comparing the different flow rate ratios a
clear difference between 7:3 and the other two conditions could be observed. Using a flow rate
of 3 µL/min BuAc only showed a small reduction of the acetonitrile concentration from 84 wt%
down to 75 wt% in the feed solution. If the flow rate ratio was increased towards higher BuAc
flows, a significant decrease of the acetonitrile concentration down to about 40 wt% at a flow
rate of 5 µL/min BuAc and even 30 wt% at a flow rate of 7 µL/min BuAc could be achieved.
This underlines that high volume ratios of butyl-acetate/feed solution were required to allow a
significant extraction process. However, increasing BuAc flow rates simultaneously promoted
flow instabilities. In consequence flow rate ratios with equal flow rates of BuAc and feed
solution are recommended and were tested in detail.
The online detection provides, furthermore, an insight to the kinetics of the extraction process.
The experiments demonstrate that after about 1 second the major extraction process was already
completed. This provides important information about the possible maximum throughput of the
exchange process and will be discussed in detail later in this paragraph.
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Figure 3.17: Extraction of acetonitrile from an 80 wt% feed solutions using butyl-acetate in a
surface modified PDMS device. The flow rate ratio is varied to perform a sufficient extraction.
To finally study the liquid-liquid extraction process in more detail experiments in glass devices
were performed using the same experimental setup. Note that due to the changed surface
properties from surface modified PDMS to glass the flow regime changed from a droplet-regime
to laminar flow regime. Since the experiments performed in the PDMS devices suggested a fast
extraction process, which was finished within one second, the overall flow rate was increased for
the following experiments to increase the throughput of the extraction process. In Figure 3.18 the
results are shown plotting the acetonitrile concentration against the extraction time. The flow
rate ratio of a 50 wt% feed solution and butyl-acetate was varied between 3:2, 1:1 and 2:3 as
shown in the individual graphs of the three diagrams. Furthermore, the overall flow rate was
increased from the top to the bottom diagram (50 µL/min, 100 µL/min, 150 µL/min). The
increase of the flow rate results in a shorter residence time in the microchip, thus, decreasing the
time for the extraction process. As shown in the different diagrams the decrease in extraction
time showed no significant decrease in performance. In general, the extraction of the 50 wt%
feed solution ends in a reduction of acetonitrile to approximately 10 – 15 wt% in about two to
three seconds for all experimental. The major part of the partitioning process was completed
within one second. Under these conditions, the efficiency and speed of extraction is mainly
determined by the amount of butyl-acetate.
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Figure 3.18: Extraction of acetonitrile from a 50 wt% feed solutions using butyl-acetate in a
glass microdevice. The flow rate ratio and the overall flow rate were varied for process
optimization.
To get information about the maximum flow rate that could be applied still resulting in
reasonable extraction efficiencies the overall flow rate was further increased to 200 and
300 µL/min at a fixed flow rate ratio of 3:2 (BuAc/Feed). Choosing a flow rate of 300 µL/min
results in a residence time below 1 second, which is too short for a completed extraction process.
Indeed, the results shown in Figure 3.19 demonstrate that for a flow rate of 300 µL/min only a
reduction to 20 % of acetonitrile was possible, while at a flow rate of 200 µL/min a reduction
down about 10 wt% of acetonitrile could be achieved. As an additional experiment a flow rate
ratio of 2:1 (BuAc:Feed) with the overall flow rate of 240 µL/min was performed to define the
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maximum extraction rate at the highest reasonable flow rate, i.e. tLLP < 1 s. The graph in Figure
3.19 shows that an acetonitrile concentration decrease down to < 5 wt% could be achieved.
However, a further increase of the flow rate ratio towards higher butyl-acetate flow rates leads to
flow instabilities inside the channel system.
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Figure 3.19: Extraction of a 50 wt% acetonitrile solutions using butyl-acetate. The flow rate
ratio and the overall flow rate were varied in correspondence to the highest reasonable
throughput.
The experiments have clearly shown that the extraction of acetonitrile using butyl-acetate is a
suitable method for the removal of acetonitrile from aqueous solutions. Removal of acetonitrile
from 50 wt% down to 10 – 15 wt% could be achieved within 1 second at flow rates up to
200 µL/min, which guaranteed a high throughput of the exchange process.
In the context of the ROC-project the integration of this exchange module in the entire device
would be technically suitable. The target compound is a glucose derivate, which is more soluble
in water than in an organic phase. However, due to the regulation for drug synthesis the
acetonitrile extraction with butyl-acetate would require an additional cleanup and detection
method. Therefore, this approach was declined for the FDG synthesis.
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3.4.3. Continuous solvent evaporation
To establish a continuous solvent exchange process, a stripping based evaporation technique was
developed. Stripping is a process regularly used in the chemical industry to remove and analyze
volatile organic compounds from a reaction mixture or from sewerages, groundwater and
contaminated fluids. In this method hot gases or steams are introduced into the mixture either by
bubbling the hot gas into the stirring mixture, or by co-/counterflowing gas and fluid streams in a
tube, in which the gas stream is surrounded by an annular fluid flow. Since the transfer of
volatile compounds strongly depends on the surface area, downscaling of this method should be
very efficient. Two main requirements had to be fulfilled to develop a continuously operating
evaporation device. On the one hand the evaporation of the organic solvent had to take place in
the microfluidic device in an efficient way and on the other hand the solvent enriched gas phase
had to be separated from the aqueous phase to prevent condensation of the previously removed
solvent.
A broad range of parameters can influence the thermodynamic phase transfer of acetonitrile
from the liquid into the gas phase. A summary of the most critical parameters influencing the
mass transport is shown in Figure 3.20, which illustrates the relation between mass transport and
experimental parameters.
One of the important parameters affecting the mass transport is the interfacial area (Aint), which
is mainly predefined by the microchip dimensions and geometry. Besides the geometry the Aint
can, be varied by the flow rate ratios applied since Aint is linear dependent on the radius of the
gas core radius rgas.
Aint = 2 ⋅ π ⋅ rgas ⋅ l

(30)

The evaporation process will strongly depend on this surface area between liquid and gas phase.
Therefore, long meandering channels were integrated to obtain a sufficient surface area for mass
transport. The geometry of the device was kept constant since the fabrication process of the glass
devices was quite elaborate. Another parameter influencing the solvent removal is the
experimental temperature. An increased temperature will enhance the evaporation process
dramatically.
Finally, the flow rates and thereby the flow rate ratios will have a huge impact on the process.
For example a decrease of the overall flow rate results in a longer residence time inside the
device and hence, in a more efficient evaporation during the stripping evaporation process.
Additionally a high gas/liquid flow rate ratio ensures a high uptake of the stripped solvent and
enhances the evaporation due to an increased interfacial area and a higher surface to volume
ratio of the liquid phase. However, this is only the case until the gas phase is saturated with
solvent.
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Critical parameter:
- Temperature (T)
- Liquid flow rate (Qlq.)
- Gas flow rate (Qgas)
- Flow rate ratio (Qlq./Qgas)
- Interfacial area Aint (-- - --)

Qlq.
Qgas
Qlq.

Heater
Figure 3.20: Schematic illustration of the parameters influencing the evaporation process in the
micro device under annular flow conditions. Blue: liquid phase, white: gas phase, black dots:
representation of the transferred compound.
Proof of principle tests during the first stage of device development were performed in PDMSmicrochips fabricated as described in chapter 2.3.1. The PDMS-prototypes were used to adapt
the geometries to the final glass devices, besides its higher inertness towards organic solvents
glass is moreover favorable for the synthesis of radiopharmaceuticals than PDMS117. The glass
devices were fabricated as described in chapter 2.4. During the development of the solvent
exchange device two glass solvent exchange chips (referred hereafter SE-V1 and SE-V2 see
chapter 3.4.4 and chapter 3.4.5) were fabricated and evaluated. For a summary of the designs see
appendix Figure 6.4, Figure 6.5 and Figure 6.6.

3.4.4. Continuous solvent exchange (SE-V1)
To perform the continuous solvent evaporation an inert gas (nitrogen) was used to create the gas
liquid interphase necessary for the evaporation process. The evaluation of the evaporation
efficiency was monitored online using the laser setup and the fluorosolvatochromic dye.

Device SE-V1
The first generation of the evaporation device, the planar glass chip SE-V1 can be divided into
three different sections (Figure 3.21). In the first section of the device (Figure 3.21 (i)) gaseous
and liquids streams are brought together in a Y-shaped flow focusing junction creating an
annular flow of a gas core and a fluid corona. The second section consists of a serpentine area
Figure 3.21 (ii)) in which the evaporation process takes place. Finally, in the last section the
separation of the two fluids takes place (Figure 3.21 (iii)). For the separation of the gas and the
liquid phases, different channel geometries were tested. A promising solution for this problem
was found according to Günther et al.118. The separation of the vapor enriched gas phase from
the liquid phase was performed using thin spikes (20 µm width) that were included into the main
channel. Due to the hydrophilicity of the glass chip material (or the fresh prepared and plasmacleaned PDMS for the first prototype devices) the hydrophilic liquid was able to pass these
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triangular spikes while the hydrophobic gas was rejected and directed towards the gas outlet.
This effect is used to efficiently separate the two phases from each other (see also chapter 4.4.5).

i

ii

iii

N2

cross section
Figure 3.21: Schematic drawing of the microfluidic channel design including magnification and
cross section of the flow-focusing region and magnification of the separation area. Red dots:
inlets, green dots: outlets.
2 3 4 5 6

7
1

Figure 3.22: Schematic drawing of the microfluidic channel design used for the evaporation
process. Yellow dots: measuring spots along the channel, red dots: liquid in- and outlets and
green dots: gas in- and outlets.
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To enable a fast process optimization and to screen different experimental parameters first
evaporation tests were performed in an online mode using the laser setup described beforehand.
Similar to the experiments performed during the liquid-liquid extraction different positions
inside the device were monitored to follow and optimize the evaporation process (Figure 3.22).

Variation of the nitrogen pressure
The first experiments were focused on the influence of the gas flow rate (Qgas) on the
evaporation of acetonitrile from an aqueous acetonitrile mixture. Results for evaporation
experiments using a 54 wt% acetonitrile solution as feed performed in the SE-V1 glass device
are shown in Figure 3.24. For these experiments Qgas was varied between 250 - 600 mbar at the
same time keeping the liquid flow rate Qlq. (20 µL/min) and the temperature constant.
Furthermore, these set of experiments at different nitrogen pressures were performed at two
different temperatures. The rather high temperatures of 80 and 85 °C were chosen since
preliminary experiments at room temperature have shown no significant evaporation under
experimental conditions (Qgas = 600 mbar and Qlq. = 20 µL/min and 40 µL/min, at RT, Figure
3.23) However, to study the influence of Qgas it was necessary to ensure a significant evaporation
even at rather low gas flows. As a consequence high temperatures were selected to enhance the
mass transport.
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Figure 3.23: Evaporation of acetonitrile at room temperature. Acetonitrile concentration
measured at different positions (starting from inlet (1) to outlet (7), see also Figure 3.22) during
evaporation at annular flow conditions at room temperature; acetonitrile flow rate 20 µL/min
red dots and 40 µL/min black squares; N2 as stripping gas 600 mbar; feed: 54 wt% acetonitrile.
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Comparing the results at different nitrogen pressures a clear trend towards a more efficient
removal of acetonitrile with increasing pressure can be seen. At 250 mbar applied nitrogen
pressure a reduction of the acetonitrile from 54 to only about 50 wt% was observed, while at a
pressure of 600 mbar just a concentration of 30 wt% acetonitrile was remaining after the
evaporation step.
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Figure 3.24: Pressure dependence of the acetonitrile removal. Acetonitrile concentration
measured at different positions (starting from inlet (1) to outlet (7), see also Figure 3.22) during
evaporation at annular flow conditions. Temperatures: 80 °C, black squares and 85 °C red dots;
acetonitrile flow rate 20 µL/min; N2 as stripping gas varied from 250 mbar to 600 mbar; feed:
54 wt% acetonitrile.
The temperature difference between 80 and 85 °C is, however, not clearly reflected by the
results. It seems that the rather small difference in temperature has no significant effect on the
evaporation. This could be explained by the fact, that already at 80 °C the gas phase was
saturated with acetonitrile and thus increasing the temperature shows no significant influence
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any more. On the other hand it could also be a problem of the detection method, which might be
not sensitive enough to distinguish between the results of the different temperatures. The
temperature effect in this thermodynamic process will be discussed in more detail in
chapter 3.4.5.

Variation of the flow rate
In Figure 3.25 the influence of two different flow rates was investigated (20 µL/min black and
40 µL/min red graphs) at a constant temperature of 80 °C.
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Figure 3.25: Flow rate dependence of the acetonitrile removal at different nitrogen pressures.
Acetonitrile concentration measured at different positions (starting from inlet (1) to outlet (7),
see also Figure 3.22) during evaporation at annular flow conditions. Temperature: 80 °C;
acetonitrile flow rate 20 µL/min red dots and 40 µL/min black squares; N2 as stripping gas
varied from 250 mbar to 600 mbar; feed: 54 wt% acetonitrile.
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The tests were performed at various nitrogen pressures between 250 – 600 mbar. These results
again demonstrate a high impact of the nitrogen pressure. Increasing the nitrogen flow had a
stronger effect on the acetonitrile removal than doubling the flow rate from 20 to 40 µL/min.
Only for lower nitrogen pressures (250 – 500 mbar) a slightly higher evaporation of acetonitrile
at 20 µL/min than at 40 µL/min of the liquid flow was detectable. At 600 mbar nitrogen
pressure, however, no significant change in evaporation was detectable: the acetonitrile
concentration decreased to about 30 wt% at a nitrogen pressure of 600 mbar for both flow rates.
For all experiments the flow rate only showed a minor effect on the evaporation efficiency of
acetonitrile. This suggests that the residence time inside the micro device was long enough to
ensure a complete mass transport. Moreover, this implies that an increase of the flow rate should
still be possible.
To study the influence of the flow rate on the acetonitrile removal experiments at various flow
rates (15 – 100 µL/min) but constant nitrogen pressure (800 mbar), temperature (85 °C) and
measuring position (position 7 at the outlet) were performed starting with a 54 wt% feed (Figure
3.26).
Plotting the acetonitrile concentration against the flow rate used for the evaporation clearly
shows a decrease of the acetonitrile concentration at the outlet with decreasing flow rates.
Applying a flow rate of 100 µL/min no significant evaporation could be observed. Decreasing
the flow rate to 50 µL/min a reduction of the acetonitrile feed solution to 34 wt% could be
observed. Finally at the lowest flow rate investigated the concentration of acetonitrile was
reduced down to 12 wt%.
Furthermore, it is noticeable that a certain plateau at flow rates between 20 – 30 µL/min is
reached at which decreasing the flow rate does not result in a further removal of acetonitrile.
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Figure 3.26: Influence of the feed flow rate on the removal of acetonitrile. Acetonitrile
concentration measured at the outlet (position 7, see Figure 3.22) during evaporation at annular
flow conditions. Temperature: 85 °C; 600 mbar N2 as stripping gas; variation of acetonitrile
flow rate 15 µL/min - 100 µL/min; feed: 54 wt% acetonitrile.
Fluorescence microscopy is a great opportunity for online monitoring of the acetonitrile
concentration inside the microfluidic device. To underline this potential the acetonitrile
concentration was monitored at a fixed position at the outlet of the device (position 7) while the
flow rates were varied between 30 – 120 µL/min (Figure 3.27). The graph reflects clearly the
change in acetonitrile concentration upon changing the fluid flow rate. At a flow rate of
120 µL/min no significant removal of the feed solution (65 wt% acetonitrile) could be observed.
Reducing the flow rate showed a decrease of the concentration slightly below 50 wt% for a flow
rate of 60 µL/min and to 42 wt% at a flow rate of 30 µL/min.
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Figure 3.27: Online monitoring of the acetonitrile concentration at different feed flow rates over
time. Acetonitrile concentration measured at the outlet (position 7) during evaporation at
annular flow conditions. Temperature: 90 °C; 1000 mbar N2 as stripping gas; variation of
acetonitrile flow rate 30 - 120 µL/min, indicated in blue; feed: 65 wt% acetonitrile.
Summarizing up, the applied nitrogen pressure shows a high impact on the evaporation
efficiency. With increased nitrogen pressure the reduction of acetonitrile can be tuned
significantly. Besides this the liquid flow rate is the other important parameter since it defines
the throughput of the device. For the tested conditions a flow rate between 20 – 40 µL/min
provides a reasonable removal of acetonitrile, from 50 down to about 30 wt%. Higher flow rates
of the liquid phase, however, resulted in a rather poor evaporation efficiency. Finally the
temperature has to be mentioned, which provides an increased mass transfer. However, this
parameter can only be increased to a certain extend because at temperatures close to the boiling
point of the solution uncontrolled conditions are induced.

Gas/liquid separation
Another important parameter, which was not discussed so far, is the separation of gas and liquid
phases after the evaporation process. For this the triangular spikes with a width of 20 µm were
implemented at the end of the device. These spikes provide a gas separation until a certain
pressure. However, since the required nitrogen pressures for a sufficient acetonitrile removal
were higher than expected the chosen structures did not withstand the pressures and a
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breakthrough of nitrogen into the liquid outlet was observed. Based on these experimental data,
which suggest a high nitrogen pressure, the separation area of the solvent exchange module had
to be redesigned for the final optimization of the whole stripping evaporation process. The
different separation designs of the chip will be described in detail in the chapter 3.4.6.

3.4.5. Continuous solvent exchange (SE-V2)
Taking the results obtained with the first design of the device (SE-V1) into account, a modified
solvent exchange module was developed. Especially the nitrogen flow showed a huge impact on
the solvent removal. However, an increase of the nitrogen pressure, which is on the one hand
beneficial for the solvent removal, leads on the other hand to new requirements especially
regarding the gas/liquid separation. Therefore, the geometry of the separation area was
redesigned and will be explained in detail in chapter 3.4.6.

Device
A schematic representation of the device SE-V2 is shown in Figure 3.28. The main sections of
the new solvent exchange module are similar to the version before. The device can be divided
into three different sections. At first gaseous and liquids streams are brought together in a
Y-shaped flow focusing junction creating an annular flow of a gas core and a fluid corona
(Figure 3.28 (i)). Due to the hydrophilic glass surface the aqueous liquid phase forms a film on
the channel walls while the gas forms an inner core. Compared to the previous device (SE-V1)
the inlets were adjusted to fit the requirements for implementation into the chip holders of the
ROC-device. The second section consists of a serpentine area (Figure 3.28 (ii)) in which the
evaporation process takes place before in the last section the two fluids are phase separated
towards a liquid and a gas outlet (Figure 3.28 (iii)). Note, that this part of the device was not
modified from SE-V1 to SE-V2. Finally the separation of the vapor enriched gas phase from the
liquid phase is achieved by small (5 x 10 µm cross section) hydrophilic capillaries, which enable
the passage of the liquid phase while the gas phase is rejected and continues flowing inside the
main channel towards the gas outlet. Compared to the previous design a complete redesign of
this separation area was performed (see chapter 3.4.6). Additionally the locations of the outlets
were adapted to fulfill the requirements for the integration of the device into the ROC platform.
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Figure 3.28: Schematic representation of the channel geometry used in SE-V2. Black: main
channels with a height of 100 µm, red: capillary channels with a cross section of 5 x 10 µm
height x width, blue: liquid phase. (i) flow focusing region with magnification and cross section,
(ii) serpentine area, (iii) separation region with magnification and cross section.
For the evaporation tests different concentrations of acetonitrile in water were used as feed
solution. Different liquid feed flow rates as well as different flow rate ratios of nitrogen and feed
solution were investigated. Furthermore, the influence of temperature was studied in detail.

Variation of the nitrogen pressure
First, the applied nitrogen pressure was varied at a fixed liquid feed flow rate and various feed
concentrations (50 wt%, 35 wt% and 16 wt% acetonitrile) to study the influence of the nitrogen
pressure on the evaporation efficiency (Figure 3.29). Furthermore, these experiments were used
to gain knowledge about the separation efficiency of the new separation capillaries and test their
operational limit. An increase of the nitrogen pressure resulted in an increased removal of
acetonitrile and thus confirmed the results obtained from the experiments using the solvent
exchange device SE-V1. The feed acetonitrile concentration at a pressure of 1.0 bar was reduced
by about 20 wt% points for the starting feed concentration of 50 and 35 wt%, respectively, while
the reduction of acetonitrile starting with a feed concentration of 16 wt% was only by 10 wt%
points down to about 6 wt% acetonitrile. A significant difference in the removal of acetonitrile
using nitrogen pressures of 1.0 and 1.2 bar could not be verified. However, increasing the
pressure to 1.4 bar nitrogen led to a significant reduction of acetonitrile in the feed solution from
50 wt% down to a concentration of only 13 wt%.
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One reason for the enhanced evaporation efficiency at higher gas phase pressures is the
increased gas to liquid volume ratio and the higher surface to volume ratio, both enabling an
enhanced mass transport.
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Figure 3.29: Influence of the nitrogen pressure on the evaporation efficiency. Acetonitrile
concentration after evaporation at different nitrogen pressures (from 0.8 to 1.4 bar N2),
temperature: 60 °C; feed concentration 50 wt% red, 35 wt% green and 16 wt% blue, feed flow
rate: 30 µL/min.
Although the stripping at a nitrogen pressure of 1.4 bar showed the best evaporation efficiency
flow instabilities were promoted and led to a destabilization of the phase separation at the outlet.
The high nitrogen pressure finally caused a breakthrough of gas phase into the liquid outlet. That
is why optimum conditions were found to be at a nitrogen pressure of 1.2 bar. For this nitrogen
pressure the highest stability for the separation of solvent enriched gas from the liquid phase at
the separation part was found. Furthermore, the reduction of the acetonitrile concentration was
sufficient.
To exclude temperature induced flow disturbances another study was performed at a lower
temperature (55 °C). In this study the influence of the nitrogen pressures was investigated up to a
pressure of 1.6 bar (Figure 3.30).
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Figure 3.30: Influence of the nitrogen pressure on the evaporation efficiency. Acetonitrile
concentration after evaporation at different nitrogen pressures (from 0.8 to 1.6 bar N2)
temperature: 55 °C; starting concentration 50 wt%, red liquid phase, grey gas phase, feed flow
rate 30 µL/min.
The results show a decrease of the acetonitrile concentration from 50 wt% to approximately
25 wt% at 1.6 bar nitrogen pressure. The acetonitrile concentration decreases almost linear with
increasing nitrogen pressure. However, at higher nitrogen pressures the efficiency of gas/liquid
separation decreased and at 1.6 bar nitrogen pressure a significant breakthrough of gas into the
liquid outlet occurred. A complete gas/liquid separation could be ensured up a nitrogen pressure
of 1.2 bar. For this reason a nitrogen pressure of 1.2 bar was suggested and used in following
experiments.
By also measuring the acetonitrile concentrations of the condensed gas phase it was possible to
evaluate the acetonitrile mass balance. For an optimum evaporation process the removal of
acetonitrile from the liquid phase is the most important fact. Nevertheless, it has to be taken into
account that a sufficient amount of liquid phase is remaining after the evaporation experiment.
Since the removal of acetonitrile could also simply be achieved by complete evaporation of the
feed phase, consequently not only the solvent would be removed but also the aqueous phase. To
evaluate the evaporation process regarding the acetonitrile mass balance the acetonitrile
concentration in the gas phase was used.
Two main boundary conditions should be used to describe the optimum evaporation.
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-

The concentration of acetonitrile after evaporation of the liquid phase should be as
small as possible ( X l = minimal )

-

The ratio between the mass fed in min and the mass resulting at the liquid outlet
( mout ,l ) should be as big as possible (

Plotting

mout ,l
min

= maximal )

Xl
as a function of the stripping evaporation conditions the optimum condition
⎛ mout ,l
⎞
⎜⎝
min ⎟⎠

should result in a minimum. The values needed for the plot were derived taking the conservation
of mass into account and calculated using the experimental results (see also appendix
Figure 6.2).
The optimum parameter (OP) can be determined plotting the following equation against the
parameter to optimize

Xl

⎛ mout ,l ⎞
⎜⎝
min ⎟⎠

=

X l (1− X 0 )
⋅
= O P . Using the results shown in Figure 3.30 the
X g (1− X l )

plot of OP against different pressures was obtained and is presented in Figure 3.31. The graph
shows a parabolic shape with the minimum around 1.3 bar. The minimum of the graph is the
optimum nitrogen pressure for the studied experiments.
This clearly reflects the observation that although a higher amount of acetonitrile could be
removed at high nitrogen pressures the resulting flow instabilities and the partial breakthrough of
nitrogen to the liquid outlet were not ideal for the overall process. The optimum pressure
conditions for the evaporation process are between 1.2 – 1.4 bar nitrogen. However, increasing
the nitrogen pressure always bears a higher risk of flow instabilities. That is why a pressure of
1.2 bar rather then 1.4 bar is suggested for this application.
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Figure 3.31: Optimization of the evaporation process regarding the nitrogen pressure. The
optimum nitrogen pressure is determined at the minimum of this graph.

Variation of the temperature
The second parameter under investigation was the temperature. Temperatures starting from room
temperature up to 70 °C were studied at fixed fluid flows (feed: 30 µL/min and 1.2 bar nitrogen
pressure). In combination with various starting feed concentrations of acetonitrile the optimum
conditions were determined (Figure 3.32). Increasing the temperature strongly affects the
efficiency of the evaporation processes. The acetonitrile concentration decreases almost linearly
with increasing temperature. This effect is most obvious for high feed concentrations (as 50 wt%
acetonitrile). For all experiments performed at a temperature of 60 °C the feed concentration was
roughly halved. However, due to the high surface to volume ratio in the micro device a further
increase of the temperature was not feasible because even though the conditions were still below
the boiling point unstable flow conditions due to boiling phenomena were rising. This fact is
also reflected by the surprising increase of acetonitrile concentration comparing results obtained
at 60 °C and 70 °C. At 70 °C unstable flow conditions were observed that led to an incomplete
gas/liquid separation. For temperatures even above 70 °C a complete evaporation of the liquid
phase was observed. Note that evaporation experiments performed at room temperature showed
no significant reduction even at lower flow rates of the feed solution (see appendix Figure 6.1).
To conclude, best results were found at a temperature of 60 °C. An increase of temperature
above 60 °C leads to flow instabilities and is thus not recommended.
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Figure 3.32: Influence of the temperature on the evaporation efficiency. Acetonitrile
concentration after evaporation at different temperatures (from 45 to 70 °C); starting
concentration 50 wt% red and 35 wt% green and 16 wt%; feed flow rate 30 µL/min, nitrogen
pressure 1.2 bar.

Variation of the flow rate
In the following, the influence of the feed flow rate on the evaporation was investigated. A range
of feed flow rates between 10 and 100 µL/min were tested keeping the nitrogen pressure
constant. Since the experiments discussed above suggested a nitrogen pressure of 1.2 bar to
ensure a complete gas/liquid separation at the outlet area of the device this condition was chosen
to perform tests varying at liquid flow rates. Acetonitrile concentrations after passing the
evaporation device with different liquid flow rates at a temperature of 60 °C and a nitrogen
pressure of 1.2 bar are presented in Figure 3.33. The results show a decrease of acetonitrile
concentration with decreasing liquid flow rates. At a liquid flow rate of 100 µL/min just about
4 wt% of the starting acetonitrile is removed after passing the device. At flow rates between
75 – 20 µL/min there is almost a linear decrease down to just 20% of acetonitrile in the liquid
phase. However, the difference in the concentrations of acetonitrile after passing the device with
20, 15 or 10 µL/min is negligible. The fact that the resulting concentration remains constant even
thought the residence time in the device was doubled (comparing 20 µL/min and 10 µL/min)
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might be explained by a saturation of the nitrogen gas and circumvents a complete removal of
acetonitrile in an one step evaporation. Furthermore, a drop of the acetonitrile concentration in
the gas phase can be seen especially comparing the conditions of 20, 15 and 10 µL/min. This
indicated that either the separation of the gas and the liquid phase is not sufficient any more, or
that due to the increased residence time a noticeable amount of water already evaporated.
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Figure 3.33: Influence of the feed flow rate on the evaporation efficiency of acetonitrile.
Acetonitrile concentration measured after evaporation at different feed flow rates.
Concentration in the liquid phase red and in the gas phase black. Temperature: 60 °C, nitrogen
pressure: 1.2 bar.
To define the optimum parameter for the liquid flow rate the acetonitrile concentration in the gas
phase after condensation was taken into account. Therefore, the variation of the liquid flow rate
was evaluated using the parameter OP, which was calculated as described before and plotted as a
function of the flow rates. In Figure 3.34 the plot of Op for all tested flow rates is shown. A
decrease in OP from 0.55 at 10 µL/min to 0.45 at 20 µL/min flow rate is demonstrated.
Increasing the liquid flow rate above 20 µL/min results in a continuous increase of OP up to 0.70
at 100 µL/min. The optimum flow rate was found as 20 µL/min.
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Figure 3.34: Optimization of the evaporation process regarding the feed flow rate. The optimum
feed flow rate could be determined at the minimum of the graph. Temperature: 60 °C, nitrogen
pressure: 1.2 bar.
These experiments have clearly shown a significant reduction of acetonitrile in a straightforward
and fast process. Best conditions were found to be at a flow rate of 20 µL/min, nitrogen pressure
of 1.2 bar and a temperature of 60 °C.

Subsequent evaporations
As discussed before, a complete removal of the acetonitrile from the feed phase is circumvented
within one evaporation step. To finally make a first step towards the complete removal of
acetonitrile a second and third injection (reinjection) of the solution was performed as shown in
Figure 3.35. After the first evaporation step at the previously defined optimum process
parameters the 50 wt% acetonitrile feed solution could be reduced down to 18 wt%. The
subsequent second evaporation step resulted in a product solution containing just about 5 wt% of
acetonitrile, which was even further reduced down to only 1 wt% acetonitrile after the third
evaporation step. This shows that a complete removal can be accomplished in subsequent
evaporation steps performed in this device. Furthermore, since the residence time inside the
device to perform one single evaporation step is just about 5 seconds it will still remain a fast
process even if several evaporation steps might be necessary for the final application.
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Figure 3.35: Subsequent evaporation of acetonitrile. Acetonitrile concentration after one, two
and three subsequent evaporation steps. Flow rate 30 µL/min, temperature: 60 °C, nitrogen
pressure: 1.2 bar.

3.4.6. Gas-liquid separation
A crucial step of the nitrogen-supported removal of acetonitrile out of a binary mixture with
water was the separation of the solvent enriched gas phase from the remaining liquid phase.
Different channel geometries were tested to realize this phase separation of gas and liquid phases
under annular flow conditions.
In the most promising design spike-like structures with a width of 20 µm were implemented into
the main channel as described by Günther et al.118. Due to the hydrophilicity of the chip material
(freshly prepared and plasma-cleaned PDMS or glass) the hydrophilic liquid passes these
capillaries while the hydrophobic liquid or gas remains in the main channel. This effect is used
to efficiently separate the two phases from each other and was used for the SE-V1 glass device
(Figure 3.36).
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Figure 3.36: Schematic top view of the geometry used as separation structures of the SE-V1
evaporation device (a). Magnification of the separation area of a corresponding PDMS-chip (b)
and glass device (c). Scale bars: 200 µm.
Taking the results obtained by the first evaporation tests into account a high nitrogen pressure
(at least 600 – 800 mbar) is necessary to support the acetonitrile evaporation. Unfortunately, the
spikes of the previously developed evaporation device SE-V1 with a cross section of
20 x 100 µm were not suitable to perform a sufficient separation at these conditions. These
observations can be theoretically underlined combining equation (31) for the numerical
prefactor β with the equation (4) and (5) to calculate the breakthrough pressure of nitrogen
through the hydrophilic capillaries.
The numerical prefactor β was calculated using36,37
β=

25⋅C 40 ⋅ 3
+
17
17

(31)

U2
A

(32)

with
C=

Here U is the perimeter and A is the area of the capillary, leading to C = 28.8 and β = 46.4 for
the spike geometry used in the device SE-V1. Taking a perfect non-wetting behavior (Θ = 180 °)
of the nitrogen gas towards the glass spike into account the calculated breakthrough pressure is
750 mbar. This theoretical value matches quite well the experimental observation of a low
breakthrough pressure for the first generation of the evaporation device.
However, to be able to perform experiments under annular flow conditions, which implies
nitrogen pressures up to 1.6 bar (overpressure), the cross section of the integrated capillaries had
to be redesigned. A modification to capillaries with a smaller cross section would increase the
breakthrough pressure and thus enable a solvent exchange process at higher nitrogen pressures.
However, narrowing the spike like separation structures is challenging from the microfabrication
point of view since the dimension of the main channel should be retained. The main problem in
the modification of the geometry was thus the aspect ratio of the resulting device, which is in the
SE-V1 device 100 µm height to 20 µm width of the spikes. A reduction of the width down to
10 µm might still be feasible with a corresponding height of 100 µm. However, using standard
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single layer wet chemistry etching techniques the height will always be predefined by the
dimension of the main channel. Facing this problem micro devices with two different channel
layers were fabricated (see chapter 2.4 for fabrication details). This technique allows introducing
different channel structures with independent heights, thus, allowing a fabrication, which would
have otherwise been restricted by the micro fabrication process. A schematic drawing of this
separation device is shown in Figure 3.37.

a

Gas outlet
Liquid outlet

c

b

N2
cross section

Figure 3.37: Schematic illustration of the separation geometry of the evaporation device SE-V2
(a) schematic 3-D illustration (red: integrated separation capillaries). Cross section (b) and top
view (c) of the separation area.
PDMS and glass devices with different capillary heights (5, 10 and 20 µm) were fabricated and
tested.
The separation of an aqueous fluorescein solution from nitrogen under annular flow conditions
was studied to obtain data about the operational parameters. The separation at two different
nitrogen pressures is shown in Figure 3.38. Even at a nitrogen pressure of 800 mbar a sufficient
separation of liquid and gas was accomplished. The entering annular flow of liquid and gas is
split by the capillary geometry. During the separation process the liquid enters the capillaries
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while the gas continues to flow towards the gas outlet of the main channel. This clearly proves
the feasibility of this approach.
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b
Capillaries
(liquid-outlet)

Capillaries
(liquid-outlet)

Main channel
(gas-outlet)

Main channel
(gas-outlet)

Figure 3.38: Fluorescence images of the modified phase separation region of a PDMSmicrochip. Bottom: Main channel with entering fluorescent liquid and nitrogen. Top: Branching
capillaries (5 x 10 µm cross-section); (a) Liquid flow rate of 20 µL/min, nitrogen pressure
400 mbar; (b) Liquid flow rate of 20 µL/min, nitrogen pressure 800 mbar. Scale bar: 100 µm.
Taking a perfectly non-wetting behavior of nitrogen into account the breakthrough pressure was
calculated as of 3.1 bar for a device with capillaries of a 5 x 10 µm cross section.
After this proof of principle test using PDMS devices the same experiments were performed in
glass devices (SE-V2). These devices provide hydrophilic surfaces, which are required for
separation of aqueous solutions. To demonstrate the functionality and to detect the efficiency of
the separation of the new glass devices the separation of a fluorescein solution from nitrogen
was repeated and no significant breakthrough of liquid into the gas phase or vice versa was
detected (Figure 3.39). A complete separation of the gas and liquid phases was achieved using
the double layer approach for all relevant flow conditions.

600 mbar N2

800 mbar N2

1000 mbar N2

Figure 3.39: Micrograph of the separation area of the SE-V2 glass device showing the
separation process of an aqueous fluorescein solution to demonstrate the separation efficiency.
Main channel in the middle with entering fluorescent liquid and nitrogen. Liquid flow rate:
20 µL/min and nitrogen pressure A: 0.6 bar, B: 0.8 bar and C: 1.0 bar. Capillary cross section:
5 x 10 µm.
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Tests with radiolabelled compounds
To underline these results experiments with radiolabeled compounds were performed to enable
an online monitoring of the gas and liquid separation efficiency. Due to the low detection limit
for positron emitting compounds the use of 18F-labled-fluoride enabled a more sensitive
monitoring of the separation process. In this case potassium-18F-fluoride, which is known to
remain in the liquid phase during the evaporation processes was added to the reaction
solutions119. Figure 3.40 shows the detected radioactivity of the liquid phase (blue line) and of
the gas phase (black line) at the outlets during the experiment. Less then 1 % of the injected
radioactive liquid entered the gas outlet underlining the separation efficiency of the device under
the applied conditions (see Figure 6.3 appendix for the experimental setup).
The new capillary design enabled a complete separation of the gas and liquid phases under an
annular flow regime in the relevant experimental conditions and thus, made a successful removal
of acetonitrile possible.
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Figure 3.40: Simplified schematic illustration of the experimental setup (a). Micrograph of the
gas/liquid separation region (b). The fluid passing this separation region flows into the
capillaries due to the capillary forces and finally, into the liquid outlet channels, while the gas
phase is not able to enter the capillaries and remains in the main channel. Liquid and gas phase
are collected through separate outlets. The aqueous solution was stained with fluorescein for
better visualization (experimental conditions: 20 µL/min liquid flow rate, 0.8 bar nitrogen
pressure). Radioactivity counts for the liquid outlet blue and the gas outlet red over time of the
separation/evaporation experiment (experimental conditions: 20µ/min liquid flow rate, 0.7 bar
nitrogen pressure and a temperature of 55 °C) (c)
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3.4.7. Platform integration
As previously described the microfluidic solvent exchange device was one module of the
radiochemistry on chip (ROC) project founded by the European Union. To present a brief
overview about the final outcome of the whole project this section focuses on the integration of
the single modules into the overall ROC-device.
The final device consists of three platforms, namely a platform (i) with the fluidic chips, (ii) with
the pumping systems, (iii) with the control units. The combination of the individual modules into
the platforms and the first tests were performed in the laboratories of the IFC-CNR Institute in
Pisa, enabling the use of radioactive compounds.
The fluidic platform capable of FDG synthesis consists of four modules for housing the
individual chips (Figure 3.41). In these individual housings the fluidic connections were already
implemented for each module fitting exactly with the inlet and outlet holes of the chips allowing
a fast and straightforward exchange of the single modules if necessary. Additionally, three mass
flow meters, one 2-position-6-port switching valve, one pressure regulator and four pressure
sensors for fluid control are integrated in the platform.

Figure 3.41: Photograph of the fluidic platform of the ROC-project. (i) Fluidic control unit (flow
meters, valve, pressure regulator) and (ii) housing of the individual chips (four chips are
installed; the solvent exchange chip is highlighted).
The pumping platform consists of a syringe pump (Cetoni), which allows the independent use of
five syringes (Figure 3.42). The pump is positioned vertically to reduce air bubble capture inside
the syringes. Furthermore, six manual rotary valves for fluid guiding, several glass bottles for
fluid storage and one waste station are implemented.
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Figure 3.42: Photograph of the pumping platform of the ROC-project. (i) Glass bottles for fluid
storage and waste, (ii) six manual rotary valves for fluid guiding, (iii) vertically positioned
syringe pump for supply of fluids (five syringes can be independently operated).
A personal computer with LabView software was used to control the syringe pump, the source
meter is used for temperature control and the gas pressure control for the four chip modules.
The integration of the solvent exchange chip into the fluidic platform is shown in Figure 3.43.
Since a temperature control is necessary for the solvent exchange the module was equipped with
Minco heaters. These heaters were also used in the micro reactor modules.

Figure 3.43: (left) Photograph of the solvent exchange chip integrated into the housing modules
of the fluidic platform. (right) Final solvent exchange glass chip before integration with the
drilled in- and outlet holes.
Note that for the final reaction with radioactive substances only the fluidic platform has to be
shielded inside a hot cell. The control as well as the pumping platform can be placed outside of
the shielded area.
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3.5. Conclusion
Different solvent exchange devices were tested and evaluated regarding their suitability. As a
result, stripping of solvents in an annular flow regime and the liquid-liquid-extraction of
acetonitrile with butyl-acetate were further investigated. All devices are operating continuously.
To conclude, a module for stripping evaporation of solvents was developed and after
optimization of the flow conditions a significant reduction of acetonitrile from 50 wt% down to
25 wt% in one single step and only 5 seconds was demonstrated. Due to the short timescale of
this process a series of evaporation steps was performed to reduce the acetonitrile concentration
in three subsequent evaporation steps down to 1 wt% of acetonitrile in an adequate time.
This new microfluidic approach for the nitrogen supported continuous solvent evaporation is
operating at annular flow conditions without the use of any membrane material and can serve as
a powerful and robust tool for solvent exchange in continuous chemical syntheses processes.
Glass devices equipped with small capillaries were used to perform the separation of the solvent
enriched gas phase from the remaining liquid phase.
The reduction of the feed acetonitrile concentration from 50 wt% down to 1 wt% and the
residence time of about 20 seconds for three subsequent evaporation steps was matching the
requirements of the ROC project in terms of efficiency, residence time and throughput. The
controllable reaction conditions in this microfluidic device enable a straightforward optimization
of the serial operations of these modules in future and display one of the impotent future
potentials.

Generation of Gas/liquid streams
- Annular flow regime
- Optimum parameter: 1.2 bar N2, 30 μL/min feed flow, 60 °C

Evaporation
- Efficient evaporation
- Short residence time of 5 s
- Acetonitrile removal: 50 to 25 wt% (1 step) or 50 to 1 wt% (3 steps)

Gas/liquid separation
- Integrated hydrophilic capillaries

Figure 3.44: Summary of the device operations and the optimum parameters.
.
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4. Microfluidic device for stripping of volatile organic
compounds
4.1. Motivation
In this chapter a further application for the developed microfluidic solvent exchange devices will
be pointed out. The high gas flow rates applied to obtain annular flow conditions were thought to
be advantageous for the stripping of volatile organic compounds (VOCs). VOCs play an
important role as pollutants especially in wastewater treatment, e.g. in chemical industry.
Especially for the monitoring of coolant and wastewaters in chemical industry an online and on
site detection of these organic pollutants would be desirable. The reduced special requirements
offered by miniaturization could thus offer a reasonable solution to this problem. The feasibility
of this device for online monitoring of commonly used organic compounds was tested coupling
it to a commercially available VOC detector.
To enable an online monitoring of organic contaminants an open loop stripping with direct
sampling had to be introduced. Here the stripping agent and the transferred analyte is directly
and continuously transferred to a detection system after the uptake of the analytes. Suitable
detection systems for an online analysis among others are flame ionization detectors (FID) for
hydrocarbons or electron capture detectors (ECD), which shows a high sensitivity to halogenated
substances.
In recent years microfluidic platforms have raised interest particularly in the field of analytics5.
Miniaturized systems offer a precise control over the experimental conditions and short transport
times, in particular regarding mass and heat transport2,120. Moreover, reducing the size of the
systems dramatically increases the surface to volume ratio, which is especially interesting for
stripping approaches because an increase of surface is enabling a more efficient transfer of
analytes to the gas phase. Furthermore, miniaturizing stripping systems to smaller, more mobile
alternatives would increase the flexibility and on site use of such modules.
Here, a miniaturized direct sample stripping technique for the detection of organic compounds in
aqueous solutions is presented. Additionally, the combination of the microfluidic stripping
device with a small sized metal-oxide semiconductor gas sensor decreases the overall size of the
system and enables a higher flexibility.

4.2. Introduction
Volatile organic compounds have a vapor pressure ≥ 10 Pa at 293.15 K or organic compounds,
which show analogous volatilities under the conditions of their application121. Monitoring of
VOCs or more generally organic pollutants in aqueous environments like ground water or
drinking water is an important issue122. But also in industrially plants an inline and on site
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monitoring of the chemical production steps would be desirable to avoid, for example processdependent contamination of coolant123. The online detection of organic pollutants in aqueous
samples is, however, not always straightforward. Most commonly, chromatographic and optical
techniques or total organic carbon (TOC) analyzers are used for online analysis of organic
compounds in water124. However, optical techniques show some limitations especially for cloudy
or inhomogeneous liquids. As an alternative technique stripping approaches were established
and used125-127.
In a stripping process an inert gas (stripping agent), for example helium or nitrogen is usually
introduced into a liquid sample. Due to the interaction of gas and sample volatile analytes are
transferred from the liquid into the gas phase. Depending on the configuration of the stripping
device and on the volatility of the compound, which is derived from the Henry`s law coefficient,
a complete or partial removal of the analyte is going to take place. A stripping configuration
frequently used is the closed looped stripping analysis (CLSA)122,128. In this approach after
stripping the stripping agent is directed through a bed of absorbent (e.g. activated carbon, or
organic resins), which traps the analytes. Afterwards, the stripping agent is recycled and used for
a subsequent stripping step. Finally, the analytes are desorbed for analysis, for example by
solvent elution or by thermal desorption, and transferred to the detection system. One major
drawback is the discontinuity of this process but also the leakage of ambient air into the system
might cause contaminations in a closed stripping system. Another delicate aspect is the trapping
and release of the stripped compounds, which have to be as efficient as possible.

4.3. Materials and Methods
4.3.1. Device fabrication
The planar glass micro device was designed using CAD software (AutoCAD 2010) and
fabricated using standard lithography techniques and wet chemical etching as described in
chapter 2.4. The device was equipped with a resistive µ-heater, for further information see
chapter 2.2.7.

4.3.2. Microfluidic device
The microfluidic device used for the stripping process can basically be divided into three
different sections. At first, gaseous and liquids streams are brought together in a Y-shaped
junction creating an annular flow of a gas core and a fluid corona. The second section consists of
a serpentine area in which the stripping process takes place before in the last section the two
fluids are phase separated towards a liquid and a gas outlet. The VOC enriched gas phase was
separated from the liquid phase using small (5 x 10 µm cross section) hydrophilic capillaries.
These capillaries only allow the passage of the aqueous liquid while the gas phase is rejected and
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continuous flowing inside the main channel in the direction of the gas outlet. A schematic
representation of the experimental setup is shown in Figure 4.1. The setup consists of a
microfluidic device for the liquid handling, a detector part for the detection of the stripped VOCs
and a control unit connected to a computer.

4.3.3. VOC detection
After leaving the microfluidic stripping device the gas from the outlet is connected to a PTFE
tubing with an inner volume of 10 mL (inner diameter = 8 mm; length 20 cm) which is equipped
with a VOC detector at the end. Besides the sample gas coming from the microdevice, an
additional make up flow of nitrogen was added to enable a fast rinsing of PTFE-detector-tubing.
At the end of the tubing a metal-oxide semiconductor gas VOC sensor (MiCS-5121 e2v
technologies, UK) was placed, which was connected to a computer for control and read out of
the results. The detection range of the detector was 1 – 100 ppm for carbon monoxide (CO)129.

4.3.4. Fluid handling
A syringe pump (Cetoni, Germany) was used to control the liquid flow and an in-house nitrogen
line was used for pressure control of the gaseous nitrogen stream. During all experiments the
overall liquid flow rate was kept constant at 20 µL/min. However, concentrations could be
dynamically varied using a pre-connected PTFE-T junction (Upchurch Scientific) installed
ahead of the microfluidic device. Using this T-junction an additional flow of DI-water could be
added besides the VOC-feed keeping the overall flow to the microdevice constant. The variation
of the flow rate ratio of VOC-feed and DI-water allowed a dynamical variation of the
concentration fed into the microdevice.
The nitrogen pressure for the stripping process was adjusted to 1.8 bar for all experiments
resulting in a flow rate of approximately 80 mL/min. Additionally a flow of nitrogen was used as
make up gas to rinse the detector. After optimization a pressure of 0.8 bar (approximately
2 L/min) of nitrogen was used as make up gas for all experiments.

4.3.5. Test solutions
Liquid feed solutions were prepared using DI water and VOCs (Benzaldehyde, 98+% and 1Propanol 99+% Acros; Methanol, p.a. EGT Chemie AG; Ethylbenzene puriss. p.a., ≥ 99.0 % and
Toluene puriss. p.a., ≥ 99.7 %, Fluka; Tetrahydrofuran puriss. p.a., ≥ 99.5 % Sigma-Aldrich).
The samples were prepared by spiking DI-water with the test substances. Concentrations
between 0 – 100 mg/kg (ppm) were used in the stripping experiments. The different VOCs were
tested by stripping them at different concentrations and measuring the response of the VOC
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detector at the outlet over time. The concentration was adjusted and varied controlling the flow
rate ratio.

4.3.6. Temperature control
For the experiments with temperature control a laboratory source meter (DC power supply, DF
1730 SB) was used to control the resistive µ-heater and the resulting temperature was
determined measuring the change of resistance of the implemented resistor. Temperatures
between 20 and 35 °C were used to demonstrate the temperature dependency for 1-propanol as a
model substance.

4.3.7. Experimental setup
A schematic illustration and a photograph of the experimental setup are shown in Figure 4.1. In
the photograph the microfluidic device is mounted on the µ-heater for temperature control. The
Teflon® tube with the implemented VOC-detector can be seen in the top part of the picture.

Figure 4.1: Experimental µ-stripping setup. Schematic representation (a) and photograph (b) of
the µ-stripping setup.
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4.4. Results and Discussion
For the investigations representative VOCs were used. The goal was to demonstrate the
suitability of the micro stripping approach for a broad range of volatile substances with different
functional groups as representatives of a whole range of VOCs. A list of the used compounds
and their physico-chemical properties is shown in Table 4.1. Among the substances there were
two alcoholes (Methanol, Propanol), two aromatic hydrocarbons from the BTX group (Toluene,
Ethylbenzen), an aromatic aldehyde (benzaldehyde) and a commonly used furan
(tetrahydrofuran).
Table 4.1: Properties of the tested volatile organic compounds.
Substance

Formula

MW [g/mol]

Solubility in water [g/L]

Vapour pressure [Pa]

Benzaldeyde

C 7H 6O

106.12

3.00

80

Ethylbenzen

C8H10

106.17

0.14

1000

1-Propanol

C 3H 8O

60.10

miscible

2000

Toluene

C 7H 8

92.14

0.47

2910

Methanol

CH4O

32.04

miscible

12900

Tetrahydrofuran

C 4H 8O

72.11

miscible

17300

In Figure 4.2 the results for two representative stripping experiments are shown. The graphs
show the change of resistivity of the VOC detector over time during the experiments, while the
concentration of the VOC feed flow was changed between 0 – 60 mg/kg. At the beginnig of each
experiment the detector was rinsed with nitrogen (make up flow) until stabilization of the
detector signal. This led to a rather high resistance at the starting point. After stabilization of the
detector the outlet of the stripping microdevice was plugged to the detection tube resulting in a
decrease of the resistance. Again, after stabilization of the whole system different concentrations
could be investigated by changing the flow parameters during the experiments resulting in the
steps of resistance (Figure 4.2-a). For both compounds different steps of resistance could clearly
be differentiated resulting from the applied concentrations. Furthermore, reproducible changes
from high to low concentrations and vice versa could be realized. The resistance of the detector
in correlation with the concentrations of the test substance is shown in Figure 4.2-b. The results
of the resistance change with the VOC concentrations could be fitted using an linear correlation.
The results show a significant decrease of resistance towards higher concentrations and a good
match with the fit used. The concentration induced steps of resistance in Figure 4.2-a
demonstrate furthermore the reproducibility and stability of the concentration plateaus reached
by variation of the concentration. Gernerally the change of resistance induced by THF was
higher than the one observed by propanol. The change in concentration from 0 to 40 mg/kg
resulted in a decrease of resistance by 71 % (from 280.000 to 200.000 ohm) for propanol while
the decrease of resistance induced by THF with 61 % (from 360.000 to 220.000 ohm) was more
dramatical, meaning that a higher signal was obtained for THF compared to propanol at the same
concentration. One explanation for this fact might be the higher vapour pressure of THF
(17.300 Pa) compared to propanol (2.000 Pa). For a substance with higher vapour pressure the
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amount stripped at the same experimental conditions should be higher compared to the stripped
amount of a substance with lower vapour pressure. This results in a higher change of resistance
as it is shown in graph 4.2-b. Another possible explanation could be that the detector used had a
higher sensitivity to one of the compounds used and, therefore, shows the described behavior.
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Figure 4.2: Comparison of the stripping results of THF in the left column and propanol in the
right column. (a) Resistance change during the experiment induced by different VOC
concentrations, and (b) correlation of resistance and concentration of the VOCs.
An overview of the stripping results for all tested substances is shown in Figure 4.3-a-f. Here,
the detector signal was plotted against the concentrations of the substances. To enable a
comparison of the results the normalized resistance R/R0 was used for the graphs, where R is the
measured concentration and R0 is the resistance measured stripping a pure water solution.
Increasing the concentration of the test substances resulted in a decrease of the detector signal
for all substances since the absorption of the VOCs on the detector increased the resistance. All
tested VOCs could be detected at the tested concentration range of 0 – 70 mg/kg after passing
the stripping device. For the results an exponential fit was used (solid line) with the calculated
prediction bands (dashed lines, using a confidential interval of 95 %). A differentiation between
0 and 10 mg/kg could be determined for all substances. As already shown in Figure 4.2-a even
the detection 4.5 mg/kg was far above the limit of detection for THF.
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Figure 4.3: µ-stripping of different VOC. Normalized resistance versus concentration as result
of the microfluidic stripping of various VOCs.
Comparing the results for the different test substances a substance dependent effect on the
stripping can be observed. This is reflected by the different behavior of the resulting signal
applying the same concentration of different tested substances. As a result, different slopes were
measured for different VOCs, which could not be correlated with the vapor pressures, the boiling
points or the Henry coefficients of the tested VOCs. This might be explained by the sensitivity
of the detector. The adsorption of different test substances on the semiconductor surface

87

4. Microfluidic device for stripping of volatile organic compounds
apparently affects the change of resistance in different ways. Nevertheless, the experiments
showed a high sensitivity to all the studied compounds in the used range and underline the
beneficial use of the micro stripping device for the online detection of several different volatile
organic compounds.
Another parameter, which was studied using the obtained data, was the t90 value for the stripping
device. This value is particularly interesting because it reflects the response time of a system.
Especially for an online monitoring the response time should be short to enable an as fast as
possible response on the analytical result123. The t90 value represents the time that it takes a
system to establish 90 % of the final signal after a change of parameters. This parameter was
evaluated using the data from the measurements of methanol, propanol and THF at room
temperature at the entire concentration range tested. For the studied microfluidic stripping
system the t90 value was 195 ± 20 seconds, which is faster but in the same order as defined by
Schocker et al.130 for a macroscopic stripping device underlining the high potential of this device
for online monitoring purposes.
Finally, the temperature influence was tested exemplarily for propanol as a test substance. Four
different temperatures and three different starting concentrations of propanol were investigated.
The temperature was varied from 20 to 35 °C for these experiments. Note that at the applied
experimental conditions an increase of temperature above a certain level resulted in flow
instabilities. Lowering the nitrogen pressure for stripping was enabling higher temperatures
without flow instabilities. However, to create comparable results the nitrogen pressure was kept
constant resulting in this rather narrow temperature range. Nevertheless, the experiments
performed with increasing temperatures have shown that a significant change of stripping
efficiency can be observed by increasing temperatures shown in Figure 4.4. For all three
different concentrations, i.e. 70, 50 and 30 mg/kg, an increase of the resulting signal was
observed with increasing temperature. The signal increase (resistance decrease) was
approximately 30 % at 34 °C compared to the signal obtained for a stripping experiment with the
same concentration at room temperature. Comparing the change in signal of the 70 mg/kg
concentration with the lowest one, i.e. 30 mg/kg, a trend to lower influence of temperature can
be observed. This implies that at low concentrations most of the propanol is probably already
stripped to the gas phase even at room temperature. At a higher concentration the increase of
temperature effects more VOC molecules that else would not have been stripped at room
temperature.
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Figure 4.4: Normalized resistance versus temperature at three different propanol concentrations
after stripping.

4.5. Conclusion
A new microfluidic stripping approach for the continuous monitoring of VOCs in aqueous
solutions was demonstrated. The device enables a continuously working mode making it a
predestined tool for online monitoring of aqueous streams for example coming from wastewater,
or an industrial plant. The experiments performed in this work have shown a high efficiency of
the stripping process enabling the detection of the studied compounds in a range of low mg/kg
concentrations. Demonstrating even a good stripping performance for compounds with a rather
low vapor pressure like benzaldehyde (80 Pa). If desired the detection limit could be lowered by
implementing a more sensitive detection method, e.g. a flame ionization detector. However,
since highest sensitivity was not the main goal of this study we could show a miniaturized
stripping device connected to an inexpensive and small VOCs detector enabling a flexible,
mobile and portable detection method for analysis of VOCs in aqueous solutions.
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5.1. Motivation
The formation of complex functionalized nano- and micrometer sized structures at the molecular
level requires both specific precursors with the ability to assemble in a determined manner and a
well-defined pathway to allow reproducible organization of the molecular units. In particular,
materials in the crystal state with a high molecular order can provide elevated functionalities.
For example, in organic electronics, it has been demonstrated that a defect-free molecular order
is required to greatly increase the performance of crystals and films, thus improving device
application and function131-134. However, it is difficult to identify optimum conditions for
crystallization and to reproduce these conditions in a controlled environment. Furthermore, high
accuracy during assembly and deterministic positioning of functional nanostructures are
essential requirements for their integration into usable devices operating with optimum
performance135-137.
Conventional techniques to form assemblies in the nanometer dimension include purely
chemical synthetic approaches136,138-144, vapor deposition145-148 and electrochemical
processes149,150. Positioning of nanostructures during their assembly became possible by
patterning of nucleation sites146,148,151,152. For example, dip-pen nanolithography has been used to
control the initiation and kinetics of polymer crystal growth153,154. More recently, a dip-pen direct
delivery of femtoliter reagent volumes enabled the submicrometer crystallization of metalorganic complexes at desired locations on a surface151. However, the solubility and diffusion of
small molecules together with control over the drying conditions remain some of the hurdles of
this technique.
In recent years, microfluidics has been demonstrated to be a particularly attractive method for
the formation of nanostructures because the technology provides superior opportunities for fluid
handling and metering, enabling precise spatial localization of small reagent volumes62,155-160.
The turbulence-free laminar flow pattern in microfluidic devices facilitates the prediction of
molecular concentration distributions in dependence on their diffusion coefficients, which
enables reactions at predefined places, e.g. at well-defined interfaces of co-flowing streams62,161163
, and can be combined with electrochemical methods164.
Furthermore, chemical reactions confined in nanoliter and subnanoliter volumes within
microfluidic platforms using microwells created in glass or polymer surfaces165-167, or inside
water-in-oil droplets168-171 have been reported. Continuous, droplet-based methods are used for
rapid screening of reaction conditions and for systematical variation of the concentration of
precursors. However, some aspects such as the conductance of multi-step reactions, solvent
exchange, the washing steps and the separation of the product from the oil phase remain
challenging. For the formation of nanostructures, the further integration into a functional unit
remains difficult. Alternatively, micrometer-sized reactor chambers can be created by integrating
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pneumatically or hydrodynamically actuated valves into microfluidic channel networks. These
static microreactors can be arranged in a highly parallel fashion and used for biochemical and
chemical reactions61. For example, Quake and co-workers reported a microdevice, in which two
separate volumes could be merged together under convection-free conditions24,172. The
microchip was used for screening the optimum conditions for protein crystallization.
Here, this approach was adopted and optimized for the localized formation of metal-organicbased materials. Microchamber arrays were employed, each encapsulating a volume of a few
hundred picoliters, to form anisotropic structures (“micro- and nanowires”) in one- or two-step
reactions under mild conditions. This localized formation opens the door to direct use and
characterization of the structures by means of integrated microelectrodes patterned at the bottom
of the microchambers and connection to external readout devices. Moreover, the ability of the
conductive wires to sense of vaporized solvents was demonstrated.

5.2. Introduction to organic conductors
Until the middle of the 20th century organic materials or organic molecules were strictly thought
to be insulating, which dramatically changed with the discovery of the first organic conductors.
In earlier times, organic molecules or materials had to be exclusively derived from animals or
plants. However, due to the rising of synthetic organic chemistry, they are now more understood
as molecules containing carbon atoms, often associated with hydrogen, nitrogen and oxygen.
One aspect making especially carbon containing compounds interesting is the great variety
gained by the four valence electrons of carbon. This allows carbon to bond to a huge variety of
elements and to open the door to a vast selection of structures and materials covering a wide
range of different physical and chemical properties.
Concerning organic conductors, three major breakthroughs in history should be mentioned173. In
1954 the highly conductive charge transfer salt bromine-doped perylene was found. This charge
transfer salt is, however, not stable and rapidly transforms into dibromoperylene174. Attempts to
stabilize this rather fragile molecule led to stronger donor and acceptor molecules. One of them
was the strong organic electron acceptor tetracyanoquinodimethane (TCNQ) discovered in
1960175 and representing the second important step towards organic conductors175. By addition of
an electron to TCNQ, Kepler et al. discovered the highly conductive organic crystal
quinolinium-[TCNQ.]-[TCNQ] in 1960176.
The next milestone was the synthesis of the strong organic donor tetrathiafulvalene (TTF) in
1970 by Wudl and co-workers, which finally lead to the discovery of metallic conductivity in
TTF-TCNQ in 1973 by Colemen et al.177.
In an organic molecule conductivity is achieved through temporary binding an extra electron,
resulting in an acceptor molecule (A) or through the transfer of one electron, resulting in a donor
(D) molecule. Thus, the ionization potential (IP) is an important parameter for the quality of a
donor molecule. The IP provides information about the ability of a molecule to donate an
electron, which is usually small for good donor molecules178, e.g. 6.95 ± 0.1 eV for TTF178,179.
For an acceptor molecule on the other hand, the electron affinity (EA) is one of the most
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important parameters. The EA describes the capability of a molecule to accept an electron, whose
value is large for a good acceptors, e.g. 2.8 ± 0.1 eV for TCNQ178,179. Since the determination of
the electron affinity and the ionization potential is not always straightforward, the
electrochemical oxidation potential of donor and acceptor molecules is often used to characterize
the ability of organic molecules to act as donors and acceptors180. In Figure 5.1 some of the main
requirements for stable organic conductors are summarized. The requirements can be divided
into kinetic and thermodynamic criteria. First, the neutral or radical donor and acceptor
molecules have to be stable against redox reactions involving water and oxygen, which is
indicated by the redox potentials against a saturated calomel electrode (SCE) (Figure 5.1).
Furthermore, a sufficiently high complementary charge of the donors and acceptors charge and a
spin delocalization is favorable to obtain chemically stable compounds. Additionally, spin
delocalization leads to higher thermodynamic stability preventing disproportion or dimerization
reactions.
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Figure 5.1: Requirements for the component stability of organic conductors derived from
electrochemical methods180.
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The molecular orbital theory is one way to describe the interaction between donor and acceptor
molecules. For donors, the highest occupied molecular orbital (HOMO) usually has a high
energy level, making the transfer of an electron more favourable. On the other hand, the lowest
unoccupied molecular orbital (LUMO) of acceptor molecules has a rather low energy state,
facilitating the binding of an electron.
The combination of a donor and acceptor molecule can result in two different types of charge
transfer complexes, as predicted via Ip and EA. If the energy level of the HOMO of the donor is
lower than that of the LUMO of the acceptor, the result is a neutral charge transfer complex
(Ip < EA) (Figure 5.2-a). If, however, the energy level of the HOMO of the donor is higher then
the one of the acceptor, a complete charge transfer takes place, resulting in an ionic charge
transfer salt (Ip > EA) (Figure 5.2-b). The threshold between neutral and ionic charge transfer
complexes is reached if the ionization potential of a donor and the electron affinity of the
acceptor match.
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LUMO
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HOMO

Ip
LUMO

EA

HOMO

D

Charge-transfer
complex

A

D

Charge-transfer
salt

A

Figure 5.2: Molecular orbital diagram of (a) a neutral charge transfer complex and (b) an ionic
charge transfer salt.
In Figure 5.3, the formation of donor, acceptor or mixed donor-acceptor organic conductors is
represented. First, ion radicals are formed either by reduction of acceptors, oxidation of donors
or by electron transfer from donor to acceptor. Depending on the thermodynamic stability of
these radicals, consecutive chemical reactions like dimerization, fragmentation or reaction with
surrounding solvent, air or moisture can occur, preventing the formation of charge transfer
complexes or ion radical salts. If the radical species are sufficiently stable, an interaction
between donor cation radicals and acceptor anion radicals can take place, resulting in the
formation of the desired ion radical salts or charge transfer complexes.

94

5.3. Electron donor and acceptor molecules

- eD
cation-radical
salt

Donor D

Acceptor A

δ+
D

δ−
A

charge-tranfer
complex

consecutive
chemical
reactions

δ < 0.4

Ion-radical
salts
δ > 0.7

0.4 < δ < 0.7

or

+ eA
anion-radical
salt

consecutive
chemical
reactions
or

stacking

D +D
(D) (A)

segregated

mixed

A + A
(A)
(D)

Figure 5.3: Schematic representation of the formation of ion radical salts and charge transfer
complexes, adapted from Farges et al.180
Furthermore, the orientation and alignment are crucial parameters for electrical conductivity in
these molecules. The spacing between the components in such molecules should be as uniform
as possible. High conductivity in neutral charge transfer complexes and for ion radical salts is
observed when donor and acceptor units alternate, to form mixed stacks181,182. Segregated
structures consisting of two independent columns of donor and acceptor units are observed if IP
is close to EA173.

5.3. Electron donor and acceptor molecules
An overview of the most important classes of electron donors and acceptors is provided since the
microfluidic synthesis studied is based on two different donor/acceptor pairs. For more detailed
information on synthesis and physico-chemical behavior of such molecules, to numerous review
publications and book chapters is referred to178,180,183-188.

5.3.1. Electron donors
As discussed in the previous section, the most important parameters for the quality of a donor
molecule are the energy required for the formation of a donor cation radical, which is indicated
by the ionization potential, and the thermodynamic stability of the resulting radical. The IP of
commonly used electron donors in organic metals/conductors is in the range of 6.3 < IP < 6.9180.
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This ionization potential range is valid for various classes of organic molecules. However,
tailoring electron donor molecules is not trivial and also not always predictable. Therefore, one
way to characterize the thermodynamic stability of a cation radical is the difference between the
first and the second oxidation potential (ΔE = E2 – E1), which can be linked to the cation radical
stability constant log K, (log K = ΔE/0.059 V)189.
The most promising candidates for good organic electron donors are multisulphur heterocycles
and their selena and tellura analogues. Due to the introduction of chalcogen atoms in unsaturated
organic molecules, the ionization potential is decreased and at the same time the cation radical is
stabilized by the mesomeric effect of the chalcogen atoms. Furthermore, an enhancement of the
intermolecular interactions in the solid state can be observed 180. A trend in the donor ability
within the chalcogen group was studied by substitution of the sulphur atoms in the TTF by
selenium (tetraselenafulvalene, TSF) or tellurium (tetratellurafulvalene, TTeF) atoms. The
results have shown a decrease in the cation radical stability constant log K in the series TTF >
TSeF > TTeF, which can be explained by the increase of the intramolecular Coulomb
repulsion190. Using organic synthesis for introduction of different substituents with groups of
varying functionality or steric effects, numerous attempts optimizing the donor characteristics of
organic molecules were made187,191,192.
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Figure 5.4: Chemical structure, first and second oxidation potential and cation radical stability
constant log K of tetrathiafulvalene (TTF), tetraselenafulvalene (TSF) and tetratellurafulvalene
(TTeF)180,190.
Multisulphur heterocycles and their selena and tellura analogs are among the most promising
compounds for organic conductors. For example, pyranylidenes and their chalcogen analogs
(Figure 5.5 (I)) are used in the preparation of conducting materials180. Within this group of
heterocycles, tetrachalcogenarenes (Figure 5.5 (II)) and tetrachalcogenafulvalenes (Figure 5.5
(III)) are the most investigated one. The tetrathiafulvalene mentioned before plays an
outstanding role among the electron donor molecules and will be described in more detail.
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Figure 5.5: Chemical structures of heterocycles used for organic conductors. R = H, Alcyl or
Ph; X, Y = S, Se, Te180,193.

5.3.2. Tetrathiafulvalene (TTF)
The nonaromatic TTF molecule can be subsequently and reversibly oxidized to form the cation
radical and the dication species with a low oxidation potential E1 = 0.47 V and E2 = 0.81 V in
CH2Cl2 versus SCE190. In contrast to the neutral TTF, the resulting oxidized states of the TTF
are, due to the 6π electron heteroaromaticity of the dithiolium cation, aromatic in the Hückel
sense and thus a rather stable species. The radical cation and the dication have a planar D2h
symmetry, while neutral TTF has a boat-like structure with C2v symmetry194. Due to the low
energy difference between the planar and the boat-like structure TTF forms numerous
conformations depending on the acceptor195. For example, TTF derivatives often form dimers,
highly ordered stacks or 2-dimensional sheets, which are stabilized by non-bonded sulphursulphur interactions and intermolecular π-π interactions186,192,196.
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Figure 5.6: Chemical structures of TTF, its cation radical and dication197.
Numerous TTF derivatives are known and frequently used for organic conductors, making TTF
a widely used electron donor molecule185,198-200. TTF-based applications such as logic gates have
been demonstrated201.

5.3.3. Electron acceptors
The electron affinity is a parameter frequently used for the evaluation of electron acceptors
molecules. For acceptor molecules it is usually in the range between 1.8 and 3.2 eV. However,
since the determination of EA values is not always straightforward, the electrochemical reduction
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potential plays an important role. The potential for weak acceptors is about - 0.6 V while the
potential for strong acceptors can reach up to +0.9 V180. The majority of known acceptor
molecules consists of the main building block p-benzoquinone180, such as e. g. chloranil (shown
in Figure 5.7). However, among this group of p-benzoquinone related acceptors, derivatives of
the tetracyanoquinodimethane molecule are predominantly used. One explanation is the cyanogroup present in this type of molecules, which is one of the strongest acceptor substituents
known. Furthermore, the steric hindrance induced by the cyano-groups is minimal, which is
advantageous for the overall structure. Another interesting class of molecules with similar
acceptor properties like TCNQ are the thieno derivatives (Figure 5.7)
Finally, one important class in which the core molecule does not consist of cyano-groups, are the
dithiolene metal complexes. The most prominent example is the 1,3-dithiole-2-thione-4,5dithiolate (dmit) acceptor, which has been used in the formation of the superconductive complex
Ni(dmit)2202. Commonly used π-acceptor molecules are depicted in Figure 5.7.
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Figure 5.7: Chemical structures of representative electron acceptor molecules180,193,203.

5.3.4. Tetracyanoquinodimethane (TCNQ)
Tetracyanoquinodimethane is known to form a series of stable anion radical derivatives and is
one of the most prominent acceptor molecules used for organic conductors175,204,205. In Figure 5.8
TCNQ and its anion radical are shown. The strong π-acid TCNQ forms two series of crystalline
like structures under a complete electron transfer175, namely M+TCNQ- with a rather high
electrical resistivity (104 - 1012 Ω.cm) and M+(TCNQ-)(TCNQ) with a low electrical resistivity
(0.01 – 100 Ω.cm)176. Complexes involving TCNQ are widely studied and several applications
have already been mentioned and proposed147,206-209.
In summary, a classification of some donor and acceptor molecules regarding their redox
potentials (Ered) (vs. the standard calomel electrode (SCE)) is shown in Figure 5.9.
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5.4. Experimental section
5.4.1. Device fabrication
For the experiments performed double layer PDMS devices were fabricated as described in
chapter 2.3.2. Several designs were studied, which varied in the width (100 and 150 µm) of the
fluidic channel (see appendix Figure 6.7 and Figure 6.8). Moreover, various designs of platinum
electrodes were fabricated for two- and four-point electrical characterization.

5.4.2. Microscopy setup
Fluorescent images were taken with an inverted microscope (IX70, Olympus), equipped with a
mercury lamp (U-RFL, Olympus) and optical filters (HQ 470/40 Dichro 495 dcxr, LP500).
Images were recorded with a digital camera (EMCCD 887, Andor).
Bright field images were taken, either using a stereo-microscope (AZ-100M, Nikon) equipped
with a digital camera (Digital sight DS-Fi1, Nikon) for colored and polarized images, or using an
inverted microscope (IX71, Olympus) equipped with a digital camera (UK1117, ABS) for black
and white images.

5.4.3. Chemicals
Solutions of tetrathiafulvalene (TTF, purchased from Acros Organics, concentration: 24 mM),
hydrogen tetrachloroaurate (purchased from Sigma–Aldrich, concentration: 6 mM), and
tetracyanoquinodimethane (TCNQ, purchased from Fluka, saturated solution) were prepared in
acetonitrile. 1,4-bis(imidazol-1-ylmethyl)benzene (bix) was synthesized as described by Dhal et.
al.210, and 20 mM (bix) solution in ethanol was used in the experiments with a 20 mM aqueous
solution of zinc nitrate hexahydrate (Zn(NO3) 6H2O), purchased from Merck. For illustration of
the device operation food dyes and fluorescently labeled beads (FluoSpheres® F-8888,
Molecular Probes®; 100 nm diameter) in an aqueous dilution of 1:1000 were used.

5.4.4. Electroless deposition of silver film
The silver films were fabricated using commercial HE-300 solutions (Peacock Laboratories,
Inc). Two precursor solutions were prepared for the electroless deposition of silver; one
contained a 1:1 mixture of the activator and the silver solution, the other solution contained the
reducing agent. The mixture and reducer stock solution were diluted by a factor of 2 and 3 with
deionized water, respectively. Various concentrations of the two precursor solutions were
studied. An additional dilution with deionized water by a factor of 3 of the two precursor
solutions was always used in the experiments, unless otherwise indicated.
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5.4.5. Characterization of nanomaterials
The electrical characterization was performed by applying a current through a source electrode
pair and monitoring the resulting potential using a sensing electrode pair (Keithley 2612A). The
test probes were positioned onto the end of the Pt electrodes with a micromanipulator.
SEM images and the energy dispersive X-ray spectroscopy were obtained using a FEI Quanta
200 FEG. The powder X-ray diffraction (PXRD) signal was collected using a Stoe STADIP
powder diffractometer equipped with a linear position sensitive detector. Samples were loaded
into 0.3 mm diameter capillary tubes (Merck) before PXRD measurement. Attenuated total
reflectance (ATR) IR spectra were recorded using a FTIR spectrophotometer (Perkin Elmer,
Spectrum 100) equipped with an ATR unit (Specac).

5.5. Results and Discussion
5.5.1. Device design and operation
The microfluidic device was fabricated using standard soft lithography methods consisting of
two layers (Figure 5.10), a bottom layer for fluid supply (hereafter referred to as the fluid layer),
and a top layer for pneumatic actuation of the integrated valves (hereafter referred to as the
control layer). The platform implements ten parallel microchambers operated by three parallel
control lines. Upon pressurization with nitrogen, a polydimethylsiloxane (PDMS) membrane is
lowered into the chamber to form tightly closing valves. In a typical experiment, two reagents
are supplied from either side of the microchip into the micro-chambers, while the central valve is
closed. Actuation of the outer valves on both sides results in the compartmentalization of the two
reagents into a precise volume of 300 or 675 pL, depending on the microchip design. Once the
middle valve is opened, the two liquids are in contact allowing diffusion of the precursors inside
the microchamber. The operation of the device is visualized in Figure 5.10-d-g using two food
dyes together with schematic side-view representations of the entire diffusion process as shown
in Figure 5.10-h-k.
Additionally studies were performed with fluorescent beads to demonstrate and ensure the
convection-free condition of the device. Beads were introduced at the left side whereas the right
chamber was filled with water. After opening the middle valve the beads first traveled to the
middle due to the relaxation of the valve after which a convection-free behavior could be
observed (Figure 5.11).
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Figure 5.10: Design and operation of the device made in PDMS by multilayer soft lithography.
(a) Micrograph of the multilayer PDMS chip with an array of ten parallel microchambers in the
fluid layer (red channels, 10 µm high). Fluid metering and supply is controlled by three
pneumatically actuated valves (control layer, blue channels, 100 µm high). Scale bar: 750 µm.
(b) Magnification of two microchambers. The final microchambers are confined by the two outer
valves and enclose a volume of 675 pL. Scale bar: 150 µm. (c) 3-D schematic view of one
microchamber (not to scale). (d-g) Series of micrographs showing the operation of the valves
and the diffusive mixing of two food dyes in a typical reaction procedure. (d) Introduction of the
reagents, (e) compartmentalization of two reagent volumes on either side, (f) opening of the
central valve and (g) diffusive mixing. Scale bars: 100 µm (h-k) Corresponding schematic side
views.
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Figure 5.11: Image sequence showing the convection-free behavior of fluorescently labeled
polystyrene beads (diameter: 100 nm) after opening the middle valve. The aqueous bead solution
was introduced in the left microchamber, while the right chamber was filled with water. Scale
bar: 50 µm.
Next, the interface was visualized via localized synthesis of a metal-organic complex, Zn(bix),
based on the coordination between zinc metal ions and 1,4-bis(imidazol-1-yl-methyl)benzene
(bix) molecules. This complex was selected as it exhibits a strong blue fluorescence after
coordination of zinc metal ions with bix molecules211. To induce the reaction, an aqueous
solution of Zn(NO3)2 (20 mM) and a solution of bix in ethanol (20 mM) were supplied to the
microchamber while keeping the middle valve closed. After compartmentalization and opening
of the middle valve, the reaction occurred immediately. Figure 5.1-a-d shows a sequence of
fluorescence images monitoring the reaction inside the microchamber at different times. Image
analysis of the fluorescence intensity over the course of the coordination reaction at the
interface, suggests a complete coordination within ten seconds (Figure 5.12-e). Note that the
interface is blurred towards the compartment where bix was initially introduced, because Znions diffuse much faster towards this compartment, thereby reacting with the slower diffusing
bix molecules. Such precise confinement of a reaction is almost impossible to achieve in a
conventional synthetic process and may allow mechanistic studies of mixing, complexation and
coordination processes.
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Figure 5.12: Formation of the fluorescent metal organic complex Zn(bix). (a-d) Fluorescence
images taken at different times after opening the middle valve. Scale bars: 50 µm. (e)
Normalized fluorescence intensity of the microchambers versus time. The values are averages of
four measurements. The reaction was completed after about ten seconds. (f) 2-D surface plot of
the time resolved reaction showing the fluorescence intensity within the microchamber.
Having this tool for localized synthesis, it was not only possible to form functional materials, but
also to directly integrate the structures with electric readout components without any additional
manipulation processes. For this, the microfluidic system was sealed to a glass plate that was
patterned with an electrode array matching the design of the microchambers so that each
chamber contained a pair of electrodes (Figure 5.13). These electrodes were connected via
conventional wires to external instruments. In the following, the synthesis and characterization
of conductive crystalline structures was shown, made of metal-organic compounds either by a
solid-state reaction (AgTCNQ) or in solution (AuTTF).

104

5.5. Results and Discussion

Figure 5.13: Micrograph of the multilayer PDMS chip with an array of ten parallel
microchambers in the fluid layer (red channels, 10 µm high) with integrated electrodes (black).
Fluid metering and supply is controlled by three pneumatically actuated valves (control layer,
blue channels, 100 µm high). Scale bar: 750 µm.

5.5.2. Formation of AgTCNQ crystals
AgTCNQ crystal growth required a two-step reaction process. Firstly, a controllable growth of
silver layers inside ten parallel micro-chambers was performed by the reaction of silver salt
solution (AgX) with reducer agent solution (ReD) (Figure 5.14-a (i) and Figure 5.14-b).

Figure 5.14: (a) From (i) to (iii) schematic illustrations showing the AgTCNQ wire formation
inside a micro-reactor chamber. (b) Micrograph of an in-situ formed silver layer inside a microreactor camber. (c) Polarized micrograph of the same micro-chamber after reaction with
saturated TCNQ solution in acetonitrile, and (d) a magnified image of (c). In white, platinum
electrodes patterned on top of the glass slide (electrodes height: 100 nm). Scale bars: 50 µm.
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After rinsing off the surplus solution, the chip was dried and saturated TCNQ solution in
acetonitrile was added to the reaction chamber, keeping one of the side valves closed to allow
the diffusion of TCNQ only into the micro-chamber (Figure 5.14-a (ii) and Figure 5.15).

Figure 5.15: A series of micrographs showing the evolution of a silver film into AgTCNQ wires.
The electroless deposited silver layer was completely consumed within 20 minutes. In our
experiments, total consumption of the silver film never exceeded 20 minutes, and reaction times
of the electroless silver deposition could be reduced by diluting the reaction chamber with
freshly supplied deionized water through the fluidic channels. Scale bars: 100 µm.
Formation of AgTCNQ wires could be observed within a few minutes, and after total
consumption of the electroless deposited silver layer. TCNQ residue was washed away with pure
acetonitrile (Figure 5.14-a (iii)).
The deterministic positioning of the silver film in the first reaction step inside the micro-reactor
chambers enabled the site-specific growth of crystalline AgTCNQ structures in the second
reaction step. Electroless deposition of silver has previously been demonstrated inside
microfluidic platforms for fluidic-assisted formation of silver wires161,212, however, the on-chip
chemical conversion into AgTCNQ is a novelty. It is especially attractive because it constitutes a
promising example towards localized multi-step synthesis and solid-state reactions. In addition,
AgTCNQ structures could be used as a crystalline scaffold for the fabrication of organic
memories and molecular electronic logic components142,144,149,150,207,209,213,214.
Optical images of the micro-chambers taken through a polarized light microscope clearly
indicate the formation of AgTCNQ crystals with anisotropic, wire-like morphology (Figure 5.14
and Figure 5.16).

Figure 5.16: Polarized micrographs of AgTCNQ wires obtained from ten parallel micro-reactor
chambers on a single microfluidic platform. Scale bars: 50 µm.
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The AgTCNQ wire-like crystals are not perfectly uniform in size. Typically, diameters ranging
from 1 µm to 1.5 µm and lengths from 7 µm to 50 μm were characterized from a statistical
treatment of optical micrographs collected from repeated experiments. The random size
distribution may have resulted from different silver film thickness, as previously demonstrated
with vacuum deposited metal films148,207,215. Optical microscopy images (Figure 5.17) and
scanning electron microscopy (SEM) studies (Figure 5.18) performed at different silver film
thicknesses and at lower silver precursor concentrations verified this assumption.

Figure 5.17: Micrographs of micro-reactor chambers after formation of electroless deposited
silver films with varied reaction times ((a) and (b)) and with varying concentration of the
precursor solutions (c). The concentrations employed in (c) were dilutions by a factor of 6 from
the two precursor solutions described in the experimental section. Even though it is difficult to
identify the silver film in (c), the on-chip conversion into AgTCNQ wires was demonstrated after
reaction with saturated TCNQ solution in acetonitrile (d). Scale bars: (a), (b), and (c): 100 µm
and (d): 50 µm.
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Figure 5.18: From (a) to (c): micrographs of AgTCNQ wires formed from non-homogenous
electroless deposited silver films. (a) Low magnification micrograph of AgTCNQ wires obtained
from a silver layer with varying thicknesses. (b) High magnification image at the interface
between two silver film regions with varying thickness, and (c) same micrograph taken using
crossed polarized illumination. Note the birefringence character of the AgTCNQ wires, common
in anisotropic materials. From (d) to (f) SEM images of AgTCNQ micro- and nanowires
produced; from a thick electroless deposited silver film (d), at the interface of two silver layer
thicknesses (e), and (f) at thinner electroless deposited silver area. Scale bars: (a) 200 µm, (b)(f) 50 µm.
The AgTCNQ crystals were characterized by attenuated total reflectance (ATR) IR
spectroscopy, powder X-ray diffraction (PXRD), scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX). SEM-EDX studies confirmed the presence of Ag,
N and C in the AgTCNQ wires (Figure 5.19).
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Figure 5.19: Energy dispersive X-ray spectra of; (a) silver film and (b) AgTCNQ wire after
reaction with a saturated TCNQ solution in acetonitrile. Notice the presence of nitrogen and the
increase in the carbon signal in (b).
ATR-IR spectroscopy indicated characteristic peaks of AgTCNQ with bands assigned to reduced
TCNQ molecules located at 2198, 2183, 2160, 1506 and 822 cm-1 (Figure 5.20-a)141,216,217.
PXRD characterization confirmed the crystalline nature of the AgTCNQ wires and the presence
of peaks at 2θ = 10.3°, 14.6°, 20.3°, 20.8°, 21.2°, 23.0°, and 23.5° proved the formation of
AgTCNQ crystals in the form of AgTCNQ phase II (Figure 5.20-b)138,139,150.
To confirm the success of the direct integration of AgTCNQ wires, electrical characterization of
the silver layer before and after reaction with saturated TCNQ solution was performed after
solvent evaporation at room temperature and under ambient conditions. Figure 5.21-a shows a
linear I-V relation of the silver film, indicating metallic character and good contact with the
micro-fabricated electrodes. A non-linear curve was obtained from the AgTCNQ wires produced
after the on-chip conversion (Figure 5.21-f and Figure 5.21-g, respectively).
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Figure 5.20: (a) ATR-IR spectrum and (b) PXRD pattern of AgTCNQ wires produced after
reaction of saturated TCNQ solution in acetonitrile with electrodeposited silver layers.
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Figure 5.21: (a) and (b) representative I-V characteristics of a silver film and AgTCNQ wires
formed inside a microfluidic platform, respectively. (c) Graph showing the averaged normalized
current (ION/IOFF) in the ON-OFF state of on-chip formed AgTCNQ memory as a function of the
number of cycles. The data presented corresponds to three distinct micro-reaction chambers.
The voltages used for the ON-OFF state plotting were set to ±8 V. Scale bars: 50 µm.

110

5.5. Results and Discussion
By applying a reversible voltage, two switchable states were found, indicating low (or OFF) and
high (or ON) conductivity states. Memory effects of AgTCNQ wires have been observed by
other groups in former studies and are potentially useful for electronic devices147,144. Note that no
degradation in the wires' electrical performance was observed even after one hundred cycles
(Figure 5.21-c and Figure 5.22).

Figure 5.22: (a) Micrograph of an electroless deposited silver film on top of an interdigitated
electrode configuration, and (b) polarized optical micrograph acquired after formation of
AgTCNQ wires. (c) Graph showing the electrical characteristics of the silver film presented in
(a) and produced under bulk conditions, and (d) I-V sweep of the resulting AgTCNQ wires
obtained after reaction of the silver film with a saturated solution of TCNQ in acetonitrile. (e)
Graph showing hysteresis in the electrical response of AgTCNQ wires after sweeping the
applied voltage from 0 to 10 V. Scale bars: 200 µm.

5.5.3. Formation of AuTTF
The second synthesis consisted of the formation of crystalline AuTTF wires, initiated after static
compartmentalization of TTF (24 mM) and hydrogen tetrachloroaurate (6 mM) solutions, both
in acetonitrile, and subsequent release of the middle valve (Figure 5.23). Lower concentrations
resulted in no visible wire formation, thus suggesting an optimal range of concentrations in order
to guarantee a rapid and visible synthesis of AuTTF wires inside the micro-reaction chambers.
Micrographs acquired through crossed polarizers indicate the crystalline nature of the AuTTF
wire-like structures (Figure 5.24 and Figure 5.25-a).
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Figure 5.23: (a) & (b) Time sequence of micrographs during the diffusion-based formation of
AuTTF wires. Scale bars: 10 µm.

Figure 5.24: Polarized macrographs of AuTTF wires obtained in different micro-reactor
chambers. Scale bars: 50 µm.
I-V characteristics were studied with two-point probing after acetonitrile was evaporated at room
temperature. Several AuTTF wires were measured after their formation inside different
microchambers, showing similar I-V dependencies (Figure 5.25-b). The uniformity of these
results demonstrates the suitability of the method for parallelized integration.
Nano- and micrometer-sized conductive wires could potentially be used as highly sensitive
sensors. As a proof of concept, the sensing capabilities of AuTTF upon direct exposure to water
and hexane vapors were evaluated. Electronic transport properties of AuTTF wires were
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acquired in two- and four-point configuration during exposure to water and hexane vapors inside
a gas-phase chamber regulated with nitrogen gas and a syringe pump system. Normalized
resistance of AuTTF sensing elements as a function of time using two- and four-point
configuration are shown in Figure 5.25-c and Figure 5.25-d, respectively. Figure 5.25-c shows
averaged normalized resistances of five different AuTTF sensors upon three subsequent
exposures to (i) water and (ii) hexane vapors. The injections were performed at equal times and
for three minutes in both cases. Experiments conducted using shorter injection times
(30 seconds) confirmed the reversibility and the rapid response of AuTTF sensors to water
vapors, even after more than 30 subsequent injections (Figure 5.25-d (i) and (ii)). AuTTF
sensing elements were still functional under all conditions investigated. Under conditions of
continued water exposure, the AuTFF wires may deteriorate, resulting in shortened lifetimes.

Figure 5.25: Formation and electric characterization of AuTTF wires and sensing performance.
(a) Polarized micrograph of AuTTF wires formed inside a micro-rector chamber and (b)
multiple I-V sweeps of eight integrated AuTTF wires. (c) Normalized resistance response of five
AuTTF sensing elements cycled between; (i) dry nitrogen gas and water vapors and (ii) dry
nitrogen gas and hexane vapors (exposure times: 3 minutes). (d) Normalized resistances of one
AuTTF sensing element exposed to; (i) three injections of water (exposure times: 30 seconds),
(ii) three injections of water after more than 30 subsequent injections (exposure times: 30
seconds), and (iii) three injections of hexane (exposure times: 1 minute). All injections in (d)
were started at equal time points. Scale bar: 50 µm.
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Compared to water vapors, the resistance change induced by hexane vapors was negligible under
equal experimental conditions (e.g. exposure times, temperature, humidity, nitrogen and sample
infusion flow-rates) (Figure 5.25-c (ii)) or longer exposure-times (Figure 5.25-d (iii)). These
results can be attributed to the lack of interaction between nonpolar molecules and ionic species
such as the AuTTF charge-transfer salt. The variation in AuTTF resistance upon exposure to
water vapors might be explained by considering non-covalent interactions of water molecules
with the cation and anion layer of the AuTTF charge-transfer salt. AuTTF micro- and nanowires
are known to have a backbone scaffold of TTF cation-radicals stabilized with chloride counter
ions140,162, and hence, it is expected that exposure of AuTTF wires to water vapor will change the
local charge density altering the electrical resistance of the conductive part of AuTTF. Indeed,
humidity sensors derived from polyelectrolyte materials are based on this principle218. While
several humidity sensors have been described exploiting resistive or capacitive changes at the
surface of ceramics219,220 or polymer materials221-224 the choice of a hybrid charge-transfer salt as
a label-free sensing unit opens up new opportunities towards electronic noses and other sensing
elements. To the best of my knowledge, this is the first time that AuTTF composites have been
used as sensing elements. Ongoing research in our group is aimed at developing and evaluating a
wide-range of other volatile substances that could significantly influence the electronic state of
AuTTF wires.

5.6. Conclusion
In summary, this study presents a novel and convenient approach where micro-chambers
enclosing picoliter volumes were designed to facilitate reactions in pre-defined small areas of a
chip. The potential of the device is demonstrated by the formation of; (i) a fluorescent metalorganic complex Zn(bix), (ii) a charge-transfer complex (AgTCNQ), which includes a localized
two-step synthesis realizing a solid-state reaction, and (iii) a hybrid conductive system (AuTTF)
formed from a localized solvent-based redox synthesis. Furthermore, in-situ formed AgTCNQ
and AuTTF conductive wires were integrated with electrode arrays for direct characterization
and application, thus avoiding complex post-processing or further fabrication steps, which could
disrupt their crystal nature. Besides the fine control in the positioning of functional crystalline
materials and their integration, this approach also offers other attractive possibilities. For
example, reaction conditions could easily be optimized due to the rapid supply and exchange of
reactants and solvents. The combination of a reaction-controlled environments and direct
integration of functional crystalline assemblies on a surface makes this microfluidic approach an
attractive choice for the preparation and investigation of different kinds of organic-based
molecular conductors and transistors.
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Convection free, non-chaotic mixing conditions in microfluids open the door to numerous
applications in chemistry and analytical chemistry. In this work the benefits of miniaturized
reaction systems were exploited to provide reproducible conditions, free of convection and
turbulences, for chemical synthesis and continuous separation. Highly controllable gas/liquid
annular flow conditions were used to facilitate a continuously operating separation device for
organic compounds and solvents.
A microfluidic device was developed taking advantage of the increased surface to volume ration
in a two-phase gas/liquid flow system. Several examples for continuous microfluidic flow
syntheses have been demonstrated in literature, however the continuous performance of clean-up
or solution exchange steps before or after the chemical reaction are still challenging. Here, nonchaotic continuous gas/liquid annular flow conditions were used to increase the surface to
volume ratio in a highly controllable way. Especially for phase transfer processes as e.g. the
removal of organic solvents, a high surface to volume ratio is beneficial. By applying an
enhanced gas/liquid flow ratio a drastically increased solvent transfer from the liquid to the gas
phase was realized. Inert nitrogen gas was introduced to aqueous solvent mixtures to achieve an
efficient solvent reduction. Furthermore, it was of importance for the overall solvent removal
process that these controllable annular flow conditions allowed a straightforward separation of
the gas/liquid two-phase flow at the end of the device to ensure an efficient exchange process.
To guarantee the gas/liquid separation hydrophilic capillaries were embedded into the glass
device. The developed fabrication method was based on two independently structured glass
layers, which were finally combined to the final device enabling a high flexibility for the channel
geometry. Moreover, this fabrication process facilitated a gas/liquid separation without
introduction of further membrane material. The straightforward device fabrication and the high
flexibility in channel dimensions offer a great opportunity for further separation applications.
The developed fabrication technique allows the adjustment of capillaries depending on the
separation parameters. Using this double layer approach narrower capillaries could be fabricated
enabling a sufficient separation even at harsher conditions, i.e. higher nitrogen pressures.
Additionally, glass as a chip material has a higher stability against organic solvents compared to
polymer PDMS, thus enabling numerous different separation tasks in chemical processes.
The implementation of this continuously working solvent exchange module to chemical
processes, e.g. for synthesis of pharmaceuticals, offers the possibility to transform procedures
usually performed batchwise into continuously operating processes. This transformation from
discontinuous to continuous devices offers several advantages. In particular for applications,
which have to be approved, e.g. applications related to foods, drugs or pesticides, the
transformation from numerous discontinuous operations into one continuous process enables a
huge economic and bureaucratic simplification. In truly continuously operating devices the
reaction volumes are continuously processed. This results in a dramatically reduced volume
inside the device compared to a batchwise system, which processes the complete reaction
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volume at once. This aspect is in particular interesting regarding the safety of the process since
the risk, e.g. preforming highly exothermal reactions, is significantly lowered. Another key
advantage gained in continuous processing it the reduction of interconnections, which are
required to join the different batch in a discontinuous process this reduces the risk of
contamination, e.g. induced by leakages.
The controllable and continuous reaction conditions open the door for serial operation of
microfluidic modules, which will be one of the future potential of this device. Furthermore, a
careful control of the operational conditions such as channel and capillary dimensions enables a
high flexibility towards new operational requirements. In future perspective the solvent
exchange module implemented into the entire platform developed within the consortium ROC
presents a prototype for the continuous synthesis of PET radiopharmaceuticals. It can be used to
study the formation of various PET radiotracers taking advantage of the modularity of this
approach, which enables its high flexibility. Additionally this prototype can be seen as the first
step towards a benchtop and on-site synthesis of radiopharmaceutical, e.g. in the doctors office,
which would allow to build up a decentralized net of network of PET-applications. Especially
for radiotracers, which are not as well studied, as FDG the use of this microfluidic platform
embodying the solvent exchange device will be extremely beneficial. The platform allows an
fast optimization of the reaction conditions, which is particularly interesting for reactions where
already the starting components are expensive or for reactions which are not yet studied in detail,
as for example [18F]-Fluorothymidine (FLT) where the starting components are compared to
FDG much more expensive and therefore the optimization is costly and yet not fully established
using the standard synthesis techniques. Due to the short operational time and the precise and
fast thermal control the developed platform will furthermore enable the investigation of new
radiotracer compounds which are not accessible with standard techniques. The developed
platform will therefore have potential as a new standard for the routine synthesis of
radiopharmaceuticals as well as a high potential for the development and optimization of new
compounds in the field of radiopharmaceuticals.
During this work an additional application of the device was demonstrated. Monitoring of VOCs
in aqueous streams e.g. coolant in chemical industry or wastewater is an important issue to
prevent contaminations of the environment. The size reduction provided by microfluidics can
thus be beneficial for a direct on-site integration of analytical systems. Here, a microstripping
approach for monitoring of volatile organic compounds in aqueous solutions was realized. A
collection of commonly used VOCs was detected in an online method by coupling the
microfluidic device to a commercially available semiconductor VOC detector. Using this kind of
detector in combination with the microfluidic stripping device resulted in minimal spatial
requirements while a sensitive detection was still achieved, underlining the potential impact of
microfluidics for this type of application.
In future perspective the sensitivity of the detection system has to be improved to be able to
detect VOCs even at lower concentration levels, e.g. using a flame ionization detector (FID).
Nevertheless, this miniaturized stripping approach is a great example of the potential of
microfluidics towards an on-site integration for analytical monitoring. Due to its small size,
mobility and compared to standard devices rather inexpensive price the microstripping approach
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could be used in numerous production sites to control, e.g. the wastewater streams for potential
contaminants. In this way this stripping device has the potential to contribute to a higher safety
in industrial processes.
Microchambers with volumes in the picoliter range were employed to synthesize crystalline
functional materials. For the formation of crystalline materials a precise control over the reaction
conditions is crucial to enable reproducible organization of the molecular units, which thus can
provide elevated functionalities. Applying µ-reaction chambers strictly diffusion-based
conditions in a well-confined spatial location were provided. The diffusion control of the process
was confirmed and visualized by the formation of the fluorescent metal-organic complex Zn(bix)
and by tracking of fluorescently labeled polystyrene beads. Monitoring the diffusion controlled
formation of Zn(bix) also facilitated mechanistic studies of mixing, complexation and
coordination processes. The detection of the fluorescence signal over the course of the reaction
displays one way to gain insights into reaction processes. The spatial confinement and the
precise control over the reaction conditions, which is hardly impossible to achieve in
conventional approaches, can be used as a tool for reaction kinetics and mechanistics. Applying
this microdevice the formation of highly anisotropic crystals of AgTCNQ and AuTTF was
achieved. The anisotropy of these structures was confirmed using crossed polarized light and
powder X-ray diffraction. Miniaturization enabled spatially localized, mild and highly
controllable reaction conditions, which otherwise would involve complex, extensive and costly
experimental setups. Furthermore, due to the mild conditions and the direct integration an
intensive post processing could be avoided, which might otherwise disrupt the crystal nature of
the products. Another attractive possibility offered is the fast optimization of reaction conditions,
which can be provided due to the rapid supply and exchange of reactants and solvents. That is
one reason why besides single step reactions for the first time also the two-step formation of
AgTCNQ on a microfluidic device was achieved. The on chip integration of the wires to
platinum electrodes enabled a straightforward electrical characterization. Upon application of a
reversible electrical field two switchable states could be observed, confirming the studies
reported previously in literature. Combining the functionality of this material with the spatial
confinement the potential used of the structures towards molecular scaffolds for logic elements
was underlined. Additionally, the formation of AuTTF was studied on this platform. AuTTF was
as well integrated to patterned electrodes on chip and for the first time the properties of this
charge transfer complex were used as a sensing element for chemical vapors. The
straightforward integration of readout components, the low fabrication costs and the high spatial
resolution during these formations could e.g. be used for a parallelized integration of these or
other functional materials as logic elements or electronic sensing devices.
Summing up, the spatial confinement, direct electrical integration and mild conditions make
microfluidics an attractive choice for the preparation, manipulation and investigation of organicbased molecular conductors and transistors. The microchamber device made of PDMS is and
inexpensive and easy to integrate platform for the investigation of diffusion based processes.
Besides the here studied materials also different reactions or crystallization processes, e.g. the
formation of metal organic frameworks (MOFs) could be studied. Another interesting aspect
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would be to study the influence of the chamber size on the resulting structures, which would also
be accessible using this device.
Already these three examples of microfluidic systems show the great potential of miniaturization
for future applications. Truly, one keystone to overcome is the interconnection of the
microfluidic world to the macroscopic world. This interconnection has preferentially to be
performed using standardized connectors to open this technology to a broad scientific and
industrial audience. However, especially for hazardous reactions, where precise mixing
conditions, a fast reaction and a high thermal control is mandatory, e.g. exothermic reactions,
radiochemical reactions, or for operations of tiny structures like micro-, nanowires or cells
microfluidic devices are going to be integrated into the pool of commonly used standard
processes.
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Radiopharmaceuticals
Table 6.1: Scanner required in European countries, in relation to current PET infrastructure75.
Total scanners
required for all uses

Scanners
currently available

Scanners currently available
in % of number required

Hungary

11.25

0

0

Poland

28.13

0

0

Russia

93.53

0

0

Czech Republic

7.95

0

0

Slovakia

3.23

0

0

Belarus

6.18

0

0

Ukraine

29.89

0

0

Romania

11.5

0

0

European country

Bulgaria

4.6

0

0

Republic of Moldova

1.6

0

0

Latvia

1.45

0

0

Estonia

0.99

0

0

2

0

0

United Kingdom

48.63

7

14.39

Denmark

4.35

4

91.75

Lithuania

Finland

2.46

2

81.26

Ireland

1.93

1

51.82

Norway

2.43

0

0

Iceland

0.14

0

0

Sweden

3.57

7

196.07

Albania

1.67

0

0

Croatia

4.42

0

0

Slovenia

1.41

0

0

Italy

46.89

11

23.46

Greece

8.16

0

0

FYROM (Macedonia)

0.85

0

0

Spain

24.02

14

58.28

Malta

0.17

0

0

Portugal

3.97

0

0

Belgium

9.61

19

197.8

Netherlands

12.3

4

32.51

Luxembourg

0.28

0

0

Germany

55.55

80

144.01

Austria

4.24

7

165.2

Switzerland

4.31

0

0

France

34.9

4

11.46
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Temperature dependence of the solvent exchange
100
Gas phase
Liquid phase

Acetonitrile [wt%]

80

60

40

20
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21

45

55

60

Temperature [°C]

Figure 6.1: Acetonitrile concentration after evaporation applying different temperatures at fixed
feed flow rate 20 µL/min and 1.2 bar nitrogen pressure, using the solvent exchange device
SE-V2.
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Calculation of the optimum parameter OP
Xg = mg/mout,g
X0 = mMeCN/min

Xl = ml/mout,l

Figure 6.2: Illustration of the mass balance used for the calculation of the optimum parameters
(OP) of the solvent exchange step.
For the derivation the conservation of mass was taken into account. The starting concentration
X0, the concentration at the gas (Xg) and liquid outlet (Xl) are known.
For the mass of acetonitrile can be described as:
mMeCN = mout + mout ,l

(33)

→ mout ,g = mMeCN − mout ,l

(34)

g

Using the conservation of mass the mass fed into the chip has to exit the device either at the gas
or at the liquid outlet.
min = Σmout = mout ,l + mout ,g

(35)

This expression can be used to calculate mass m l:

→

⎛m
− mout ,l ⎞
→ min = mout ,l + ⎜ MeCN
⎟
Xg
⎝
⎠

(36)

mMeCN ⎛ ml ⎞ ⎛ mMeCN ⎞ ⎛ ml ⎞
=⎜ ⎟ +⎜
⎟ −⎜
⎟
X0
⎝ Xl ⎠ ⎝ Xg ⎠ ⎝ Xg ⎠

(37)

⎛ X − X 0 ⎞ ⎛ X l ⋅ mMeCN ⎞
→ ml = ⎜ g
⎟
⎟ ⋅⎜
⎝ X0 ⎠ ⎝ X g − Xl ⎠

(38)

Finally ml can be used to calculate mout,l according to:
mout ,l =

ml ⎛ X g − X 0 ⎞ ⎛ mMeCN ⎞
=⎜
⎟
⎟ ⋅⎜
Xl ⎝ X0 ⎠ ⎝ X g − Xl ⎠

→ mMeCN = X 0 ⋅ min

(39)

(40)
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⎛ X − X 0 ⎞ ⎛ X 0 ⋅ min ⎞
→ mout ,l = ⎜ g
⎟
⎟ ⋅⎜
⎝ X0 ⎠ ⎝ X g − Xl ⎠

(41)

Experimental setup used in Pisa

Figure 6.3: Photographs of the experimental setup used for the experiments with 18F-potassiumfluoride. (a) hot cell and (b) experimental setup for the solvent exchange inside the hot cell.
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Chip designs

Solvent exchange

Figure 6.4: CAD drawing of the solvent exchange device SE-V1. (a) Device with a flow focusing
geometry, (b) device with T-junction, (c) magnification (8x) of the spike structures for gas/liquid
separation. PDMS and glass devices were fabricated in a height of 100 µm. Channel
dimensions: main channels: 400 µm width, width at the flow focusing region 200 µm, separation
spikes: 20 µm width.

Figure 6.5: CAD drawing of the solvent exchange device SE-V2. (a) Device with flow focusing
geometry, (b) magnification (15x) of the capillary structures for gas/liquid separation
(capillaries: grey, main channel: black). PDMS and glass devices were fabricated in a height of
100 µm for the main channel and 5, 10 and 20 µm height for the capillaries. Channel
dimensions: main channels: 400 µm width, flow focusing channels: width of 200 µm, separation
capillaries: 10 µm width.
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Figure 6.6: CAD drawing of the µ-heater design for the solvent exchange device SE-V2. (a)
Design of the µ-heater. Orange structures for resistive heating, grey implemented structures for
temperature sensing (b) overlay of the CAD drawing of the µ-heater and the solvent exchange
device SE-V2.

µ-Stripping device
For the microfluidic stripping the same device as for solvent exchange SE-V2 (see Figure 6.6)
was used. The glass device with a height of 100 µm for the main channel and 5 µm for the
capillaries was used. Channel dimensions: main channels: 400 µm width, flow focusing
channels: width of 200 µm, separation capillaries: 10 µm width.

Microchamber device for the synthesis of functional materials

Figure 6.7: CAD drawing of the µ-chamber device. (a) Design of the actuation layer. Channel
dimensions: width of 150 µm and height of 100 µm, (b) Design of the fluidic layer. Channel
dimensions: width of 150 µm for the reaction chambers height of 12 - 13 µm round shaped, (c)
overlay of the CAD drawing ((a) and (b)) illustrating the combined device (fluidic layer: grey,
actuation layer: black).
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a

b

c

Figure 6.8: CAD designs of the modified µ-chamber device. (a) Design of the actuation layer.
Channel dimensions: width of 100 µm and height of 100 µm, (b) Design of the fluidic layer.
Channel dimensions: width of 100 µm for the reaction chambers height of 12 -13 µm round
shaped, (c) overlay of the CAD drawing ((a) and (b)) illustrating the combined device (fluidic
layer: grey, actuation layer: black).

Figure 6.9: CAD drawing of the alignment marks used for the alignment of the actuation and the
fluidic layer of the µ-chamber device.
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Synthesis of MOED dye
The synthesis of the merocyanin dye was performed according to Minch et al.. Breifly, 4-methypyridine (18.6 g, 0.2 mol) was solved in 20 mL dry 2-propanol in a 100 mL round-bottomed
flask equipped with a magnetic stir bar. After slow addition of 28.4 g (0.2 mol) cold
methyliodide the reaction mixture was heated to reflux for 3 hours. After reaction the product
was filtered, vacuum-dried and recrystallized in ethanol and yielded 43.0 g (91.4 %) yellow
crystals of 1,4 domethylpyridinium-iodide.
1,4 domethylpyridinium-iodide (39.2 g, 0.166 mol), 20.0 g (0.166 mol) 4-hydroxybenzaldeyde
and 13.8 mL (0.14 mol) pyridine were dissolved in 210 mL dry ethanol in a 500 mL roundbottomed flask equipped with a magnetic stir bar and heated to reflux for 24 hours. Cooling the
solution yielded in red precipitants, which were suspended in 800 mL (0.2 M) KOH and heated
without boiling. After filtration the product was recrystallized in water. The reaction yielded in
in 29.3 g (83.3 %) blue-red crystals.

CH3I

N

I-

N

O
N

OH

ethanol
piperidine

N
OH
HO

N

N
O

O

MOED
N

(MOED)

OH-

H2O
OH

Figure 6.10: Scheme of the synthesis of MOED dye108.
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