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General introduction  

The first experiments where elevated pressures were successfully used for a 
chemical transformation, the acid-catalyzed inversion of sucrose, have been carried out 
by Röntgen in 1892 using pressures of 500 bar.1 However, in chemistry elevated 
pressures were hardly used at that time, mainly because of instrumentation problems. 
In the twentieth century high pressure became a very important tool for chemical 
synthesis and analysis. For instance, Carl Bosch and Friedrich Bergius received the 
Nobel Prize in Chemistry in 1931 for their contributions to high pressure chemical 
methods, while Percy Williams Bridgman received the Nobel Prize in Physics in 1946 
for the invention of an apparatus to produce extremely high pressures up to 100 kbar 
and for the discoveries he made with it.2  

Nowadays, high pressure is used for the preparation of new compounds as well 
as studying organic and inorganic reactions.3-6 It is particularly useful for 
controlling/influencing the course of competitive and consecutive reactions7 as well as 
improving the chemo-, regio- and stereoselectivity of chemical reactions.8 

Despite the fact that high pressure techniques have been proven valuable in 
many fields (e.g. materials science, physics and food science), the application of high 
pressure in chemistry has been limited almost exclusively to academic research. High 
pressure is usually generated in very sophisticated, expensive and closed systems, thus 
operations such as mixing or the incorporation of probes for chemical analysis are 
difficult. In general, it is regarded as a technique that requires specialized equipment 
with strict safety precautions. 

Considering the mentioned disadvantages of high pressure equipment, 
miniaturization of such systems would be a good alternative, because smaller and 
portable systems relax safety issues, save costs, materials and increase performances of 
high pressure systems by integrating miniaturized components.9 Micro total analysis 
systems (μTAS)10-13 have extended the concept of miniaturization to organic 
chemistry.14 The benefits of microreactors in chemistry - small systems with high 
surface-to-volume ratios, high heat and mass transfer rates and operated in continuous 
flow mode15,16 - combined with the advantages of high pressure open a bright future 
for the field of high pressure microreactor technology (Figure 1-1).  
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General introduction  

 
Figure 1-1:  Artistic impression of the research described in this thesis.17 

This thesis contributes to incorporate elevated pressures as a common 
technique in miniaturized systems. New microreactor-based platforms were developed 
to perform organic chemistry at high pressure. Systems like capillaries and 
microreactor chips were designed, fabricated and tested and it was proven that these 
systems are suitable for studying the influence of pressure on organic reactions. Below 
an overview of the contents of each Chapter of this thesis is given. 

 
Chapter 2 gives an introduction to high pressure, its effects and the available 

high pressure instrumentation for organic reactions. On the way to miniaturization, 
pressure technology is described, going from continuous flow pipes and capillaries to 
lab-on-a-chip systems. 

 
In Chapter 3 a capillary-based microreactor platform with fiber optics for on-

line UV/Vis spectroscopy is discussed. This technique is used to investigate chemical 
reaction kinetics under pressures up to 600 bar and to determine activation volumes 
for a number of organic reactions. 

 
Chapter 4 deals with the design, fabrication and performance of several in-

plane fiber-based interface geometries to glass microreactor chips for high pressure 
chemistry. 
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General introduction  

 
In Chapter 5 microfluidic high pressure chips are used for studying fluid phase 

transitions in multi-component mixtures (CO2-alcohol) under conditions close to the 
critical point of the mixtures by means of optical microscopy.  

 
Chapter 6 describes the esterification reaction of phthalic anhydride with 

methanol in a continuous flow microreactor at pressures up to 110 bar as well as using 
supercritical CO2 as a co-solvent. 

 
In Chapter 7 a set-up (up to 150 bar) is described, that allows independent 

sampling of reagents into the microreactor. It is used to study the influence of 
pressure on the Diels-Alder reactions of cyclopentadiene with methyl-, phenyl- and 
benzylmaleimides. 

 
In Chapter 8 the fabrication of a microreactor with an integrated microcoil 

NMR for NMR spectroscopy analysis (60 MHz NMR apparatus) is presented. The 
rate constant of the imine formation of the reaction of benzaldehyde and aniline is 
determined with this NMR microreactor operated in a continuous flow mode. This 
μTAS is meant to be used for on-line monitoring of high pressure organic reactions. 

1.1 References 

1. Röntgen, W. C., Ann. Phys. Chem. 1892, 45, 91-97. 

2. http://nobelprize.org/nobel_prizes/lists/all/. 

3. Jones, R. V.; Godorhazy, L.; Varga, N.; Szalay, D.; Urge, L.; Darvas, F., J. Comb. Chem. 2006, 

8, 110-116. 

4. McMillan, P. F., Chem. Soc. Rev. 2006, 35, 855-857. 

5. Ghaziaskar, H. S.; Daneshfar, A.; Calvo, L., Green Chem. 2006, 8, 576-581. 

6. Kotsuki, H.; Kumamoto, K., J. Synth. Org. Chem. Japan 2005, 63, 770-779. 

7. Klärner, F. G.; Wurche, F., J. Prakt. Chem. 2000, 342, 609-636. 

8. Jenner, G., Tetrahedron 1997, 53, 2669-2695. 

9. Thorsen, T.; Maerkl, S. J.; Quake, S. R., Science 2002, 298, 580-584. 
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2 
High Pressure in Organic Reactions;                 

on the Way to Miniaturization 

 
 
 
 
 
This Chapter offers an overview of the research area of high pressure 
organic reactions. In the first part, an introduction to high pressure 
and its instrumentation for chemical applications is given. 
Subsequently, the advantages as well as the disadvantages of high 
pressure over standard laboratory methodologies are described and 
illustrated by a number of organic reactions. The last part deals with 
the possibility to miniaturize high pressure systems, going from 
continuous flow pipes and capillaries to lab-on-a-chip systems. 
 

 

  



Chapter 2 

2.1 Introduction 

High pressure is a phenomenon that can be found everywhere in the universe, 
for example in the deep sea, inside the earth and on other planets.1,2 From a geological 
point of view high pressure is the principal parameter in the formation of coal and oil 
deposits. In the 1950s the use of extreme conditions such as ultra high pressure in 
material sciences and industry led to the successful preparation of synthetic diamonds, 
rubies and borazones.3,4 Figure 2-1 shows a schematic representation of pressure in 
nature, pressures reached in laboratories and some applications. 

 

Figure 2-1:  Pressures and applications.1 aOther factors such as temperature and inside volume are 
not considered. 

It has been known since the origin of mankind that pressure is a fundamental 
physical parameter. However, high pressure chemistry is a relatively recent field. The 
first example of a reaction under pressure, viz. the acid-catalyzed inversion of sucrose, 
has been reported by Röntgen in 1892.5 Nevertheless, high pressure as a tool in 
synthetic chemistry was almost not explored, despite its great potential. Until the 
1980s, autoclaves were not even commonly used apparatus for high pressure 
reactions.6-13 

When a chemical reaction is performed at high pressure, it would be 
convenient to know the effect of pressure on the electronic, steric, thermal and 
photochemical properties of the reacting molecules. To optimize chemical reactions it 
is also important to know how catalysts, phase transfer reagents, sonochemistry, 
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microwave and solvent-free organic syntheses, are influenced by pressure.11,12,14 An 
example is the use of supercritical fluids as alternatives to organic solvents.15-17 

 
In the literature the term “high pressure” is used for different conditions. High 

pressure in organic reactions generally means reactions at 1 - 20 kbar.18 High pressure 
in microreactor technology can mean 4 bar.19 In this Chapter we use the following 
definitions: 

• Ultra high pressures (> 100 kbar). These pressures require special 
equipments20 and are used to study, among others, new materials,21,22 
and solid state chemistry.23,24 In this Chapter this research area is not 
reviewed, because it is not within the scope of this thesis. 

• High pressures (1 - 20 kbar). This pressure range is commonly used for 
studying the pressure influence on organic reactions (section 2.5.1). 

• Medium pressures (20 - 1000 bar). Processes involving heterogeneous 
catalysts and liquid/gas reactions like hydrogenations are performed in 
this pressure range in continuous flow operation (section 2.5.2). 

• Pressure in microreactors 2 - 80 bar (section 2.5.3). 
 
In this Chapter an overview is given of the instrumentation for high pressure 

chemistry as well as the most representative and recent examples of organic reactions 
under these conditions. Finally, pressure at microscale, going from continuous flow 
systems, tubes and pipes, via capillaries to lab-on-a-chip systems will be discussed.  
 

2.2 Pressure in chemistry 

2.2.1 General principles 

Pressures in the range of 1 - 20 kbar (strongly) influence the rate and 
equilibrium of many chemical reactions. In general, reactions accompanied by a 
decrease in volume, such as C-C bond formation, are accelerated by pressure 
(activation volume ΔV≠ < 0) and the equilibria are shifted towards the side of the 

products (reaction volume ΔV < 0). Other processes, such as concentration of charge 
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and ionization, are also accelerated by pressure. Considering these aspects, the 
reactions in which rate enhancements are expected, when pressure is applied, are the 
following.1,25  

• Reactions in which the stoechiometry decreases in the products; e.g. 
cycloadditions and condensations. 

• Reactions which proceed via cyclic transition states; e.g. Claisen and 
Cope rearrangements. 

• Reactions which take place through dipolar transition states; e.g. the 
Menschutkin reaction and electrophilic aromatic substitution reactions. 

• Reactions with steric hindrance. 

2.2.2 Advantages of pressure in organic chemistry 

Like catalysis, microwave or ultrasonic techniques, pressure is considered an 
efficient tool to overcome the activation barrier of reactions.26-28 Pressure is a very 
mild and non-destructive activation method for reactions that at atmospheric pressure 
either require too high temperatures or are hindered by steric or electronic factors. 

As already briefly mentioned in section 2.2.1, pressure affects equilibria and 
rates in chemical reactions, especially those with a large negative activation volume 
(ΔV≠). Rate acceleration is particularly useful in controlling competitive and 
consecutive reactions.29 High pressure kinetics is a powerful tool in mechanistic 
investigation of reactions in solution,4 for instance in the self-assembly of 
supramolecular structures.30 

When the activation volumes of the individual reaction steps for different 
reaction products are different, high pressure can lead to an improvement of the 
chemo-, regio- and stereoselectivity.31 It is also used in multicomponent reactions and 
combinatorial chemistry, since pressure has no negative effects on the reactivity of 
resin-bound reactants in solid phase reactions.32-34 

The application of high pressure has been proven to be advantageous in many 
catalytic processes, although due to the mechanistic complexity of such reactions it is 
not easy to predict the net effect of pressure in general terms.35 The physical 
properties of matter, such as boiling and melting point, density, viscosity, solubility, 
dielectric constant, or conductivity, are affected by pressure. The different properties 
of a solvent at high pressure compared with those at atmospheric conditions have 
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been used to improve chemical reactions.36 Ultra high pressure experiments (> 100 
kbar) provide new phenomena and materials.37 

2.2.3 Drawbacks of pressure in organic chemistry 

High pressure operation has now reached maturity in scientific fields like food 
science or separation technology. In chemistry the application of high pressure has 
been confined almost exclusively to laboratory experiments, although it is possible to 
find some industrial polymer process where pressure is diary used. One of the reasons 
is related to the small rate increase in a pressure range between 1 bar and 3 kbar, even 
for fairly pressure-dependent reactions. 

High pressure is usually generated in closed systems e.g. autoclaves, thus 
operations such as mixing or the incorporation of probes for chemical analysis are 
difficult. Visualization inside a high pressure apparatus is possible only via view cells, 
which are difficult and time consuming to clean, expensive and prone to leakage 
around the window-cell interface.38 

In general, high pressure chemistry is regarded as a technique that requires 
specialized equipment with strict safety precautions. Since explosion damage is 
approximately proportional to the energy content of the system, which in a 
pressurized system is basically the product of pressure and volume, large production 
processes in industry at high pressure are hardly used. 

2.2.4 Activation and reaction volume, the main parameters 

The effect of pressure on chemical equilibria and reaction rates can be 
described using thermodynamic principles.39,40 The relations between pressure (p) and 
the Gibbs free energy of reaction and activation (ΔG, ΔG≠, respectively), are the most 
important parameters (equations (2-1) and (2-2)).  
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The reaction and activation volumes (ΔV, ΔV≠) can be determined from the pressure 
dependence of the equilibrium constant (K) and the rate constant (k), respectively. The 
effect of pressure on the equilibrium constant of a reaction directly follows the Le 
Chatelier-Braun principle.41 If ΔV < 0, upon the application of pressure the 
equilibrium shifts toward the product (Figure 2-2). These effects are originating from 
the different influence of pressure on the chemical potentials of the reactants and 
products (equilibrium), or reactants and transition state (kinetic).  

Within the scope of the transition state theory,42 the activation volume (ΔV≠)  
can accordingly considered to be a measure of the partial molar volume of the 
transition state with respect to the partial molar volumes of the reactants. These can be 
determined, together with ΔV, from the pressure dependence of the equilibrium 
constant and rate constant, respectively.43 ΔV also corresponds to the difference 
between the partial molar volumes of reactants and products and is usually determined 
experimentally. The activation and reaction volumes are itselves pressure-dependent.44 

Therefore, several empirical equations are employed to fit the pressure dependencies 
of rate and equilibrium constants.45 In general, ΔV≠ and ΔV are constituted from 
intrinsic factors as well as solvation components (equations (2-3) and (2-4)). 

 

≠≠≠ Δ+Δ=Δ solvVVV int                                            eq. (2-3) 
 

solvVVV Δ+Δ=Δ int                                              eq. (2-4) 
 

 
Figure 2-2:  Reaction free energy profile: effect of pressure on free energies.18 

The intrinsic volumes of a ground or transition state are defined by the space 
occupied by the Van der Waals spheres and can be calculated from the cartesian 
coordinates of the molecular structure resulting from experimental data, molecular 
mechanics, or quantum mechanical calculations and from the Van der Waals radii of 
the different types of atoms derived from crystallographic data.46 They can also be 
calculated from the group contribution tables like those published by Bondi in 1964.47 
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The solvation effect is significant in reactions in which there is a change in charge or 
the polar character in forming the activated complex. All these processes give rise to a 
decrease or an increase of ΔV≠ or ΔV.  

Sometimes ΔV≠solv or ΔVsolv can be estimated using the Drude-Nernst equation 

(eq. (2-5)), which describes the relation between the electrostriction volume (ΔV≠solv 

and ΔVsolv), the newly generated or neutralized charges (q) in products or transition 
state, the radius (r), the dielectric constant (ε) of the solvent and its pressure 
dependence:36 

 

T
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VV ⎟⎟
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⋅
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ε 2

2
0
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,                                  eq. (2-5) 

 

where N0 is the Avogadro number. 
Pressure effects should be explained considering both parameters. For instance, 

in a heterolytic bond dissociation the attractive interaction between the newly 
generated ions and the solvent molecules leads to a volume contraction that is, 
generally, much larger than the volume expansion resulting from the dissociation. 
Thus, the overall effect, called electrostriction, leads to negative activation and reaction 
volumes (ΔV≠ < 0, ΔV < 0).29 Table 2-I provides a survey of the expected 
contribution of several chemical processes to the activation volume. 

 

Table 2-I:   Possible contributions to the activation volume of various chemical processes.48 
Mechanistic feature Contribution in cm3 mol-1

Homolytic bond cleavage ~ +10 
Homolytic association ~ -10 
Bond deformation ~ 0 
Ionization ~ -20a

Neutralization ~ +20a

Change concentration ~ -5 
Change dispersal ~ +5 
Displacement ~ -5 
Steric hindrance (-) 
Diffusion control > +20 
 

a Dependent on the solvent polarity. 
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2.3 Instrumentation for high pressure chemistry 

The effect of pressure on compressed fluids, solids and reactions is frequently 
investigated by simple hydraulic pumps that operate in the range of 1 to 20 kbar (no-

flow methods). The pump is equipped with a pressure intensifier, a pressure vessel 
where the reaction takes place, a gauge to measure the pressure and several valves to 
separate the reaction vessel from the pressure generator and to release the pressure 
after the reaction has been completed. In flow methods, amounts of sample are 
continuously injected in the reaction vessel. Product is collected, while pressure is 
maintained constant over the system by pressure controllers and valves.  

In kinetic studies the rate of the reaction, the composition and the equilibrium 
depending on time must be determined at several different pressures. For this 
purpose, on-line spectroscopic measurements are performed using high pressure cells 
that allow Fourier-transform infrared (FT-IR),49-51 ultraviolet-visible (UV-Vis),51,52 
nuclear magnetic resonance (NMR)53-55 techniques, etc. (Figure 2-3). It is also possible 
to maintain a constant pressure in the reaction vessel with an electric pump controller, 
to collect small samples with a microspindle sampler and analyze them by gas 
chromatography (GC) or High-Performance Liquid Chromatography (HPLC). 

 

 
Figure 2-3:  Applicability of high pressure kinetic techniques for different time ranges.56 

Depending on the method used for generating the pressure (no-flow or 
continuous flow) and on the analytical technique used to monitor the process, there 
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are different types of high pressure instrumentation, these are described in the 
following section,42,56,57 most of these instruments are “home-made”. 

Manual hydraulic pumps are able to generate pressures up to 3 kbar without 
the necessity of a pressure intensifier. Figure 2-4a shows a general scheme of the 
apparatus where pressure is obtained through mechanical compression of a liquid. A 
high pressure cell is used for direct analysis by an optical technique.36,58 

Slow reactions (half-lives > 15 min) can be performed either in autoclaves, or 
high pressure cells equipped with spectroscopic or conductometric detection. The 
samples are introduced in the vessel, usually made of polytetrafluoroethylene (PTFE) 
by syringes59 or cylinders with a movable piston.58 These systems need a large amount 
of sample, so more compact versions have been constructed in such a way that 
components are placed in separated chambers and mixed after pressure and 
temperature equilibration.60 In these systems UV-Vis is the most used spectroscopic 
technique coupled to these high pressure cells (Figure 2-4b).52 Similar high pressure 
cells use IR and Raman spectroscopy.36 Conductometry,61 optical rotation, or 
refractive index determinations are other on-line techniques used.  

 

         
Figure 2-4:  (a) Schematic drawing of a manual high pressure apparatus.36,58 (b) Schematic cross 
section of a high pressure cell for UV-Vis optical measurements. 1 pressure plug, 2 O-ring, 3 
sample holder with cell, 4 ring system, 5 sapphire window, 6 connection to pressure line.52 

Fast reactions (half-lives < 15 min) can be performed in high pressure cells 
equipped with spectroscopic analysis detection, as well as continuous flow systems. 
These systems are classified as function of the time span of the applicability of each 
method.62 
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• Flow methods in which the reactions are so slow that they can be 
initiated by physical mixing. 

• Equilibrium perturbation methods for reactions which are so rapid that 
they are studied by perturbation of an equilibrium condition. 

• Radiation induced methods that are initiated by a very rapid burst of 
radiation. 

Equipment that involves mixing systems allows studying fast reactions by 
spectrophotometry or conductometry. The first  instrument of this kind has been 
developed by Heremans and Rijkenberg for pressures up to 12 kbar.63 More recently, 
Ishihara et al.64,65 designed a high pressure stopped flow apparatus with spectropho-
tometric detection for the study of organic reactions in the millisecond range. White et 
al.66 used the same concept for biological purposes (photoactivated biological 
processes, photosynthesis) using FT-IR spectroscopy. 

 More recently, continuous flow systems have been used to study fast chemical 
reactions at supercritical conditions67,68 and involving catalysis.69-71 Figure 2-5 shows a 
novel continuous flow hydrogenation reactor integrated with a liquid handler as a fully 
automated high-throughput hydrogenation system.  

 

 
Figure 2-5:  Continuous flow reactor for hydrogenation reactions.69 

One of the most significant advances for high pressure in the last decade was 
the development of NMR, temperature jump (T-jump) and pressure-jump (P-jump) 
relaxation methods for pressures up to 3 kbar.  

High pressure NMR techniques72 have been reviewed by Jonas,73 

Merbach,74 and Moore75 and recently by Ando and Webb,76 as well as by Damoense et 
al.77 for inorganic chemistry,  and by Yonken and Linehan78 for supercritical fluids. 
Such NMR probes must be non-magnetic and of high mechanical strength: titanium 
and Be-Cu alloys, glass or quartz capillaries and sapphire give excellent results. 
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Furthermore, a compromise between the probe size, sample size and the sensitivity 
has to be found. The construction and introduction of high pressure probes into the 
spectrometer are highly specialized and costly activities.  

Temperature-jump technique is used to study kinetics of rapid equilibration 
processes in solution on a microsecond time scale. Various high pressure T-jump 
instruments have been constructed, in which either laser excitation or an electrical 
discharge (Joule heating) is used to cause the temperature jump.72 T-jump 
instrumentation is used successfully for studying fast complex formation and 
bioinorganic processes.79 Nowadays the application of T-jump combined with FT-IR 
spectroscopy is also an important tool in polymer chemistry.80 

Pressure-jump technique has been used by Brower81 to perform 
measurements at pressures up to 15 kbar using a deformable sample cell to separate 
the sample solution from the pressurizing medium. In general, such systems can be 
employed to study fast complex formation reactions that are accompanied by large 
volume changes, so that a pressure jump will initiate a relaxation process. 
 

Photochemical and photophysical measurements at elevated pressures include 
the determination of quantum yields of chemical and physical processes, as well as the 
measurement of excited state lifetimes and spectral properties as a function of 
pressure.56 High pressure electrochemical studies have led to a better understanding of 
a variety of processes under non-classical conditions with potential applications in 
today’s industrial environment.82 This method is also suitable for systems that use 
supercritical fluid media.18 Dilatometric and density measurements are essential in 
order to construct volume profiles or to determine reaction volumes from the pressure 
dependence of the equilibrium constant.  

 
The different types of high pressure equipment discussed in this section enable 

the investigation of a wide range of organic reactions. Future developments will 
involve the miniaturization of the systems in such a way that pressure becomes a 
normal tool in chemistry, easily available and cheap.52,83,84 Some of these systems are 
already on the market, offering advantages such as portability (small size) and the 
integration of analytical techniques (on-line analysis). In conclusion, microreactors are 
a good alternative for high pressure instrumentation and chemistry. 
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2.4 Influence of high pressure on physical 

properties  

As a thermodynamic parameter, pressure modifies the physical and 
physicochemical properties of liquids considered as media for organic synthesis. 
Among others, pressure affects the solubility, freezing, melting and boiling points, 
density or viscosity, thus the organic reaction itself.85 Pressure increases the solubility 
of solids and gases in liquids and also increases the miscibility of liquids. This is 
important, since it influences the homogeneity of the medium.86 With rare exceptions, 
the melting points of most liquids increase with pressure (ca. 15 - 20 °C per 1 kbar).87 
Pressure increases the viscosity of all liquids in an exponential way (equation 2-6), 
where γ is the pressure coefficient. 
 

( )p⋅⋅= γηη exp0                                                 eq. (2-6) 
 

For the majority of organic solvents, at 25 °С the pressure coefficient (γ) is 3-6 × 10-4 
bar-1, whereas for more viscous liquids γ is much higher and can exceed 4 × 10-3 bar-1.  

Kiselev et al.88 showed how the solvent viscosity affects the rate constant of the 
Diels-Alder reaction of 9,10-dimethylanthracene (1) with maleic anhydride (2) (Scheme 
2-1) at elevated pressures. When the pressure increases 1 kbar, the viscosities of 
MeCN, toluene and silicon oil increase by 1.4, 1.6 and 20 times, respectively. In 
toluene the reaction rate smoothly increases over the whole pressure range. In the 
more viscous silicon oil a similar dependence is observed up to 3 kbar. The reaction 
rate sharply decreases upon further increase of the pressure, because the process 
becomes diffusion controlled. More generally, Diels-Alder reactions, 1,3-dipolar 
cycloadditions and Claisen rearrangements show a viscosity-related acceleration at 
elevated pressures (kbar range).89  

Pressure causes also changes in the dielectric constant according to the 
description of the Owen-Brinkley empirical equation (equation 2-7). 
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In equation 2-7 A and B are characteristic parameters for a liquid. The dielectric 
constant increases slowly, but significantly with pressure. It determines the magnitude 
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of the electrostriction induced by the solvent in the vicinity of charged species, which 
is a very important parameter for activation volume calculations (see section 2.2.4).85 
 

 
Scheme 2-1:  Reaction of 9,10-dimethylanthracene (1) with maleic anhydride (2) at high pressures. 

Other physical solvent properties are also affected by pressure, such as 
refractive index, compressibility, thermal conductivity, electrical conductivity, specific 
heat and surface tension.36 

 
A supercritical fluid (SCF) is defined as a substance above its critical 

temperature (Tc) and pressure (pc), called the critical point, but below the pressure 
required to condense it into a solid.90 Figure 2-6 shows a hypothetic phase diagram 
where the supercritical region is visible. SCFs are very interesting media to carry out 
organic reactions. They represent an alternative solvent, because they are not in the 
liquid state.91 Reactions in a SCF may offer advantages like controlling the phase 
behavior increasing the reaction rates and giving rise to specific reaction paths. 

 

 
Figure 2-6:  A typical phase diagram showing the supercritical region.17 

SCFs have many physical properties that are between those of a liquid and a 
gas.92 For instance, the density of a SCF is typically less than half of the liquid state, 
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but two orders of magnitude larger than that of a gas. Properties may change 
dramatically with pressure near the critical region. SCFs have no surface tension and, 
like gases, rapidly diffuse to occupy the entire volume of the system. In many 
publications the SCF properties are used for synthetic purposes.17,62,93-100 

Supercritical CO2 (sc CO2) as a reaction medium is of particular interest in 
organic synthesis.101 Its physical properties are very interesting mainly because it has a 
relatively accessible critical point (Tc = 31.1 °C, pc = 73 bar). As a “green solvent” it is 
non-flammable, relatively non-toxic, inert and inexpensive. It can be recycled and has 
low solvent disposal costs. sc CO2 also leaves less solvent residues in products and 
consequently a lower environmental impact.  

Ionic liquids are organic liquids (only) consisting of ions.102 Since their physical 
properties can be affected by pressure, their possible use as high pressure media must 
be taken into account95 

2.5 Pressure in organic reactions 

There are several monographs and reviews on chemical reactions at high 
pressure,6,9,103,104 covering the literature of the past decade.18,29,31,105-108 Recent reviews 
of Klärner and Wurche,29 as well as a monograph by Van Eldik and Klärner18 cover 
recent progress in high pressure organic synthesis up to the first half of 2001. 
Matsumoto et al. published a review about cycloaddition reactions under high pressure 
in 2005.109 Very recently, Chemical Society Reviews published a special issue with ten 
reviews on high pressure, expressing the importance that high pressure nowadays has 
in chemistry, biology and engineering.110 

2.5.1 Reactions in closed systems 

Most of the high pressure chemistry during the past four years was carried out 
in closed systems like autoclaves in which pressures range from 1 to 20 kbar.   

There are some general aspects in which high pressure is expected to have an 
effect on organic reactions which have been explained in detail in section 2.2. The 
effect of pressure on chemical reactions, especially, the change in the packing 
coefficient during cyclization of chains and the effect of electrostriction on reactions, 
in which charged species are generated, contribute substantially to a volume 
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contraction leading to a powerful pressure-induced acceleration of such reactions.22 In 
organic chemistry, high pressure is used to enhance reaction rates when the reactions 
show large negative reaction or activation volumes. In many instances yields are 
increased and reaction times are shortened, in addition the product ratios may be 
altered. Some reactions that do not or cannot proceed at atmospheric pressure, occur 
smoothly under pressure. In this section the latest developments in high pressure 
organic chemistry are reviewed. 

Cycloadditions are typical examples of pressure-accelerated reactions being the 
most extensively investigated because their activation (ΔV≠) and reaction volumes 
(ΔV) are highly negative (e.g. ΔV≠ ≈ -25 to -50 cm3 mol-1).109 Pressure particularly 
improves or even promotes cycloaddition reactions that are reluctant to occur due to 
steric hindrance or electronic reasons.8 

 
Diels-Alder reactions 

The Diels-Alder reaction of a variety of electron-rich 2H-pyran-2-ones (4) with 
alkynes (5) to give aniline derivatives (6) is affected by pressure (13-15 kbar)111,112 
(Scheme 2-2). The substituents at the 3- and 5- positions in 2H-pyran-2-one (4) induce 
a different reactivity and regioselectivity. This different reactivity was qualitatively 
explained on the basis of electron demand and also by the formation of zwitterionic 
intermediates. High pressure affects the regioselectivity of the reactions because they 
are governed by different factors than those at normal pressure. Stereoelectronic 
factors influence the activation volume as well as changes in the reaction mechanism. 

 

Scheme 2-2:  Diels-Alder reactions of 2H-pyran-2-ones (4) with alkynes (5) yielding aniline 
derivatives (6). 

Fujita et al.113 studied the Diels-Alder reaction of 2(1H)-quinolones having an 
electron-withdrawing group at the 3-position with alkyl- and silyloxy-1,3-butadienes to 
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give regio- or stereoselectively functionalized phenanthridones under atmospheric as 
well as high pressure conditions (10 kbar). 

The regio- and stereoselectivity in the reaction of the enantiopure diene 7 with 
prochiral cyclohexadienones (8) to give the cycloadduct (9) was studied at high 
pressure (up to 14 kbar) (Scheme 2-3). The resulting [4+2] cycloadducts (9) allowed 
the preparation of new polyfunctional cyclohexenone derivatives.114  

 

 
Scheme 2-3:  Reaction of prochiral cyclohexadienones (8) and the diene (7) to give the cycloadducts 9. 

In the last few years the combination of high pressure (12 kbar) and catalysis 
has been extensively used for the improvement of the selectivity of organic reactions. 
It has been proven that this combination has a profound influence on the 
chemoselectivity of the [4+2] cycloaddition reaction of pyrrole derivative (10) with 
electron-rich diene (11) (Scheme 2-4).115 Both the structural and electronic nature of 
the substituents on the N-tosylpyrrole nucleus play a crucial role in the course of the 
reaction directing both the reactivity and the chemoselectivity of the cycloaddition 
reaction. Activation by high pressures and a Lewis acid leads to increased yields. 

 

Scheme 2-4:  Cycloaddition reaction between pyrrole derivative (10) and diene (11). 

(Salen)-chromium(III) chiral Lewis acids have been used for the [4+2] 
cycloaddition reactions of buta-1,3-diene with chiral or achiral glyoxylates at high 
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pressures giving rise to high enantioselectivities.116-118,119 At pressures of 10 kbar, the 
Diels-Alder reaction of 1-methoxybuta-1,3-diene with n-butyl glyoxylate in the 
presence of a Co(II)-catalyst gave very high enantioselectivities (70 - 90% ee) and 
yields.120,121 Minuti et al.122 have studied the Diels-Alder reactions between (+)-
nopadiene and 2-cyclopenten-1-one, 2-cyclohexen-1-one, 4-oxo-2-cyclopentenyl-
acetate and two indenone derivatives under high pressure conditions in combination 
with Et2AlCl as a catalyst. The reactions were totally regioselective and anti-endo 
diastereoselective, providing a new approach to optically active polycyclic compounds 
that were obtained in very high yields. Kosior et al.116 have studied the stereochemistry 
of the Diels-Alder reaction of buta-1,3-diene with chiral and achiral glyoxylates in the 
presence of (salen) chromium(III) complexes at high pressure. The chemical yields and 
the diastereoselectivities were not very high, probably due to the steric requirements 
both of the catalyst and the dienophile. Much better results have been obtained for the 
enantioselective mode of this reaction using achiral glyoxylates. A similar Diels-Alder 
reaction, the [4+2] cycloaddition reaction of 1-methoxybuta-1,3-diene and 
glycolaldehyde-derived heterodienophiles in the presence of chiral metallosalen 
complexes, gave good yields (up to 90%), very good diastereoselectivities (up to 92%) 
and enantioselectivities (up to 93% ee).117 

Under high pressure (11-15 kbar) 3-methyl- and 3-phenylsulfanylfuran (14) 
undergo a facile, regioselective and stereoselective Diels-Alder cycloadditions reaction 
with a variety of cycloalkenones (e.g. 15) to give the corresponding annulated 7-
oxabicyclo[2.2.1]-heptene derivatives (16) in good yields (Scheme 2-5) using zinc 
iodide as catalyst.123 More examples of Diels-Alder reactions affected by high pressure, 
when catalysts are involved, are summarized in references 124-131. Others have used 
high pressure for the synthesis of Diels-Alder cycloadducts in a regio- and 
stereoselective way.113,122,128,132-138 

 

 
Scheme 2-5:  Diels-Alder reaction of 3-methyl- and 3-phenylsulfanylfuran (14) and 2-cyclohepten-
1-one (15) at 15 kbar. 
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In solid phase organic synthesis, high pressure conditions eliminate the need 
for stirring and heating, which can damage the resin. It also eliminates the use of a 
catalyst, which may deposit residues in the polymeric matrix. High pressure also allows 
the use of reactants of relatively low reactivity or that are sensitive toward heat or 
(Lewis acid) catalysts. A very interesting example has been presented by the group of 
Scheeren in the synthesis of spirohydantoins and spiro-2,5-diketopiperazines via resin-
bound cyclic α,α-disubstituted α-amino esters (Scheme 2-6).139 

 

Scheme 2-6:   One step in the synthesis of spirohydantion (20). 

Pressures of 8 kbar and solvent free conditions have successfully been used for 
the Diels-Alder reaction of thiophene (21) and maleic anhydride (22) (Scheme 2-7). 
The remarkable effects of the combination of high pressure and solvent-free 
conditions led to a significant lowering of the pressure required for this reaction, but 
also to a considerable improvement in yield (almost quantitative) compared with the 
same reaction carried out in solution (19% in CH2Cl2 and 23% in tetrachloro- 
ethylene).140 

 

 
Scheme 2-7:  High pressure Diels-Alder reaction of thiophene (21) with maleic anhydride (22). 

Pressure can also give rise to a reduction of the number of reaction steps. An 
example is the synthesis of cantharidin (27) (Scheme 2-8). At 15 kbar the reaction of 
furan (24) and thieno[3,4-c]furan-1,3(4H,6H)-dione (25) proceeds in only two steps 
and the product is obtained quantitatively. Before, ten steps were necessary and poor 
yields were obtained.141,142 Nowadays more research groups are using high pressure for 

 24 



High Pressure in organic reactions; on the way to miniaturization 

reducing synthesis steps for the stereochemical synthesis of natural and/or 
pharmaceutical compounds with high potential industrial application.143-148 
 

 
Scheme 2-8:  Synthesis of cantharin (27) at high pressure. 

1,3-Dipolar cycloadditions 

1,3-Dipolar cycloadditions usually occur stereospecifically with retention of 
configuration in the dienophiles. Activation and reaction volumes149 are in the range of 
ΔV≠ = -21 cm3 mol-1, smaller than those of Diels-Alder reactions. The reason might 
be the dependence on the ring size in the volume changes during the cycloadditions.150 

High pressure decreased the reaction time of the cycloaddition reactions of 
chiral nitrones derived from L-valine with methyl acrylate to give the corresponding 
diastereomeric 3,5-disubstituted isoxazolidines. The stereoselectivity was dependent on 
the substituent being attached on the nitrogen atom in the starting nitrone and 
reaction conditions.151 

In the cycloaddition reaction of organic azides (29) with morpholinobuta-1-en-
3-yne (28) a pressure of 7 kbar considerably improved the yield of some of the 
cycloadducts (Scheme 2-19).152 

 

 
Scheme 2-9:  Reaction of 2-morpholinobut-1-en-3-yne (28) with azides (29) at high pressure. 

[2 + 2] Cycloadditions 

The activation volumes of [2 + 2] cycloadditions reactions are highly negative 
(ΔV≠ = -22 to -52 cm3 mol-1). Thus, the effect of pressure leads to a considerable 
acceleration of these reactions comparable to that of Diels-Alder reactions. For 
instance, under high pressure conditions (15 kbar) 4-methylphenyl-1,2-propadienyl 
sulfones and enol ethers undergo a regioselective [2 + 2] cycloaddition reaction to give 
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(3-alkoxycyclobutylidene)methyl 4-methylphenyl sulfones in good yields, while at 
atmospheric pressure the reaction does not take place.153 

Another interesting example reported by Aben et al.154 involves the reaction of 
enol ethers and alkyl 3-aryl-2-cyano-2-propenoates at high pressure to give the 
cycloadducts in high yields and stereoselectivities. The obtained products are attractive 
scaffolds for use in combinatorial chemistry due to the presence of a sulfonyl group, a 
methylene function and an alkoxy group, while the cyclobutane ring can either be left 
as a basic structural unit or can be involved in further conversions. 

 
As explained in section 2.2, pressure is generally effective in increasing yields 

and giving better selectivities for reactions that involve an ionization process like, 
among others, condensations, additions and nucleophilic reactions. 

Condensation reactions 

The Knoevenagel reaction of (a)cyclic ketones with ethyl cyanoacetate to 
produce hindered alkenes is accelerated by a pressure of 3 kbar compared with the 
reaction at 1 bar.155  

High pressure (3 kbar) was used as a simple and efficient synthetic method for 
the condensation of phenols with aromatic aldehydes using TfOH as a strong acid 
catalyst.156 L-proline was used as a catalyst by Kutsoki et al.157 for the direct asymetric 
aldol reaction between ketones and aldehydes.  

The first example of a diastereoselective nitro-aldol reaction of α-amino 
aldehydes under high pressure without a catalyst has been reported by Misumi and 
Matsumoto.158 Although the diastereoselectivities did not rival those of reactions with 
highly sophisticated catalysts, the experimental procedure was extremely simple.  

Unsymmetrical ureas have been synthesized via the direct condensation of 
Troc-carbamates with primary or secondary amines under high pressure conditions (6 
kbar) where pressure replaces the catalyst.159 Kumamoto et al. have developed a 
method to prepare a variety of N-pyridinothiourea derivatives using the high pressure 
promoted, uncatalyzed condensation of isothiocyanates with aminopyridines at 
pressures up to 6 kbar.160  

A new practical method for ketalization or oxy-Michael/ketalization involves 
the high pressure promoted condensation of α,β-unsaturated ketones with alcohols in 
the presence of trialkyl orthoformates as water scavenger. This method is considered 
as an environmentally friendly process.161  
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An exotic and smart way to generate high pressure is by water freezing. As the 
volume of water increases by about 10% on freezing, a high pressure, up to 2 kbar, 
can be easily created when water is frozen in a sealed autoclave at -20 °C. The catalytic 
asymmetric three-component List-Barbas-Mannich reaction has been performed in 
such a system (Scheme 2-10) giving rise to higher yields and better enantioselectivities 
than at room temperature and 1 bar.162 The same method has successfully been used 
for the catalytic asymmetric aldol reaction,163 and the Baylis-Hillman reaction.164  

 

Scheme 2-10:  List-Barbas-Mannich reaction of acetone (54), p-bromobenzaldehyde (55) and p-
anisidine (56) using L-proline as catalyst at high pressure. 

Nucleophilic reactions 

Since charge development in the transition state invariably results in a rate 
increase on application of pressure, most nucleophilic reactions have a negative ΔV≠. 
In particular, the Menshutkin reaction has large negative values (e.g. ΔV≠ = -58.2 cm3 
mol-1 in n-hexane). 

Pressure benefits organic reactions which due to steric hindrance (steric effects) 
have low rate constants.165 This is due to the fact that steric interactions are repulsive 
interactions leading to the destabilization of the system (see also additions and 
miscellaneous reactions). From this point of view, pressure contributes to reduce the 
destabilization. The Menshutkin reaction of buttressed pyridines (37) (Scheme 2-11) is 
a good example,166 where the rate constant under ambient pressure conditions 
decreases with increasing bulkiness of the Y and the Z substituents (Table 2-II). In 
general, the more hindered reactions are more accelerated by pressure up to 2 kbar, 
meaning more negative activation volumes (ΔV≠), thus when pressure is applied, the 
reactions with higher steric hindrance (more negative ΔV≠) will be positively affected.  
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Scheme 2-11:  Menshutkin reaction of buttressed pyridines (37) with methyl iodide (38). 

 

Table 2-II:   Menshutkin reactions of methyl iodide (38)  with buttressed pyridines (37).166 
Z Y Rate constant ratioa ΔV≠ /cm3 mol-1

H H 1 -28.2 
H Me 0.0354 -30.8 

t-Bu Me 0.0036 -32.5 
a In acetonitrile at 20 °C and 1 bar. 
 

Addition and elimination reactions 

Additions of nucleophiles or electrophiles to olefinic compounds have negative 
activation volumes.1 The 1,4-addition of alcohols to activated alkenes catalyzed by tri-
n-butylphosphine is activated by pressure in the case of crotonic compounds with a 
hindered β reaction center while the corresponding additions of alcohols to 
methacrylic analogs are hardly affected.167,168 The phosphine-catalyzed nucleophilic 
addition of alcohols to unsaturated nitriles is also affected by pressure (3 kbar), when 
either the alcohol or the nitrile have bulky groups.169 In this particular reaction, 
geometrical and electrostatic interactions (steric hindrance to ionization) are presented 
as the main reasons for the positive pressure effects. 

For the reaction of 2-methylfuran (40) with alkyl glyoxylates (41), the cobalt 
catalyst (42) afforded at high pressure the Friedel-Craft products (43) and (44) in yields 
up to 70% with enantioselectivities up to 72% ee (Scheme 2-12).170 

The enantioselective addition of allylstannanes to glyoxylates and glyoxals, as 
well as simple aromatic and aliphatic aldehydes, catalyzed by chiral (salen)Cr(III) 
complexes has given good yields and moderate enantioselectivities when high pressure 
(up to 10 kbar) was applied.171-173 In the case of the asymmetric Michael reaction of 
chiral imines with alkyl and aryl crotonates, pressure accelerates the reaction as well as 
increases the regio- and stereoselectivities (90 - 98% ee).174 

As already explained in section 2.4, solvent effects should be considered175 
upon the application of pressure. The rate constants of some Michael-like and [4+2] 
cycloaddition reactions are less affected by pressure in water than in organic 
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solvents.176 For the Michael addition reaction the effect of pressure is partially due to 
the reduction of the electrostriction volume, while for the Diels-Alder reaction in 
water pressure positively affects the rate constants. Pressure alters the intensity of 
solvophobic and polarity parameters, but the effects vary for each reagent. 

 

Scheme 2-12:  Reaction of 2-methylfuran (40) and n-butyl glyoxylate (41) at 10 kbar using a (salen) 
Co(II) complex (42) as catalyst. 

Other non-conventional media like fluorophobic solvents have been used to 
study their effect in the conjugate addition of amines to acrylonitrile at high pressures 
as well as in Diels-Alder reactions in the range of 2 - 10 kbar.177 In this case the 
pressure effect is lower than in other media (water, ethylene glycol). Finally, the 
freezing water method described above has also been successfully applied to a high-
yield Michael reaction of alcohols and α,β-unsaturated ketones.178 

Domino reactions 

The activation (ΔV≠) and reaction volumes (ΔV) of domino reactions are of the 
same order of magnitude as those of the Diels-Alder reactions and thus are positively 
affected by pressure. Nevertheless, the effects depend on the type of reactions that are 
involved. For example, the Horner-Wadsworth-Emmons reaction (alkenylation of 
carbonyl compounds with phosphonates) of aldehydes with phosphonates proceeds at 
room temperature in the presence of triethylamine without Lewis acids if high 
pressure (8 kbar) is applied to the system.179 Another type of domino reaction, the 6π-
electrocyclization/Diels-Alder reaction of 1,6-disubstituted (E,Z,E)-1,3,5-hexatriene 
(45) affords at pressures up to 10 kbar good yields (36 - 76%), whereas there is no 
reaction at atmospheric pressure (Scheme 2-13).180 The domino Knoevenagel hetero 
Diels-Alder reaction of sugar derived δ,ε-unsaturated aldehydes has also been studied, 
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yielding to new polyhydroxylated carbocycle-dihydropyran fused ring systems.181 
Scheeren et al. studied both the reaction of 2-methoxybuta-1,3-diene in an one-pot 
domino [4+2]/[4+2]/[3+2] cycloaddition at high pressure to form structurally diverse 
multicyclic nitroso acetals in good yields and stereoselectivities182,183 and  the synthesis 
of polycyclic alkaloids.184  

 

 
Scheme 2-13:  6π-Electrocyclization of a (E,Z,E)-1,3,5-hexatriene (45) ensuring the Diels-Alder 
reaction with dimethyl maleate (46), as a one pot-procedure. 

Miscellaneous reactions 

There are many other interesting applications of high pressure in organic 
synthesis. High pressure techniques have been used to accelerate Heck reactions 
before,185 one of the most versatile C-C bond forming processes. The mechanism of 
the Heck reaction of  iodobenzene with methyl, ethyl and t-butyl acrylate and of both 
4-nitrophenyl iodide and 4-nitrophenyl triflate with methyl acrylate, has been studied 
by quantitative on-line FT-IR spectroscopy at pressures up to 3 kbar.186 The results 
suggested that the rate-determining step of the overall reaction is not the oxidative 
addition, but either the alkene coordination or the subsequent carbopalladation. 

Sterically demanding reactions like the Passerini reaction187 show an enhanced 
sensitivity to pressure, small when moderately hindered reactants are involved, but 
very large when bulky isocyanates (50) are used (Scheme 2-14).  

 
Scheme 2-14:  Passerini reaction of 4-methylbenzoic acid (48) with the highly sterically hindered 
ketone (49) and isocyanate (50) at high pressures. 
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The three-component Strecker synthesis of α-aminonitriles (55) starting from 
ketones (52), aromatic amines (53) and trimethylsilyl cyanide (TMSCN) (54) has been 
studied at high pressures (up to 6 kbar) in the absence of a catalyst. In this particular 
reaction pressure replaces the catalyst. The effect of pressure increases with higher 
steric hindrance (Scheme 2-15).188-190  

 

Scheme 2-15:  Strecker reaction of ketones (52) with aniline (53) and TMSCN (54) in toluene for 24 
h at 6 kbar. 

When bulky groups are present the Stetter reaction of bulky aliphatic acyloins 
and γ-ketonitriles191 as well as the Biginelli reaction (a multicomponent reaction 
involving a α-ketoester, an urea and an aldehyde to give 3,4-dihydro-2(1H)-
pyrimidinones) are promoted by high pressure. 

The Baeyer-Villinger oxidation of aliphatic ketones (56) only exhibits a small 
pressure effect, which it is reflected in slightly negative activation volumes (-2 to -8 
cm3 mol-1, Scheme 2-16).192  

 

Scheme 2-16:  Baeyer-Villiger oxidation of aliphatic ketones (56) with m-chloroperbenzoic acid 
(MCPA) (57) at 3 kbar. 

During the synthesis of complex target molecules, selective deprotection of 
sensitive functionalities is of crucial importance. The deprotection of t-
butyldiphenylsilyl (TBDPS) groups at very sterically hindered positions has 
successfully been performed at 10 kbar, using HF/pyridine in DMF.193  

Chiral macrocyclic tetraamines derived from α-amino acids have been 
synthesized in good yields at 10 kbar.194 These macrocycles were used for the study of 
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metal complexation (Li+, Na+, K+, Rb+ and Cs+).195,196 The Jurczak group studied the 
implementation of high pressure in many other reactions like the cleavage of sterically 
hindered steroid esters197 and the synthesis of crown ethers, cryptands,198,199 
azacoronands,200 and herbicidals.201 Matsumoto et al. have studied the influence of 
pressure on several heterocyclic organic reactions.202-205 

In this section it is shown that high pressure finds more and more successful 
applications as a useful methodology in synthetic chemistry.  

2.5.2 Reactions in continuous flow systems  

Chemical transformations under continuous flow operation are now carried out 
in laboratories and in industry at atmospheric pressure conditions.206 Flow-through 
processes using reactors that contain immobilized reagents or catalysts deliver 
compounds with high purities.207 Continuous flow is mainly used in combinatorial and 
parallel-synthetic methods for pharmaceutical purposes.208,209  

In such systems pressures from 20 - 700 bar are commonly applied. Higher 
pressures are hardly used because to combine pressure and continuous flow operation 
requires sophisticated and expensive instrumentation as well as severe safety 
measurements. Only one example of a continuous flow system that operates at high 
pressure (> 1 kbar) has been reported in the past four years.210 In this field, 
miniaturization of the system is a good option, because it relaxes safety issues. 
Kirschning et al.211 filled a fiber (about 110 mm in length and 5 mm diameter) with a 
functionalized monolithic material based on a glass/polymer composite. Using 
standard HPLC connections a “PASS-Flow reactor” was built, (Figure 2-7) that 
operates up to 20 bar. 

 

 
Figure 2-7:  Schematic set up of the PASS-Flow reactor; PTFE: polytetrafluoroethylene. 211 
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These chemically functionalized flow-through reactors have first been tested 
for basic transformations, such as substitution, oxidation, reduction and Horner-
Wadsworth-Emmons (HWE) olefinations. The products were isolated in high yields 
by simple removal of the solvent. 

The use of continuous flow operation in high pressure systems is still in its 
infancy, but a bright future is predicted. This section summarizes the literature on 
continuous flow systems, mainly microreactor chips, which are used for chemical 
applications at high pressures. 

2.5.2.1 Autoclaves 

Zhao et al.212 designed a pressure reaction cell autoclave for kinetics and in-situ 
infrared reflection spectroscopic measurements on model catalysts at pressures up to 3 
bar. The cell could be operated both as batch reactor and as flow reactor with a 
defined gas flow. Following the same principle, Jansen and Niemeyer improved greatly 
the system developing an automated high pressure plant with a continuous flow 
through a fixed silica gel bed was constructed for pressures up to 3.5 kbar.210 

A continuous flow laboratory-scale device for heterogeneous hydrogenations 
using Pd/C and Raney-Ni as catalysts has successfully been applied for the reduction 
of aromatic nitro groups, deprotection of benzyl groups and desulfurization reactions 
of selected dihydropyrimidine analogues at pressures up to 100 bar.213 Jones et al.69 
incorporated a liquid handler to the system resulting in a fully automated high-
throughput hydrogenation system for library synthesis. The reactor, (the H-Cube, 
Figure 2-8)214 combines endogenous hydrogen generation from the electrolysis of 
water with a continuous flow-through system. The reduction of a series of functional 
groups at 70 °C and 70 bar, has been performed in this reactor.  

In a continuous flow, fixed-bed microreactor the competitive hydroconversion 
of n-heptane and n-nonane and its mixture using a Pt/H-Y zeolite as a catalyst has 
been carried out at 230, 250 and 270 °C at 100 bar, at these pressure the zeolite 
configuration changes.215 

 

Experiments with supercritical fluid (SCF) require pressures higher than 100 
bar, nevertheless the pressures are generally much lower than those associated with the 
high pressure experiments mentioned in section 2.5.1. Typical supercritical 
experiments are carried out at pressures below 400 bar in autoclaves or reaction 
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vessels. Their low viscosity and good thermal and mass transport properties make 
SCFs particularly interesting for continuous flow experiments. Nowadays, the 
developments in the SC-field concern the fabrication of new apparatus as well as 
studies in continuous flow systems.216,217 The main studied topics are the behavior of 
supercritical fluids as well as their mixtures with other fluids (alcohols) and  solubility 
and separation studies.17,218  

The selective oxidation of benzyl alcohol to benzaldehyde with molecular 
oxygen in supercritical carbon dioxide (sc CO2) over a Pd/Al2O3 catalyst using toluene 
as a co-solvent219,220 and the catalytic esterification of 2-ethylhexanoic acid with 2-
ethyl-1-hexanol in sc CO268 are reactions carried out in these systems. Other examples 
are the fabrication of  highly crystalline anatase TiO2 nanoparticles67 in less than 1 min 
in a supercritical propanol-water mixture and the inhibition of enzymatic processes by 
pressure and sc CO2 conditions.70 

2.5.2.2 Tubes and pipes 

Conventional liquid chromatography (LC)-type steel tubing (volume of 2 mL 
and an inner diameter of 1.27 mm and 1.5 m length) has been used to study reactions 
up to 700 bar.221 Tubes and capillaries have also been filled with catalysts for carrying 
catalytic reactions in continuous flow. A tube reactor packed with Pd/C catalyst 
performs as an efficient hydrogenation system, which converts 4-cyanobenzaldehyde 
(60) to the benzyl alcohol derivatives (54-56) at 25 °C, (Scheme 2-17). Such systems 
are already implemented in pilot plants for industrial production.222 

 

Scheme 2-17:  Hydrogenation reaction of 4-cyanobenzaldehyde (60) in the flow and batch reactor 
systems at 25 bar. 
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2.5.2.3 Capillaries 

The first miniaturization step in the construction of continuous flow systems 
for pressure applications are capillary reactors. The pressure range used in these 
systems is very wide, going from a few bar in capillary like HPLC columns to 400 bar 
in metal microtubes for supercritical water applications. The capillaries follow the 
same principle as the columns used in HPLC or GC systems, but are here used for 
synthetic purposes. One of the first examples of such a reactor consists of a PTFE 
capillary (1.0 mm diameter, 1 - 8 m length) surrounded by a thermostatted jacket (60 - 
120 °C) operating at a pressure of 4 bar.215,223,224 The pressure is regulated by a needle 
valve. It is especially suitable for investigating two-phase liquid-liquid reactions, e.g. the 
nitration of aromatic compounds.  

Ratka and Berndt225 have developed a simple flow system based on a low-cost 
diaphragm pump that operates at pressures up to 6 bar (Figure 2-8). By employing 
these diaphragm pumps in flow systems, the pressure gap between conventional 
HPLC pumps (20 - 400 bar) and peristaltic pumps (< 2 bar) was filled. This system 
has been used for on-line trace pre-concentration and detection with flame atomic 
absorption spectroscopy (FAAS) and inductively coupled plasma-optical emission 
spectrometry (ICP-OES), but could also be used for chemical synthesis with minor 
modifications. 

 

 
Figure 2-8:  Set-up of a damped diaphragm pump system (carrier circulation flow of 100 mL 
min-1 at 6 bar with an analytical split off flow of 0.1 - 50 mL min-1) applied to on-line trace pre-
concentration/matrix separation in FAAS and ICP-OES.225 

A continuous flow-type hydrothermal reaction system based on a reaction loop 
(stainless-steel tubing with an internal diameter of 0.5 mm and 10 m length) has been 
reported by Tsuda et al. (Figure 2-9).226 The temperature and the pressure are rapidly 
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and dynamically controlled in the system and the reaction products are analyzed with 
liquid chromatography. Using this system, methyl benzoate has been hydrolyzed and 
analyzed at four conditions (pressure, temperature) in the liquid and supercritical phase 
(404 °C, 235 bar). 

Wakashima et al.227 reported a microtube made from a Ni-base alloy operating 
in continuous flow at supercritical water conditions (> 221 bar, > 374 °C), however, 
no synthetic application has been reported yet.   

 

 
Figure 2-9:  Schematic diagram for a high temperature and pressure reaction system with 
continuous flow hyphenated with liquid chromatograph (RT-HighTP-LC).226 

2.5.3 Miniaturized systems (microreactors)  

2.5.3.1 Introduction 

The concept of lab-on-a-chip technology228,229 is becoming more and more 
important, in particular for chemical analysis230 and biotechnology231,232 applications. 
Morover, this technology has shown its utility in organic chemistry.233 From the first 
miniaturized analytical device, a glass chromatographic analyzer presented by Terry et 
al. at the end of the 1970s234,235 to the most sophisticated micro Total Analysis Systems 
(μTAS),236 the trend is the incorporation of analytical techniques. The design, 
fabrication, flow control, analysis and connection techniques are under continuous 
development improving among others, the throughput and the automation,230,237,238 at 
the same time leading to reduced costs.239  
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Microreactors, defined as miniaturized reaction vessels fabricated by using, 
methods of microtechnology and precision engineering,240 can nowadays be used to 
study chemical reactions at the microscale scale.240 Microreactors consist of three-
dimensional structures (microchannels) with diameters typically in the range of 10 - 
500 μm, which are used to manipulate reagent solutions. Microreactors are usually 
fabricated in glass, quartz, silicon, polymers, or metals. For synthetic applications glass 
is the most popular, nevertheless, metals are often used for high pressure 
applications.241 

There are many reactions that have been carried out in microreactors and in 
many cases yield, selectivity and purity are improved, in a continuous flow at the 
microscale as compared to the conventional lab-scale equipment.233,242-244 Additionally, 
continuous flow operation in microreactors enables real-time measurements and 
consequently fast analysis protocols. Recently, the aim of microdevice experiments are 
changing from simply proving the feasibility of one chemical reaction towards more 
in-depth scientific studies and industrial piloting (chemicals-producing industry).245,246 
For the improvement of chemical processes it is very convenient to make use of 
microreactors,247 as well as for the production of new or specialty products that are 
difficult to produce in conventional macroscale reactions. 

2.5.3.2 Properties of microreactors 

The small characteristic dimensions of microreactors result in small internal 
volumes and high surface-to-volume ratios, which lead to improved heat and mass 
transfer rates. 

The applications of microreactors in chemistry are very promising because it is 
possible to optimize conventional chemical processes by improving the selectivity, 
product quality and safety. 

Microreactors intensify mixing and mass transport; this advantage is particularly 
important in multi-phase reaction systems (gas/liquid or liquid/liquid) and in reactions 
that are sensitive to temperature. Furthermore, use of microreactors significantly 
reduces the hazards in for instance fluorinations,248 chlorinations,249 nitrations,250 
hydrogenations,251 and oxygenations.252,253
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2.5.3.3 Connections for pressure microreactors 

To connect microreactors to the “macro world” standard connections can be 
used such as Swagelok® and metal blocks,254 silicone o-ring couplers,255 injection-
molded plastic couplers,256 polydimethyl siloxane (PDMS) elastomer based press-fit-
type interconnectors.257 Alternatively a polymer (polyethylene) tube can be fused by 
melting to the microreactor at the connection point and permanently bonded using 
epoxy glue.258 

For pressure and supercritical fluid applications in microreactors the 
development of interconnectors which can reliably operate under severe operating 
conditions is crucial. This section presents a summary of the materials used for 
interconnecting microdevices with pressure systems. A holder (socket) made of 
polyether ether ketone (PEEK) has been reported by Yang and Maeda.259,260 With this 
socket, twenty channels can be easily connected at 2 bar. Another type of holder, also 
made of PEEK, has been designed for the (non-permanent) coupling of standard 
capillary tubing to silicon/glass micromixer chips261 and it resists around 6 bar (Figure 
2-10a).  

Interconnectors based on polydimethylsiloxane (PDMS) have been introduced 
by Li and Chen.262 The maximum working pressures reach 5 - 7 bar, depending on 
reusable or non-reusable interconnectors (Figure 2-10b). PDMS has also been used for 
the fabrication of an interconnector that resists up to 10 bar.263 

 

    
Figure 2-10:  (a) Scheme of the assembled chip interface (external dimensions 38 × 35 × 30 
mm),261 (b) schematic representation of an epoxy-glued reusable PDMS interconnector and (c) a 
nonreusable PDMS interconnector bonded to a silicon substrate using UV-curable epoxy glue.263

Plastic tubing connections to microreactors are not very resistant to pressure; 
for instance Lee et al.264 could not achieve pressures higher than 2 bar. Similar 
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pressures were obtained with adhesive-free interconnectors fabricated by sealing the 
silicon inlets of the device with silastic tubes via heat treatment.265 

Metal connections have been used by many research groups. Chen et al.266 
combined silicon microreactors with stainless steel for pressures up to 1.5 bar. 
Pattekar and Kothare267 improved the pressure range to 21 bar by sealing the 
inlet/outlets via in-situ melting of the metallic fiber and subsequent reinforcement with 
high pressure epoxy glue. The combination of PDMS and quartz microreactors 
(“PDMS connection method”) for HPLC-chip268 applications created a very resistant 
device, with good seals resisting 50 bar.269 Puntambekar and Ahn270 increased the 
durability of the connections to 66 bar by using serial or parallel self-aligning 
interconnectors. Even better results have been obtained by Szekely and Freitag271 who 
fabricated a microreactor, based on clamping of two ceramic plates, which is able to 
resist pressures up to 150 bar. 

From this section it is clear that the main limitation for carrying out pressure 
experiments in microdevices is the interface with the “macro world”. Different 
materials like plastic, PDMS, or metals have been investigated as well as the way the 
connectors are attached to the devices (glue, heat and clamp). Nevertheless, only 
pressures up to 150 bar can be reached and in many cases with poor reproducibility.  

2.5.3.4 Reactions under pressure in microreactors 

Already in 1962 Shorr et al.272 have described a “high pressure microreactor” 
for chemical applications. The “microreactor” that consisted of a metallic coil-tube of 
2.1 mm inner diameter, resists pressures up to 2 kbar. This principle has been used by 
Cerveny and Weitkamp273 for their low volume (14 cm3, 2 kbar) magnetically stirred 
high pressure “microreactor” in 1972. 

 To date there is not yet a real concept of high pressure μTAS. In general, 
solution reactions in microsystems involve gases and catalysts coated on the channel 
surface and use pressures of max. 25 bar to improve the miscibility of the gas and the 
liquid phase.274,275 Reactions like the oxidation of ammonia,276 ethylene, 1-butene, 
methanol, propene, isoprene, methane, carbon monoxide, formamides,241 and 
hydrogenations 240,277 were performed in microreactors at pressures of a few bar. A 
ceramic microreactor with catalytic coatings reported by Menschke et al.278 had high 
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heat transfer rates and was stable at pressures up to 10 bar and temperatures above 
800 °C. 

Gas/liquid or gas/liquid/solid reactions in microreactors279 use pressure (max. 
30 bar) to mix gas and liquid,280 by generating two phases281 or forming bubbles.282 
Kobayashi et al.283 recently described a microfluidic device for hydrogenation reactions 
under continuous flow conditions using sc CO2 as a solvent up to 90 bar. In this 
microreactor substrate solutions and external hydrogen gas are pumped through a 
microchannel with immobilized palladium (ca. 100 - 200 μm in width and depth), 
utilizing the large specific interfacial area of the microchannel reactor. A high 
conversion within 1 second can be achieved. 

Abdallah et al.284 used a microstructured mesh for gas/liquid/solid hydro-
genations and gas/liquid asymmetric hydrogenations (Figure 2-11). The microreactor 
is able to operate at pressures up to 30 bar in continuous flow mode with residence 
times of several minutes. 

Recently, a modified version of this type of microreactor, with longer residence 
times (up to hours), has been used to synthesize chiral compounds by hydrogenation 
of e.g. (1S, 2R)-cis-1-amino-2-indanol with Pt deposited at the channel surface using 
pressures up to 45 bar.285 

 

  
Figure 2-11:   Photographs of the mounted mesh microreactor with fluid connectors and the 
micro-holes (5 μm) (SEM image).284 

Only a few publications refer to pressure as a tool to perform liquid and 
liquid/liquid-phase reactions in microreactors. Mae described a micromixer reactor286 
operating at temperatures up to 110 °C and pressures of 6 bar. In this reactor the 
selectivity of the Friedel-Crafts reaction of aromatic and heteroaromatic compounds is 
increased with respect to the batch-scale. 

An electrochemical microreactor coupled to a continuous chromatographic 
separation process has been fabricated with a pressure resistance over 30 bar at flow 
rates of 10 mL min-1. The electrochemical synthesis of 4-methoxybenzaldehyde (66) 
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starting from 4-methoxytoluene (64) was chosen as a model reaction. The conversion 
and selectivity depend on the cell voltage, (Scheme 2-18).287 

The aqueous Kolbe-Schmitt synthesis of 2,4-dihydroxybenzoic acid from 
resorcinol has been performed in a microreactor containing a microstructured cooler 
and a microstructured mixer (Figure 2-12).288 For temperatures up to 220 °C and 
pressures up to 74 bar the reaction time was reduced from 2 hours to a few seconds. 
Compared to standard laboratory operation, the space-time yield increased by a factor 
of 440.  

 

 
Scheme 2-18:  The electrochemical synthesis of 4-methoxybenzaldehyde (66) starting from 4-
methoxytoluene (64) in an electrochemical microreactor. Oxidation in acidified (pH 1, sulfuric acid) 
methanolic solution containing 0.01 M potassium fluoride at a glassy-carbon electrode. 

Using similar instrumentation, the Michael addition reaction of amines to α,β-
unsaturated carbonyl compounds gave very good yields (> 85%) of the Michael 
adducts in a very short period of time.289 

 

 
Figure 2-12:   Microstructured device used for the Kolbe-Schmitt reaction. Top left: the two 
microstructured housing plates. Top right: up-down curved ramp-type microstructured channel 
in the mixer. Bottom left: electrically stirred liquid microstructured pre-heater. Bottom right: 
fluidically driven liquid microstructured cooler. 288 
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The results summarized in this section show that microreactors are not suitable 
yet for high pressure operation, their highest operative pressure is lower than 150 bar. 
Investigation in this field is still in its infancy; nevertheless, researchers in microfluidic 
technology as well as chemists are interested in the development of new systems for 
performing high pressure at small scale and in continuous flow operation. 

2.6 Conclusions and Outlook 

High pressure can be an important tool for synthetic chemistry both at 
laboratory as well as industrial scale. Nevertheless, high pressure is considered to be 
dangerous and severe safety regulations must be applied. 

The benefits of microreactors (among others, continuous flow operation, high 
surface-to-volume ratio, efficient heat transfer) combined with the advantages of high 
pressure in organic reactions render high pressure microreactor technology attractive.  

Development of miniaturized systems may lead to a situation at which pressure 
becomes a normal tool in chemistry. 

This thesis deals with organic reactions at elevated pressures in glass 
microreactors. In Chapter 3 organic reactions are carried out in a capillary 
microreactor, up to 600 bar. The design and fabrication of new microreactors suitable 
for pressure applications are described in Chapter 4. An important physical property 
of solvent mixtures, viz. phase transition, is investigated in the new microreactors 
when involving carbon dioxide and alcohols under conditions near the critical point of 
the mixture (Chapter 5). The effects of the small characteristic dimensions of 
microreactors, surface-to-volume ratio, thus improves heat and mass transfer and 
pressure operation on organic reactions are studied when carried out in the 
microreactors (Chapters 6 and 7). Finally, on-line monitoring of a chemical reaction by 
NMR spectroscopy is presented, for the first time, using an NMR microreactor 
(Chapter 8). 
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3 
Pressure Chemistry                 

in a Capillary Microreactor*

 
A miniaturized fiber-optics based platform for on-line measurement 
by UV/Vis spectroscopy of chemical reaction kinetics under pressure, 
up to 600 bar, was developed. The reaction rate constants, at different 
pressures and the activation volumes for a nucleophilic aromatic 
substitution and an aza-Diels-Alder reaction were determined. The 
influence of the pressure on the conversion and the stereoselectivity 
of the Diels-Alder reactions of 2- and 3-furylmethanol with methyl-, 
benzyl- and phenylmaleimide was studied in a capillary microreactor 
by 1H NMR spectroscopy. In the case of 2-furylmethanol, pressure 
positively affected the formation of the exo isomer. 
 
 

                                              
*  Parts of this Chapter have been published in: Benito-López, F.; Verboom, W.; Kakuta, M.; Gardeniers, J. G. 
E.; Egberink, R. J. M.; Oosterbroek, R. E.; Van den Berg, A.; Reinhoudt, D. N., Optical fiber-based on-line 
UV/Vis spectroscopic monitoring of chemical reaction kinetics under high-pressure, in a capillary microreactor, 
Chem. Commun. 2005, 2857-2859. 
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3.1 Introduction 

Application of (high) pressure is an methodology to enhance the reaction rate 
of a variety of organic reactions.1 In general, high pressure chemistry is regarded as a 
technique that requires specialized equipment with strict safety precautions as was 
shown in Chapter 2. The miniaturization of the reaction system that requires fewer 
amounts of sample is expected to relax safety regulations, so that high pressure 
experimentation will become more readily available.  

A simple miniaturization step is the construction of capillary microreactors, 
which are suitable for studying chemical reactions.2 The immobilization of metals3 and 
enzymes4 on the capillary inner surface has been used for heterogeneous catalysis and 
enzymatic processes, respectively. A further consideration is to make use of the 
intrinsic safety of a microreactor. 

As a first step towards such an integrated system, in this Chapter a miniaturized 
experimentation platform is described based on a capillary microreactor coupled to 
conventional HPLC tools. This system is used to study the influence of pressure on 
organic reactions up to 600 bar. Although this pressure range does not give the full 
advantage of high pressure chemistry, the range is large enough to study the rate 
enhancement and to collect valuable information necessary to determine the molar 
activation volumes of reactions. To monitor the course of the reactions, a fiber-optic 
system for on-line UV spectroscopy is used. 

UV-Vis detection is one of the most used techniques in this field owing to its 
versatility and ease of operation.5 At atmospheric pressure, similar detection systems 
incorporated or even integrated in microscale reactors, such as capillaries and chips, 
are described in literature.6-8 Also for high pressure systems and more in concrete 
HPLC,9 coupled fiber-optic detection of a similar layout is well known. Other 
applications of fiber-optics coupled with high pressure equipments, related to HPLC 
apparatus, are the measurements of reactants solubility and chemical reactions in 
supercritical CO210-12 and supercritical H2O.13 

The applicability of the miniaturized experimental platform for pressure kinetic 
studies is demonstrated for two types of reactions, viz. a nucleophilic aromatic 
substitution of three p-halonitrobenzenes with secondary amines and an aza-Diels-
Alder reaction of the Danishefsky’s diene with benzylidenaniline. Valuable kinetic 
parameters as rate constants and activation volumes were determined. The influence 
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of the applied pressure on the conversion and on the stereochemistry of the Diels-
Alder reactions of 2- and 3-furylmethanol with methyl-, benzyl- and phenylmaleimide 
are also shown. 

3.2 Results and Discussion 

3.2.1 Set-up design  

A schematic representation of the microreactor set-up used for the 
determination of activation volume values and rate constants at pressures up to 600 
bar is given in Figure 3-1. It consists of a fused silica capillary, volume 3 μL, running 
through a stainless steel cross, a six-port valve for sample inlet and outlet and an 
HPLC pump as pressure generator. The course of the reactions was followed via an 
optical fiber, connecting the silica capillary and an UV/Vis spectrophotometer.  

 

 
Figure 3-1:  Schematic representation of the pressure UV capillary microreactor system: high 
pressure generator (a), six-port valve for injection (b), capillary microreactor (c), optical fiber (d), 
UV/Vis light source (e) and UV/Vis detector (f). 

Pressure sources delivering pressures up to several hundreds of bar are 
generally available for HPLC, a rather common analytical method and can be used 
without the safety regulations that need to be fulfilled in “conventional” high pressure 
chemistry laboratories. Fluidic connections and valves for lab-on-a-chip systems 
reliable over a large pressure range (up to 800 bar) are not widely available yet.14 
Nevertheless, commercially available connections guaranteed to function properly up 
to 700 bar could be used in combination with the capillary microreactor without 
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adjustment. In this study fused silica capillaries with an inner diameter of 100 μm were 
used; larger inner diameters allow, however, the use of lower sample concentrations. 

3.2.2 Determination of the reaction rate constants and 

activation volumes 

3.2.2.1 Nucleophilic aromatic substitution reactions 

About fifteen years ago Ibata et al.15,16 reported that nucleophilic aromatic 
substitution reactions of aromatic halides containing electron-withdrawing groups with 
various amines can be accelerated by pressure. This type of reaction proceeds via a 
Meisenheimer dipolar intermediate. The effect of pressure on this reaction can be 
explained by the fact that both bond formation and charge separation occur in the 
transition state.17 

These reactions were studied in the capillary microreactor since they have high 
negative activation volumes. Therefore p-halonitrobenzenes (1) (X = F, Cl, Br) were 
reacted with a ten-fold excess of pyrrolidine (2a), piperidine (2b) and morpholine (2c) 
in THF at 1, 200, 400 and 600 bar to give p-N,N-dialkylamino-nitrobenzenes (3a-c), 
Scheme 3-1. The product formation was monitored by following the increase of the 
absorption peak at 391 nm in the UV/Vis spectra.  

 

 
Scheme 3-1:  Nucleophilic aromatic substitution reaction of p-halonitrobenzenes (1) with amines (2). 

The rate constants kobs of the different reactions at the mentioned pressures 
were calculated using a pseudo-first order kinetic equation 3-1, (see the Experimental 

 58 



Pressure chemistry in a capillary microreactor  

part). The rate constant kobs has to be divided by the amine concentration to obtain the 
second order rate constant k. As an illustration, Figure 3-2 shows the rate constants k 
of the reaction of 1-fluoro-4-nitrobenzene (1a) vs. pressure for the three different 
amines (2). The rate constants kobs and k at 600 bar are given in Table3-I. 

 

 
Figure 3-2:  Rate constant k of nucleophilic aromatic substitution reaction of 1-fluoro-4-
nitrobenzene (1a) (0.125 M) with amines (2a-c) (1.25 M) in THF at four different pressures. 

The k values show the following reactivity order of the leaving groups: F > Cl 
> Br.18 However, in the case of pyrrolidine (2a), 1-bromo-4-nitrobenzene (1c) reacts 
somewhat faster than the corresponding chloro derivative (1b) (6.60 × 10-4 M-1 s-1, vs. 
5.56 × 10-4 M-1 s-1 at 600 bar). A similar behavior has been observed in corresponding 
reactions using the methoxide ion as a nucleophile.19 

 

Table 3-I:    Rate constants kobs and k for the nucleophilic aromatic substitution reaction of p-
halonitrobenzenes (1) with amines (2) at 600 bar. 

p-halonitrobenzenea Aminea kobs /s-1 k /M-1 s-1

1a 2a 4.72 × 10-2 3.78 × 10-2

1b 2a 6.95 × 10-4 5.56 × 10-4

1c 2a 8.25 × 10-4 6.60 × 10-4

1a 2b 1.10 × 10-2 8.80 × 10-3

1b 2b 3.62 × 10-4 2.89 × 10-4

1c 2b 3.22 × 10-5 2.57 × 10-5

1a 2c 9.87 × 10-5 7.89 × 10-5

1b 2c 6.76 × 10-5 5.41 × 10-5

1c 2c 2.17 × 10-7 1.74 × 10-7

a Upon mixing 0.125 M p-halonitrobenzene (1) and 1.25 M amine (2). 
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For the reaction with 1-fluoro-4-nitrobenzene (1a), Figure 3-2 clearly shows the 
expected order in reactivity between the amines (2): pyrrolidine > piperidine > 
morpholine,15,20 having rate enhancements of 2.7, 1.7 and 1.5, respectively at 600 bar. 
A batch reaction at atmospheric pressure resulted in k values comparable to those 
obtained with the capillary microreactor, thereby excluding microreactor wall effects. 

The activation volumes were calculated from a plot of the second-order 
reaction rate constants vs. pressure using equation 3-2, (see the Experimental part). 
The ΔV≠ values are presented in Table 3-II. The most negative activation volumes are 
found for the fastest reactions, viz. the reaction of 1-fluoro-4-nitrobenzene (1a) with 
pyrrolidine (2a). All ΔV≠ values are in the same range as those reported in the 
literature for the nucleophilic aromatic substitution reactions of bromoquinolines and 
bromonaphthalenes with piperidine.21 

 

Table 3-II:  Activation volumes ΔV≠ (cm3 mol-1) for the reactions of p-halonitrobenzenes (1a-c) 
with amines (2a-c). 

Amine a
p-halonitrobenzene a

Pyrrolidine (2a) Piperidine (2b) Morpholine (2c) 
1a  -58.0b  -32.4b -22.5 
1b -41.7 -23.3 -18.2 
1c -32.7 -17.3 -14.5 

a Upon  mixing 0.125 M p-halonitrobenzene (1) and 1.25 M amine (2). 
b As an example: the errors for the reactions of 1a with 2a and 1b with 2b are 0.4 and 0.1 cm3    

mol-1, respectively (five different experiments). 
 
 

It is known that nucleophilic aromatic substitution reactions of p-
halonitrobenzenes with secondary amines can be base-catalyzed, with the amine being 
the catalyst.22,23 Examples are the reactions of 2,4-dinitrohalobenzenes with 
morpholine,24 piperidine,25 and aniline.26 To investigate this catalytic effect, the 
reactions of 1-fluoro-4-nitrobenzene (1a) with pyrrolidine (2a) and piperidine (2b) 
were performed at different amine concentrations. The second-order rate constants k 
and the activation volumes ΔV≠ are shown in Table 3-III. The same approximations 
by pseudo-first order kinetics as described above were used. Although not in all cases 
the approximation is valid, in low amine concentration results, for instance, a deviation 
of 3 - 15 % was calculated depending on applied pressure), meaningful results were 
still obtained. Plots of the second-order rate constants vs. the pyrrolidine or piperidine 
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concentrations pass through the origin and have a positive slope, Figure 3-3 which 
indicates that the reactions are amine catalyzed.27  
 

Table 3-III:  Rate constants k and activation volumes ΔV≠ for the base-catalyzed reaction of 1-
fluoro-4-nitrobenzene (1a), 0.125 M upon mixing, with pyrrolidine (2a) and piperidine (2b). 

2a /M p /bar k /M-1 s-1
ΔV≠ 

/cm3 mol-1
2b /M p /bar k /M-1 s-1

ΔV≠ 

/cm3 mol-1

1 1.123 × 10-2 1 3.91 × 10-3

100 1.424 × 10-2 200 5.22 × 10-3

320 2.591 × 10-2 400 6.72 × 10-3
1.2500 

440 3.086 × 10-2

-58.0 1.2500 

600 8.80 × 10-3

-32.4 

1 4.37 × 10-3 1 1.95 × 10-3

100 5.36 × 10-3 200 2.50 × 10-3

200 7.15 × 10-3 400 3.35 × 10-3
0.6250 

300 8.94 × 10-3

-59.1 0.6250 

600 4.43 × 10-3

-33.4 

1 2.83 × 10-3 1 1.11 × 10-3

200 4.94 × 10-3 200 1.44 × 10-3

400 7.23 × 10-3 400 1.84 × 10-3
0.3125 

600 1.20 × 10-2

-58.1 0.3125 

600 2.54 × 10-3

-33.0 

1 3.45 × 10-4 1 1.88 × 10-4

  200 2.85 × 10-4

320 7.48 × 10-4 400 3.41 × 10-4
0.1563 

440 9.90 × 10-4

-58.0 0.0325 

600 4.14 × 10-4

-32.2 

 

 
Figure 3-3:  Piperidine (2b) concentration dependence at different pressures for the reaction 
with 1-fluoro-4-nitrobenzene (1a) in THF. 
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3.2.2.2 Aza-Diels-Alder reaction 

Usually, Diels-Alder reactions28-31 have rather high negative activation volumes 
typically in the range of ­25 to ­45 cm3 mol­1, which make them sensitive to 
pressure.32,33 

Recently, Yuan et al.34 reported that at room temperature the aza-Diels-Alder 
reaction of Danishefsky’s diene (4) with imines in methanol gave 2-substituted 
dihydro-4-pyridone derivatives in good yield. In our set-up the reaction of 
Danishefsky’s diene (4) with imine (5) in methanol to give 1,2-diphenyl-2,3-
dihydropyridin-4(1H)-one (6)  was studied at different pressures, Scheme 3-2.  

 

 
Scheme 3-2:  Aza-Diels-Alder reaction of the Danishefsky’s diene (4) with benzylidenaniline (5). 

The product formation was monitored by the increase of the absorption at 335 
nm in the UV/Vis spectrum; kobs values of 1.5 × 10-4, 1.8 × 10-4, 2.2 × 10-4 and 2.8 × 10-4 
s-1 were obtained at 1, 100, 200 and 300 bar, respectively. An activation value of ­33 
cm3 mol-1 was calculated using equation 3-2. This value is in agreement with those of 
related Diels-Alder reactions, such as the reaction of furan with furan-2,5-dione (ΔV≠ 
= ­30.5 cm3 mol-1) or 9-(hydroxymethyl)anthracene with N-ethylmaleimide (ΔV≠ = 
­31.4 cm3 mol-1).35 

3.2.3 Pressure influence on the stereoselectivity of the reaction 

of 2- and 3-furylmethanol with methyl-, benzyl- and 

phenylmaleimide 

In literature only a limited number of studies are known concerning the 
influence of pressure on the stereoselectivity of Diels-Alder reactions.1,36-38 As a 
general rule, the most compact transition state structure is preferred under pressure. In 
cycloaddition reactions the endo transition structure usually has a smaller volume than 
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the exo one. For instance, in the homo-Diels-Alder reaction of norbornadiene with 
maleic anhydride the yield of the endo product varied from 81% at atmospheric 
pressure to 92% at 1 kbar. The difference in activation volume between the endo and 
the exo reaction products (ΔΔV≠ = ΔV≠endo - ΔV≠exo) was found to be -3.4 cm3 mol-1.38 

Arjona et al. have reported the reaction of 2- (7a) and 3-furylmethanol (7b) with 
E-1,2-bis(phenylsulfonyl)ethylene to give the endo and exo Diels-Alder cycloadducts.39 
In the capillary microreactor, the influence of pressure on the reaction of 2-
furylmethanol (7a) and 3-furylmethanol (7b) with the maleimides (8a-c) was studied 
(Scheme 3-3). The endo/exo reaction product ratio (9/10) of the reaction of 7a with 8a-

c was determined comparing the 1H NMR spectra of the reaction mixtures. The 
intensities of the signals of the protons adjacent to the double bond at 5.25-5.35 ppm 
(double doublet) and 5.05-5.22 ppm (doublet)40 of the endo and exo isomers, 
respectively give the endo/exo ratio. Likewise, the endo/exo reaction product ratio (9/10) 
of the reaction of 7b with 8a-c was determined comparing the intensities of the signals 
of the double bond protons at 6.26-6.35 ppm (doublet) and 5.95-6.30 ppm (doublet) 
for the endo and exo isomers, respectively. 

 
 

Scheme 3-3:  Diels-Alder reaction of 2- and 3-furylmethanol (7a,b) with maleimides 8a-c. 

Table 3-IV shows that 3-furylmethanol (7b) is more reactive than 2-
furylmethanol (7a) giving about a 1.6-fold higher conversion at 1 bar. The 
hydroxymethyl group at C-2 in 7a reduces the atomic coefficient of the HOMO 
orbital on this carbon with respect to C-2 in furan (11), thereby decreasing the 
reactivity of the diene in the Diels-Alder reaction, Figure 3-4.41 

It is known that the HOMO of 2-methylbutadiene (13) at C-1 has a higher 
atomic coefficient than that of butadiene (12), Figure 3-4.42,43 Comparatively, the 
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hydroxymethyl group in 7b at C-3 will also enlarge the coefficient of the HOMO 
orbital of the contiguous carbon (C-2), thereby increasing its reactivity during the 
Diels-Alder reaction. 

 

Table 3-IV:  Conversion (%) and endo/exo ratio of the Diels-Alder reactions of 2- and 3- 
furylmethanol (7a,b) with maleimides (8a-c) at 1 and 600 bar. 

Conversion /% a endo (9) /exo (10) ratio 
7+8 

1 bar b 600 bar 1 bar b 600 bar 

aa 35 66 66: 34 59: 41 

ab 35 55 55: 45 52: 48 

ac 40 62 62: 38 57: 43 

ba 57 57 57:43 57: 43 

bb 55 54 40: 60 39: 61 

bc 59 58 55: 45 54: 46 

a The results are the average of three experiments (error ~ 1.5%). 
b Batch-experiments carried out at 1 bar showed the same conversion and endo/exo ratio. 
 

 
Figure 3-4:  Atomic coefficients (eV) of the HOMO of furan (11),41 2-furylmethanol (7a),41 
butadiene (12),41 and 2-methylbutadiene (13). 42, 43 

Increasing the pressure to 600 bar gave rise to a 1.7-fold higher conversion in 
the reactions of 2-furylmethanol (7a) with maleimides (8a-c). However, the 
corresponding reaction of 3-furylmethanol (7b) was not affected by pressure. 

Reactions with the highest negative reaction volume ΔV (ΔVproduct – ΔVreactants) 
are more positively affected by pressure.1 The ΔV’s for the reactions of 2-
furylmethanol (7a) and 3-furylmethanol (7b) with N-methylmaleimide (8b) were 
calculated using a PCModel program (Table 3-V). The volumes of the reactants are 
69.6, 67.6 and 122.6 cm3 mol-1 for 7a, 7b and 8b, respectively. Figure 3-5 shows the 
minimized structures of the corresponding endo (9ab, 9bb) and exo (10ab, 10bb) 
products. 
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9ab 10ab 

9bb 10bb  
Figure 3-5:  Minimized structures for the endo (9) and exo (10) products of the reactions of 2-
furylmethanol (7a) and 3-furylmethanol (7b) with N-phenylmaleimide (8b). 

From Table 3-V it is clear that the ΔV for the reaction of 2-furylmethanol (7a) 
is much more negative than for the corresponding reaction with 3-furylmethanol (7b). 
The hydroxymethyl group at C-3 results in a less compact structure (Figure 3-5, 9bb 

and 10bb). Therefore the reactions of 7b were not affected by pressure, while the 
reactions of 7a were.  

 

Table 3-V:  Reaction volumes (ΔV), in cm3 mol-1, for the reactions of 2- (7a) and 3-
furylmethanol (7b) with the maleimides (8a-c). 

 7a  7b  

8 endo (9a) exo (10a) endo (9b) exo (10b) 

a -6.9 -7.9 -5.3 -4.6 

b -13.5 -14.4 -8.6 -6.3 

c -7.1 -10.1 -5.3 -5.2 
 

 

The stereochemistry of the reaction products is mainly endo because of the 
overlap in the transition state of the p orbitals of the maleimides with the p orbitals of 
the new double bond formed in the diene. However, for the reaction of 7a with 8a-c 
at 600 bar, the endo/exo ratio slightly changes to a lower preference for the endo isomer. 
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Apparently, in this case the steric effect of the hydroxymethyl group at C-2 in 7a 
influences the endo/exo ratio. This trend is in line with their reaction volumes. The exo 
structure (10a) has a higher negative ΔV value than the endo (9a) (Table 3-V), which 
means that the exo isomer is preferentially affected by pressure. 

3.3 Conclusions and Outlook 

To the best of our knowledge, the simple silica fiber microreactor is the first 
example of a miniaturized platform in which a reaction can be monitored on-line up to 
600 bar. In addition, reactions under pressure can be studied without the extensive 
safety precautions that are required for conventional high pressure instrumentation.  

The effectiveness of this platform was illustrated by the determination of the 
rate constants as well as the activation volumes at pressures up to 600 bar for different 
organic reactions: the nucleophilic aromatic substitution reaction of three p-
halonitrobenzenes with secondary amines and an aza-Diels-Alder reaction of the 
Danishefsky’s diene with benzylidenaniline. In addition, the microsystem was 
successfully used for studying the influence of pressure on the conversion and the 
stereochemistry of the Diels-Alder reactions of 2- (7a) or 3-furylmethanol (7b) with 
methyl-, benzyl- and phenylmaleimide (8a-c). 1.7-fold higher conversions were 
observed in the reaction of 2-furylmethanol (7a) at 600 bar while not in the case of 3-
furylmethanol (7b). Additionally, in the reaction of 2-furylmethanol (7a) slight 
increases in the exo product formation were obtained. This effect was explained 
considering the reaction volumes where the exo shows higher negative values than the 
endo isomers. 

The system does not operate in a continuous flow mode, so the simple 
incorporation of a pressure actuator at the outlet, will make this possible by controlling 
the fluid flow. Furthermore, the capillary microreactor can be incorporated in more 
sophisticated devices like glass microreactors. The next goal is to build a microsystem 
based on lab-on-a-chip concept,44 for studying organic reactions under pressure in 
continuous flow operation as will be shown in the subsequent Chapters. 
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3.4 Experimental 

3.4.1 Materials 

Pyrrolidine (2a), piperidine (2b) and morpholine (2c) were purchased from Acros Organics 
(Geel, Belgium). 1-Fluoro-4-nitrobenzene (1a), 1-chloro-4-nitrobenzene (1b), 1-bromo-4-nitrobenzene 
(1c), 2-furylmethanol (7a), 3-furylmethanol (7b), 1-methyl-1H-pyrrole-2,5-dione (8a), 1-phenyl-1H-
pyrrole-2,5-dione (8b) and 1-benzyl-1H-pyrrole-2,5-dione (8c) were purchased from Aldrich 
(Zwijndrecht, The Netherlands). Trans-1-methoxy-3-(trimethylsilyloxy)-1,3-butadiene (4) was 
purchased from Sigma Chemical Co. (Zwijndrecht, The Netherlands). N-Benzylidenaniline (5), 
tetrahydrofuran (THF), dioxane, HCl and absolute methanol (analytical reagent grade) were obtained 
from Fisher Scientific (‘s Hertogenbosch, The Netherlands). THF was freshly distilled from sodium 
benzophenone ketyl immediately before use. Acetone-d6 was purchased from Aldrich (Zwijndrecht, 
The Netherlands). For sample preparation, microliter syringes 1725RN (Hamilton Bonaduz AG, 
Switzerland) were used. 

1H NMR spectra were recorded using a Varian Inova 400 MHz spectrometer, equipped with a 
CapNMRTM microprobe that has a 7 µL flow cell and a 1.5 μL active volume (capillary microreactor 
experiments) and a Varian Inova 300 MHz spectrometer (characterization of the products). Mass 
spectra were recorded with an AccuTOF JMS-T100LC (JEOL) mass spectrometer. Elemental analyses 
were carried out with a model 1106 Carlo Erba Strumentazione elemental analyzer. 

3.4.2 Microreactor set-up 

Figure 3-1 shows a schematic drawing of the set-up. It consists of a fused silica capillary 
microreactor  with 100 μm I.D. (375 μm O.D.) (Polymicro Technologies, LLC, Phoenix, Arizona) 
with an optical window burned into the coating. The capillary, with an estimated volume of about 3 
μL, runs through a stainless steel cross and fittings (Silica SealThight Kit, Upchurch Scientific, Inc., 
Oak Habor, Washington). The optical fiber (FC-UV600-2, Avantes B.V., Eerbeek, The Netherlands) 
used for this work has a 600 µm thick high OH- silica core surrounded by silica cladding and a 
polyimide buffer with a total outer diameter of 710 µm and a numerical aperture of 0.22. The fiber is 
connected to a spectrometer (S2000, Ocean Optics, Inc., Duiven, The Netherlands) and a UV/Vis 
light source (Fiberlicht DTM6/1, Germany). Absorption measurements on the reacting mixtures were 
carried out in intervals of 10 or 20 seconds. 

The sample was injected into the microreactor via a valve (6 post 2-post valve-XH System, 
manual 1/16″, 25 mm 50 °C/10000 psi liq., N60/X, sn 04N-0007, Valco Instruments Co. Inc., 
Schenkon, Switzerland), which enabled the capillary reactor to be switched in or out of the flow path 
without the need to depressurize the entire system. A high-pressure pump (Model 100DM, Isco, 
Lincoln, Nebraska) equipped with a high-precision pressure transducer was used as a pressure source. 
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3.4.3 Nucleophilic aromatic substitution reaction 

A mixture of 1-halo-4-nitrobenzene (1) (100 µL, 0.25 M) and amine (2) (100 µL, 2.5 M) in 
THF, Scheme 3-1, was injected into the capillary reactor through the six-port valve and the 
absorbance at 391 nm was measured on-line in the pressure range of 1 to 600 bar. The reaction 
products (3) have a maximum absorbance at about 391 nm, while that of the reactants is virtually zero 
at this wavelength.  

The rate constants (k) of the different reactions at the mentioned pressures were calculated, 
from the increase of the absorption peak, using a pseudo-first order kinetic equation 3-1: 

 

eq. (3-1) 
 

( )[ ]tkAA obst −−= ∞ exp1

where At is the absorbance at time t and A∞ is the absorbance after infinite time. 
As an example, the reaction of 1-chloro-4-nitrobenzene (1b) with pyrrolidine (2a) at different 

pressures is displayed in Figure 3-6 and the activation volume calculation using equation 3-2 is shown 
in Figure 3-7. 

                         ( ) RTVpk T
≠Δ−=∂∂ ln                                          eq. (3-2) 

 

 

Figure 3-6:  Plot of the change of the absorbance at 391 nm versus time (10 s intervals) for the 
product (3b) formation of the reaction of 1-chloro-4-nitrobenzene (1b) with pyrrolidine (2a) at 
different pressures (1-600 bar). 
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Figure 3-7:  Plot of the pressure (p) vs. the logarithm of the rate constants (k) for the reaction of 
1-chloro-4-nitrobenzene (1b) with pyrrolidine (2a) at different pressures (1-600 bar) to calculate 
ΔV≠ using equation 3-2 (ΔV≠= -41.7 cm3 mol-1). 

3.4.4 Aza-Diels-Alder reaction 

To a solution of N-benzylidenaniline (5) in methanol (200 μL, 12 mM) and HCl in water (30 
μL, 100 mM), was added a solution of Danishefsky’s diene (4) in methanol (100 μL, 50 mM) via a 
micro liter syringe. This mixture was introduced into the capillary microreactor and the UV 
absorbance at 335 nm was measured at different time intervals. Reactions were carried out in the 
pressure range of 1 to 300 bar at ambient temperature (22 °C). 

3.4.5 Pressure influence on the stereoselectivity of the reaction of 2- and 

3-furylmethanol with methyl-, benzyl- and phenylmaleimide  

3.4.5.1 Microreactor reactions 

A mixture of 2- (7a) or 3-furylmethanol (7b) (100 μL, 0.05 M) and the different maleimides 
(8a-c) (100 μL, 0.05 M) in acetone-d6, was injected into the capillary microreactor through the six-port 
valve. The reaction was performed at 50 °C for 20 hours at 1 and 600 bar. The product formation and 
their endo/exo ratio were determined by 1H NMR spectroscopy.  
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3.4.5.2 Batch reactions  

General Method: Batch reactions using the same concentrations, temperature and time 
conditions as in the capillary microreactor were carried out for the complete characterization of the 
products. A solution of 7a,b (0.025 M) and maleimides 8a-c (0.05 M) in acetone (100 mL) was heated 
at 50 °C during 20 h. The solvent was evaporated and the residue was separated by preparative TLC 
(SiO2/acetonitrile/CH2Cl2 1:9). The 1H NMR spectra of the crude reaction mixtures showed the same 
conversions as of those performed in the capillary microreactor. The pure products 10ab, 10ac and 
9bb were isolated and characterized. The rest of the products were obtained with a small impurity of 
the accompanying endo or exo isomer.  
 
Endo 1-hydroxymethyl-4-methyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (9aa):  
1H NMR (300 MHz, acetone-d6) Colorless oil. δ 6.39 (dd, 1H, J = 5.8 and 1.5 Hz, CH=CH-C), 6.31 (d, 
1H, J = 5.8 Hz, CH=CH-C), 5.21 (dd, 1H, J = 1.5 and 5.5 Hz, =CH-CH-O), 3.8-3.95 (m, 2H, CH2-
OH), 3.62 (dd, 1H, J = 5.5 and 7.7 Hz, -CH-C=O), 3.46 (d, 1H, J = 7.7 Hz, CH-C=O), 2.70 (s, 3H, 
CH3). ESI-MS m/z = 210.1 ([M+H]+, calcd. 210.21).  
 

Exo 1-hydroxymethyl-4-methyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (10aa): 

White solid. 1H NMR (300 MHz, acetone-d6) δ 6.58 (s, 2H, CH=CH), 5.10 (s, 1H, =CH-CH-O), 4.05-
4.2 (m, 2H, CH2-OH, overlap with CH2-OH), 3.05 (d, 1H, J = 6.5 Hz, -CH-C=O), 2.96 (d, 1H, J = 
6.5 Hz, -CH-C=O), 2.85 (s, 3H, CH3). ESI-MS m/z = 210.1 ([M+H]+, calcd. 210.21). 
 

Endo 1-hydroxymethyl-4-phenyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (9ab): 

White solid. 1H NMR (400 MHz, acetone-d6) δ 7.5-7.7 (m, 3H, ArH), 7.15-7.25 (m, 2H, ArH), 6.62 
(dd, 1H, J = 5.8 and 1.4 Hz, CH=CH-C), 6.53 (d, 1H, J = 5.8 Hz, CH=CH-C) 5.36 (dd, 1H, J = 1.6 
and 5.3 Hz, =CH-CH-O), 3.9-4.3 (m, 2H, CH2-OH), 3.7-3.9 (m, 2H, -CH-C=O, overlap with CH2-
OH), 3.66 (d, 1H, J = 7.7 Hz, -CH-C=O). ESI-MS m/z = 272.32 ([M+H]+, calcd. 272.27).  
 

Exo 1-hydroxymethyl-4-phenyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (10ab): 
White solid. Mp: 121-122 °C. 1H NMR (400 MHz, acetone-d6) δ 7.5-7.7 (m, 3H, ArH), 7.3-7.4 (m, 2H, 
ArH), 6.75-6.65 (m, 2H, CH=CH), 5.33 (d, 1H, J = 1.5 Hz, =CH-CH-O),  4.29 (AA’X, 1H, J = 6.5 
and 13.0 Hz, CHH’-OH), 4.08 (AA’X, 1H, J = 6.5 and 13.0 Hz, CHH’-OH), 3.29 (d, 1H, J = 6.5 Hz, -
CH-C=O), 3.16 (d, 1H, J = 6.5 Hz, -CH-C=O, overlap with CH2OH) 3.16 (t, 1H, J = 6.5 Hz, 
CH2OH). ESI-MS m/z = 272.04 ([M+H]+, calcd. 272.27). Anal. Calcd. for C15H13NO4: C, 66.41; H, 
4.83; N, 5.16. Found: C, 66.54 H, 4.88; N, 5.08. 
 

Endo 1-hydroxymethyl-4-benzyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (9ac):  
Yellow oil. 1H NMR (400 MHz, acetone-d6) δ 7.2-7.35 (m, 5H, ArH), 6.20 (dd, 1H, J = 5.8 and 1.4 Hz, 
CH=CH-C), 6.10 (d, 1H, J = 5.8 Hz, CH=CH-C), 5.22 (dd, 1H, J = 1.4 and 5.4 Hz, =CH-CH-O), 
4.40 (s, 2H, CH2-Ar), 4.0-4.2 (m, 3H, CH2-OH, overlap with CH2-OH), 3.65 (dd, 1H, J = 7.6 and 5.4 
Hz, -CH-C=O), 3.50 (d, 1H, J = 7.6 Hz, -CH-C=O). ESI-MS m/z = 286.31 ([M+H]+, calcd. 286.30). 
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Exo 1-hydroxymethyl-4-benzyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (10ac): 
Yellow oil. 1H NMR (400 MHz, acetone-d6) δ 7.2-7.35 (m, 5H, ArH), 6.55-6.65 (m, 2H, CH=CH), 
5.17 (d, 1H, J = 1.5 Hz, =CH-CH-O), 4.60 (s, 2H, CH2-Ar), 4.19 (AA’X, 1H, J = 6.5 and 13.0 Hz, 
CHH’-OH), 3.90 (AA’X, 2H, J = 6.5 and 13.0 Hz, CHH’-OH), 3.14 (d, 1H, J = 6.5 Hz, CH-C=O, 
overlap with CH2-OH) 3.06 (d, 1H, 6.5 Hz, -CH-C=O). ESI-MS m/z = 286.21 ([M+H]+, calcd. 
286.30). Anal. Calcd. for C16H15NO4: C, 67.36; H, 5.30; N, 4.91. Found: C, 67.41; H, 5.37; N, 4.88. 
 

Endo 2-hydroxymethyl-4-methyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (9ba): 

White solid. 1H NMR (300 MHz, acetone-d6) δ 6.06 (d, 1H, J = 1.5 Hz, C=CH), 5.21 (dd, 1H, J  = 1.5 
and 3.7 Hz, =CH-CH), 5.18 (d, 1H, J =3.7 Hz, =C(CH2OH)-CH), 4.0-4.4 (m, 2H, CH2-OH), 3.5-3.7 
(m, 2H, -CH-C=O) 2.70 (s, 3H, CH3). ESI-MS m/z = 210.33 ([M+H]+, calcd. 210.21). 
 

Exo 2-hydroxymethyl-4-methyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (10ba): 

White solid. 1H NMR (300 MHz, acetone-d6) δ 6.26 (d, 1H, J = 1.5 Hz, C=CH), 5.05-5.15 (m, 2H, 
=CH-CH and =C(CH2OH)-CH), 4.0-4.4 (m, 2H, CH2-OH), 2.9-3.0 (m, 2H, -CH-C=O), 2.85 (s, 3H, 
CH3). ESI-MS, m/z = 210.12 ([M+H]+, calcd. 210.21).  
 

Endo 2-hydroxymethyl-4-phenyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (9bb): 

White solid. Mp: 130-131 °C.  1H NMR (300 MHz, acetone-d6) δ 7.35-7.5 (m, 3H, ArH), 7.20 (d, 2H, 
J= 7.5 Hz, ArH), 6.30 (d, 1H, J  = 1.5 Hz, C=CH), 5.34 (dd, 1H,  J = 1.5 and 5.7 Hz,  =CH-CH), 5.28 
(d, 1H, J = 5.7 Hz, =C(CH2OH)-CH), 4.35-4.45 (m, 1H, CHH-OH), 4.15-4.25 (m, 2H, CHH-OH, 
overlap with CH2-OH), 3.7-3.8 (m, 2H, -CH-C=O). ESI-MS m/z = 272.12 ([M+H]+, calcd. 272.27). 
Anal. Calcd. for C15H13NO4: C, 66.41; H, 4.83; N, 5.16. Found: C, 66.51 H, 4.88; N, 5.21. 
 

Exo 2-hydroxymethyl-4-phenyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (10bb): 
1H NMR (300 MHz, acetone-d6) δ 7.35-7.5 (m, 3H, ArH), 7.20 (d, 2H, J = 7.5 Hz, ArH), 6.38 (d, 1H, J 
= 1.6 Hz, C=CH), 5.25-5.3 (m, 1H, =CH-CH), 5.2-5.25 (m, 1H, =C(CH2OH)-CH), 3.35-4.4 (m, 1H, 
CHH-OH,), 4.2-4.3 (m, 2H, CHH-OH, overlap with CH2-OH), 3.19-3.23 (m, 1H, -CH-C=O), 3.15-
3.2 (m, 1H, -CH-C=O). ESI-MS m/z = 272.32 ([M+H]+, calcd. 272.27).  
 

Endo 2-hydroxymethyl-4-benzyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (9bc):  
White solid. 1H NMR (300 MHz, acetone-d6) δ 7.15-7.4 (m, 5H, ArH), 5.96 (d, 1H, J = 1.4 Hz, 
C=CH), 5.2-5.35 (m, 1H, =CH-CH), 5.18 (d, 1H, J = 3.3 Hz, =C(CH2OH)-CH), 4.30 (s, 2H, CH2-
Ar), 3.3-3.6 (m, 3H, CH2-OH, overlap with CH2-OH), 3.7-3.8 (m, 2H, -CH-C=O). ESI-MS m/z = 
286.17 ([M+H]+, calcd. 286.30).  
 

Exo 2-hydroxymethyl-4-benzyl-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (10bc): 

White solid. 1H NMR (300 MHz, acetone-d6) δ 7.15-7.4 (m, 5H, ArH), 6.28 (d, 1H, J = 1.5 Hz, 
C=CH), 5.1-5.2 (m, 2H, CHOCH), 4.65 (s, 2H, CH2-Ar), 4.3-4.4 (m, 1H, CHH-OH), 4.1-4.2 (m, 1H, 
CHH-OH), 3.0-3.1 (m, 2H, -CH-C=O). ESI-MS m/z = 286.16 ([M+H]+, calcd. 286.30). 
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3.4.5.3 Calculation of reaction volumes (ΔV) 

An estimation of the reaction volumes for the reactions of 2-furylmethanol (7a) and 3-
furylmethanol (7b) with the maleimides (8a-c) was performed using PCModel V.8.00.1 for Windows 
(Gilbert K., Serena Software: Bloomington, Indiana) using the MMX force field (Table 3-V). 
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4 
Fabrication and Mechanical Testing                

of High Pressure Glass Microreactor Chips*

The design, fabrication and performance of several in-plane fiber-
based interface geometries to microreactor chips for high pressure 
chemistry are discussed. The investigated parameters are the 
fabrication of the inlet/outlet structure, i.e. powderblasting and/or 
etching with hydrofluoric acid, the post annealing process, the 
geometry of the inlet/outlet structure, the manner in which top and 
bottom wafer are bonded and the way the inlets/outlets develop into 
the microfluidic channels. Destructive pressure experiments with H2O 
and liquid CO2 showed that the optimal geometry for high pressure 
microreactor chips is an in-plane tubular structure that is etched with 
hydrofluoric acid and that is suitable for fibers with a diameter of 110 
µm and pressures up to at least 690 bar. 

                                              
* Parts of this Chapter have been published in: Oosterbroek, R. E.; Hermes, D. C.; Kakuta, M.; Benito-López, 
F.; Gardeniers, J. G. E.; Verboom, W.; Reinhoudt, D. N.; Van den Berg, A., Fabrication and mechanical testing 
of glass chip for high-pressure synthetic or analytical chemistry, Microsyst. Technol. 2006, 12, 450-454.  
Parts of this Chapter have been accepted for publication in Chem. Eng. J.: Tiggelaar, R. M.; Benito-López, F.; 
Hermes, D. C.; Rathgen, H.; Egberink, R. J. M.; Mugele, F. G.; Reinhoudt, D. N.; Van den Berg, A.; Verboom, 
W.; Gardeniers, J. G. E., Fabrication, mechanical testing and application of high-pressure glass microreactor 
chips. 

  



Chapter 4 

4.1 Introduction 

In Chapter 2 an overview was presented of the most commonly used 
equipment for high pressure chemistry, like autoclaves1 and NMR-probes.2 High 
pressure chemistry requires specialized, complicated and expensive equipment due to 
the strict safety precautions. The miniaturization of chemical reaction vessels down to 
the micrometer scale offers a number of interesting advantages, including increased 
heat and mass transfer.3-5 A simple miniaturization step is the construction of capillary 
microreactors, as described in the previous Chapter.4 A step further is the 
incorporation of high pressure techniques into the microreactor itself. A feature of 
microreactors that is currently exploited is the presumption that "smaller is safer",6 i.e. 
chemical reactions at extreme pressure and temperature conditions and with toxic or 
explosive species can be studied without the safety issues associated with larger scale 
systems.4,7,8 

In the literature there is only limited information on microfluidic devices (i.e. 
microreactors) for high pressure chemistry, where the term “high pressure” is already 
used for pressures of 4 bar. In case of metal-plate based microreactors, working 
pressures are up to 5 bar for gas-phase reactions,9 and up to 150 bar for two- and 
three-phase reactions.10,11 For glass-based microreactors, working pressures of ~90 bar 
have been achieved.12 In fact, the limiting factor when performing chemistry in 
microreactors at pressures above 150 bar is the quality of the connections to the 
microreactors as reviewed in Chapter 2.13 All the fiber-based interface methods 
presented in Chapter 2 are based on an out-of-plane connection of the fiber to the 
chip, in which the connections are made on the top surface of the chip, which lead to 
a rather fragile combination. By using an in-plane connection of the fiber to the chip a 
much more robust connection can be obtained. 

In this Chapter the design, fabrication and performance of several in-plane 
fiber-based interface geometries to microreactor chips for high pressure chemistry are 
discussed. By implementing different improvements in fabrication of the dead-end 
channels chips, the maximum pressure (pmax) that a chip can resist in stop flow or 
continuous flow is increased. 
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4.2 Results and Discussion 

4.2.1 First generation of in-plane fiber-based chip interfaces 

4.2.1.1 Design and fabrication 

 
Figure 4-1:  Glass chip to examine the maximum working pressure: A inlet/outlet geometry, B 
transition area towards microchannel, C microchannel, D glue front (meniscus). 

The first generation of dead-end channel chips (Figure 4-1) was fabricated in 
two different ways, as shown in Figure 4-2. In the first design process (Figure 4-2a) 
chips are realized by processing of two wafers. In the bottom wafer, rather large access 
holes, 600 µm wide and 400 μm deep, are made by powderblasting. These access 
holes, inlets/outlets, are suitable for connecting fused silica capillaries with an outlet 
diameter of 360 µm to the chips using glue. By means of wet isotropic etching with 
HF, the channels are defined in the top wafer. In the second design process (Figure 4-
2b), however, only one wafer is processed. Powderblasting is used for making the 
access holes, same dimensions as in the first design and in the same wafer the channel 
structure is defined by HF etching. Owing the etching of the channels, the side walls 
of the powderblasted inlet/outlets are smoothened by the HF. Thus, by applying this 
process sequence the microcracks, present at the rough side walls of the 
powderblasted structures are removed, since they are a few micrometers in size. The 
HF etched channels were 20 μm deep (90 µm width) and thus a shell of 20 μm, 
including the microcracks, was removed during this etching step. This sequence is 
implemented in the test-chip since it is assumed that fiber-based interfaces with 
smoother surfaces can resist higher pressures than structures with a rough surface. 
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In both designs the wafer pairs (roughness Ra = 0.232 nm/Rq = 0.301 nm) 
were directly bonded after stripping the chromium/gold mask in chromium etchant, 
an ultrasonic cleaning step with DI water (10 min) and a cleaning step in 100% HNO3 
(5 min). After establishing a pre-bond, both designs were annealed at 600 °C for 1 
hour, after which the wafer packages were diced.  

 

Figure 4-2:  Two process sequences a and b to fabricate the dead-end channel chips. In structure A, 
the channel structure and access holes interfaces are HF etched and powderblasted in two wafers, 
while in structure B, the channel structure and access holes interfaces are realized in one wafer. 

4.2.1.2 Post annealing procedure and pressure tests 

The dead-end channel chips of type A, made with process sequence a (Figure 
4-2), failed at pressures in the range of 10-100 bar and the maximum working 
pressures showed a large deviation. The main reason for the chip failure at these 
relatively low pressures is the microcracks on the surface of the powderblasted 
inlet/outlet structures. 

Microscopic inspection revealed that at these microcracks, the large ones were 
initiated (see Figure 4-3a), resulting in chip failure at elevated pressures. During 
pressure experiments these microcracks grew substantially and finally resulted in the 
macrocracks/fracture pattern shown in Figure 4-3b. 

This indicates that the surface roughness of the powderblasted interface-
structure limits the pmax. Reduction of this roughness might result in increased 
maximum working pressures and can probably be obtained by additional annealing 
steps. This assumption is confirmed by pmax tests of chips fabricated with sequence b 

(Figure 4-2) with lower surface roughness, where pmax is 120-150 bar (Figure 4-3c). 
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These dead-end channel chips were subjected to an additional annealing step, to 
investigate whether this second annealing step yields higher pmax values. 

 
 

 
Figure 4-3:  Grown microcracks, observed after pressure testing in chips with rough channel walls a 
and with smoothened (post-etched) walls c. In figure b a fractured chip is shown. 

After dicing, the dead-end channel chips of type B, made with process 
sequence b (Figure 4-2), were individually treated with different additional annealing 
steps, as summarized in Table 4-I. During these annealing steps the temperatures were 
as high as possible without obtaining any channel deformation of the chips due to 
softening of the glass (softening temperature of Borofloat is 820 °C). To be sure that 
chip deformation did not occur, such that the chip position during annealing plays a 
role, these chips were positioned facing channel up- and downward. 

 

Table 4-I:  List of additional annealing conditions. The first annealing step was 1 hour at 600 °C 
(experiment 1). 

Experiment number  Description 
1 1 h 600 °C (first annealing step) 
2 6 h 600 °C 
3 6 h 680 °C 
4 6 h 700 °C 
5 10 h 680 °C 
6 1:30 h 700 °C + 10 h 680 °C  
7 3 h 680 °C; channel down during annealing 
8 3 h 680 °C; channel up during annealing  
9 6 h 680 °C 

 

The effect of the different annealing processes on the pmax values of the dead-
end channel chips B is presented in Figure 4-4. The chips of experiments 2-9 present 
larger pmax values than that of experiment 1 showing the positive effect of an additional 
annealing step. However, per chip the variation in the pmax is very large. In addition, 
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there are problems with the reproducibility, for example, the experiments 3 and 9 were 
done with chips exposed to the same additional annealing conditions, but the 
difference in pmax was about 100 bar.  

 

 
Figure 4-4:  Maximum pressures (pmax) obtained for different additional annealing conditions of 
dead-end channels made with fabrication sequence b. Experiment 1 shows the pressure tests of 
dead-end channel chips with a single annealing step. 

4.2.1.3 First generation high pressure microreactor 

Based on the pmax results of the dead-end channel chips (Figure 4-4) the first 
glass microreactors for high pressure chemistry were fabricated and tested at high 
pressures (Figure 4-5). 

 

 
Figure 4-5:  Glass microreactor for high pressure chemistry: 1, 2 inlets, 3 reaction zone, 4 fluidic 
resistor, 5 expansion zone, 6 outlet. 

The microreactor has two inlets (1, 2) for the introduction of pressurized fluids. 
After mixing in the first part of the microchannel, the fluid runs into a serpentine 3 
(length 13.5 mm, width × height: 70 μm × 30 μm). Subsequently, the fluid enters a 
flow restriction 4 with a length of 177 mm and a smaller cross-section (20 μm × 5 μm), 
which ensures a virtually constant pressure in the reaction section (3) upstream and 

 80 



Fabrication and mechanical testing of high pressure glass microreactor chips  

ends in a wider zone with outlets 5, 6 in which the fluid mixture gradually expands to 
atmospheric conditions. The silica fibers used for these continuous flow microreactors 
have an outer diameter of 360 μm (with inner diameters of 40 μm and 10 μm for the 
inlet and outlet fibers, respectively) and epoxy glue was used  for fixation.14 The 
complete fabrication is presented in the Experimental section of this Chapter. 

During the first experiments in continuous flow mode it turned out that the 
microreactor failure at pressures in the range of 80 - 100 bar mostly occurred at one of 
the inlets. It seems that continuous flow operation decreases the pmax. Therefore 
another series of dead-end channel-based structures/interfaces was designed and 
implemented in test chips (see section 4.2.4). 

4.2.2 Second generation of in-plane fiber-based chip interfaces 

4.2.2.1 Design and fabrication 

The second generation of dead-end channel test-chip designs focused on 
different inlet/outlet configurations and bonding procedures to investigate which 
design results in the highest working pressures. Two main design parameters were 
studied: 

• The geometry of the in-plane inlet/outlet structure combined with the 
manner in which top and bottom wafers are connected (Figure 4-6 C-F). 

• The manner in which the in/outlets connect to the microchannels (Figure 
4-7). 

 

 
Figure 4-6:  Cross-sectional views of the six different in-plane inlet/outlet geometries. 
Geometries A and B from the first dead-end channel chip generation are shown for comparison 
with the second generation. 
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Figure 4-6 shows the cross-sectional side view of the basic in-plane inlet/outlet 
geometry. The pmax this geometry can withstand can be improved by avoiding sharp 
corners where stress concentrations occur.14 The latter can be reduced by 
implementing small cappings in the top wafer (Figure 4-6C). Alternatively, the use of 
smaller fibers (outer diameter 110 µm instead of 360 µm), second chip generation and 
thus smaller inlet/outlet holes, reduces the load on bond edges, resulting in higher pmax 
values (Figure 4-6D-F). The shape that should withstand the highest pressure is a 
perfectly circular one, Figure 4-6F,15 however, in practice this situation is extremely 
difficult to achieve.14 In Figure 4-6F a circular cross-section is shown, which is 
theoretically the shape that can withstand the highest pressures. The inlet/outlet 
geometries shown in Figure 4-6A-D and F are based on direct bonding of two glass 
wafers. Since it is well-known that this bond is less strong than an anodic bond (glass-
silicon), also a geometry based on anodic bonding was tested (Figure 4-6E). 

As it can be seen in Figure 4-1, the inlet/outlet geometry turns into a 
microchannel. Three different transitions towards this channel, which is etched with 
HF (70 µm wide, 10 µm deep and 2 mm long), are implemented in the geometries that 
were made with powderblasting and HF-etching (Figure 4-6, B-E). Top views of these 
different transitions are shown in Figure 4-7. Due to the fact that geometry F is 
fabricated with isotropic etching only, for this inlet/outlet structure only a (near) flat 
transition is realized. The fabrication details of the different in-plane inlet/outlet 
geometries are summarized in the Experimental part. 
 

 
Figure 4-7:  Top views of three transitions from inlet/outlet to microchannel: flat tip (left, α = 
90°), tapered tip (middle, α = 45°) and sharp tip (right, α = 15°); A inlet/outlet geometry, B 
transition area towards microchannel, C microchannel. 

For direct bonding of the borofloat wafers two procedures were used. The first 
bonding procedure is standard (i) while the second (upgraded) procedure (ii) is the 
same as (i), but with an additional cleaning step to remove organic contaminants. The 
complete bonding procedures are described in the Experimental section. 

 After dicing, fibers were glued in the different in-plane inlet/outlet geometry 
test chips. Two types of epoxy resin, Araldite Rapid™ and Loctite®, were used to glue 
the fibers (outer diameters 360 µm and 110 µm, respectively). Both glues are resistant 
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to commonly used solvents and have a relatively high viscosity, which is necessary to 
avoid capillary filling of the fibers and/or microchannels with the resin. Gluing was 
done at least 8 h before pressure testing. 

4.2.2.2 Bond inspection 

Comparison of the results of wafer-scale inspection revealed a rather striking 
difference: after the standard procedure (i), some large bubbles and blisters (diameter 
up to 3 mm) were observed as well as voids and small (white) particles. Only a few 
voids and particles were seen near wafer edges after procedure (ii), giving a nearly 
100% yield in bonded chips. In Figure 4-8 the measured reflection across the interface 
between the glass wafers is shown for three different cases: a wafer-stack bonded with 
standard bonding procedure (i), the upgraded procedure (ii) and a stack exposed to the 
upgraded procedure excluding the final annealing step at 600 °C. 
 

 
Figure 4-8:  Measured reflection at bond interfaces after performing the standard bond 
procedure (solid line), the upgraded bonding recipe (dashed line) and after the upgraded 
procedure excluding annealing at 600 °C (broken line). The background signal corresponding to 
the residual reflection from the surface of the stack is represented by the dotted line. 

For wafer stacks exposed to bonding procedures (i) and (ii), the reflectivity of 
the bond interface is smaller than 10-6, while for the wafer stack that was not annealed 
the reflectivity was 1.4 × 10-4. A wafer stack bonded with the standard procedure (i) 
excluding the final annealing step also showed a high reflectivity at the interface (not 
shown here). Using thin film optics calculations (see the Experimental), it was found 
that a reflectivity of 1.4 × 10-4 corresponds to a dielectric layer of air with a thickness 
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of 1 nm, or, alternatively, a layer of water with a thickness of about 5 nm. It is 
assumed that gas or residual water that is trapped in the nanometer-sized roughness of 
the bond interface is not present anymore at this interface after the final annealing step 
at 6005°C.  

Based on the results of Figure 4-8 it can be concluded that it is crucial to 
perform the annealing step at 600 °C. In that case no interface between the wafers can 
be distinguished, whereas the interface is clearly perceptible when the annealing step is 
not carried out. The reflectance measurements do not show a difference between the 
two bonding procedures of section 4.4.3, no noticeable difference in reflection is 
found between the stacks (Figure 4-8, measurements reproducible at locations without 
voids/particles). Nevertheless, when the results of visual inspection are combined with 
the confocal microscopy results (see section 4.4.4), it can be concluded that the 
upgraded bonding procedure (ii) yields the best glass-glass direct bond. 

4.2.2.3 Pressure tests 

Figure 4-9 shows the maximum pressure pmax obtained with pressurized CO2 
(a) and H2O (b) of all inlet/outlet geometries described in Figures 4-5 and 4-6. 

From the graphs in Figure 4-9 several conclusions can be drawn. Overall, 
geometries with small cross-sections (B-F) are significantly stronger than structures 
with a larger cross-section (B, C) and show less spreading in pmax. The use of a capping 
in the top wafer to reduce high local stresses slightly increases pmax (C vs. B), whereas 
reduction of the cross-sectional area results in a significant increase in pmax (D, E vs. 
C). Moreover, in case of small inlets that are fabricated with powderblasting and HF-
etching (D, E), there is a trend that a more gradual transition from the inlet to the 
microchannel (Figure 4-7, sharp tip) results in a higher pmax value. For configurations 
with these small cross-sections, Loctite resin resulted in somewhat higher maximum 
pressures than Araldite Rapid. Since Loctite is slightly less viscous than Araldite Rapid, 
this glue fills a larger area between the fiber and the inlet/outlet structure, giving a 
lower ‘dead volume’ around the fiber (Figure 4-1) and a higher pmax. The highest 
maximum pressures were obtained with geometry F, i.e. tubular structures made with 
HF-etching only. Independent of the glue type, chips with geometry F did not fail up 
to the maximum pressure of the HPLC pump, 690 bar.  
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A remarkable difference in the type of failure was found between the direct-
bonded glass-glass chips and the anodic bonded glass-silicon chips. For the majority of 
the direct bonds (~95%), failure occurred due to release of the bond, as could clearly 
be seen from the position where liquid droplets formed when the chips failed. 
However, for the anodic bonded chips failure was always due to out-of-plane cracking 
of the glass part of the chips, showing that not the bond was the limiting factor, but 
the mechanical strength of the glass.  

 

Figure 4-9:  Maximum pressures (pmax) obtained with dedicated test chips containing in-plane 
geometries as described in Figures 4-5 and 4-6 using the CO2 (l) (a) or H2O (b) as medium. Data 
points are averages over at least three experiments. 

The obtained pmax values were 30-70 bar lower in case of H2O compared to 
CO2(l). This is a well-known effect, since due to the passivation of a freshly created 
glass surface with silanol groups, a crack in the glass (or a rupturing interface) will be 
stabilized in CO2. This process will not occur in H2O.16  

From the pressure experiments it can be seen that the optimal inlet geometry 
for microreactor chips for high pressure chemistry is the tubular structure etched with 
HF. Beside that, this geometry (F) has the optimal cross-section to obtain high 
pressures,15 this structure also does not suffer from microcracks that are due to 
powderblasting.14 On the other hand, small powderblasted inlets/outlets with a sharp 
transition towards the flow channels (geometry D) are adequate for working pressures 
up to 300 bar. 
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4.3 Conclusions and Outlook 

In this Chapter the design, fabrication and high pressure performance of 
several in-plane fiber-based interface geometries to microreactor chips for high-
pressure chemistry have been discussed. The main investigated parameters have been 
the roughness of the side walls surface of the interfaces, the post annealing procedure, 
the  geometry of the inlet/outlet structure (i.e. cross-sectional shape and size), the way 
in which top and bottom wafer are bonded and the way in which the inlets/outlets 
turns over into the microfluidic channels of the chip.  

Yield strength, that is the maximum pressure before failure, can be increased by 
reducing the roughness of the sidewalls of powderblasted geometries with isotropic 
wet chemical HF etching (removes microcracks). Improving the yield strength by a 
second annealing step slightly increases pmax, but is difficult to reproduce. 

From visual inspection (wafer-scale) and confocal microscopy, it was found 
that a bonding procedure including an additional cleaning step with HNO3 and a step 
during which the wafer stack is compressed with a high force (~11 metric tons) yields 
the best glass-glass direct bond. 

Pressure tests revealed that the optimal inlet geometry for microreactor chips 
for high-pressure chemistry is a tubular structure that is etched with HF and suitable 
for fibers with an outer diameter of 110 µm. These inlet/outlet geometries can 
withstand pressures up to 690 bar. Small powderblasted inlets/outlets that are 
smoothened with HF and with a sharp transition towards the flow channels are 
adequate for working pressures up to 300 bar. 

Future generations of such a microfluidic set-up may provide a convenient 
high-throughput experimentation platform for (automated) parallel synthesis and 
analysis of large numbers of "leads" for the development of specialty chemicals where 
pressure can be used as a standard tool in any synthetic step. 

4.4 Experimental 

4.4.1 Materials 

For the pressure experiments DI water was used, as well as liquid CO2 with a purity ≥ 99.7% 
and < 150 vpm of water purchased from Hoek Loos. 
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A high-pressure syringe pump (model 100DM; Teledyne Isco, Inc. Lincoln, USA) was used 
for the pressure tests. 

4.4.2 General procedure for the fabrication of the high pressure 

microreactor 

The microchannels in the microreactors (Figure 4-5) were made by means of wet chemical 
etching in two separate 1.1 mm thick borosilicate glass wafers (Borofloat 33, Schott Technical Glasses, 
Germany) and direct bonding. The in- and outlets were fabricated by powderblasting and the 
microchannels were etched with 25 vol.% HF. The HF solution also smoothens the surface of 
powderblasted in- and outlets reducing the surface roughness of the powderblasted channels. Upon 
stripping the chromium/gold mask layer in chromium etchant (Merck 111547.2500) and cleaning in 
100% nitric acid (HNO3) and DI water, a pre-bond was established and the wafer stack was annealed 
in air at 600 °C for 1 h, followed by dicing of the individual chips. Capillary fused silica fibers 
(Polymicro Technologies, USA) were connected to the chips using two-component glue (Araldite 
Rapid™, Ciba-Geigy, Switzerland or Loctite®, Henkel, Dortmund, Germany), via in-plane inlet/outlet 
structures. 

4.4.3 Second generation of in-plane fiber-based chip interfaces: 

fabrication 

In the chip geometries shown in Figure 4-6, the capping that covers the powderblasted and 
HF-smoothened geometry C is made with HF (depth 5 µm, width 430 µm). Geometries D-E are 
designed to be used in combination with smaller fibers (outer diameter 110 µm instead of 360 µm). 
The fabrication of geometries D and E is identical to the procedure for geometry B, but the 
powderblasted (and HF-smoothened) inlet/outlet is smaller: geometry D was 180 µm wide and 135 
µm deep after powderblasting, whereas these values were 580 µm and 390 µm for geometry C, 
respectively. Following on powderblasting the depth of the in/outlet is increased to 400 µm 
(geometries B, C) or 145 µm (geometries D-E) by HF-etching (25 vol.%). The capping covering 
geometry D is 5 µm deep and 210 µm wide (fabricated using HF). Geometry F is realized with HF-
etching only. In this case, in both wafers a half-circular structure was revealed (isotropic etch profile: 
width 120 µm, depth 55 µm) that after alignment and bonding results in a tubular inlet/outlet 
structure.  

The two direct bonding procedures of the borofloat wafers are: 
(i) After processing, the substrates are cleaned in HNO3 (10 min) and DI water, immersed in KOH 

(75 °C, 25 wt.%, 1 min), rinsed in DI water (10 min) and spin dried. After alignment and pre-
bonding, the wafer sandwich is annealed at 600 °C (1 h, ramp up 6 h, ramp down 12 h).  

(ii) The same as (i), but with an additional cleaning step to remove organic contaminants, which 
consists of immersion in HNO3 (5 min) and DI water rinsing, followed by dry spinning. In 
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addition to this, after alignment and pre-bonding the wafer-stack is compressed with a force of 11 
metric tons (approx. 137 bar) for 30 min using a hydraulic flat-plate system. During this 
compression the temperature is ~343 °C. Finally, the wafer stack is annealed at 600 °C (1 h, ramp 
up 6 h, ramp down 12 h).  

Procedure (ii) is implemented to further reduce the influence of contaminants (probably organic 
residues)17 that are responsible for the appearance of voids/bubbles/blisters on the interface during 
annealing.18 

The silicon-glass stack is bonded anodically at 400 °C under a nitrogen atmosphere (bonding 
potential 400 V for 20 min). 

4.4.4 Bond inspection 

Prior to dicing the bond interfaces were inspected at wafer-scale to verify the presence of 
voids, blisters or bubbles on the interface: these bond errors can easily be seen with a microscope or 
by eye. Subsequently, with confocal microscopy the quality of the bond was investigated directly at the 
interface. A home-built sample scanning confocal microscope was used that is adapted for the 
quantitative measurement of reflection coefficients down to 10-6. The measurements are based on the 
so-called z-scan of a confocal microscope. During the movement of a flat interface with reflectivity R 
through the focus of a beam (i.e. along the optical z-axis; see inset Figure 4-8), the detector intensity I 
is recorded. The intensity can be expressed as equation 4-1.19 
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where u is a normalized coordinate on the optical axis (u is related to the real axial z-coordinate via u = 
z  π NA2/λ, with NA the numerical aperture of the objective lens and λ the wavelength of the light). 
Usually the quantity of interest is the full-width at half-maximum (FWHM) of this center peak, which 
determines the capability of distinguishing two objects (point like) that are located behind each other 
on the optical axis and this determines the superior depth discrimination of the confocal microscope. 

When a bonded wafer-stack is illuminated with visible light about 4% of the incident light is 
reflected from the surface of the stack, whereas only less than 10-4% of the incident light is reflected 
from the bonding interface (this interface is assumed to be a single dielectric layer with a thickness 
much smaller than the wavelength. For such thin layers, the reflectivity scales quadratically with its 
thickness). As a consequence, optical inspection of the interface is only possible if a method is 
available to discriminate between the (small) reflection from the bonding plane and the (large) 
reflection from the surface of the stack. This can be accomplished by using a feature of eq. (4-1), 
namely that I(u) decreases with z2 for large z-values (the intensity I of defocused objects decreases 
quadratically with z).  

The wafers used in this work have a thickness of 1.1 mm. Thus, if the bond interface is in 
focus, the surface of the stack is 1.1 mm out-of-focus. This leads to a suppression of the reflection 
from the surface by a factor of approx. 10-6, as can be calculated with eq. (4-1) (NA used in the set-up 
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is 0.33; λ of the light source is 488 nm). The corresponding residual intensity signal (background) 
determines the resolution of the set-up and is plotted in Figure 4-8 (dotted line).  

At the bond interface the z-value is defined as zero. From eq. (4-1) it follows that for z = 0 
I(u) equals R, which means that the magnitude of the center peak of the z-scan directly yields the 
reflectivity. The reflectivity R of the bond interface is related to its optical thickness nd (eq. 4-2).20 
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with n the refractive index of the interface material, d the thickness of the interface and n0 the 
refractive index of the surrounding medium (borofloat glass).  

Thus, when bonded glass-glass interfaces show a reflectivity (significantly) larger than the 
background signal, the thickness of the interface can be estimated. In other words, this method can be 
used to verify the quality of direct bonds. The method is described in detail elsewhere.21 

4.4.5 Pressure tests 

The pmax that the proposed in-plane inlet/outlet geometries (Figures 4-6 and 4-7) can 
withstand was tested with H2O and CO2. The fused-silica capillaries were used to connect the chips to 
a high-pressure syringe pump (model 100DM; Teledyne Isco, Inc. Lincoln, USA) using stainless steel 
fittings (F-140 & A-318, Upchurch Scientific, USA). The chips were cooled to 10 °C via a home-built 
Peltier element (CP 0.8-7-06L, Melcor, USA). After filling the chip with liquid CO2 (starting pressure 
65 bar) or H2O, the pressure in the chip was increased using a constant flow rate (2000 µL/min). 
During these destructive experiments the pressure was monitored with a PC. A sudden pressure drop 
indicated chip failure (Figure 4-10). Failure is accompanied by the formation of a small H2O-droplet 
or ice formation due to CO2 expansion: no explosions occur when a microreactor chip of such a small 
size fails. 

 

 
Figure 4-10:  Example of a pressure log during a destructive experiment (H2O used as pressure 
medium) and pictures of the test chip before and after the destructive pressure test. 
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5 
Microfluidic Study of Flow Phenomena in 

CO2-Alcohol Mixtures at High Pressures 

 
 
By implementing microfluidic chips in a high pressure set-up, fluid 
phase transitions in flowing multi-component mixtures (CO2-alcohol) 
under conditions close to the critical point of the mixtures were 
studied by optical microscopy. Two different flow patterns were 
observed; the well-known boiling process at low pressure-temperature 
conditions and a mist flow pattern consisting of nanodroplets at 
higher pressures and temperatures. Both flow patterns can be related 
to a liquid-vapor phase transition. This set-up was used to determine 
the liquid-vapor pressure-temperature locus for 50/50 v/v methanol-
CO2 and ethanol-CO2 mixtures, for pressures between 60 and 140 bar 
and temperatures between 35 and 95 °C.  
 
 

  



Chapter 5 

5.1 Introduction 

Knowledge of the phase behavior of solvent or reaction mixtures is crucial for 
chemical applications. For example, in supercritical fluid chromatography detailed 
knowledge of the phase conditions of mixtures is required, to avoid the use of 
unnecessary harsh conditions meant to maintain the homogeneity of the mobile 
phase.1 Modeling of phase behavior cannot be done using simple thermodynamics 
because extreme non-ideality occurs in and near the supercritical region. Experimental 
determination of critical points of pure substances or mixtures is usually performed 
using a variable-volume high pressure view cell,2 which is equipped with a sapphire 
window through which the disappearance of the liquid-gas meniscus if the fluid 
(mixture) reaches supercritical conditions can be observed by means of a mirror or a 
video camera.3 Recently developed alternative methods, which use a similar type of 
high pressure cell, apply shear mode piezoelectric sensing and fiber-optic 
reflectometry4 or ultrasonic time-delay.5  

As it was mentioned briefly in Chapter 2, fluids close or above their critical 
point are used as "green" alternatives for organic solvents in separation processes, e.g. 
in food industry, (nano)particle production, cleaning and drying and biological 
processes.6-12 They are also attractive media for synthetic chemistry,7,10 leading to 
higher selectivity,13-15 better yields16 or orders of magnitude higher reaction rates.17 
What makes supercritical fluids so special is that they have densities similar to those of 
liquids, while viscosity and diffusivity are closer to those of gases.8,10 Slight changes in 
temperature and pressure close to the critical point give rise to large variations in 
solubility, a property exploited in supercritical fluid chromatography. 1,11 Carbon 
dioxide (CO2) is of particular interest because of its low critical temperature of 31.1 °C 
and moderate critical pressure of 73.9 bar. It is non-flammable, non-toxic and 
environmentally friendly, miscible with a variety of organic solvents and readily 
recovered after processing. It is also a small molecule with high diffusivity, a property 
of interest for extraction processes. A drawback is that supercritical CO2 is not a very 
good solvent for high molecular weight and polar compounds. To increase the 
solubility of such compounds, small amounts (0 to 20%) of co-solvents are usually 
added. The co-solvent, often an alcohol,11 interacts strongly with the solute and 
significantly increases its solubility, in particular close to the critical point of CO2.  
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Miniaturization based on micromachining can be used to obtain microflow and 
microreaction systems with internal volumes in the picoliter to microliter range, in 
which near-critical pressure and temperature conditions (conditions (p,T)) can be 
reached without applying the special safety precautions required for conventional, 
larger high pressure systems. If such systems are made of a transparent material, they 
constitute attractive research tools to study phase behavior directly by microscopy. 
Here, this approach is followed and a microscopic set-up containing a microfluidic 
glass chip is used to study phase change dynamics in CO2-alcohol mixtures under high 
pressure conditions and temperatures. Rhodamine B, a fluorescent dye, is used to 
visualize the different phases. 

5.2 Results and Discussion 

5.2.1 Chip layout and fabrication 

The chip, Figure 5-1, has two inlets (1, 2) for introduction of pressurized fluids 
(liquid CO2 and alcohol-rhodamine B solutions). In the first part of the connected 
channel, a-c mixing of the fluids takes place. In one of the chip designs this channel 
section contained herringbone mixers with >>>, <<<, / / / and \ \ \ designs similar 
to the ones used by Stroock et al.20 These mixers continue in the next section d-e, 
which is at high temperatures in order to initiate phase transitions and runs into a 
serpentine, located in the heated zone. Subsequently, the fluid enters a flow restriction 
3 with a length of 177 mm and a smaller cross-section (20 μm × 5 μm). This channel 
section ensures a virtually constant pressure in the channel section upstream, the 
section where phase transitions occur. The hydraulic resistor ends in a wider zone with 
outlets (4, 5) in which the fluid mixture gradually expands to atmospheric conditions. 
The complete fabrication procedure is based on the first generation of chips described 
in Chapter 4. 
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Figure 5-1:  Microfluidic chip: Layout (a) and photograph (b) of chip for visualization of phase 
transitions. The labels a to g are used to facilitate the description of the microscope images in 
Figures 5-2 and 5-3. Legend: 1 inlet CO2, 2 inlet alcohol-dye mixture, 3 fluidic resistor, 4 
expansion zone, 5 outlet. 

In order to initiate and control phase transitions in mixtures of ethanol-CO2 
and methanol-CO2, the left side of the chip is heated and the right side cooled. In all 
experiments, the cooled side was kept at 10 °C to maintain the CO2 in the liquid 
phase. The temperature of the heated side was regulated to a temperature between 35 
and 95 °C, see the Experimental. It was calculated that a small temperature gradient 
exists on the chip at the edge of the heated zone, but at 200 μm from the edge the 
temperature of the chip is within 0.1 °C of that of the heater. Due to the small channel 
dimensions and thin glass layer between heater and fluid in the channel, the 
temperature of the fluid, at the used flow rates, is virtually the same as that of the 
heater (or cooler). To avoid condensation of moisture at the outside of the chip in the 
area where the CO2 becomes a gas and to limit thermal stresses in the glass due to 
excessive heat absorbance in that area, the last part of the back pressure channel and 
the expansion zone are heated.   

5.2.2 Microscopic observation of phase changes 

Instead of the variable-volume high pressure view cells which are frequently 
used to determine the appearance of sub- to supercritical phase transitions by visual 
observation of the resulting turbidity or the (dis)appearance of a meniscus,3,21 a glass 
chip was used for in-situ studies of the hydrodynamics and phase behavior of dense 
fluids by optical microscopy. The chip contains a microfluidic channel network 
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through which a 50/50 v/v mixture of two fluids can be pumped, Figure 5-1. The 
design is such that pressurized liquid CO2 from inlet 1 after mixing with a second 
pressurized liquid, added via inlet 2, passes at virtually constant pressure through a 
heated, isothermal zone. At a specific location close to position d in Figure 5-1, which 
depends on local pressure and temperature, a phase change occurs, which is 
monitored by optical microscopy. After the heated zone, the fluid flows through the 
rest of the channel.  

Compared to the visual determination of phase transitions in the 
conventionally used variable-volume view cell,2,3 which is a static method in which the 
pressure at constant temperature is increased in time with the aid of a piston, the 
microfluidic system presented here has the advantage that the image can be viewed 
over a relatively long channel section, where experimental conditions (p,T) can be 
gradually varied. This facilitates the interpretation of observed patterns and, provided 
that the pressure and temperature gradients in the chip are known, helps to pinpoint 
the exact experimental conditions where transitions occur.  

Figure 5-2 shows a sequence of microscope pictures taken at different locations 
on the chip during an experiment with a 50/50 v/v mixture of ethanol (EtOH) and 
CO2 (calculated CO2 mol fraction: 0.54). Since these liquids are colorless and therefore 
their liquid-liquid and even their liquid-gas interfaces were difficult to observe by 
microscope, the fluorescent dye rhodamine B was added to the EtOH (or methanol 
(MeOH), see below) in a concentration of 0.1 mM. This concentration corresponds to 
a mol fraction of 1.7 × 10-6. The addition of such a small amount of rhodamine B is 
assumed not to cause significant changes of the phase diagram of the mixtures used in 
this study (although no literature data exists to substantiate this assumption). 
Moreover the rhodamine B concentration is in the range of the impurities in the liquid 
CO2 (N2 ~60 ppm). 

During the experiment of Figure 5-2 the inlet pressure was maintained at 100 ± 
0.5 bar, the temperature of the heated and cooled zone were kept at 60 ± 0.5 °C and 
10 ± 0.5 °C, respectively. Image a shows the injection of the EtOH + rhodamine B 
mixture (yellow) into the colorless liquid CO2 stream. The fluids mix downstream due 
to diffusion enhanced by advection caused by "herringbone" mixers20 embedded in 
the wall of the microchannel. The initial lamella flow pattern (Figure 5-2 b) turns into 
a homogeneous, uniformly colored liquid mixture of CO2 and EtOH (Figure 5-2 c). 
When the mixture reaches the 60 °C zone on the chip, an abrupt change in the flow 
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pattern is visible (Figure 5-2 d), characterized by a bright-red mist. Downstream, a 
two-phase system forms with the liquid flowing along the walls (yellow in Figure 5-2 
e) and a vapor in the middle of the channel. When the two-phase system enters the 
fluidic resistor, a uniform red-colored liquid mixture is seen again, Figure 5-2 f. Finally, 
the liquid mixture enters the expansion zone, where CO2 becomes gaseous (formation 
of vapor bubbles, Figure 5-2 g). 

Figure 5-3 shows snapshots taken from a microscope movie recorded at a fixed 
location (position d in Figure 5-1; camera speed: 25 frames per second) of experiments 
at different temperatures and pressures, for a 50/50 v/v mixture of methanol and 
CO2. The microscope photographs give a clear view of two different phase change 
phenomena, i.e. boiling with vapor bubbles (C and D) and an event characterized by a 
red mist (images A and B). 

Based on reported phase diagrams,22-26 a 50/50 v/v MeOH-CO2 mixture (CO2 
mol fraction 0.45) will be in the liquid state at the pressure and temperature conditions 
that exist upstream of the heated zone. Upon temperature increase the bubble-point 
line in the phase diagram will be crossed, after which the mixture will de-mix in a 
liquid consisting mainly of MeOH with dissolved CO2 (here also with dissolved 
rhodamine B) and vapor CO2 saturated with MeOH. For pressures and temperatures 
below 50 °C and 80 bar indeed, the typical gas-liquid two-phase flow of the slug 
type,27 which is characteristic for a boiling process in a microchannel was observed. At 
higher pressures and temperatures the mist pattern mentioned above was observed. 
Further downstream of the mist pattern, annular flow28 (Figure 5-2 e), was observed. 
The film that separates and collects on the surface walls of the channel shows yellow-
orange fluorescence, typical of rhodamine B in ethanol. The location where the mist 
pattern starts was observed to fluctuate in time over a distance of 100 - 120 μm. It was 
calculated that this displacement corresponds to less than 0.1 °C temperature 
difference. The observed fluctuations are probably due to small pressure perturbations 
caused by nucleation of bubbles or droplets somewhere downstream in the 
microchannel.  
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Figure 5-2:  Microscopic visualization of phase transitions. Images of a 50/50 v/v mixture of 
CO2 and EtOH with rhodamine B at different positions in the chip (letters correspond to 
locations in Figure 5-1).  

    

Figure 5-3:  Comparison of boiling and mist flow. Images of a 50/50 v/v mixture of CO2 and 
MeOH with rhodamine B were taken in the heated zone of the chip (location d in Figure 5-1). 
Images B and D show identical flow patterns as A and C, respectively, but at higher 
magnification. The flow direction is indicated by arrows. Experimental conditions for images A 
and B: pressure 100 ± 0.5 bar, temperature heated zone 61 ± 0.5 °C; for images C and D: 
pressure 70 ± 0.5 bar, temperature heated zone 39 ± 0.5 °C. This chip did not contain 
herringbone mixers. 
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An additional experiment was performed with a chip configuration that allowed 
heating up and pressurizing the pure CO2 stream to supercritical conditions first, 
before it reached the T-junction at which it was combined with the stream of liquid 
ethanol with dissolved rhodamine B. Starting only a small distance down-stream of the 
T-junction where the two streams joined, exactly the same mist pattern was observed 
as was described above and as shown in Figure 5-3 A and B.  

5.2.3 Construction of phase diagrams 

The phase changes described above were studied for a wider range of 
temperatures and pressures, for 50/50 v/v mixtures of EtOH-CO2 and MeOH-CO2, 
by continuously monitoring the flow pattern at a fixed position (d in Figure 5-1) for a 
constant inlet pressure, while the temperature of the heated zone was varied in small 
steps of half degree. For a range of pressures, up to 140 bar, the temperature was 
recorded at which a characteristic change in flow pattern occurred. The results are 
plotted in Figure 5-4. For each mixture a p,T-point exists, above which only the mist 
pattern of Figure 5-3 b is found. These points are 50 °C/85 bar for the MeOH-CO2 

mixture and 47 °C/82 bar for EtOH-CO2. Slightly below these p,T-points, within a 
narrow temperature range of 3 to 7 degrees, during an increase of temperature first 
tiny gas bubbles appear, whereas at a slightly higher temperature the mist pattern 
arises. The mist flow pattern and the vapor bubbles were never observed 
simultaneously. All these effects and the corresponding conditions (p,T) at which they 
occurred were perfectly reproducible.  

For EtOH-CO2 mixtures above 82 °C/115 bar the characteristic flow pattern 
of image A/B in Figure 5-3 was not observed. Instead the precipitation of a red 
powder was found in the channel, leaving a homogeneous colorless fluid. Precipitation 
reproducibly occurred at the position of the herringbone mixers. In the liquid 
collected during two hours at the outlet of a chip operated at 100 °C/120 bar, no 
traces of rhodamine B or of possible decomposition products could be detected by 
Matrix-Assisted Laser Desorption Ionization (MALDI) Time-Of-Flight (TOF) Mass 
Spectrometry (MS). However, in a sample collected at 65 °C/100 bar rhodamine B 
was clearly identified by MALDI-MS. This indicates that the powder consists of 
rhodamine B.  
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The graphs show that the observed transitions coincide with the bubble-point 
lines for the 50/50 v/v mixtures as derived from literature data.2,22-26,28 Unfortunately, 
for the literature data in refs. 29, 30 the exact mixture compositions for the critical 
points have not been specified. Based on interpolation of the data of ref. 20, the 
critical point of the MeOH-CO2 mixture with the composition studied in our work 
should be close to 150 °C/160 bar. By extrapolation of the data of Galicia-Luna et 
al.,31 the critical point of the 50/50 v/v EtOH-CO2 mixture studied by us should be 
near 130 °C/150 bar. These temperatures were however beyond the range of our 
experimental set-up. 

 

 

 
Figure 5-4:  Phase diagrams derived from microscopic observation of flow patterns in a microfluidic 
chip. A; 50/50 v/v MeOH-CO2, B; 50/50 v/v EtOH-CO2. Data points are averages of at least three 
experiments. Estimated experimental error in transition temperatures is about 2% (on Celsius scale). 
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5.2.4 High speed camera investigation of phase changes 

The dynamics of bubble formation followed by slug flow as well as the mist 
formation were studied with the aid of a microscope equipped with a high-speed 
camera, recording 1000 frames per second. Figure 5-5 shows a number of frames 
extracted from these movies, taken at different temperature-pressure conditions. Due 
to low contrast, the stills do not clearly show details of the mist pattern (Figure 5-5 a) 
nor of the contours of the vapor bubble (Figure 5-5 b), but they could be observed 
clearly in the movies. The low contrast is mainly due to the fact that the light intensity 
during video recording had to be limited in order to avoid heating of the liquid, which 
led to a shift of the location of phase changes in the microchannel. Furthermore, due 
to the relatively high fluid velocity in combination with the large microscope 
magnification, a particular bubble was only visible in three consecutive movie frames 
at the most. But although bubble images were blurry, they allow the determination of 
the linear velocity of the bubbles at 100 bar, which was found to be 5 ± 1 cm s-1 for 
the conditions under which slug flow occurs.  

 

Figure 5-5:  Snap-shots of high-speed camera recordings of droplet condensation. White arrows 
show the direction of the flow. (a). Mist pattern (the white streaks running at the top side and the 
center of the channel), 60 °C, 100 bar; (b). Vapor bubble (white ellipsoid), conditions: 40 °C, 70 bar. 
(c) and (d). Droplets condensing in the microchannel downstream of the mist pattern; conditions: 
100 bar and 65 °C. All pictures are for a MeOH-CO2 mixture in a microchannel with herringbone 
mixers integrated in the channel wall. 
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The stills in Figure 5-5 c and d show how the mist pattern ends up in liquid 
droplets that slowly grow in size further downstream and finally connect to establish 
the liquid film on the walls that was shown in Figure 5-2 e. 

5.2.5 Interpretation of the flow patterns 

Ample literature exists on two-phase flow phenomena in tubes and other 
fluidic structures of a wide variety of dimensions, but most of the literature on two-
phase flow in microchannels is concerned with mixed streams of air and water, with 
separately controlled flow rates, at atmospheric and isothermal conditions.29,32,33 Only 
few experiments similar to those performed here, i.e. microscopic observations of 
pressurized fluids passing from a cold to a hot zone and therewith going through a 
phase change, have been reported.  

The mist flow pattern showed in Figure 5-2 d and images A/ B of Figure 5-3 is 
different from most two-phase flow phenomena reported for microchannels,33 
including the ones observed for boiling liquids,34 and at first sight seems to be 
characterized by the total absence of a meniscus. In studies using variable-volume view 
cells, a mist phenomenon is observed when a supercritical mixture approaches the dew 
point.2 Because of these characteristics, one may speculate whether the observed 
pattern represents a phase transition involving a supercritical phase. However, 
according to literature,22 the conditions (p,T) are not sufficient for reaching critical 
conditions of the mixture. Furthermore, mist flow is not an exclusive characteristic of 
supercritical fluids. In the literature on two-phase flow in minichannels (hydraulic 
diameter in the order of 1 mm) and larger tubes, one may find situations described, 
namely at the high vapor velocity side of the flow regime plot, where a pattern called 
"annular-droplet",33 "annular mist",35 or "droplet" flow32,36 is encountered. In these 
cases, the liquid flows as a thin film on the channel wall, while the gas flows in the 
core, therewith forming an annulus. Most of the liquid, however, is entrained in the 
gas in the form of droplets, constituting a mist.35  

In microchannels, or more specifically channels with hydraulic diameter much 
smaller than the Laplace constant (which scales surface tension to gravitational forces 
and which is of order 1 mm for water at atmospheric conditions and room 
temperature), two-phase flow characteristics are known to become significantly 
different from characteristics in larger channels.27 The flow patterns will be dominated 
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by surface tension. Since liquid surface tension is low in near-critical fluids and even 
vanishes at the critical point,37,38 one may expect that the formation of entrained 
droplets, i.e. a mist, is enhanced for a fluid approaching its critical point. In this respect 
the work of Pettersen36 deserves special attention. As part of a heat exchanger study 
Pettersen has investigated flow vaporization of CO2 in microchannel tubes with 0.81 
mm ID, uniformly heated by a water jacket. Observation of two-phase flow patterns 
was performed in the heated zone of a transparent tube, mainly at 20 °C, so close to 
the critical temperature. At the higher mass fluxes (corresponding to vapor velocities 
close to 2 m s-1), he observed flow patterns with a mist flow of liquid droplets in the 
core and a very thin annular liquid film flowing along the wall, with a notable 
difference in velocity between the film and the mist. The author states that even at 
99% vapor there was a notable amount of entrained liquid droplets, indicating a non-
equilibrium situation where the vapor phase had become superheated. Transitions in 
flow patterns occurred at much lower vapor velocities than the ones reported by 
others for water/air flow in tubes of similar dimensions.  

For channels of the dimensions as investigated here (i.e. with a hydraulic 
diameter below 100 μm), mist patterns have not been reported, see e.g. the flow regime 
maps obtained in studies in 224 μm wide microchannels,39 and channels formed by 
spacings between micropillars of ~50 μm.40 The reason for this may be that the 
studied fluid velocities, in particular the superficial gas velocity, were not high enough 
to achieve mist flow. What is observed in Figure 5-2 d and the images A and B of 
Figure 5-3 is a jet of nanodroplets of MeOH with concentrated rhodamine B entrained 
in a stream of very dense CO2 vapor. Ziegler et al. speculate about the presence of 
such an aerosol at conditions close to the critical point of a 1-propanol-CO2 mixture in 
supercritical fluid chromatography in 50 μm ID capillaries, in order to explain their 
spiked detector signals.29 Extrapolating the trends reported in literature to the small 
dimensions of the channels and adding to that the conditions close to the critical point 
of the mixture, where the surface tension becomes low, ca explain the mist pattern 
observed at fluid velocities of about 0.5 m s-1 (see Experimental), which are much 
lower that the ones reported in literature.36  

We have elaborated on the observation that the CO2-alcohol mixture upon 
reaching the heated zone form a mist of small droplets entrained in a background of 
pressurized CO2-alcohol vapor. Interpretation of the phase diagrams that correspond 
to this situation learns that the vapor phase is enriched in CO2, while the liquid phase 
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has an increased alcohol content compared to the original mixture composition.22-26 
Such a mist or spray may have important implications for the chemistry proceeding in 
the fluid. 

5.2.6 Interpretation of the rhodamine B behavior 

One effect of the droplet formation as discussed in the previous section is that 
the concentration of low-volatility species which dissolve more easily in the liquid 
alcoholic phase, will increase compared to the original concentration. This is in fact 
what is used in the so-called "supercritical anti-solvent" or "gas anti-solvent" process,41 
in which a solution of a specific chemical is nebulized into CO2 fluid (sub- or 
supercritical), which will lead to rapid supersaturation of the fluid and formation of 
ultra-fine particles with a narrow size distribution. This is also what was observed with 
the dye rhodamine B. Namely, a bright-red color as observed for the mist pattern is 
uncommon for a rhodamine B solution. Normally in ethanol or methanol rhodamine 
B fluorescence is observed at 570 - 590 nm for the complete temperature range 
studied here.42 Red shifts in fluorescence have been attributed to aggregate formation 
in solution, occurring at high dye concentrations.43,44 Eventually, the concentration of 
rhodamine B will exceed the solubility limit, because the amount of ethanol is 
decreasing due to evaporation (or rather, dissolution in the CO2-rich vapor phase) and 
the dye will precipitate, as was indeed observed for the higher temperatures during the 
experiments (Figure 5-4 diagram B).  

Another implication for the course of chemical reactions in a system like described 
here is that internal mixing in the liquid phase is enhanced due to the small size of the 
droplets. Mixing under these conditions can be assumed to be mainly by diffusion, 
although some advection occurring within the droplet cannot be excluded. The 
situation resembles that in the segmented gas-liquid flow microfluidic systems that 
were used by Jensen and co-workers to form well-defined quantum dots45 or silica 
particles.46 The small liquid slugs that compose the segmented flow not only ensure a 
narrow residence time distribution47 but also experience enhanced mixing due to 
recirculating flows within the slug.48 In the literature on the droplet diffusion model 
for micromixing,49 a characteristic mixing time in a (hypothetical in the original work, 
but real in this study) droplet is of the order of R2/D, with R the droplet radius and D 
the diffusivity of the reacting species. Judging from the movie from which Figure 5-3 
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B was taken and other movies of the mist pattern, droplets in our case are typically 
much smaller than a percent of the channel width, i.e. a few hundred nm at most, so 
that for a typical diffusivity of 10-5 cm2 s-1 a mixing time of the order of 0.5 ms is 
achieved for homogenization of the concentration within the droplet. This may lead to 
enhanced reaction kinetics or changes in selectivities. 

5.3 Conclusions and Outlook 

In summary, in this Chapter the feasibility of a simple table-top set-up for 
studying fluid mixtures under conditions of high pressure and temperature under 
continuous flow fashion was demonstrated. Very specific flow patterns were observed 
in the microfluidic chip, which can be attributed to a liquid-vapor phase transition. 
The set-up was used to determine high pressure phase diagrams of two different 
alcohol-CO2 mixtures, which were in agreement with literature data. A specific flow 
pattern type was observed, which was identified as an annular mist pattern. The 
conditions under which this pattern was observed differ greatly from those reported in 
literature, which was attributed to the smaller microchannel dimensions in this case 
and the fact that the conditions are close to the critical point of the fluid mixture (p/pc 
~ 1, T/Tc ~ 0.7 - 0.9) where the surface tension vanishes. The implications of the 
formation of liquid droplets entrained in a CO2-alcohol vapor were discussed and it 
was anticipated that reaction kinetics under these conditions may become enhanced 
due to fast homogenization of the mixture in the droplet and the increased 
concentration of non-volatile components of the droplets. 

The set-up as described here will be valuable to study phase change events in 
supercritical fluid chromatography, where knowledge of the exact fluid conditions and 
corresponding flow profiles is essential.11,30 The chip itself could be used as a 
chromatograph. Beside that direct observation of the separation process may be 
performed, integration of injectors and detectors, as is almost common practice in 
chip-based capillary electrophoresis,50 is feasible. It will also have its value in the study 
of heat exchangers for transcritical refrigeration cycles51 and more importantly, in 
chemical applications like synthesis and analysis, exploiting the characteristic features 
(improved heat management and large surface-to-volume ratio) that make 
microreactors beneficial, in particular, for heterogeneous catalysis.52,53 
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5.4 Experimental 

5.4.1 Materials 

Methanol was purchased from Fisher Scientific, analytical reagent grade (< 0.015% water) and 
ethanol was purchased from Merck (Amsterdam, The Netherlands) (< 0.1% water). Both solvents 
were dried with molecular sieves beads (0.3 nm). Rhodamine B was purchased from Sigma-Aldrich 
(Zwijndrecht, The Netherland), purity ≈ 95%. CO2 was purchased from Hoek Loos (2.7), (Schiedam, 
The Netherlands) with a purity ≥ 99.7% and < 150 ppm of water.  

The characterization of the Rhodamine B was done using a Voyager (Applied Biosystems) 
Matrix Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometer. 

5.4.2 Set-up 

Figure 5-6 shows a schematic representation of the set-up used for the phase transition 
observations.  

 

Figure 5-6:  Schematic view of the set-up used during the visualization of phase transitions in 
alcohol-CO2 mixtures. 

The fused-silica capillaries that were attached to the chips and stainless steel fittings (F-140 & 
A-318, Upchurch Scientific, USA) were used to connect the chips to a high-pressure syringe pump 
(model 100 DM; Teledyne Isco, Inc. Lincoln, USA. ). In Figure 5-7 a picture of the set-up is shown. 
Liquid CO2 (purity ≥ 99.7%) was supplied from a cylinder and further pressurized with the high 
pressure pump. The CO2 flow was split into two streams (50/50 v/v), to both directly feed the chip 
via the CO2 inlet and/or to drive the sample liquid EtOH or MeOH with dissolved rhodamine B from 
a looping (600 µL volume) into the sample inlet. A set of valves (Rheodyne C6W, Valco Instruments 
Co. Inc., USA) was used to control the flows to/from the chip (injection of liquid CO2, injection of 
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sample via the looping, as well as closing/opening of the inlets and outlet), whereas in-line filters (type 
A-102, Upchurch Scientific, USA) prevented the channels in the chip from clogging.  

In order to control the temperature of the fluids in the chip, two zones were defined of which 
the temperatures could be individually controlled via home-built Peltier elements (CP 0.8-7-06L, 
Melcor, USA), glued pair wise onto two copper blocks. The temperature of these blocks was measured 
with miniature Pt-100 temperature sensors. The Peltier elements were mounted on top of the chip, for 
removal of the excess heat generated by the Peltier elements a heat sink was used (Figure 5-8). Optical 
inspection of the microchannel was done from below via an inverted microscope (Olympus CK40M). 

 

 

Figure 5-7:  Picture of the set-up used for visualization of phase transitions of fluidic mixtures. 

 

Figure 5-8:  Picture of the holder used for visualization of phase transitions of fluidic mixtures. 
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5.4.3 Temperature, pressure and fluid velocity conditions in the chip 

The original idea behind this work was to study phase changes of a fluid flowing in a 
microchannel, under conditions of high pressures and temperatures near the critical point of the fluid. 
To this end, a system was constructed in which the flowing fluid is kept at constant pressure in a 
microchannel section on which a spatial temperature gradient is imposed. The actual fluid temperature 
and pressure conditions during the experiments have to be determined. Information about these 
parameters at the exact location of interest is difficult to access through a local measurement. Only 
information about the inlet pressure, which is the pressure generated by the HPLC pump (Figure 5-6) 
the outlet pressure, which is atmospheric and the temperature at the outside of the chips, measured by 
thermocouples inserted between chip and Peltier elements (Figure 5-8) is available. 

The dimensions of the flow restrictor were chosen to ensure that the pressure drop is entirely 
over the restrictor. Assuming that the liquid velocity is the same as that of the measured bubble 
velocity (see above) it can be calculated that the Reynolds number for the situation of slug flow in the 
wider channel section is of order 1, indicating that the flow in the microchannel is laminar. For fully 
developed laminar flow and assuming that the entire channel on the chip is filled either with liquid or 
with vapor, it is calculated that the hydraulic resistance of the wider channel section is 1.15 × 1019 η m-

3, with η the viscosity of the fluid, while that of the narrower channel of the flow restrictor is 9.73 × 
1022 η m-3. This gives a hydraulic resistance ratio of 8430, which means that indeed nearly all of the 
pressure drop will be over the flow restrictor. The latter is true even in the extreme case that the wider 
channel section would be filled with liquid and the restrictor would be filled with gaseous CO2, which 
constitutes a situation with a viscosity ratio of about 10 at the most.54,55 

Based on the fluid velocity of 5 ± 1 cm s-1 determined above and an approximate viscosity of 
the mixture of 1 mPa s, for a pressure drop of 100 bar a flow rate of 50 ± 10 μL min-1 is calculated. 
This fits quite well with the value of 40 ± 5 μL min-1 indicated by the HPLC pump for the flow rate at 
the inlet of the chip, where the fact that the measured velocity in this flow regime is slightly higher 
than one would expect on the basis of the inlet flow can be explained by the increase in average 
volume per mole of material due to the evaporated liquid that has formed vapor bubbles. The velocity 
of the completely evaporated fluid, with an approximate viscosity of 0.1 mPa s, would be ~10 times 
higher than that calculated above for the liquid and thus would be about 0.5 m s-1.  

Taking the measured fluid velocity and the smallest channel dimension of 30 μm at the high 
pressure section of the microchannel and assuming a constant glass temperature (in the heated zone), 
constant flow rate and fluid viscosity can be calculated56 for liquid CO2. The temperature profile in the 
microchannel will adapt to the higher temperature within a distance of ~35 μm after entering the 
heated zone (Figure 5-1; CO2 heat transfer data taken from reference 57). The real situation in our 
experiments is that the CO2 of the liquid mixture starts to evaporate when the heated zone is reached, 
leading to a less dense fluid with a higher fluid velocity due to the expansion that occurs during 
evaporation. Therefore the entrance length will be different and very difficult to calculate for the non-
equilibrium two-phase flow studied here. The viewpoint for fluidic phase transitions (d in Figure 5-1) 
in our experiments was chosen at a distance of about 300 μm far from the edge of the heater. 
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6 
Rate Enhancements at High Pressure                 

and Supercritical CO2 Conditions                 

in a Glass Microreactor 

 
 

The esterification reaction of phthalic anhydride with methanol was 
performed in a continuous flow microreactor at pressures up to 110 
bar or using supercritical CO2 as co-solvent. The design is such that 
supercritical CO2 can be generated inside the microreactor. 
Spectacular rate enhancements were obtained, viz a 53-fold increase 
was obtained at 110 bar and 60 °C, while using supercritical CO2 as 
co-solvent a 5400-fold increase was obtained, both with respect to 
batch experiments at 1 bar and at the same temperature.   
 

 

  



Chapter 6 

6.1 Introduction 

Microreactors have proven to be a very useful tool to optimize organic 
reactions, as described in detail in Chapter 2.1-3 

Supercritical fluids as solvents or reaction media are more and more applied 
in industrial processes like separations or extractions.4-7 However, working at 
supercritical conditions in synthetic chemistry is complicated since elevated 
pressures are required. Due to its quite easily accessible supercritical conditions, 
supercritical carbon dioxide (sc CO2) has great potential for achieving these goals. In 
Chapter 5 a first attempt was made for a better understanding of the behavior of 
liquid mixtures involving CO2 close to their critical point.8-10 

In this Chapter a new microreactor platform is described for studying 
pressure chemistry near or under supercritical conditions. The development and 
performance of this platform is presented. A simple reaction, that was studied 
before by Ellington et al.11 at sc CO2 conditions in a stop flow autoclave, the esterifi-
cation of phthalic anhydride (1) with methanol (2) (Scheme 6-1), was chosen to 
study the effects of pressure as well as scCO2 on the reaction rate. This reaction 
answers all the requirements imposed by the microreactor. It has fast reaction 
kinetics, min range, according with the short residence times in the microreactor. 
Methanol (2) is a good solvent for phthalic anhydride (1) and product (3), avoiding 
clogs in the channel. Furthermore, the reaction is known to be positively affected 
by pressure and scCO2.11 

The unique design of this system is such that supercritical conditions can be 
generated in the microreactor by controlling both the pressure and the temperature. 
The microreactor design allows studying the influence of different conditions (p, T) 
on the reaction rate in an easy and safe way. 

 

 
Scheme 6-1:  Esterification reaction of phthalic anhydride (1) with methanol (2) at pressures up 
to 110 bar and also under scCO2. 
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In the first part of this Chapter the esterification reaction of phthalic 
anhydride (1) with methanol (2) carried out at pressures of 90 and 110 bar in a 
microreactor in continuous flow mode is discussed. The obtained rate constants are 
compared with those of the batch experiments at 1, 90 and 110 bar carried out in 
stop-flow mode. In the second part, scCO2 is used as a co-solvent for the reaction 
in the microreactor. The obtained rate constants are compared with those of the 
microreactor experiments at 90 and 110 bar. 
 

6.2 Results and Discussion 

6.2.1 Microreactor layout  

The design of the microreactor used for the experiments in this Chapter is 
slightly different from that of the microreactor presented in Chapter 5. In this case 
the two reagent channels arrive separately to the heated zone of the microreactor, 
where they join and mix, (Figure 6-1). In this way, CO2 can reach its supercritical 
phase lengthwise the channel (p and T are above pc and Tc) and mix with the 
reagents at scCO2 conditions. 

The inlet-side of the microreactor is cooled to 10 °C and the temperature of 
the reaction zone can be regulated for 20 – 120 °C. For a detailed description of the 
microreactor fabrication see Chapters 4 and 5. 

 

Figure 6-1:  Microreactor microreactor: Layout (a) and photograph (b) (20 × 15 × 2.2 mm). 1 
inlet liquid-CO2, 2 inlet reagents, 3 reaction zone, 4 fluidic resistor, 5 expansion zone, 6 outlet. 
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6.2.2 Set-ups  

Microreactor for working pressures up to 10 bar. The microreactor 
cannot be operated at atmospheric pressure. The high-resistance channel (4) causes 
that a minimum pressure (~ 2.5 bar) is required to obtain continuous flow in the 
microreactor, as a consequence of its hydrodynamic resistance. Experiments at 
pressures up to 10 bar were done using a syringe pump system at fixed flow rates 
(0.125 and 0.075 µL min-1, Figure 6-2).  

 

 
Figure 6-2:  Schematic drawing of the set-up for the esterification reaction of phthalic 
anhydride (1) with methanol (2) at pressures up to 10 bar. 

Microreactor for working pressures of 90 and 110 bar. In Figure 6-3 the 
set-up for pressures above 70 bar is shown. Pressurized liquid CO2 and/or the 
reagents are introduced in the microreactor via two inlets (1, 2). The pressure 
experiments were done with valve 9 in closed position, while the experiments using 
scCO2 as a co-solvent were performed with valve 9 in open position allowing a 
50:50 mixture of methanol and liquid CO2 in the microreactor. 

The reagents are kept in a pressurized loop (7) at 0 °C. The pressure is 
controlled/measured by the pressure sensor of the high pressure pump. The 
reagents are introduced in the microreactor via inlet 1 and valve 8. Both fluids are 
heated along the channels and mix and react in the reaction zone (3). Subsequently, 
the mixture enters in a high-resistance channel (4) (fluidic resistor). Since this zone 
has a much smaller cross-section than the channel in the reaction zone, this channel 
ensures a constant pressure in the reaction zone. The high-resistance channel ends 
in an expansion zone (5) and the combination of these two structures guarantees 
that the fluid mixture gradually expands towards atmospheric conditions. The 
expansion zone ends in an outlet (6). 

 114 



Rate enhancements at high pressure and supercritical CO2 conditions in a glass microreactor  

Figure 6-3:  Schematic drawing of the set-up for the esterification reaction of phthalic anhydride 
(1) with methanol (2) at high pressure and/or sc CO2 conditions (90 and 110 bar). 1 inlet reagents, 
2 inlet liquid CO2, 3 reaction zone, 4 fluidic resistor, 5 expansion zone, 6 outlet, 7 loop that 
contains the reagents, 8 valve that regulates the access of the reagents to the microreactor and 9 
valve that regulates the access of CO2 to the microreactor. 

6.2.3 Batch reaction of phthalic anhydride with methanol 

Temperature influence. For comparison, the esterification reaction of 
phthalic anhydride (1) with methanol (2) was performed in a 25 mL vessel at 0, 25, 
50 and 60 °C at atmospheric pressure. The product formation was monitored by 
following the intensity of the absorption peak at 229 nm in the UV/Vis spectra. 
The rate constants (kobs) were calculated using a pseudo-first order kinetic equation 
(see the Experimental section 6.4.3). The second-order rate constants (k) were 
calculated by dividing kobs by the methanol concentration at each temperature. The 
values are summarized in Table 6-I. Analysis of these data using the Arrhenius 
equation (6-1), gave an activation energy (Ea) of 40.1 kJ mol-1 and a pre-exponential 
factor (A) of 128.7 M-1 s-1. 

RT
Ea

eAk
−

⋅=                                                   eq. (6-1) 
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Table 6-I:  Rate constants of the esterification reaction of phthalic anhydride (1) with methanol 
(2) at different temperatures at atmospheric pressure. 

T /°C kobs /s-1  a k /M-1 s-1  a

0 6.20 × 10-5 2.45 × 10-6

25 3.60 × 10-4 1.46 × 10-5

50 1.09 × 10-3 4.56 × 10-5

60 1.34 × 10-3 5.66 × 10-5

a Mean values from duplicate experiments. 
 

Pressure influence. Using a stainless steel loop as a reaction vessel (Figure 
6-4), the same calculation procedure as above was followed to obtain the rate 
constants at 90 and 110 bar and at 0 °C. The rate constants were 2.43 × 10-6 and 
2.43 × 10-6 at 90 and 110 bar, respectively. 

 

          

Figure 6-4:  Stainless steel loop used for the determination of the rate constants at pressures of 
90 and 110 bar. 

 

Based on these data, an activation volume (ΔV≠) of approximately 0 cm3 
mol-1 was calculated. Thus, these experiments show that pressures up to 110 bar do 
not influence the reaction kinetics of the esterification reaction of phthalic 
anhydride with methanol at batch reaction. 
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6.2.4 Esterification reaction at pressures up to 10 bar in a 

microreactor 

In the glass microreactor (see Figure 6-1b) experiments at two different flow 
rates, 0.075 and 0.125 µL min-1 and four temperatures were performed. A certain 
time (ttotal) was needed to collect enough sample volume to be analyzed by UV-Vis 
spectroscopy; ttotal depends on the applied flow. The reagents and the product were 
kept at 0 °C during operation of the microreactor since the reaction proceeds only 
slowly at this temperature (k = 2.45 × 10-6 M-1 s-1). The rate constants were 
calculated from equations (6-2) and (6-3) that exclude the product formed outside 
the microreactor in the syringe and the collecting vessel. Pseudo-first order reaction 
kinetics were assumed (Cmethanol >> CA), described by , tT

obsk microreactor is the residence 

time in the microreactor. The deduction of equation (6-2) is explained in detail in 
the Appendix of this Chapter. 

 ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
=⋅

°

T
ormicroreactA

C
totalA

ormicroreact
T
obs C

C
tk

0

ln  when tmicroreactor << ttotal             eq. (6-2) 

T
methanol

T
obsT

C
k

k =                                                         eq. (6-3) 

In equation (6-2),  is the concentration of phthalic anhydride (1) after a batch 

experiment at 0 °C, taking into account t

C
totalAC °0

total.  is the concentration of 

phthalic anhydride (1) after an experiment in the microreactor (also includes 
product formed in the syringe and the collecting vessel) at each temperature (for 
the same t

T
ormicroreactAC

total). 
The rate constants (k) are graphically represented in Figure 6-5. According 

to the batch experiments, pressure should not influence the rate constants under 
the conditions used. However, it was found that a pressure of 5-9 bar in the 
microreactor does already influence the reaction rate.  
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Figure 6-5:  Second-order rate constants (k), at four temperatures, for the reaction of phthalic 
anhydride (1) with methanol (2) performed in the microreactor, at pressures up to 10 bar. The 
microreactor experiments are compared with the batch experiments carried out at 1 bar. At 70 °C 
and 1 bar the rate constant cannot be measured, because this temperature is above the boiling 
point of methanol (Experimental section 6.4.4). 

The influence of the microreactor was found over the entire temperature 
range that was investigated. For instance at 25 °C the ratio in the k values between 
1 and 7.1 bar is 1.3. This ratio goes to almost 1.9 at higher temperatures (50 and 60 
°C). Based on the batch experiments at elevated pressures (section 6.2.3) this is a 
surprising result since batch experiments showed that even a pressure of 110 bar 
does not influence the esterification reaction kinetics. 

From the experiments in the microreactor at pressures below 10 bar an 
activation energy (Ea) of 38.8 kJ mol-1 and a pre-exponential factor (A) of 142.6 M-1 
s-1 was calculated. Although the Ea value is slightly smaller than that for the batch 
experiments, it can be assumed that batch and microreactor experiments up to 10 
bar have the same Ea (within experimental error). The pre-exponential factor (A) 
for the reaction up to 10 bar is substantially larger than that at batch experiments.  
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6.2.5 Esterification reaction at 90 and 110 bar in the 

microreactor 

Experiments in the glass microreactor at pressures of 90 and 110 bar were 
performed at five temperatures. As for the experiments at pressures up to 10 bar, a 
certain time (ttotal) was needed to collect enough sample volume to be analyzed by 
UV-Vis spectroscopy, ttotal depends on the applied pressure. The reagents and the 
product were kept at 0 °C during operation of the microreactor. The rate constants 
were calculated with equations (6-2) and (6-3) that exclude the product formed 
outside the microreactor, e.g. in the loop (7) and the collecting vessel. 

The rate constants (k) for the experiments in the microreactor at 90 and 110 
bar are shown in Table 6-II. A pressure increase of 20 bar yields a 2.2-fold increase 
of the rate constants (k110/k90). In section 6.2.4 it was already shown that the use of 
a microreactor for this esterification reaction enhances the rate constants, even at 
low pressures. The ratio kmicroreactor/kbatch at 90 and 110 bar is exceptionally large, viz. 
17 and 32, respectively, at 20 °C. This kmicroreactor/kbatch ratio increases when the 
temperature is increased. 

The calculated activation energies (Ea) are 34.6 and 33.9 kJ mol-1 and the 
pre-exponential factors (A) are 468.7 and 690.9 M-1 s-1 at 90 and 110 bar, 
respectively. 

 

Table 6-II:  Rate constants for the esterification reaction of phthalic anhydride (1) with 
methanol (2) at five temperatures and at 90 and 110 bar (microreactor experiments). 

T /°C k /M-1 s-1 (90 bar) a k /M-1 s-1  (110 bar) a

20 3.5 × 10-4 6.7 × 10-4

40 7.6 × 10-4 1.4 × 10-4

60 1.6 × 10-3 3.1 × 10-3

80 3.5 × 10-3 6.4 × 10-3

100 7.5 × 10-3 1.3 × 10-2

a Mean values from duplicate experiments (Experimental section 6.4.5) 
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6.2.6 Influence of the microreactor on the esterification 

reaction  

At pressures up to 10 bar the activation energy (Ea) is similar to that of 
batch experiment (Figure 6-6 and Table 6-III). For this reason, the increase of the 
rate constants when the reaction is carried out in the microreactor will be due to the 
increase of the pre-exponential factor (A). Theoretically, the A factor is associated 
with a steric factor (f ) that includes the local properties of the reaction, the required 
orientations of the species and the details of how close they have to come to one 
another in order to react and the collision rate (ZAB), which is called encounter rate 
in solution.12 In the collision theory13 for gases, ZAB is defined as the frequency of 
encounters between molecules (entropy) and the probability that these encounters 
result in a reaction.14 In general, when pressure increases, molecules get closer to 
one another, thereby increasing the number of encounters, resulting in an increase 
of the pre-exponential factor (A) and thus increase in the rate constants.12,15  

The collision theory13 for gases is used here as an indication of which 
parameters may affect the esterification reaction carried out in solution in the 
microreactor. The continuous flow in the microreactor, as well as pressure, 
provides experimental conditions that positively influence the encounter rate 
between molecules (ZAB) and the steric factor (f ) thus, the rate constant of the 
reaction.  Equation (6-4) shows that ZAB is proportional to the diameter of the 
molecules ( ( BA ddd +⋅= 21 ) ) and its velocity ( ) 218 πμkTu =  in which 

, calculated using the Maxwell distribution, but inversely 
proportional to the volume of the system (V).

)/( BABA mmmm +=μ
14,16,17  

 ⎟
⎠
⎞

⎜
⎝
⎛⋅= 2

2

V
NN

udZ BA
AB π                                         eq. (6-4) 

The increase in the A factor and thus the rate constants, is mainly caused by 
the quite high flow rate of the fluid and the very small microreactor volume. Burns 
et al.18 studied the influence of flow velocity on the reaction rate of the nitration of 
benzene in microdevices, e.g. 2.0, 4.1 and 8.6 min-1 for 2.0, 7.7 and 18.5 cm s-1 flow 
velocity respectively. They observed an increase of the rate constant when the flow 
speed was increased. In this study it was assumed that improved mixing at higher 
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flow velocities results in an increase in mass transfer, which has the strongest 
influence in the region with the fastest kinetics. 

 It is known that at high flow velocities, the formation of a longer Taylor 
cone19,20 can also result in better mixing. For increased flow rates, the length of the 
cone increases, resulting in higher concentration gradients, thereby enhancing the 
diffusive mixing of species, leading to larger rate constants.21 

 

  
Figure 6-6:  Lnk values vs. 1/T plot for the activation energy calculation for all the experiments 
carried out in the microreactor and at batch. 

When higher pressures are applied, the activation energy (Ea) is lower than 
in the batch reactions; this difference in Ea is more pronounced at higher pressures 
(Figure 6-6 and Table 6-III). A possible catalytic process occurring at the sidewalls 
of the microreactor could be the reason for the decrease in the activation energy. 
The glass material of the microreactor, i.e. silanol groups, may play a role, since the 
esterification reaction is acid-catalyzed. This catalytic property of the channel walls 
of glass microreactors has been shown before by Brivio et al.22 and similar effects 
have also been demonstrated using silica particles as catalysts.23-26 However, this 
effect was not observed for the experiments carried out at pressures up to 10 bar, 
which have the same Ea values as at batch reactions, section 6.2.4. At higher 
pressures (90 and 110 bar) the catalytic effect is visible, based on the decrease in the 
Ea values at these pressures with respect to those at 1 and 10 bar. The rate 
acceleration at higher pressures might also be attributed, based on the collision 
theory13 for gases, to the substantial increase of the averaged encounter rate with the 
walls (ZW), equation (6-5): 
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θ⋅⋅∝ u
V
NZw

                                                  eq. (6-5) 

In equation 6-5 the encounter rate ZW should increase for small volumes (V), high 
speed of molecules 〈u〉 or very high surface area (θ ).16,17 

It seems that in the microreactor the combination of pressure and catalytic 
channel walls induces a synergetic effect. The number of encounters (ZW) of the 
reagents with the channel wall increases at high pressures, partially due to the high 
flow speed and the high surface-to-volume ratio of the microreactor (θ/V). So, 
since Ea decreases, the rate constants are much higher than in batch reactions 
and/or pressures up to 10 bar.   

 

Table 6-III:  Activation energies (Ea) and pre-exponential factors (A). 

Experiment Ea /kJ mol-1 A /M-1 s-1

Batch 40.1 128.1 

Microreactor < 10 bar 38.8 142.6 

Microreactor 90 bar 34.6 468.7 

Microreactor 110 bar 33.9 690.9 

Microreactor 90 bar + sc CO2 18.0 120.1 

Microreactor 110 bar + sc CO2 19.9 411.6 
 

Clearly, the results of this study show that glass microreactors in continuous 
flow mode operated at elevated pressure conditions give rise to significant rate 
enhancements. Higher yields and lower reaction times have previously also been 
observed by Hessel et al.27 for the Kolbe-Schmitt reaction carried out in a metallic 
“miniaturized system” (millimeter scale) operated in continuous flow mode and at 
pressures up to 74 bar, although no explanations were given for the increases.  Here 
it is shown that in a continuous flow glass microreactor, the rate enhancements may 
be explained by a possible catalytic effect of the wall surface, observed by an 
activation energy (Ea) decrease and by the high flow velocity and the elevated 
pressures that enhance the diffusive mixing of species and thus increase the pre-
exponential factor (A). 
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6.2.7 Esterification reaction in a microreactor using sc CO2 

Experiments using sc CO2 as a co-solvent (CO2 mol fraction 0.45) were 
carried out in the microreactor. The methanol concentration, CMethanol, is about half 
of the concentration of the experiments done at different pressures and 
temperatures, using only methanol as a solvent. 

Based on literature, it is known that the density of this mixture is similar to 
that of pure methanol.28,29 For instance, at 100 °C/91 bar a 50/50 v/v mixture has 
a density of 0.718 g mL-1 and under these conditions the density of pure methanol 
is 0.72 g mL-1. Tilly et al. published viscosity correlations for binary mixtures of CO2 
and methanol (< 5%).30 By extrapolation, it is possible to make an estimation of the 
viscosity values of our experimental mixture at different temperatures (Table 6-IV). 
The well-known Poiseuille equation (6-6) was used for the calculation of the flows 
in the microreactor for all conditions (p,T). The obtained flows are in the same 
range as the flows shown on the display of the high pressure syringe pump. Finally, 
the tmicroreactor was calculated.  

 

( )
l

ppr
t

VFlow 21
4

8
−

⋅==
η
π                                              eq. (6-6) 

 

In this equation r is the channel radius, l the channel length and η is the fluid 
viscosity. 
 
 

Table 6-IV:  Viscosity values, estimated from reference 30, for a methanol/sc CO2 mixture with 
55% methanol; flow and reaction time of the microreactor at 90 and 110 bar. 

90 bar 110 bar 

T /°C Viscosity 
 /Pa s 

Flow  
/µL min-1

tmicroreactor

 /s 
Viscosity  

/Pa s 
Flow  

/µL min-1

tmicroreactor

 /s 

40 1.63 × 10-4 49.5 0.39 1.81 × 10-4 54.6 0.35 

60 1.61 × 10-4 50.1 0.38 1.79 × 10-4 55.2 0.35 

80 1.59 × 10-4 50.7 0.38 1.77 × 10-4 55.8 0.34 

10 1.57 × 10-4 51.4 0.37 1.75 × 10-4 56.4 0.34 
    

The reagent solution is introduced via inlet 1 and liquid CO2 via inlet 2 
(Figure 6-3). The fluids come together in the reaction zone of the microreactor (3), 
where the conditions (p, T) are sufficiently high for generating sc CO2. This concept 
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differs from Kobayashi’s studies where sc CO2 as such was introduced in a micro-
reactor.31 Here, an on-chip phase transition of CO2 was used to generate sc CO2. 
Table 6-V shows the rate constants at different temperatures. 

Due to the low viscosity of the methanol/sc CO2 mixture, the flow rates in 
the microreactor are very high at pressures of 90 and 110 bar. The residence time, 
tmicroreactor, is approximately 0.35 s for all experimental conditions. 

For example, the rate constants are 160 and 300 times higher than those of 
the experiments described in Table 6-II at 90 and 110 bar and at 40 °C, 
respectively. This difference decreases at higher temperatures. However, it is 
evident that by using sc CO2 in the microreactor the highest reaction rates are 
obtained. This effect can be attributed to the unique properties of scCO2. Close to 
its critical conditions CO2 was proven to have a positive effect on the cluster 
formation between phthalic anhydride (1) and methanol (2) molecules11,32 resulting 
in localized regions of high densities and high concentrations of the reactants which 
can serve as microscopic pockets for reaction which leads to higher reaction 
rates.33-35 

 

Table 6-V:  Second-order rate constants k, at four temperatures for the reaction of phthalic 
anhydride (1) with methanol (2) performed in the microreactor using sc CO2 as a co-solvent. 

T /°C k /M-1 s-1 (90 bar) a k /M-1 s-1  (110 bar) a

40 1.2 × 10-1 2.0 × 10-1

60 1.8 × 10-1 3.1 × 10-1

80 2.7 × 10-1 4.6 × 10-1

100 3.6 × 10-1 6.9 × 10-1

a Mean values from duplicate experiments. 
 

The calculated activation energies (Ea) are 18.0 and 19.9 kJ mol-1 and the 
pre-exponential factors (A) 120.1 and 411.6 M-1 s-1 at 90 and 110 bar, respectively 
(Figure 6-6 and Table 6-III). Similar to what happened in the experiments at 90 and 
110 bar without sc CO2, the pre-exponential factor significantly increases from 128.1 
M-1 s-1 at batch experiments to 411.6 M-1 s-1 at 110 bar, thereby positively affecting 
the rate constants. Nevertheless, when scCO2 is used as co-solvent, the influence of 
Ea on the k values is dominant. 
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 The same arguments used for explaining the k values at high pressure in the 
microreactor can be applied for the sc CO2 experiments. In addition, the low Ea 

values suggest that scCO2 as reaction medium might result in a change of the 
reaction mechanism, where CO2 is actively involved as a solvent or even playing a 
role in the reaction itself, although it is not clear how. This influence on (catalyzed) 
reactions at supercritical conditions and continuous flow operation, in autoclaves, 
has been recently reviewed.23 

6.3 Conclusions and Outlook 

In this Chapter the first example of a glass-based microreactor platform is 
described for studying the influence of pressure as well as sc CO2 on the rate 
constants of the esterification reaction of phthalic anhydride with methanol. The 
results of this study show that microreactors in continuous flow mode combined 
with pressure operation give rise to significant rate enhancements for this specific 
reaction when compared to conventional conditions. Since temperature and 
pressure can be regulated and their influence on continuous flow reactions can be 
observed easily, microreactors have a great potential for performing high pressures 
reactions. 

At high pressures the rate constant enhancement is mainly caused by the 
high velocity flow and the elevated pressures that enhance the diffusive mixing of 
species, increasing the pre-exponential factor (A). The unique properties of sc CO2 
in the high pressure microreactor substantially decrease the activation energy of the 
reaction, probably caused by a change in the reaction mechanism, thereby 
increasing the rate constants.  

Implementation of high-pressure reactions in microreactors offers important 
advantages in terms of safety and therefore makes high pressure research more 
easily accessible. Further improvement of the system could be the incorporation of 
on-line analysis such as UV-Vis,36 Nuclear Magnetic Resonance spectroscopy,37 
and/or (confocal) Raman microscopy.38 
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6.4 Experimental 

6.4.1 Materials 

Methanol was purchased from Fisher Scientific, analytical reagent grade (< 0.015% water). 
The solvent was dried with 3 Å molecular sieves beads. Phthalic anhydride (≥ 99.0%) was bought 
from Sigma-Aldrich. CO2 was obtained from Hoek Loos (2.7) with a purity ≥ 99.7% and < 150 
ppm of water. 

The complete set-up for the microreactor experiments used in this Chapter is basically the 
same as that in Chapter 5. UV-Vis spectra were measured on a Varian Cary 3E UV-
spectrophotometer in 100 µm cuvettes (8 µL). 

The experiments at pressures up to 10 bar were performed using a Microdialysis 
CMA/102, (type 8713) syringe pump flow rate 0.1-20 μL·min-1 for 1 mL syringes, with Hamilton 
syringes of 250 µL. The experiments at pressures of 90 and 110 bar were done using a high 
pressure syringe pump (model 100DM; Teledyne Isco, Inc. Lincoln, USA). 

6.4.2 Set-up calibration: residence time calculation 

Microreactor working at pressures up to 10 bar. The pressure gradient over the 
microreactor varies with the (applied) temperature. Since the flow through the microreactor is 
constant (using a syringe pump at a fixed flow rate), the residence time (tmicroreactor) in the 
microreactor is constant, but the pressure in the reaction zone of the microreactor (3) depends on 
the temperature. In Table 6-VI, the calculated pressures in the microreactor at different 
temperatures are shown. The residence times in the microreactor are 256 and 154 s for 0.075 and 
0.125 µL min-1 flows, respectively. The microreactor volume is 0.32 µL. 
 

Table 6-VI:  Calculated pressures in the reaction zone (3) of the microreactor for flows of 0.075 
and 0.125 µL min-1 at different temperatures. 

T /°C p /bar (Flow: 0.075 µL min-1 ) p /bar (Flow: 0.125 µL min-1 ) 

25 7.1 8.6 

50 6.5 7.6 

60 6.0 6.7 

70 5.8 6.5 
 

Microreactor working at pressures of 90 and 110 bar. During the pressure experiments, 
a constant pressure (90 or 110 bar) was applied with the high pressure syringe pump. The residence 

time in the microreactor (tmicroreactor) for each experiment was calculated using equation (6-7): 
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pCx

ormicroreact
pCxormicroreact Flow

V
t

,
,

°
° =                                                 eq. (6-7) 

 

where the flow varies with pressure and temperature. The microreactor volume is 0.32 µL.  
The flow is determined for each condition (p, T). An example at 20 °C and pure methanol 

as solvent is shown in Figure 6-7. The data are the average of three experiments using different 
microreactors (max. error < 1.3%). 

 
Figure 6-7:  Relation between the applied pressure and the flow for the calculation of the 
residence time in the microreactor at 20 °C.  

Since the microreactor is operated in a continuous flow mode, the tmicroreactor depends on the 
pressure applied in the microreactor (p) and, via the viscosity, on the temperature (T). At 40 °C and 
a pressure of 6.5 bar, the residence time is around 4 min, while it is only 11.4 s for a pressure of 
110 bar. Due to the fact that the viscosity of the solvent depends on the temperature, the residence 
time decreases about 16 s (at a pressure of 90 bar) when the temperature is raised from 20 to 100 
°C. The tmicroreactor was calculated for each pressure and temperature and via a calibration curve of the 
applied pressure vs. flow, Figure 6-8. 
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Figure 6-8:  Relation between applied pressure and flow for the calculation of the residence 
time in the microreactor at various conditions (p, T). Data points are mean values from triplicate 
experiments using different microreactors (flow error 0.05 µL min-1). 

In Table 6-VII the residence times in the microreactor at two different pressures (90 and 
110 bar) and five temperatures are shown. These values are calculated using the microreactor 
volume and the flows obtained experimentally for each pressure and temperature using the 
microreactor shown in Figure 6-1 (b). 

 

Table 6-VII:  Reaction time in the microreactor at 90 and 110 bar at different temperatures. 

Temperature /°C tmicroreactor /s (p: 90 bar) tmicroreactor /s (p: 110 bar) 

20 20.8 16.6 

40 14.3 11.4 

60 9.9 7.9 

80 6.8 5.4 

100 4.7 3.8 

6.4.3 Batch reaction at pressures of 1, 90 and 110 bar 

During the batch experiments at 1 bar, 25 mL of methanol (2) was heated at the desired 
temperature in a vessel and then 37 mg of phthalic anhydride (1) was added and stirred strongly. 
An UV/Vis spectrum of the solution was recorded every 30 s. At t = 0 s the phthalic anhydride 
concentration is 0.0098 M (< 0.5% error). 

The methanol concentration varies with temperature. The experimental pressure used in 
this Chapter does not affect the methanol concentration. The rate constants, k, were calculated 
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using the corrected methanol concentration. The observed pseudo first-order rate constants (kobs) 
were calculated using equation (6-8). 

 

( ) ( )[ ]tkAAAA obs ⋅−−⋅−=− ∞ exp1)( 00                            eq. (6-8) 
 

During the batch experiments at 90 and 110 bar and at 0 °C, the esterification reaction was 
performed in a stainless steel looping (Figure 6-4) with an inner diameter of 500 µm and a volume 
of 500 µL. A 0.01M phthalic (1) anhydride cool solution in methanol (2) is introduced in the loop. 
UV/Vis spectra are recorded every 1 min for 2 h. The rate constants were calculated using 
equation (6-8) as well. 

6.4.4 Esterification reaction in a microreactor at pressures up to 10 

bar 

A vessel containing methanol (2) (25 mL) was placed in a Dewar flask filled with dry CO2 
(-79 °C) and after three minutes (time enough to cool the methanol down) 37 mg of phthalic 
anhydride (1) was added. The solution was sonicated 30 s to be sure that (1) was dissolved. A 
UV/Vis spectrum was recorded to ensure that the initial concentration of 1 is 0.01M. The reaction 
is quenched by the temperature of the dry CO2. 

During these pressure experiments, the flow was kept constant with a syringe pump at 
0.075 and 0.125 μL/min. The pressure was induced via the fluidic resistor of the microreactor. The 
temperature was regulated by heaters and Peltier elements, which are controlled by temperature 

sensors. In Table 6-VIII, the calculated experimental error and the values of 
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 are 

shown for both flows. 
 

Table 6-VIII:  Logarithm of the difference in concentrations between the experiment at 
batch (0 °C) and the same experiment using the microreactor, for the esterification reaction 
of phthalic anhydride (1) in methanol (2) at pressures up to 10 bar. 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
-1 Flow: 0.075 µL min

T /°C 
1 2 3 Average Error /% 

0.120 0.119 --- 0.120 4.5 25 

0.417 0.411 0.417 0.412 1.6 50 

0.616 0.618 0.610 0.618 0.3 60 

1.028 0.988 --- 1.092 5.1 70 
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⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
-1 Flow: 0.125 µL min

T /°C 

1 2 3 Average Error /% 

0.079 0.073 --- 0.076 5.1 25 

0.252 0.251 0.252 0.252 0.3 50 

0.382 0.392 --- 0.387 1.7 60 

0.649 0.642 0.653 0.648 0.9 70 

6.4.5 Esterification reaction in a microreactor at pressures of 90 and 

110 bar 

A 0.01 M phthalic anhydride solution in methanol was introduced in the loop (7) (Figure 
6-3) kept at 0 °C.  The solution was injected into the microreactor at the desired pressure when 
open valve (8). The microreactor was heated at the desired temperature of the experiment using 
the Peltier elements. The product was collected in a small vessel maintained at 0 °C at the 
microreactor outlet. In Table 6-IX, the calculated experimental error and the values of 

⎟
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⎞

⎜
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⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 are shown for both pressures. 

 
 
 
 

Table 6-IX:  Logarithm of the difference in concentrations between the experiment at batch (0 
°C) and the same experiment but using the microreactor, for the esterification reaction of 
phthalic anhydride (1) in methanol (2) at pressures of 90 and 110 bar. 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 Pressure: 90 bar 

T /°C 
1 2 Average Error /% 

20 0.183 0.181 0.182 0.6 

40 0.265 0.261 0.263 1.1 

60 0.378 0.378 0.378 0.1 

80 0.546 0.543 0.545 0.4 

100 0.795 0.784 0.789 1.0 
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⎟
⎟

⎠

⎞

⎜
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⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 Pressure: 110 bar 

T /°C 

1 2 Average Error /% 

20 0.276 0.278 0.277 0.7 

40 0.402 0.380 0.391 4.0 

60 0.572 --   

80 0.800 --   

100 1.126 --   

 

6.4.6 Esterification reaction in a microreactor using scCO2  

The experimental procedure was the same as in section 6.4.5 except for maintaining the 
valve 9 opened (Figure 6-3). This valve ensured that CO2 was introduced in the microreactor via 
inlet (2) at the desired pressure. In Table 6-X, the calculated experimental error and the values of 

⎟
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⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 are shown for both pressures. 

 
 

Table 6-X:  Logarithm of the difference in concentrations between the experiment at batch (0 
°C) and the same experiment but using the microreactor, for the esterification reaction of 
phthalic anhydride (1) in methanol (2) at pressures of 90 and 110 bar and using sc CO2 as a co-
solvent. 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 Pressure: 90 bar 

T /°C 
1 2 Average Error /% 

0.567 0.572 0.569 0.6 40 

0.819 0.800 0.809 1.7 60 

1.173 1.220 1.197 2.8 80 

1.542 1.629 1.585 3.9 100 
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⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ °

T
ormicroreactA

C
totalA

C

C
Ln

0
 Pressure: 110 bar 

T /°C 

1 2 Average Error /% 

40 0.856 0.834 0.845 1.9 

60 1.227 1.300 1.263 4.1 

80 1.803 1.800 1.802 0.1 

100 2.623 2.620 2.622 0.1 
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Appendix 

 
Figure 6-9:  Scheme of the set-up used for the equation calculation. 

The system is divided in three parts (Figure 6-9): 
• Loop (1), where the reagents are stored before introducing them in the 

microreactor, the temperature is 0 °C. 
• Microreactor (2), where the reaction mostly takes place. This part of the set-up is 

where the temperature is varied for each experiment (20-100 °C). 
• Vessel (3), the collector vessel at 0 °C. 
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The system is working in continuous flow mode. The total amount converted is: 
V(C -C ) 0 end

= V FR·tTotal 
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Amount converted at 0 °C:         eq. (2) ( ) ( )) FRdttkExpCdVCC RTotal ttV

t ∫∫
−
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0 00 0 (1

a volume element dV exists in loop at t = t. 
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where tmicroreactor is the residence time that reagents are in the microreactor. This relation is 
correct when tmicroreactor << t0 °C. Subsequently, the second-order rate constants (k) were calculated 
by dividing the observed rate constants (kobs) by the methanol concentration (eq. (12)). 
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7 
Influence of Pressure on Diels-Alder 

Reactions in Glass Microreactors  

 
 
 
 
 
 

A microreactor platform that resists pressures up to 150 bar has been 
constructed and used to study the influence of pressure on the Diels-
Alder reaction of cyclopentadiene with methyl-, phenyl- and 
benzylmaleimides. The reaction of cyclopentadiene with 
phenylmaleimide and benzylmaleimide showed 1.7-fold and 1.3-fold 
higher conversions, respectively, compared with batch experiments, 
while the reaction of cyclopentadiene with methylmaleimide was not 
accelerated. 
 
 

  



Chapter 7 

7.1 Introduction 

Diels-Alder reactions show a large pressure-induced acceleration.1 The most 
recent examples of this are summarized by Jenner2,3 and were discussed in detail in 
Chapter 2.4 

Cyclopentadiene (1) is extensively used as a dienophile in Diels-Alder reactions, 
because it provides fast reaction rates and gives rise to high yields.5 Its reactivity 
toward maleimides has been studied by several groups. For instance, Meijer et al. 
showed the positive influence of water on the reaction of cyclopentadiene (1) with 
methylmaleimide (2a)6 and Xu et al. described the Diels-Alder reaction of 1 with 
phenylmaleimide (2b) in the presence of carbon-bridged (diphenolato)lanthanide 
complexes as Lewis acids.7  

In Chapter 3 the influence of pressure on the conversion and the 
stereoselectivity of the Diels-Alder reaction, carried out in a capillary microreactor, of 
2- and 3-furylmethanol with methyl-, benzyl- and phenylmaleimide was described.8 To 
our best knowledge, there is only one other example of a Diels-Alder reaction 
performed in a miniaturized system.9 A domino reaction, a Knoevenagel condensation 
reaction of a 1,3-diketone and an aldehyde giving an alkylidene-1,3-dicarbonyl 
intermediate, which immediately undergoes an intramolecular hetero-Diels–Alder 
reaction, was carried out in a glass microreactor using pressure driven flow by 
Fernandez-Suarez et al.9 

In this Chapter, a glass microreactor is used to study the influence of pressure, 
up to 150 bar, on the Diels-Alder reaction of cyclopentadiene (1) with methyl (2a), 
benzyl- (2b) and phenylmaleimide (2c), (Scheme 7-1). 

 

 
Scheme 7-1:   Diels-Alder reaction of cyclopentadiene (1) with maleimides (2a-c). 
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7.2 Results and Discussion 

7.2.1 Microreactor layout 

The design of the microreactor used for the experiments in this Chapter is 
similar to that described in Chapter 6. The main difference is that the inlet/outlet 
structures of the chip have a circular shape and are suitable for fibers with an external 
diameter of 110 µm (cross-section F, in Figure 4-6, Chapter 4) for the connection to 
the HPLC pump and the valve system. As shown in Chapter 4, this inlet/outlet 
geometry can withstand high working pressures. In Figure 7-1 a picture of the 
microreactor chip is shown. The two reagent channels 1 and 2 lead separately to the 
reaction zone (3), where they join, mix and react at high pressures. 

 

 
Figure 7-1:  Photograph of the microreactor chip. 1 inlet for cyclopentadiene, 2 inlet for maleimides, 
3 reaction zone, 4 fluidic resistor, 5 expansion zone, 6 outlet. The fibers have an internal diameter of 
50 µm and an external diameter of 110 µm. 

Since the microreactor is operated under continuous flow and constant 
pressure, the residence time in the chip depends on the applied pressure (see Chapter 
6 for details). The residence time in the microreactor (tmicroreactor), which is defined as the 
total reaction time minus the residence time in the outlet fiber before the quenching 
vessel (toutlet-fiber), was calculated for each pressure (Table 7-I); see the Experimental 
section 7.4.4.  
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Table 7-I:  Pressures, flows and corresponding residence times in microreactor (tmicroreactor) and outlet-
fiber (toutlet-fiber) and the total reaction time. 

Pressure /bar Flow /µL min-1 tmicroreactor /s toutlet-fiber /s Reaction time /s 

90 1.8 8.4 1.6 10.0 

100 2.1 7.5 1.5 9.0 

110 2.3 6.8 1.3 8.1 

150 3.2 4.9 1.0 5.9 

7.2.2 Set-up 

In contrast to Chapters 5 and 6, where the reagents were pre-mixed in a loop 
before introduction in the microreactor, here two independent loops were used to 
flow the reactants in the microreactor. 

These loops are pressurized and contain the reagents; 6-port valves are used to 
flow the reagents independently and simultaneously into the microreactor, Figure 7-2. 

 

 
Figure 7-2:  Set-up for the continuous flow operation of a glass microreactor at high pressures. 
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7.2.3 Diels-Alder reaction at high pressures in a microreactor 

A 0.01 M solution of cyclopentadiene (1) in deuterated chloroform (CDCl3) 
was injected in loop 1, while the same concentration of maleimide (2a-c) was injected 
in loop 2. After pressurizing both loops, the reagents were led into the microreactor. 
When the fluid flowed out of the outlet fiber the reaction was quenched by sample 
dilution at low temperature (-20 °C) to inhibit further reaction. 

Because of the quenching, the reaction-to-analysis “delay” time, which is 
inherent to off-line microreactor analysis, was considerably reduced. The conversions 
were determined by comparing the intensities of the two signals of the four double 
bond protons of cyclopentadiene (1) at 6.40 and at 6.50 ppm with those of the signals 
of the double bond protons of the products (3) at 5.90-6.30 ppm in the 1H-NMR 
spectra of the reaction mixtures. The endo isomers were exclusively formed under these 
conditions, no exo isomer was detected in the 1H-NMR spectra, in line with the results 
reported in literature for these reactions.6,7,10 

In Figure 7-3 the second order rate constants are plotted vs. the applied 
pressure. This graph shows that the reaction of 1 with 2a-c is affected by pressure in 
the order: methylmaleimide (2a) < phenylmaleimide (2b) < benzylmaleimide (2c). 
These results are in agreement with the estimated reaction volumes (ΔV) presented in 
Table 7-II estimated with the PCModel, a molecular modeling program. In Chapter 3 
a different order of reactivity of the maleimides (2a-c) was observed when reacting 
with 2-furylmethanol at 600 bar, phenylmaleimide (2b) < benzylmaleimide (2c) < 
methylmaleimide (2a), with respect to the same experiments at 1 bar. This was 
explained based on their different reactivity with 2-furylmethanol and its 
hydroxymethyl group which varies the ΔV. 

 

Table 7-II:  Reaction volumes (ΔV) for the reactions of cyclopentadiene (1) with the maleimides 
(2a-c) as estimated with PCModel for Windows. 

2 ΔV /cm3 mol-1

a -11.0 

b -12.7 

c -13.4 
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Figure 7-3:  Second order rate constants as function of pressure for the Diels-Alder reaction of 
cyclopentadiene 1 with the maleimides 2a-c carried out in the microreactor at pressures up to 150 
bar. Data at 1 bar are the batch reactions carried out in the silica fiber. Data points are mean values 
from duplicate experiments. 

 

The order of reactivity of 1 with the 2a-c was phenylmaleimide (2b) > 
methylmaleimide (2a) > benzylmaleimide (2c) in batch experiments (1 bar) with rate 
constants of 0.87, 0.70 and 0.31 M-1 s-1, respectively. For these experiments the batch 
reactions were carried out in a silica fiber, connected to a pump that controls the 
residence time in the fiber. The same order of reactivity for the reaction of phenyl- 
(2b) and methylmaleimide (2a) with thiophene as dienophile was found by Margetic et 
al.11 In a study of the copolymerization of styrene with the maleimides (2b-c) Butz el 
al.12 explained the same order of reactivity by a different electronegativity of the 
maleimide C=C double bond (3.23 (2b)13 >> 1.47 (2c)14). 

The high pressure microreactor influences the three reactions differently. These 
effects can be explained taking into account two main parameters: the pressure, as it 
was mentioned before and the very efficient and fast mixing that takes place in the 
microreactor which improves the reaction rates. 

The reaction of cyclopentadiene (1) with methylmaleimide (2a) was hardly 
affected in the microreactor. Taking into account the three reactions, the reaction of 
cyclopentadiene (1) with methylmaleimide (2a) has the less negative ΔV value. Only a 
1.1-fold increase was obtained compared to batch experiments. 
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The reaction of 1 with phenylmaleimide (2b) shows 1.7-fold higher conversions 
compared to batch experiments. The reaction has a high negative ΔV value, thus it is 
positively influenced by pressure. 

 

 
Figure 7-4:  Diels-Alder reaction of cyclopentadiene (1) with methyl- (2a), phenyl- (2b) and 
benzylmaleimide (2c) carried out in batch experiments at 1 bar. Data points are mean values from 
duplicate experiments. 

A 1.3-fold higher conversion compared to batch experiments was obtained for 
the reaction of cyclopentadiene (1) with benzylmaleimide (2c). Although, it has the 
highest negative ΔV value, its reaction kinetics is slower than that of the reaction of 1 

with 2b, thus the difference in conversion between batch and microreactor 
experiments is less marked than in the previous reaction. 

It is known that microreactors can influence organic reactions,15 and that the 
integration of mixing structures in microfluidic devices16 can positively influence the 
reaction rates.17,18 In these high pressure microreactors, the residence time (tmicroreactor) is 
very short, max. 8.4 s for 90 bar and depends on the applied pressure. As a 
consequence, it is difficult to determine whether the increase in product formation of 
the reactions carried out in the microreactor is exclusively due to the applied pressure 
or partly also to the efficient mixing that takes place.19 Nevertheless, in Chapter 5 it is 
shown that the mixing dynamics in these high pressure microreactors is very fast due 
to the mixers incorporated in the channels.20 Thus this fast mixing may also positively 
affect the Diels-Alder reactions presented here. 
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7.3 Conclusions and Outlook 

A set-up to study organic reactions in continuous flow at pressures up to 150 
bar was constructed, in which the pressurized reagents can be introduced in the 
microreactor independently and/or simultaneously. It was used to study the influence 
of pressure on the Diels-Alder reaction of cyclopentadiene (1) with methyl- (2a), 
phenyl- (2b) and benzylmaleimide (2c).  

The effect of pressure and/or the fast and efficient mixing of the reagents in 
the microreactor are believed to be the reasons for the 1.3-fold and 1.7-fold higher 
conversions, with respect to batch experiments, for the reaction of 1 with 2b and 2c, 
respectively.  

 
The rather short residence times in the microreactor only allow studying the 

influence of pressure on fast reactions. Increasing the length of the reaction channel or 
the hydraulic resistance channel, will result in larger residence times (tmicroreactor) and 
consequently, will allow to study less fast reactions. Implementing heaters in the set-
up, as presented in Chapter 5, opens new possibilities for chemistry at high pressure 
and high temperatures in the microreactor chip. 

Further improvement of the system could be the incorporation of on-line 
analysis such as UV-Vis21 and/or NMR spectroscopy22 to give a complete Micro Total 
Analysis System (µTAS). 

7.4 Experimental 

7.4.1 Materials 

Cyclopentadiene (1) was directly used upon cracking and distillation at 170 °C of 
dicyclopentadiene. 1-Methyl-1H-pyrrole-2,5-dione (2a), 1-phenyl-1H-pyrrole-2,5-dione (2b), 1-benzyl-
1H-pyrrole-2,5-dione (2c) were purchased from Aldrich (Zwijndrecht, The Netherlands).  

Chloroform-d was purchased from Aldrich (Zwijndrecht, The Netherlands). For sample 
preparation micro liter syringes 1725RN (Hamilton Bonaduz AG, Switzerland) were used. 

1H-NMR spectra were recorded using a Varian Inova 300 MHz spectrometer. The complete 
characterization of the products 3a-c can be found in references 6 (3a), 7 (3b) and 10 (3c).  

An estimation of the reaction volumes for the reactions of cyclopentadiene (1) with the 
maleimides (2a-c) was performed using PCModel V.8.00.1 for Windows (Gilbert K., Serena Software: 
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Bloomington, Indiana) using MMX force field (Table 3-II). The obtained values are not entirely 
accurate but they are good enough to draw conclusions over the three different reactions involved in 
this study. 

7.4.2 Microreactor set-up  

Figure 7-2 shows a schematic drawing of the set-up. It consists of two fused silica fiber loops 
(100 μm inner diameter, 120 cm length) (Polymicro Technologies, LLC, Phoenix, Arizona), two 
valves, a microreactor chip and a HPLC pump. The loops, with an estimated volume of about 9.4 μL, 
are connected to two valves (6 post 2-post valve-XH System, manual 1/16″, 25 mm 50 °C/10000 psi 
liq., N60/X, sn 04N-0007, Valco Instruments Co. Inc., Schenkon, Switzerland) that enable the loops 
to be switched in or out of the flow path without the need of depressurizing the entire set-up. A high-
pressure pump (Model 100DM, Isco, Lincoln, Nebraska) equipped with a high-precision pressure 
transducer was used as a pressure source. 

The microreactor is protected against particles with in-line microfilter assemblies, inline, M-
520, 0.5 mm PEEKTM, Microtight® (Upchurch Scientific, Harbor, Washington). 

7.4.3 Batch experiments set-up  

To compare the reactions performed in the microreactor with batch experiments, a method to 
have identical reaction times was developed. The setup of Figure 7-5 consists of three fibers 
connected to a U-428 Stainless Steel Tee (volume 0.57 µL). Two of these fibers are connected to a 
pumping system (CMA /102 Microdialysis pump) with two syringes (1 mL Hamilton Gastight®) 
containing the reactants. 

 

 
Figure 7-5:  Set-up for continuous flow analysis at batch experiments at 1 bar. 

Reactant (1)

Reactant (2a-c)

Reaction fiber 
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7.4.4 Batch experiments 

A 0.01 M solution of cyclopentadiene (1) in CDCl3 was injected in the main fiber using one of 
the syringe pumps, while the same concentration of maleimide (2a-c) was injected in the same fiber by 
the other syringe pump. The reagents mix and react at the stainless steel tee and fiber for 10.0, 9.0, 8.1 
and 5.9 s, respectively. The reaction fiber is positioned in a NMR tube to collect the sample. The 
NMR tube is cooled (-20 °C) and filled with 0.6 mL of CDCl3 such that the sample is quenched in the 
same way as the microreactor sample. The determination of the rate constants at batch experiments 
was performed using the integrated form of a second order rate equation, eq. (7-1): 

[ ] [ ] tk
AA

⋅=−
0

11
                                                     eq. (7-1) 

where [A]0 is 0.01 M of cyclopentadiene (1) and [A] is the amount of cyclopentadiene remained at time 
(t), (Figure 7-4). 
 

Due to a reproducibility problem at 5.9 seconds reaction time for the reaction of 
cyclopentadiene (1) with benzylmaleimide (2c), the rate constant could not be precisely determined. 
Nevertheless, the different trend with respect to the other reactions is clearly visible, (Figure 7-4). 

7.4.5 Calibration of the set-up 

A calibration curve of the applied pressure vs. flow was made for the determination of the 
residence time in the microreactor (tmicroreactor) at each pressure. The procedure is equal to that presented 
in Chapter 6. The calibration is done for four microreactors (Figure 7-6). Except for the first 
microreactor that was damaged, all of them gave identical linear relations between the applied pressure 
and the observed flow.  

Flow = 0.0225·p – 0.1773    R2 = 0.996 
 

The residence time in the microreactor for each experiment was calculated using equation (7-2) 
 

                                               
px

ormicroreact
pxormicroreact Flow

Vt
,

, =                                          eq. (7-2) 

 

The microreactor volume is 0.26 µL. Values of tmicroreactor are shown in Table 7-I. The time that the 
reagents are in the outlet fiber (4 cm) of the microreactor have also to be considered for the reaction 
time. 

During the experiments carried out in the microreactor, a 0.01 M solution of cyclopentadiene (1) 
in CDCl3 was injected in loop 1, while the same concentration of maleimide (2a-c) was injected in 
loop 2. After pressurizing both loops, the reagents were flown into the microreactor using the valves 1 
and 2 of Figure 7-2. When the fluid flowed out of the outlet fiber (4 cm) the reaction was quenched by 
sample dilution at low temperature -20 °C to inhibit further reaction. The temperature of the 
microreactor is kept constant at 22 °C during the experiments. 
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Figure 7-6:  Relation between the applied pressure and the flow for the calculation of the residence 
time in the microreactor at various pressures (flow error 0.05 µL min-1) using CDCl3 at 22 °C. 
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8 
Measuring Reaction Kinetics in a 

Microreactor by Microcoil NMR*

 
 
 
 

In this Chapter the fabrication of a microreactor with an integrated 
microcoil for NMR spectroscopic analysis as well as the holder for 
the incorporation of such a microreactor in a 60 MHz NMR 
apparatus is presented. Pressure experiments revealed that the 
system functions very well for pressures up to 60 bar. Moreover, 
the rate constant of the imine formation of benzaldehyde with 
aniline was determined with this NMR microreactor operated in 
continuous flow mode. 
 
 

                                              
*  Parts of this Chapter have been published in: Wensink, H.; Benito-López, F.; Hermes, D.C.; Verboom, W.; 
Reinhoudt, D. N.; van den Berg, A., Measuring reaction kinetics in a lab-on-a-chip by microcoil NMR, Lab 
Chip 2005, 5, 280–284. 
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8.1 Introduction 

It is still common to use off-line detection techniques for the analysis of 
product streams from microreactors, but the integration of on-line methods allows 
faster analyses on smaller amounts of sample and better process control. The search 
for on-line measurement techniques for microfluidic systems (microreactors) have 
resulted in the development of new (sophisticate) microreactor instrumentation.  

Incorporation of miniaturized Nuclear Magnetic Resonance (NMR) coils in 
microfluidic systems is one of the new on-line techniques. For example, the group 
of Sweedler reported the development of a micromachined mixer coupled to a 
microcoil NMR probe to study the kinetics of protein conformational changes.1 In 
this work the integration of planar metal film microcoils for the excitation and 
detection of NMR signals in a microreactor is described. In parallel, microfabricated 
small-volume NMR probes with a planar microcoil integrated onto a glass substrate 
with microfluidic channels were fabricated and tested by Massin et al.2 The main 
advantage of coupling NMR microcoils direct to a microreactor is that in this way 
direct spectroscopic information is obtained that allows the identification and 
quantification of chemical species in continuous flow mode, as well as on-line (real 
time) kinetic studies. 

Over the last 50 years, NMR spectroscopy has developed enormously as a 
powerful analytical tool to probe the atomic structure and molecular dynamics of 
proteins, polymers and biomolecular assemblies. In the high pressure research area 
in particular, reaction kinetics and/or chemical mechanisms are commonly studied 
using NMR spectroscopy,3 where the design and the construction of sophisticated 
probes for new applications are ongoing.4,5 The implementation of this powerful 
analytical technique in high pressure microreactors will open new information 
windows on chemical reactions. For example, the influence of pressure on a 
reaction can be studied on-line for continuous flow operation of the microreactor. 

In previous Chapters, where microreactors have been used for chemical 
purposes, the detection was done by an off-line technique. Here, a microreactor 
with an integrated microcoil for on-line NMR spectroscopic analysis is presented. 
As a proof of principle, the rate constant of the imine formation of benzaldehyde 
with aniline was determined with this NMR microreactor. 
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8.1.1 Design aspects of a microreactor with an integrated 

microcoil NMR  

A drawback of NMR is that it is inherently insensitive, requiring special 
measures in case it is applied to the very small sample volumes present in a 
microreactor. NMR performed on small sample volumes, down to 5 nL, was first 
demonstrated in capillaries, in which case a solenoidal coil for excitation and 
detection of the NMR signals was wrapped around the capillary.6 In this form, 
NMR has been used as an on-line detection method for capillary separation 
techniques like High-Performance Liquid Chromatography (HPLC) and Capillary 
Electrophoresis (CE).7 An extra feature of being able to work with small sample 
volumes is the possibility to insert multiple probes into a single NMR magnet, 
which allows high-throughput NMR analysis.8 The combination of microreactor-
based microfluidics with NMR was (to our knowledge) first demonstrated by 
Trumbull et al.,9 who integrated a planar NMR coil on a CE microreactor. These 
authors reported 1H NMR spectra of a 30 nL water sample acquired at 250 MHz 
with a frequency-domain signal-to-noise ratio (SNRf) of 23.5 per scan and a 
minimal line width of 1.39 Hz. Comparable results have been obtained by Massin et 
al.,10 viz. a SNRf of 117 per scan but with a line width of 30 Hz for 30 nL water in a 
micromachined glass microreactor with integrated microcoil, acquired at 300 MHz. 
The main factor that limits the performance of micromachined NMR probes in 
terms of sensitivity and spectral resolution was identified to be probe-induced static 
magnetic field inhomogeneity and routes for improvement were suggested to be in 
the areas of probe design and materials, magnetic field shimming and signal 
processing.2  

8.2 Results and Discussion 

8.2.1 Microreactor layout and fabrication 

Two 1.1 mm thick Borofloat wafers were powder blasted,11 to obtain a 450 
μm deep channel structure in one and through holes in the other. The channel 
width is 500 µm underneath the detection coil and the cross-section has a rounded 
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V-shape; the channels that connect the through holes to the detection channel are 
slightly smaller. The wafers were bonded and annealed (600 °C for 1 h). About 570 
µm of glass was removed from one side of the wafer stack by etching in 33 wt.% 
HF which left about 80 µm of glass between the NMR detection coil and the 
bottom of the channel (Figure 8-1). The coil fabrication is described in the 
Experimental part of this Chapter.12 

 

 
Figure 8-1:  The glass NMR microreactor with planar microcoil.  Microreactor size is 1 by 1.5 
cm; the channel width underneath the coil is 500 µm. 

8.2.2 Set-up 

A modification of the probe head of a 60 MHz NMR spectrometer allowed 
fixing a holder that supports the microreactor. The holder enabled the 
incorporation of microfluidic connections to the chip (Figure 8-2). The 
connections, fibers and holder interfered with the magnetic field, reducing the 
spectral resolution to approximately 0.1 ppm, indicating that fluidic connections 
should be located further away from the NMR coil in future microreactor designs. 
Nevertheless, the new set-up allowed solutions to be pumped into the microreactor 
by syringes and thus continuous flow operation of the microreactor. 

The electrical set-up is similar to that of Massin et al.,13 and is presented in 
detail in the Experimental section of this Chapter. 
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Figure 8-2:  Set-up for continuous flow operation and on-line analysis by NMR spectroscopy in 
a microreactor. The microreactor (a) is placed into the holder (b) where microfluidic 
connections (inlets d, outlet e) are adjusted with commercially available connectors. This system 
is incorporated in the modified probe (c) of a 60 MHz NMR spectrometer. 

8.2.3 Imine formation: microreactor experiments 

In the NMR microreactor the total channel volume between the mixing 
point, i.e. the point where the two inlet channels join and the detection coil is 
approximately 0.57 µL (Figure 8-1), the detection volume (the channel volume 
under the coil) is estimated to be 56 nL. The residence time in this volume ranges 
from 0.9 s to 30 min, depending on the flow rate. It has to be taken in to account 
that if the flow rate is too high (20 μL min-1), the excited sample volume will be 
removed from the detection region before NMR signal acquisition is completed, 
which will reduce the spectral resolution. However, for the settings used in this 
Chapter such an effect was not observed.  

Imine (Schiff base) formation was chosen as a model reaction (Scheme 8-1). 
This reaction has been performed in a microfluidic microreactor before and was 
analyzed by mass spectrometry14 or laser-induced Raman microscopy.15 Here a 
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different approach was followed. The microreactor inlets were connected to two 
100 µL syringes containing 4.95 M benzaldehyde (1) and 4.95 M aniline (2) in 
deuterated nitromethane (CD3NO2), respectively, with tetramethylsilane (TMS) as 
internal standard. 

 

 
Scheme 8-1:  Imine formation (3) from benzaldehyde (1) and aniline (2).  

Figure 8-3 shows the 1H NMR spectra of the individual reagent solutions 
measured with the microcoil of the microreactor. 

 

 
Figure 8-3:  1H NMR spectra of the two reagent solutions in CD3NO2. TMS is used as internal 
reference.  

 Due to the high reagent concentrations, a substantial amount of water was 
formed during the reaction, which is immiscible with the organic solution and 
remained stuck at the channel walls, particularly at the corners. Therefore, a high 
flow rate flush was applied between the scans to prevent the dominance of water 
resonance in the spectra. After flushing, the flow rate was set to a lower value to 
achieve the desired residence time.  

The measurement procedure was as follows: the two reagents (1, 2) were 
pumped into the microreactor after which the flow rate was adjusted to have the 
desired residence time in the channel section between the mixing point and the 
detection coil. This time is defined as the reaction time. An NMR scan was taken 
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(acquisition time 0.2 s, 2000 data points), after which a delay time was taken before 
the next scan was recorded. The delay time between two consecutive scans was 
scaled with the flow rate to ensure complete refreshment of the detection volume; a 
maximum delay time of 10 s was taken. Per reaction time 32 NMR scans were 
measured and the average resulted in the different spectra of Figure 8-4. 

For analysis of the reaction kinetics, we focused on two peaks, viz. the 
aldehyde peak of benzaldehyde (1) at 9.9 ppm and the imine peak (3) of the product 
at 8.4 ppm. Figure 8-4 shows the increase of the imine peak and decrease of the 
aldehyde signal with increasing residence time. The area of the two peaks of interest 
was calculated to follow the course of the reaction.  

In Figure 8-5, the conversion of the reaction is plotted as the ratio of each 
peak area to the sum of both peak areas, as a function of the residence time. The 
curves in this figure are a fit with a second order rate equation with a rate constant 
of 5.8 x 10-2 M-1 min-1, with an error of 0.64%. The reaction was also carried out in 
a conventional probe in a 400 MHz NMR apparatus using the same concentration 
as in the microreactor, but not in a continuous flow mode. The reaction was 
followed by taking a single scan every 5 s and the experiment was performed three 
times, (see the Experimental). The second order rate constant was found to be    
(5.0 ± 0.05) x 10-2 min-1. This value is in the same range as values measured by 
Raman spectroscopy  for imine formation in chloroform.16 The reaction rate 
constant found in the microreactor is slightly higher than at batch approximately 
1.2 times, both values are within the experimental error.  

The degree of mixing may be characterized by the penetration depth for 
diffusion of a species from one liquid into the other, which in a simple 1-
dimensional diffusion model without chemical reaction is equal to the square root 
of 2Dt, with t the time of contact of the two liquids and D the diffusivity of the 
species of interest. The diffusivity of the reagents benzaldehyde and aniline is 1.5 x 
10-9 m2 s-1 and 1.96 x 10-9 m2 s-1, respectively.17,18 Thus, the time needed for 
complete mixing in a 160 μm wide channel is approximately 2 s, from which it can 
be concluded that mixing can be considered to be instantaneous for most of the 
time range in which we have measured the reaction kinetics (Figure 8-5). The 
reaction time range that is available for study in our microreactor is comparable to 
that obtained by Kakuta et al.,1 who mentioned a mixing time of 1.4 s for a Y-
connector included in their system and could measure reaction times down to 3.8 s.  
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Figure 8-4:  1H NMR spectra taken at different residence times.  

 
 

 

 
Figure 8-5:  Time dependence of imine formation measured in the microreactor by 1H NMR.  
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8.3 Conclusions and Outlook 

In this Chapter we have demonstrated the design, fabrication and testing of 
a microreactor with an integrated microcoil for NMR measurements. The 
microreactor system is optimized for low-field NMR in a conventional NMR 
magnet. It can be used in continuous flow mode for pressures up to 60 bar using 
commercially available microfluidic connections. Higher pressures can be obtained 
by using different connections; e.g. gluing of fibers in the chip (Chapter 4). 
Moreover these glue connections will have a lower interference on the magnetic 
field, since a holder is not needed. 

 With the microreactor the reaction kinetics of the imine formation from 
benzaldehyde (1) and aniline (2) was determined by NMR spectroscopy at 60 MHz. 
The rate constants are slightly larger than those determined in a conventional tube 
in a 400 MHz NMR spectrometer nevertheless; both values are within the 
experimental error. 

The mixing time in the microreactor was calculated to be approximately 2 s, 
while the reaction times can be set from 30 min down to only 0.9 s, therewith 
enabling monitoring of relatively fast reactions. 

More complex pulse sequences, like COSY and NOESY,19 are in principle 
possible with the developed set-up and in fact a simple COSY experiment with 13C-
labeled acetic acid on a microfluidic microreactor with an integrated Helmholtz 
microcoil (i.e. a dual microcoil) has been demonstrated.20 Additional functionality 
that aids in the measurement of reaction kinetics could be the implementation of a 
fast mixer or heaters, or the use of two or more coils at different positions along a 
microchannel, a configuration that was used by Ciobanu et al., who wrapped several 
solenoidal microcoils at different locations around a flow-through capillary.21  

The performance of the microreactor for NMR spectroscopy was adequate 
for the kinetic study presented here, in which relatively simple, low molecular 
weight species at high concentrations were studied. However, to work at more 
practical concentrations or with more complex molecules, a much better spectral 
resolution is required. Since in the present design the spectral resolution is 
completely determined by magnetic field imhomogeneity in the microreactor, 
improving the design of the microreactor is the main step to be taken. Microreactor 
designs other than the planar coil (e.g. striplines22) are currently under investigation. 
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8.4 Experimental 

8.4.1 Materials 

Benzaldehyde (1) (freshly distilled), aniline (2), tetramethylsilane (TMS) and deuterated 
nitromethane were purchased from Aldrich (Zwijndrecht, The Netherlands).  

8.4.2 Microreactor coil fabrication 

A 25 nm titanium adhesion layer and a 150 nm copper seed layer were sputtered over the 
whole wafer. AZ9240 resist was patterned on the wafer with a thickness of 25 µm to define the 
NMR detection coil. 18 µm of copper was electroplated on the wafer using the resist as a mould. 
After the resist was removed, the remaining seed layer was removed by ion beam etching to avoid 
electrical shorting between the windings. The coil has 24 windings with a width and separation of 
20 µm and an inner diameter of 200 μm. Simulations showed that at 60 MHz, this coil has a self 
induction of 500 nH, a resistance of 4.5 Ω and a quality factor of 42.12 

8.4.3 Pressure test of the system 

The microfluidic system with integrated micro-NMR coil was subjected to pressure tests 
to verify its resistance. These tests were done using commercially available nanoports (Upchurch) 
connections. These connections are the most common ones used in microdevices and create 
reliable fluidic connections to microdevices. If the assembled parts are connected directly to the 
microdevice (using a nanoport, a gasket and a preformed adhesive ring) the fluidic connections can 
withstand pressures up to 103 bar (Upchurch) like it was explained in more detail in Chapter 2, 
section 2.5.3.3.23 However, for flexibility reasons, a home-made microreactor holder was used. The 
capping part of this holder contains screw-threaded holes, through which fittings and ferrules can 
be connected to the powderblasted inlets/outlet of the microdevices. 

Via the holder and fittings (F-123H), fibers (250 μm i.d.) can be connected by means of 
ferrules (biocompatible PEEK polymer) (Figure 8-6). Three different types of ferrules are available, 
depending on the type/size of microreactor hole: 

• N-123-03 is a flat bottom ferrule, for holes of 1 mm diameter (or less) 
• N-123-04 is a ferrule with a ‘tip’ at the bottom (tip lowered in the hole, to obtain a smaller 

dead volume), for holes of 1 mm diameter (or less) and a depth of 1 mm 
• N-123-05 is a ferrule with a ‘tip’ at the bottom (tip lowered in the hole, to obtain a smaller 

dead volume), for holes of 1 mm diameter (or less) and a depth of 1.5 mm. 
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Figure 8-6:  Picture of a holder similar to that used for pressure tests and the three ferrules: N-
123-03, N-123-04 and N-123-05 used for the tests.  

Since the microreactors have inlets/outlet with a depth of ~1.1 mm, for the experiments 
ferrules N-123-03 and N-123-04 were used. The fittings were hand-tight connected to the 
microreactor, but not over tightened. The connection between pump and fiber was done with 
‘cream-colored’ connections (F-120 PEEK fitting, F-240 (green) sleeve, reliable up to ≈ 414 bar). 
An HPLC-pump (Isco-100 DM) was used to introduce the water in the microreactor at a constant 
flow rate. Subsequently, the flow rate was increased step-wise until leakage at the ferrule/ 
microreactor interface was observed by eye.  

The pressure tests were done for two types of ferrules and two microreactors (Figure 8-7).  
 

 

Figure 8-7:  Pressure reliability test of the microreactors with the fluidic ferrules N-123-04 (a) 
and N-123-03 (b).  

From Figure 8-7 it is clear that these connections (home-built holder and ferrules to access 
holes) can withstand approximately 50-60 bar, whereas ferrules of type N-123-03 are slightly 
stronger than of type N-123-04. With these connectors the NMR microreactor can be operated up 
to 60 bar in a continuous flow mode. However, for higher pressures other types of connections 
like those showed in Chapter 4 (glued fibers) should be used. 
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8.4.4 Imine formation: batch experiments 

Batch experiments were performed using conventional NMR spectroscopy (Varian Inova 
400 MHz).  

The reactions were performed with the same concentrations as in the microreactor, 4.95 

M benzaldehyde (1) and 4.95 M aniline (2) in deuterated nitromethane. In Figure 8-8 the imine 
concentration vs. reaction time is shown.  

 

 
Figure 8-8:  Imine concentration (M) (3) as function of time for three experiments performed 
in an NMR tube using 1H NMR (400 MHz). 

The second order rate constants were calculated using equation (8-1),15 and are k1 = 5.22 × 
10-2, k2 = 4.65 × 10-2 and  k3 = 5.46 × 10-2 M-1 min-1. 

[ ] [ ] tk
AA

⋅=−
0

11
                                            eq. (8-1) 

where [A] is the  aldehyde concentration and [A0] is 4.95 M.  

8.4.5 Signal-to-noise ratio 

For an optimal signal-to-noise ratio, the planar microcoil has to be properly designed, i.e. 
the parameter set that defines the coil (Figure 8-9) viz. the number (N), width (w), height (h) and 
separation (s) of the windings and the inner diameter (ri), has to be optimized. Different effects 
play a role in this optimization. For example, increasing the number of windings will increase the 
signal level but will also increase the coil resistance and therewith the noise level (the main source 
is Johnson noise that scales with the square root of the coil resistance). It is difficult to calculate 
analytically which parameters yield the maximum SNR, since the coil resistance depends non-
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linearly on e.g. the amount of windings, due to the frequency-dependent skin effect and the 
proximity effect caused by neighboring windings. In previous work12 it has been shown how to 
find the optimum coil geometry using finite element simulations. 

 

 
Figure 8-9:  Schematic cross-section of the microcoil with three windings on top of the 
microreactor. 

 The design rules that can be derived from this work and that of others are as follows: (1) 
The windings and the separations between the windings should be as small as possible; this puts 
demands on the tolerances of the microfabrication process; (2) The coil height has only a small 
influence on the resistance and should be about 20 to 50 µm (i.e. at least twice the skin depth24); (3) 
The inner coil radius should match the average radius of the sample volume to obtain a high filling 
factor; 4 (4) There is no general rule to determine the optimal number of windings, it should be 
determined by simulations for specific coil shapes (examples of optimized coils can be found in 
ref. 12); (5) For a simple model of a planar microcoil it can be derived25 that SNR scales with the 
inverse of the distance between NMR detection coil and sample, which distance should therefore 
be as small as possible. 

8.4.6 Spectral resolution 

Spectral resolution mainly depends on the homogeneity of the magnetic fields over the 
interrogated NMR sample volume. Commercial high-resolution NMR equipment is designed to 
have a homogeneous magnetic field over a sufficiently large area. Any material introduced in the 
homogeneous area distorts the magnetic field, unless the magnetic permeability of the material 
matches with that of the magnetic field area. Although the permeability of e.g. glass and copper 
differs only slightly from that of air, it still disturbs the homogeneity and therewith decreases the 
spectral resolution. This is a typical problem for NMR detection in a microreactor since, in 
contrast to conventional NMR probes, the volume of glass surrounding the sample is relatively 
large. To avoid these field distortions, abrupt changes in material geometry near the NMR 
detection area can best be avoided. Consequently, electrical and fluidic connections should not be 
placed in the neighborhood of the detection area. The fluidic channel that contains the sample will 
also disturb the magnetic field, but for reasons of sensitivity this has to be close to the detection 
coil. Two approaches can be followed to maintain a homogeneous field inside the sample volume 
of interest. The first approach becomes clear from the simulation result in Figure 8-10a: in a 
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spherical or cylindrical volume, the field inside the volume will be very homogeneous. This 
approach was followed by others.13,20 The second approach, the one followed in this work, is to 
place a straight channel (which could have arbitrary cross section) in line with the magnetic field. 
Any disturbances created by the ends of the channel part will have faded out in the central region 
of the channel, where the detection coil is placed (Figure 8-10b). With state-of-the-art 
microfabrication techniques this configuration is easier to achieve than perfectly spherical or 
cylindrical channels. 

 

                                        
                        (a)                                                           (b) 

Figure 8-10:  The effect of the cross-sectional channel shape on the BB0 magnetic field lines. (a), 
spherical or cylindrical channel and (b), a long straight channel in line with the field lines. 

8.4.7 Electrical NMR set-up  

A conventional NMR magnet was used for the measurements (1.4 Tesla, 60 MHz, Varian 
EM360L), with the original probe head removed. A microreactor was placed on a plastic bar (the 
probe head) that allowed it to be positioned in the magnet. The probe head could be moved to 
position the microreactor exactly in the center of the two magnetic heads, where the homogeneous 
region of the magnetic field is located. Two adjustable capacitors were mounted on the probe head 
at 3.5 cm from the microreactor and electrically connected to the coil. This allows the coil to be 
matched to 50 Ω impedance and tuned to resonate at 60 MHz for a maximum power transfer to 
the electrical set-up. The electrical set-up is shown in Figure 8-11. Switches (ZYSW-2-50DR), 
amplifiers (ZFL-500LN), mixer (ZAD-1) and power splitter (ZSC-2-1) were obtained from Mini-
Circuits Europe, Surrey, United Kingdom. The filter is a simple RC-network with a cut-off 
frequency of 1500 Hz. The 60 MHz RF-source is an Agilent 33250A function generator, the pulse 
length was determined by an HP33120A function generator. The NMR signal was acquired by an 
Agilent oscilloscope 54621A and Fourier transformed by Agilent VEE Pro 6.0 software that also 
controlled the set-up. The acquisition parameters (acquisition time, number of data points, 
electronic filter settings) were kept constant for all measurements. The correct power for a 90° 
pulse was determined by gradually increasing the power till maximum NMR signal was obtained. 
The pulse typically had an amplitude of 0.5 V (top) at a length of 28 µs. 
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Figure 8-11:  Electrical scheme of the NMR set-up. 
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Summary 

The realization of microreactors, in which chemical reactions can be carried out 
in continuous or stop flow mode under pressure conditions, is the main topic of this 
thesis.  

 
Chapter 1 gives a general introduction to high pressure chemistry and describes 

the principles of lab-on-a-chip technology. 
 
High pressure is usually generated in very sophisticated, expensive and closed 

systems and it is regarded as a technique that requires specialized equipment with strict 
safety precautions. In Chapter 2 the trend of high pressure technology towards 
miniaturization is described. Particular emphasis is given to potential advantages of 
small and portable systems that will allow relaxing safety issues, saving costs, materials 
and increasing the performance of high pressure systems by integrating miniaturized 
sensors and actuators. 

 
Chapter 3 deals with a capillary based microreactor platform with fiber-optics 

for on-line UV/Vis spectroscopy. The reaction rate constants and the activation 
volumes for a nucleophilic aromatic substitution and an aza-Diels-Alder reaction were 
determined at different pressures. The influence of pressure on the conversion and the 
stereoselectivity of the Diels-Alder reactions of 2- and 3-furylmethanol with methyl-, 
benzyl- and phenylmaleimide was also studied by 1H-NMR spectroscopy. The silica 
fiber microreactor is the first example of a miniaturized platform in which a reaction 
can be monitored on-line for pressures up to 600 bar. 

 
The design, fabrication and performance of several in-plane fiber-based 

interface geometries to glass microreactor chips for high pressure chemistry are 
described in Chapter 4. The yield strength, defined as the maximum pressure before 
failure, can be increased by reducing the roughness of the sidewalls of powderblasted 
geometries with isotropic wet chemical etching with hydrofluoric acid. Moreover, it is 
demonstrated that small powderblasted inlets/outlets (suitable for 110 μm fibers) that 
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are smoothened with hydrofluoric acid and with a sharp transition towards the flow 
channels are adequate for working pressures up to 300 bar. Nevertheless, the optimal 
inlet-geometry for high pressure microreactors was found to be a tubular structure, 
etched with hydrofluoric acid and suitable for fibers with an outer diameter of 110 µm. 
These inlet/outlet geometries can withstand pressures up to at least 690 bar, which is 
the limit of the high pressure pump.  

 
In Chapter 5 microfluidic high pressure microreactors were used to study fluid 

phase transitions in mixtures of 50%-50% carbon dioxide and alcohol (methanol and 
ethanol) under conditions near the critical point of the mixtures by means of optical 
microscopy. Very specific flow patterns were observed that can be attributed to a 
liquid-vapor phase transition. The set-up was used to determine phase diagrams of two 
different alcohol-carbon dioxide mixtures in an easy and fast way at pressures up to 
140 bar. The obtained diagrams are in excellent agreement with data reported in the 
literature.  

 
The esterification reaction of phthalic anhydride with methanol was performed 

in a continuous flow microreactor at pressures up to 110 bar and temperatures up to 
100 °C as well as with supercritical CO2 as a co-solvent. The results of this study, 
presented in Chapter 6, show that microreactors in continuous flow mode combined 
with pressure operation give rise to significant rate enhancements for this specific 
reaction. For example, a 53-fold increase was obtained at 110 bar and 60 °C, while 
using supercritical carbon dioxide as co-solvent yielded a 5400-fold increase, with 
respect to batch-experiments at 1 bar and identical experimental temperatures. The 
rate enhancement is mainly caused by the high velocity flow and the elevated pressures 
that improve the diffusive mixing of species in the microreactor. The unique 
properties of supercritical CO2 in the microreactor substantially decrease the activation 
energy of the reaction, probably caused by a change in the reaction mechanism, 
thereby increasing the rate constant.  
 

Chapter 7 describes a set-up to study organic reactions in continuous flow at 
pressures up to 150 bar, in which pressurized reagents can be introduced in the 
microreactor independently and/or simultaneously. This set-up was used to study the 
influence of pressure on the Diels-Alder reaction of cyclopentadiene with methyl-, 
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phenyl- and benzylmaleimide. The effect of pressure and/or the fast and efficient 
mixing of the reagents in the microreactor are believed to be the reasons for the 1.3-
fold and 1.7-fold higher conversions, with respect to batch-experiments, for the 
reaction of cyclopentadiene with phenyl- and benzylmaleimide, respectively.  

 
Chapter 8 deals with the fabrication of a microreactor with an integrated 

microcoil NMR for on-line NMR spectroscopic analysis (60 MHz NMR apparatus). 
The rate constant of the imine formation of the reaction of benzaldehyde and aniline 
was determined with this NMR microreactor operated in continuous flow mode, being 
5.8 × 10-2 M-1 min-1. This rate constant is slightly larger than in a conventional tube in a 
400 MHz NMR spectrometer; both values are within the experimental error.  

The mixing time in the microreactor was calculated to be approximately 2 s, 
while the reaction times can be set from 30 min down to only 0.9 s, therewith enabling 
monitoring of relatively fast reactions. This micro Total Analysis System (μTAS) is 
meant to be used for on-line monitoring of high pressure organic reactions. 
Preliminary pressure experiments revealed that the system functions very well for 
pressures up to 60 bar. 
 

The advantages of microreactor technology for pressure chemistry are clearly 
demonstrated in this thesis. Organic reactions were successfully carried out at micro- 
to nanoliter scale at pressures up to 600 bar, thus safety regulations are not an issue 
anymore. The combination of pressure and the small characteristic dimensions of 
microreactors give rise to rate enhancements compared to conventional batch 
operation. In addition, on-line detection techniques like NMR and UV-Visible 
spectroscopy were successfully incorporated in the microreactors, resulting in the 
development of a μTAS. 
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Samenvatting 

In dit proefschrift zijn de resultaten beschreven van de ontwikkeling en 
toepassing van ‘lab-on-a-chip’ systemen, microreactorchips, waarin chemische reacties 
onder (hoge) druk uitgevoerd kunnen worden onder stationaire condities of onder 
continue doorstroming van de reactanten. 

 
In hoofdstuk 1 wordt een algemene introductie in hogedrukchemie gegeven en 

worden de basisaspecten van de ‘lab-on-a-chip’ technologie beschouwd. 
 
In het algemeen worden hoge drukken gegenereerd in geavanceerde, dure en 

gesloten systemen. Het wordt beschouwd als een techniek waarvoor speciale 
apparatuur nodig is, waarbij strikte veiligheidsmaatregelen in acht genomen moeten 
worden. In hoofdstuk 2 is de miniaturisering van de hogedruktechnologie beschreven. 
Middels kleinere en draagbare systemen kunnen de veiligheids-risico’s (gedeeltelijk) 
verminderd worden, en kan de ‘performance’ van hogedruksystemen vergroot worden 
door het integreren van geminiaturiseerde sensoren en actuatoren. 

 
In hoofdstuk 3 wordt een microreactorplatform behandeld dat gebaseerd is op 

capillairen en dat is voorzien van fiberoptica voor ‘online’ UV/Vis spectroscopie. Met 
dit platform zijn voor verschillende drukken de reactiesnelheidsconstanten en 
activeringsvolumes bepaald van een nucleofile aromatische substitutie en een aza-
Diels-Alderreactie. De invloed van druk op de omzetting en de stereoselectiviteit van 
de Diels-Alderreactie van 2- en 3-furylmethanol met methyl-, benzyl- en 
fenylmaleimide is tevens bestudeerd met 1H-NMR spectroscopie. De 
silicafibermicroreactor is het eerste voorbeeld van een geminiaturiseerd platform 
waarin reacties ‘online’ gevolgd kunnen worden voor drukken tot 600 bar. 

 
Het ontwerp, de fabricage en de ‘performance’ van een aantal op fibers 

gebaseerde “in-het-vlak” verbinding geometrieën voor glazen microreactorchips voor 
hogedrukchemie worden behandeld in hoofdstuk 4. De ‘yield strength’, gedefinieerd 
als de maximale druk die de verbinding kan weerstaan, kan verhoogd worden door de 
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ruwheid van de zijwanden van gepoederstraalde geometrieën te reduceren met behulp 
van nat chemisch etsen met waterstoffluoride. Er is aangetoond dat kleine 
gepoederstraalde ingangen/uitgangen (geschikt voor fibers met een buitendiameter 
van 110 μm) waarvan de zijwanden behandeld zijn met waterstoffluoride en met een 
scherpe overgang naar het vloeistofkanaal toereikend zijn voor werkdrukken tot 300 
bar. Echter, de optimale ingangsgeometrie voor hogedrukmicroreactoren is een 
buisvormige structuur die volledig geëtst is met waterstoffluoride, en die geschikt is 
voor fibers met een buitendiameter van 110 μm. Deze geometrie kan drukken 
weerstaan tot minimaal 690 bar, de maximale druk die de gebruikte hogedrukpomp 
kon leveren. 

 
De microfluidische hogedrukmicroreactoren zijn gebruikt voor het bestuderen 

van faseovergangen. In hoofdstuk 5 worden de resultaten beschreven van 50%-50% 
mengsels van koolstofdioxide en alcohol (methanol en ethanol) voor condities nabij 
het kritische punt van de mengsels, en welke verkregen zijn middels optische 
microscopie. De waargenomen stromingspatronen zijn zeer kenmerkend/specifiek en 
kunnen toegeschreven worden aan een vloeistof-gas faseovergang. De opstelling is 
gebruikt voor het op een snelle en veilige manier bepalen van de fasediagrammen voor 
twee verschillende alcohol-koolstofdioxide mengsels voor drukken tot 140 bar. De 
verkregen diagrammen komen zeer goed overeen met data uit de literatuur. 

 
De veresteringsreactie van ftaalzuuranhydride met methanol is uitgevoerd in 

een microreactor voor drukken tot 110 bar en temperaturen tot 100 °C onder 
condities van continue stroming van de reactanten, en tevens met superkritisch 
koolstofdioxide als oplosmiddel. De resultaten, beschreven in hoofdstuk 6, tonen aan 
dat in microreactoren de combinatie van continue stroming van de reactanten en hoge 
druk voor deze specifieke reactie leidt tot een significante toename van de reactie-
snelheidsconstanten. Bijvoorbeeld voor een druk van 110 bar en een temperatuur van 
60 °C is de toename in reactieconstante een factor 53; deze factor is 5400 bij het 
gebruik van superkritisch koolstofdioxide als oplosmiddel (berekeningen ten opzichte 
van ‘batch’-experimenten uitgevoerd bij een druk van 1 bar en een identieke 
temperatuur). Deze toename in reactieconstanten is voornamelijk het gevolg van de 
hoge stromingssnelheden en de verhoogde druk: deze twee aspecten verbeteren het 
diffusieve mengen van de reactanten in de microreactor. Bij het gebruik van super-

 170



  

kritisch koolstofdioxide in de microreactor dragen de unieke eigenschappen van 
superkritisch koolstofdioxide wezenlijk bij aan het verlagen van de activeringenergie 
van de reactie. Dit laatste is mogelijkerwijs het gevolg van een verandering in het 
reactiemechanisme, met als gevolg dat de reactieconstanten toenemen. 
 

In hoofdstuk 7 wordt een opstelling beschreven die gebruikt kan worden voor 
het onderzoeken van organische reacties onder continue stromingscondities voor 
drukken tot 150 bar. In de opstelling kunnen reactanten onafhankelijk en/of tegelijker-
tijd onder druk in de microreactor worden gepompt. Met deze opstelling is de invloed 
van druk op de Diels-Alderreactie van cyclopentadieen met methyl-, fenyl- en 
benzylmaleimide onderzocht. Voor de laatste twee reacties werd een toename in 
omzetting gevonden van respectievelijk 1.3 en 1.7 in vergelijking met ‘batch’-
experimenten. Dit kan toegeschreven worden aan de druk en/of het snel en efficiënt 
mengen van de reactanten in de microreactor. 

 
In hoofdstuk 8 wordt de fabricage van een microreactor met een geïntegreerde 

microspoel voor ‘online’ NMR spectroscopische analyse behandeld (60 MHz NMR 
apparaat). De snelheidsconstante van de iminevorming van de reactie van benzal-
dehyde met aniline is met deze NMR microreactor bepaald voor continue stroming 
van de reactanten en bedraagt 5.8 × 10-2 M-1 min-1. Deze constante is iets hoger in 
vergelijking met de reactie in een NMR- buis in een 400 MHz NMR spectrometer.  

De mengentijd is ongeveer twee seconden en de reactietijd kan worden 
ingesteld van 30 minuten tot slechts 0.9 seconden; het is dus mogelijk om relatief 
snelle reacties nauwkeurig te volgen. Het is de bedoeling deze μTAS te gaan gebruiken 
voor het ‘online’ onderzoeken van organische reacties onder hoge druk. Met behulp 
van een serie inleidende experimenten is aangetoond dat het systeem goed 
functioneert voor drukken tot 60 bar. 
 
 In dit proefschrift is duidelijk aangetoond dat microreactortechnologie vele 
voordelen heeft voor het uitvoeren van hoge druk chemie. Een aantal organische 
reacties is met succes uitgevoerd voor drukken tot 600 bar in volumes in het gebied 
van microliters tot nanoliters, waarbij veiligheidsmaatregelen geen probleem meer zijn. 
De combinatie van druk en de kleine karakteristieke dimensies van microreactoren 
leidt tot toename van de reactiesnelheidconstanten in vergelijking met die bepaald in 
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conventionele apparatuur. Tevens zijn ‘online’ detectietechnieken zoals NMR en UV-
Vis spectroscopie geïntegreerd in de microreactoren, resulterend in de ontwikkeling 
van een geminiaturiseerd Totaal Analyse Systeem (μTAS). 
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Resumen 

En esta tesis se investiga la fabricación de microreactores diseñados para llevar 
a cabo en su interior reacciones químicas a alta presión en condiciones de flujo 
continuo. 

 
El Capítulo 1 es una introducción al concepto de alta presión aplicado a la 

química, así como a los principios de la tecnología lab-on-a-chip.  
 
Habitualmente, alta presión es generada en sofisticados, caros y casi 

exclusivamente sistemas cerrados. Se considera como una técnica que requiere 
equipamiento especializado y que necesita estrictas medidas de seguridad. En el 
Capítulo 2, alta presión se presenta en su camino a la miniaturización. Se enfatiza el 
potencial y las posibles ventajas que tienen nuevos sistemas más pequeños y portátiles; 
los cuales no sólo permiten disminuir las medidas de seguridad, reducen costes y 
materiales, sino que además mejoran las prestaciones del sistema a alta presión gracias 
a la integración de pequeños actuadotes y sensores. 

 
En el Capítulo 3 se muestra un microsistema para alta presión, basado en un 

capilar (de vidrio) conectado a un sistema de fibras ópticas para análisis de reacciones 
químicas en tiempo real, con espectroscopia UV / Visible. Con este microsistema se 
determinaron, las constantes cinéticas y los volúmenes de activación de diferentes 
substituciones nucleofílicas aromáticas, así como de una reacción aza-Diels-Alder, a 
diferentes presiones. En el mismo capítulo se incluye el estudio, por espectroscopía de 
RMN, del efecto de la presión en la conversión y en la estereoselectividad de la 
reacción de Diels-Alder, entre 2- o 3-furilmetanol con metil-, bencil- y fenilmaleimida, 
llevada a cabo en dicho capilar. Este microsistema, un simple capilar de vidrio, es el 
primer ejemplo en literatura que permite monitorizar a tiempo real una reacción 
química que tiene lugar  a una presión de 600 bares a microescala.  
 

El diseño, la fabricación y la evaluación de diferentes geometrías, que darán 
lugar a la fabricación de microreactores para el estudio de reacciones químicas a alta 
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presión se describe en el Capítulo 4. La resistencia que opone cada geometría a la 
presión, puede ser mejorada reduciendo la rugosidad de la superficie de los canales, 
gracias al uso de la técnica conocida como “powderblasted” en combinación con el 
uso de ácido fluorídrico. En este Capítulo se investiga la fabricación de las entradas y 
salidas del microreactor, adecuadas para fibras de 110 μm. Se ha demostrado que la 
fabricación de dichas entradas (en el mismo plano que los canales), mediante la técnica 
de “powderblasted”, con una geometría terminada en pico y con un posterior 
tratamiento de éstas con ácido fluorídrico, permite que estos microreactores puedan 
trabajar a presiones de hasta 300 bares. Aún así, los mejores resultados fueron 
obtenidos con geometrías circulares, validas para fibras de 110 μm, creadas con ácido 
fluorídrico. Estas geometrías pueden resistir presiones de más de 690 bares, siendo 
este el límite del sistema de presión utilizado. 

 
En el Capítulo 5 microreactores para alta presión se  utilizaron para el estudio 

de transiciones de fase de mezclas 50% - 50%, de dióxido de carbono líquido y alcohol 
(metanol o etanol) en condiciones de presión y temperatura cercanas al punto crítico 
de la mezcla, usando microscopia óptica. Patrones específicos fueron observados y 
caracterizados como transiciones de fase líquido-gas. El sistema fue utilizado para 
determinar diagramas de fases de mezclas de dos componentes como metanol - 
dióxido de carbono líquido y etanol - dióxido de carbono líquido a presiones de hasta 
140 bares. Los diagramas obtenidos coinciden exactamente con los diagramas de 
publicados previamente en literatura.  

 
El microreactor descrito en el Capitulo 5 se utilizó para el estudio de la reacción 

de esterificación del anhídrido phtálico con metanol a presiones de hasta 110 bares y 
temperaturas de hasta 100 °C. La mismas reacción fue también llevada a cabo usando 
dióxido de carbono supercrítico (scCO2) como co-disolvente. Los resultados de este 
estudio, presentados en el Capítulo 6, muestran que microreactores en flujo continuo 
combinados con elevadas presiones incrementan significativamente la cinética de la 
reacción. Por ejemplo, se ha observado que la cinética de la reacción se incrementa 
unas 53 veces a 110 bares y 60 °C, mientras que usando scCO2 el incremento es de 
unas 5400 veces, comparando los resultados con los valores a 1 bar a las mismas 
condiciones de temperatura en un sistema convencional. El incremento de los valores 
cinéticos es causado por las altas velocidades del flujo de fluidos en el canal a elevadas 
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presiones, las cuales mejoran la mezcla por difusión de los compuestos introducidos 
en el microreactor. Las propiedades únicas del scCO2 reducen significantemente la 
energía de activación de la reacción en el microreactor, probablemente este efecto es 
causado por un cambio en el mecanismo de la reacción, el cual incrementa la constante 
cinética. 

 
El Capítulo 7 describe un nuevo sistema para estudiar reacciones orgánicas en 

flujo continuo y presiones de hasta 150 bares. En este sistema, los reactivos pueden ser 
introducidos y controlados independientemente o consecutivamente. Este sistema se 
ha utilizado para estudiar la influencia de la presión en la reacción de Diels-Alder del 
ciclopentadieno  con metil-, bencil- y fenilmaleimida. El efecto de la presión y / o de la 
rápida y eficaz mezcla de los reactivos en el microreactor se cree que es la causa por la 
cual se han observado conversiones 1.3 y 1.7 veces mayores, comparando estos 
resultados con experimentos fuera del microreactor, para la reacción del 
ciclopentadieno con fenil- y bencilmaleimida respectivamente. 

 
El Capítulo 8 describe la fabricación de un microreactor con bobina integrada 

para el estudio en flujo continuo de reacciones químicas mediante espectroscopía de 
RMN (en un instrumento de 60 MHz). La constante cinética de la formación de la 
imina, desde el benzaldehído y anilina, fue determinada con este RMN-microreactor  
operando en flujo continuo, siendo 5.8 × 10-2 M-1 min-1. Esta constante es algo mayor 
que la determinada en un espectrómetro de RMN (400 MHz).  

El tiempo de mezcla en el microreactor fue calculado en 2 s, mientras que los 
tiempos de reacción pueden ser variados desde 30 min hasta 0.9 s, siendo posible el 
monitorizar reacciones relativamente rápidas. Este “micro Total Analysis System” 
(μTAS) ha sido construido con la intención de llevar a cabo en él reacciones químicas 
a alta presión. El examen preliminar del sistema, a elevadas presiones, muestra que se 
puede trabajar con él  a una presión de hasta 60 bares. 
 

En esta tesis se demuestran claramente las ventajas del uso de la tecnología de 
microreactores en química a alta presión. Diferentes reacciones orgánicas han sido 
llevadas a cabo con éxito a micro- y a nanoescala, a presiones de hasta 600 bares, 
donde las medidas de seguridad ya no son necesarias. La combinación de la alta 
presión y las características pequeñas dimensiones de los microreactores, dan lugar a 
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incrementos del los valores cinéticos de las reacciones, en comparación con 
experimentos llevados a cabo en sistemas convencionales. Además, sistemas de análisis 
a tiempo real como espectroscopías de RMN y UV-Visible han sido incorporadas con 
éxito en los microreactores, dando lugar al desarrollo de un completo μTAS. 
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