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Modular microreactor with integrated reflection
element for online reaction monitoring using

infrared spectroscopy

Jasper J. A. Lozeman, @* Tobias Elsbecker,® Sylvie Bohnenn,® Hans L. de Boer,?
Max Krakers,® Guido Mul, @°® Albert van den Berg @2 and Mathieu Odijk @ *@

We report on the fabrication of an internal reflection element (IRE) combined with a modular polymer
microfluidic chip that can be used for attenuated total reflection (ATR) infrared spectroscopy. The IRE is
fabricated from a silicon wafer. Two different polymers are used for the fabrication of the two types of
modular microfluidic chips, namely polydimethylsiloxane (PDMS) and cyclic olefin copolymer (COC). The
microfluidic chip is modular in the sense that several layers of mixing channels, using the herringbone
mixer principle, and reactions chambers, can be stacked to facilitate the study of the desired reaction. A
model Paal-Knorr reaction is carried out to prove that the chip works as intended. Furthermore, we
highlight the strength of IR spectroscopy as a tool for reaction monitoring by identifying the peaks and
showing the different reaction orders at the different steps of the Paal-Knorr reaction. The reduction of the
aldehyde groups indicates a (pseudo) first order reaction whereas the vibrational modes associated with
the ring formation indicate a zero order reaction. This zero order reaction can be explained with literature,
where it is suggested that water acts as a catalyst during the dehydration step, which is the final step in the
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1 Introduction

Online reaction monitoring in microfluidics has the potential to
make reaction synthesis cheaper, safer, faster and more
environmentally friendly.” In a review by Jensen et al. it is
stated that for microreactors to be applicable to more than
laboratory applications, sensors must be integrated into the
systems. Now, almost 20 years later, only a limited amount of
papers have been published regarding online reaction
monitoring in microfluidic microreactors, most notably the
work by or in association with the groups of H. Gardeniers,””
K. Jensen™® and several others.”* These techniques for direct
online measurement operate using different types of sensors,

such as mass-spectrometry,”® fluorescence and UV/vis
spectroscopy,' ”*>'®1921  electrochemistry™'®'” and IR/NIR
spectroscopy.>””*117132022 Thege reported works are often

geared towards a specific application and do not expand to
broader fields. In our group, we have obtained ample expertise
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with (modularly designed) microreactor systems.>*>® Here, we

propose a modular microreactor system, making it possible for
the microreactor to be adapted to a wide variety of reactions of
interest. This is accomplished by changing the number of layers
and the polymer material of the reactor chamber. By combining
these microreactors with a silicon (Si) internal reflection
element (IRE), online attenuated total reflection (ATR) Fourier
transform infrared (FTIR) spectroscopy can be performed on-
chip. The goal of the authors is to provide a versatile
microreactor design enabling online reaction monitoring.
ATR-FTIR is already used in an industrial setting as reaction
monitoring technique. Industrial scale reactions can be
monitored with ATR fibre optics probes, closely monitoring the
progress of the reaction. In a research setting, (ATR)-FTIR, often
in combination with MS and NMR, is frequently used to
confirm that the expected product is formed by performing
measurements ex situ.”’ In situ reaction monitoring in a
research setting is traditionally performed on the macroscale,
e.g. in large reaction vessels. A major drawback is that mass
transport can be slow, for instance between the bulk and the
surface of a catalyst. By performing reactions in a microfluidic
chip, better control over mass transport, concentrations and
temperature can be obtained, and less chemicals can be used.'
A microfluidic chip can screen reaction conditions, such as
ratios of chemicals and concentrations, at higher throughput
than classical batch reactions." Additionally, lesser amount of

This journal is © The Royal Society of Chemistry 2020
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chemicals can be used, which is beneficial for economic,
environmental and safety reasons.

In literature, hyphenated ATR-FTIR with microfluidic
reaction chambers®>”'>'* is described. Although these
microfluidic devices are well designed, they might be difficult to
replicate outside the research group, due to the highly specific
and somewhat complex reaction chamber designs. Our
simplified fabrication method for this ATR-FTIR chip is easily
replicable, compared to the devices mentioned in existing
literature. The simplicity and modularity of the chip makes it
applicable for a wide variety of reactions. The goal of this work
is to show that with limited fabrication techniques, a relatively
cheap, modular chip for online reaction monitoring in a
microfluidic device equipped with (passive) mixing structures
and a reaction chamber can be achieved. To test the
functionality of our chip, we performed a Paal-Knorr reaction
on-chip. We highlight the strength of IR as a tool for reaction
monitoring by identifying the peaks and determining the
reaction orders.

2 Materials and methods

Here we describe the fabrication of an internal reflection
element (IRE) for ATR-FTIR spectroscopy, combined with a
modular microfluidic reaction chamber and mixing channels.
The final conceptual design of the modular device can be
seen in Fig. 1.

2.1 Fabrication of the silicon IRE

The fabrication of an IRE for ATR-FTIR was achieved by etching
facets into a silicon (Si) wafer. The fabrication of the IRE was
based on a simplified version of the workflow reported by
HerzigMarx et al,”® a schematic representation of the
fabrication can be seen in the form of a process flow in Fig. 2. In
step 1: a 300 nm layer of low-stress silicon rich nitride (SiRN)
(Tempress systems, dichlorosilane 77.5 sccm ammonia 20 sccm
nitrogen 250 sccm 820-850-870 °C 20 Pa) was deposited by low-
pressure chemical vapour deposition on a 525 pum double
polished Si wafer. In step 2 photolithography was used to create
a layer of Olin Oir 907-17 positive photoresist which acted as a
mask for selective SiRN etching. Unlike the previously reported
method,® where test etching pits were created to align the
<100> crystalline plane, our fabrication method aligned the flat
of the wafer with the mask using the micro positioning stage of
the mask aligner (EVG6200 NT). This way, the same alignment
was achieved, while reducing the fabrication steps. After the
pattern had been developed, the SiRN was selectively etched as
shown in step 3 (PlasmaTherm, 790-series, trifluoromethane 100
scem oxygen 9 scem, 5.3 Pa) by use of directional reactive ion
etching followed by stripping of the photoresist in step 4. In step
5, the wafer was immersed in a 25 wt% potassium hydroxide
(KOH) solution at 70 °C for 7.5 h, which etched the Si wafer until
a thin layer of 50 um Si was left, which created the ATR facets
with the dimensions of /: 4.15 mm w: 10 mm. Finally the
remaining SiRN layer was stripped in a 50% hydrofluoric acid
solution and the devices were diced (DISCO, DAD3220) from the
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Fig. 1 Two different configurations of the IRE combined with the
microfluidic mixer and reaction chamber layers. Several tubings can be
connected to the inlets of the microfluidic layer in order to introduce the
reactants. a): IRE with a single layer of a combined mixing and reaction
chamber. Several tubings, two inlets for introducing the reactants (A and
B) and one outlet for the product (C), are connected to the device.
Highlighted with numbers are: (1) mixing channels. (2) reaction chamber.
(3) polymer microfluidic chip. (4) Si IRE. Chips with the single microfluidic
layer which can be used for simple reactions, such as a Paal-Knorr
reaction (reaction mechanism shown in Fig. 5) b) Si-ATR device with a
three microfluidic layers, which can be used for reactions with more than
two reactants. Several tubings are connected to the device, four inlets for
introducing the reactants (A, B, D and F) and one outlet for the final
product (C). Holes are punched or drilled in two layers allowing the
transport of liquid between different layers (C and E).

wafer in step 6, which created the ATR chips with the
dimensions : 30 mm w: 15 mm #4: 0.525 mm. Although the
devices where made using the MESA" Nanolab cleanroom
facilities, the dimensions of the facets were in the order of
several millimetres, therefore the use of a cleanroom is not
strictly necessary, enabling the fabrication of cheap Si ATR
devices.

2.2 Microfluidic chip design

Two polymers have been used to fabricate the modular
microfluidic chips. These are: polydimethylsiloxane (PDMS) and

Lab Chip, 2020, 20, 4166-4174 | 4167
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Fig. 2 Process flow for Si-IRE. Step 1-4: Creating SiRN mask for
selective KOH etching of Si. Step 5 selective KOH etching of Si to
create the facets. Step 6: Dicing of the wafer to obtain the Si-IRE.

Silicon

cyclic olefin copolymer (COC). These different polymers
required different fabrication and bonding techniques, both
with their own advantages and disadvantages. An added benefit
to using different polymers is their different chemical
inertness,” allowing the user to change polymers in order to
facilitate the requirements of a desired reaction. As show in
Fig. 1, the chip consisted of a mixing channel (Fig. 1a, 1)
followed by a reaction chamber (Fig. 1a, 2), where the reaction
took place. The reaction chamber was shaped as an elongated
hexagon, which prevented the formation of air bubbles during
filling and prevented the formation of stagnation zones in the
corners. The mixing channel was required since the flow was
operated in the laminar regime. The mixer ensured that
reactants were introduced as a homogenously mixed solution
into the reaction chamber. The mixing channels were of the
herringbone design, which was first reported by Stroock et al.*°
This mixer created a chaotic flow by adding a transverse flow
component. In the PDMS design, the herringbone structures
were recessed into PDMS. For the COC design the herringbone
structures were protruded into the channel.

Several different variations of the mixing and reaction
chamber were designed and fabricated (see Fig. S1 and S2t).
These variations could be combined by stacking up to three
layers on top of each other, accommodating different reaction
requirements. The chips had been designed such that the walls
cover the sensing area of the ATR device as little as possible,
preventing losses due to absorption of the polymer of the
microfluidic chip.

2.3 Microfluidic chip fabrication

The PDMS devices were made in a cleanroom facility by use
of lithography, containing structures with dimensions in the
order of 10 um. The COC chip was made with a different
technique, namely by micromilling, which eliminated the

Table 1 Fabrication specifications of the two different polymer chips
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need for a cleanroom facility. This resulted in a lower
resolution device, which mostly affected the width of the
mixing channels and the size of the herringbone structures.
This micromilling technique could also be used for similar
polymers such as poly(methyl2-methylpropenoate),
poly(oxymethylene), poly(tetrafluoroethylene), polystyrene
and polycarbonate. A comparison of the PDMS and COC chip
design and material properties is given in Table 1.

2.3.1 PDMS chip. The process flow for the fabrication PDMS
chip can be seen in Fig. 3. The PDMS chip was fabricated by soft
lithography, starting with a layer of SU-8 (MicroChem NANOTM
SU-8100, spin speed: 4000 RPM) followed by a pre-bake
(subsequent heating steps: 50 °C 10 min, 65 °C 30 min, 95 °C
35 min) and lithography, producing a mould which defined the
negative of the channels/reaction chamber without mixing
structures. After exposure, a post exposure bake was performed
(subsequent heating steps: 50 °C 10 min, 65 °C 10 min, 75 °C
35 min). Before resist development, a second SU-8 layer was
applied on top of the first layer (MicroChem NANOTM SU-8 25,
spin speed: 1000 RPM) followed by a pre-bake (subsequent
heating steps: 50 °C 10 min, 65 °C 30 min, 95 °C 35 min) which
defined the herringbone mixing structures. After exposure, a
post exposure bake was performed, (subsequent heating steps:
50 °C 10 min, 65 °C 10 min, 75 °C 35 min) followed by a
development step (propylene glycol methyl ether acetate,
RER600, ARCH Chemicals) and a hard bake (subsequent
heating steps: 50 °C 10 min, 65 °C 10 min, 100 °C 10 min, 120
°C 120 min). The resulting SU-8 mould contained channels and
a reaction chamber with a height of 85 um. The mixing
structures on top of the channels added an additional height of
13.6 um. This fabricated mould could be reused to make a
number of PDMS devices. The PDMS was mixed with a cross-
linker (Sylgard 184 kit, containing polymer and cross-linker),
degassed, (20.000 Pa for 45 min) and casted on the SU-8
structures, followed by curing in an oven at 60 °C for 3 h. Lastly,
the PDMS replica was peeled off the structures followed by
punching holes in the in- and outlets with a biopsy puncher (¢
1 mm). Next, the PDMS was bonded to the Si-IRE or to a second
PDMS chip by an activation of the Si or PDMS surface by an
oxygen plasma treatment (Cute plasma system, Femto science).

2.3.2 COC chip. In Fig. 4 the process flow of the
fabrication for the COC chip is illustrated. The COC chip was
fabricated by micromilling (DATRON Neo) a square piece of
COC polymer (DENZ Bio-Medical GmbH) with the thickness
of 1.0 mm. The designs (Solidworks) for part A and B (see
Fig. S2t) were loaded simultaneously in the milling machine
after which the program controls the mill (smallest tool used
for the most delicate features in this design: ¢ 0.2 mm at
15.000 RPM and a feed rate of 75 mm min ". Larger tool for

Material Cleanroom Channel width (um) Channel length (mm) Chemical inertness
PDMS Yes 200 70 Low
COC No 600 215 High

4168 | Lab Chip, 2020, 20, 4166-4174
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Fig. 3 Process flow fabrication PDMS microfluidic chip. Step 1: SU-8
negative mould for reaction chamber and channels. Step 2 and 3: SU-8
negative mould for mixing channels. Step 4 and 5: Casting the PDMS
chip on the SU-8 mould. Step 6: Bonding the PDMS chip on the Si-IRE.

features such as the reaction chamber: a ¢ 1.0 mm at 20.000
RPM and a feed rate of 200 mm min™"). Subsequently the
solvent bonding procedure of the COC chip for parts A and B
was conducted. The COC chip components are exposed to
hexane vapour for 8 minutes in a closed Petri-dish. Next, the
parts were pressed together by hand, while being aligned
using alignment pins (see Fig. S3f). To complete the
bonding, the parts were further pressed together using a hot
press (Auto C-PL, Carver, Inc.) operated at 65 °C and a force
of 1.1 kN em™ for 20 min. For bonding COC to the Si IRE
unit, NOA-81 (Norland Products Inc.) adhesive was used. A
droplet of NOA-81 is deposited on a glass microscopy slide
and spin coated at 1500 RPM for 60 s to coat the glass slide
with a thin uniform layer of glue. Next, the COC piece was
pressed onto the coated glass slide, transferring a thin layer
of NOA-81 adhesive. The ATR-device and the COC chip are
aligned in the homemade alignment holder, pressure was
applied by hand while the device is exposed to UV light (365
nm, 10 s, 400 W cm™?).

2.4 Measurement setup

The chip was mounted in an in-house constructed IR beam
aligner. This aligner was used to couple the IR light from the

Side view top view Side view top view
step1 step3 T
AT
vy
A AD
step 2 step 4 3veine
AR

Silicon coc

Fig. 4 Process flow fabrication COC microfluidic chip. Step 1 and 2:
Micromilling different layers of the COC chip. Step 3: Solvent bonding
of two separate COC chips. Step 4: Bonding the COC chip on the Si-
IRE by using NOA-81 adhesive.

This journal is © The Royal Society of Chemistry 2020
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Bruker Vertex 70 into the ATR device and consecutively
couple the outgoing beam back into the IR spectrometer.
Using a neMESYS syringe pump (CETONI GmbH) fitted with
two 5 mL syringes (Hamilton Model 1005-LTN), reagents are
introduced into the microfluidic chip. In Fig. S41 images of
the setup are shown.

2.5 Reaction monitoring and data processing

A Paal-Knorr reaction has been performed on-chip, where
the reagents hexane-2,5-dione (HD) (Sigma-Aldrich) and
butan-1-amine (BA) (Sigma-Aldrich) created the reaction
products 1-butyl-2,5-dimethyl-1H-pyrrole (BDP) and water.
The reaction mechanism as described in literature,>* is
shown in Fig. 5. As proof of concept, we use the PDMS chip
to perform this reaction. Before the reactants are introduced
to the chip, a background scan is made of an empty chip (64
scans, 1 ecm ™). Using a syringe pump, the chip was filled with
a 1:1 mixture of HD (neat) and BA (neat), resulting in a final
concentration of 4.3 mol I"* HD and 5.1 mol I”* BA. The time
required to fill the chip was 1 min. As soon as the chip is
filled, the flow is halted and FTIR spectra are recorded (64
scans, 1 cm™" resolution) every 3.5 minutes for a period of 21
minutes.

Data processing was performed using SpectraGryph.
Firstly, the spectra are normalized on the 2930 em " CH,
asymmetric C-H stretch vibration. The spectra where further
treated by with a second order derivative filter,>>*® enhancing
the resolution of the spectra and reducing the baseline
offset.>>*® The resulting second order derivative spectra
where then integrated and plotted versus time. The resulting
graph is used to determine the reaction order.

3 Results and discussion
3.1 Fabrication result IRE

In Fig. 6a, a fabricated Si ATR device is shown while in
Fig. 6b, a microscope image of one of the facets from the
same device is included. As can be seen in this figure, the
etched section of the Si surface looks grainy as a result of the
KOH treatment. The protected part of the Si device and the
facet itself, which are the areas that interact with the light
beam, look smooth. From this optical study of the Si surface,
we conclude that the deposited SiRN layer is thick and
homogenous enough to protect the Si surface from this KOH
etching. In the same microscope image, the etching depth
can calculated. Based on the preferential etching of the
<100> crystalline plane into Si, an etching angle of 54.7° is
created resulting in a calculated depth of 0.472 mm. Taking
into account the etching rate of KOH of 1 um min™" and an
etching time of 7.5 hours, this closely matches the expected
etching depth of 0.475 mm.

3.2 Fabrication result microfluidic chip

In Fig. 7, two images of two different chips are shown.
Fig. 7a demonstrates a single PDMS microfluidic chip

Lab Chip, 2020, 20, 4166-4174 | 4169
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Fig. 5 Reaction mechanism for the Paal-Knorr reaction of hexane-
2,5-dione and butan-1-amine to 1-butyl-2,5-dimethyl-1H-pyrrole and
water side product, as described in the literature.3*>* Pathway A
describes the hemiaminal cyclization step and pathway B describes the
enamine cyclization step. The different intermediate products are
highlighted with the roman numbers |-V and the final product, BDP,
with the roman number VI.

bonded to a Si-IRE. This chip is a single-layer device, where a
mixing channel (length 70 mm) and a reaction chamber are
integrated in one PDMS layer. The PDMS bonding procedure
has a high success rate. In 6 devices fabricated, none showed
any leakage before or after the reaction. Failure is only
observed when using too high flow rates (>1 ul s™"), causing
the tubing to disconnect from the chip. Fig. 7b shows a
double-layered device of COC bonded to a Si-IRE. This device
consist of a single COC reaction chamber in the bottom layer
and a single mixing channel in the top layer (I: 215 mm).
Bonding the several COC layers has a high success rate, rarely
showing any leakage or separation. The bonding of the COC
to the Si-IRE is more finicky. In most of the cases, the
bonding using NOA-81 show some signs of leakage. This is
corrected by using a disposable glass pipet to introduce a
small amount of NOA-81 to the leakage area. It is then
observed that the NOA-81 gets pulled into the opening
between the Si-IRE and COC chip, probably by capillary
forces. The UV exposure is performed again to cure the NOA-
81 and a visual check is performed to determine whether any
glue entered the reaction chamber. After this fix, about 75%
of the COC-IRE devices show no sign of leakage.

In Fig. 8a and b, microscope images of a PDMS and COC
device are shown respectively. As explained in section 2.2, the
width of the COC channels is significantly larger than that of

4170 | Lab Chip, 2020, 20, 4166-4174
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Side (mm)
a:0.472
b:0.33
c:0.578

Angle (°)
a:54.7
B:35.3
y:90.0

Fig. 6 a) Si ATR-device with the etched facets. b) Microscope image
of one of the facets, etching depth confirmed based on the width and
angle of the facets.

the PDMS chip. The herringbone structures are clearly visible
and no significant defects can be observed in both the
structures and the channels. However, the COC chip clearly
has some milling artefacts on the edges of the channels, even
after cleaning. In Fig. 8(c and d), a macroscopic image of the
PDMS and COC chips is shown respectively. The chips are
filled with aqueous solutions containing food dyes in order
to determine the mixing performance. Independent of the
polymer used and the resulting differences in the width of
the channels and grooves of the herringbone, total mixing
occurs before the food dyes enter the detection chamber. For
the PDMS chips this occurs observed in the second channel,
for the COC in the ninth channel (for RGB colour analysis
see Fig. S5 and S67). Therefore it can be concluded that the
length of the PDMS channel is, as designed, much longer
than the minimum required mixing length. This will
guarantee that liquids for the Paal-Knorr reaction, where HD
(0.00143 Pa s at 25°) is about 1.5 times more viscous than
water (0.00089 Pa s at 25°), will still be properly mixed.

3.3 Measurement results

In Fig. 9a, the spectra of the Paal-Knorr reaction are shown at
3.5 minute interval. In Fig. 9b, the same spectra are shown,

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 a) Single layer PDMS chip on Si-IRE. b) double layer COC chip
on Si-IRE.

zoomed in on the 1800-900 cm™ region. The most distinct
peaks are highlighted with roman numerals. In Fig. 9a, peaks
I-1V are highlighted. Table 2 contains the peak assignment.
Peak I is a combination of the NH, stretch vibration of BA and
the OH stretch of H,O. The NH, stretch vibration, with its
distinct double peaks (characteristic of a primary amine) is
somewhat broadened, possibly due to hydrogen bridging with
the ketone groups of HD. Despite the conversion of the
primary amine to a tertiary amine, an increase in the peak
intensity over time can be observed. This is caused by the
formation of H,0, which has a peak at the same wavelength,
and gives two molecules for every single molecule of primary
amine being converted. Peak II (CH, and CHj stretch), peak IIT
(CH, stretch) and peak IV (CH, stretch of a CH,-N) show, as
expected, little change in peak area. Looking at Fig. 9c, peak V
at ~1720 ecm™" is highlighted. This peak is the most distinct
peak and is largely separated from the other peaks in the
spectra. It has a high peak intensity and originates from the
C=O0 stretch vibration of HD. In Fig. 9d, two peaks are
highlighted. Peak VI is the total sum of several peaks. Starting
from the left, a sharp peak at 1660 cm ' can be observed
decreasing over time, possibly NH, deformation vibration of
BA. Going towards the right, a broad peak increases over time;
this can be attributed to the O-H deformation of H,O. Peak
VII, which also increases over time, is the ring skeletal
vibration of BDP. In Fig. 9e, the fingerprint region starts and
more peak convolution can be observed. Most peaks in this
figure are caused by the different C-H, and C-H; deformation
stretch vibrations. Fig. 9f shows the decrease of peak VIII,
representing the C-H, and C-H; deformations adjacent to a

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Mixing channels characterized. a) Mixing channels PDMS chip.
Width channel: 200 pum, length channel: 70 mm, depth channel: 85
um, length herringbone 275 pm, width herringbone 35 um, depth
herringbone 14 pm. b) Mixing channels COC chip. Width channel: 600
um, length channel: 215 mm, depth channel: 300 pm length
herringbone 850 um, width herringbone 280 pum, depth herringbone
50 pm. c) PDMS chip with food dye. Flow rate of the two different
dyes: 0.1 ul s™* for a total flow rate of 0.2 ul s%. As can be observed,
total mixing is achieved in the second mixing channel. d) Figure COC
chip with food dye. Flow rate of the two different dyes: 0.1 ul s™ for a
total flow rate of 0.2 ul s as can be observed, total mixing is
achieved in the ninth mixing channel.

C=0O0 stretch vibration. The peak in Fig. 9g, numbered IX, is
increasing over time and is probably caused by the C-N
deformation of a tertiary amine. Either BDP or the
intermediate imine component (Fig. 5 intermediate IIT) could
be responsible for this peak. However, if this peak is caused by
the imine intermediate, a shift over time would be expected as
the imine is converted to the enamine (Fig. 5 IV) and
consequently into the final BDP product. For this reason its
highly likely that this peak corresponds to the C-N
deformation of BDP. Fig. 9h shows peak X, decreasing over
time. This peak is assigned to the skeletal vibration of HD.

Lab Chip, 2020, 20, 4166-4174 | 4171
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Table 2 Peak assignment
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Peak in Hexane-2,5-dione n-Butylamine 1-Butyl-2,5-dimethyl-1H-pyrrole =~ Water Unknown
Fig. 9 (em™) (em™) (em™) (em™)  (em™) Peak
I 3370 (ref. 37-39) NH, stretch
1 3350 O-H stretch
I 3300 (ref. 37-39) NH, stretch
3000 (ref. 39-42) CH; stretch
I 2960 (ref. 39-42) 2960 (ref. 37-39) 2960 (ref. 39 and 43) CHj; stretch
11 2930 (ref. 39-42) 2930 (ref. 37-39) 2930 (ref. 39 and 43) CH; stretch
v 2875 (ref. 37-39) 2875 (ref. 39 and 43) CH,-N stretch
\ 1715 (ref. 39-42) C=0O0 stretch
VI 1660 Unknown
1645 O-H deformation
1600 (ref. 37-39) NH,, deformation
VII 1520 (ref. 39 and 43) Ring skeletal vibration
1460 (ref. 37-39) 1460 (ref. 39 and 43) C-H;/C-H, deformation
1410 (ref. 39-42) broad C-H;/C-H, deformation
1410 (ref. 39 and 43) thin C-H;/C-H, deformation
1380 (ref. 37-39) C-H; deformation
VIII 1360 (ref. 39-42) C-H; deformation
IX 1300 (ref. 39 and 43) C-N deformation
1260 (ref. 39-42) Skeletal vibrations
1230 (ref. 39-42) Skeletal vibrations
1200 (ref. 39-42) Skeletal vibrations
X 1160 (ref. 39-42) Skeletal vibrations
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In Fig. 10(a—c), the second order derivative of 3 peaks are
shown. As one can see in these plots, negligible changes in peak
intensity can be observed between the 17.5 min and 21.0 min
spectra, suggesting that the reaction has come to completion.
In Fig. 10(d-f) plots of the area of this derivative versus time
have been shown. For these plots, the points at 21.0 min have
been left out. The peaks plotted are those most separated in the
spectrum and where the vibrational frequency can be assigned
to a single molecule. In Fig. 10a, the second order derivative
spectra of the C=0 stretch vibration peak of HD is shown at
different measurement times. The area of these peaks are
plotted against time in Fig. 10d, showing an exponential decay
of the C=O vibration peak area. This suggest that the
intermediate products formed by removal of the C=0 bond
(Fig. 5. intermediates I and either II or V depending on the
pathway) are formed at an exponential rate. This also suggests
that this process is a first or pseudo first order reaction. When
looking at the ring skeletal vibration of BDP (Fig. 10b) and its
increase over time (Fig. 10e), a linear line can be plotted.
Looking at Fig. 5, the ring skeletal is formed at the final step to
form the end product, suggesting that side intermediate
product V is converted into BDP at an linear rate. It also suggest
that this process is a zero order reaction. Looking at the C-N
deformation peak (Fig. 10c) and the plotted increase over time
(Fig. 10f), a linear fit can also be can be made. This suggest that
the tertiary amine is formed at an linear rate, indicating that
this process is also a zero order reaction. The data in Fig. 10d
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Fig. 10 Second order derivative of 3 peaks. a) C=O0 stretch vibration.
b) Ring skeletal vibration. c) C-N deformation vibration. d) Plotted
integrated area of the second order derivative C=O0O stretch vibration
against time. e) Plotted integrated area of the second order derivative
ring skeletal vibration against time. f) Plotted integrated area of the
second order derivative C-N deformation vibration.
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suggest that the first reaction step in the pyrrole formation by
Paal-Knorr is a first order reaction. Since the chemicals used in
the current experiment are used in excess, this could also mean
that this is pseudo first order reaction. The zero order reaction
of the formation of the C-N bond and the BDP ring is more
peculiar and suggest that this process is limited by reactant
molecules.

This might be explained by Mothana and Boyd,** which
states that water is used as a catalyst during the reaction.
Catalysis by water takes place primarily during the hydroxyl
removal from the diol intermediate and the dehydration step,
which occurs for the final two steps in the pyrrole ring
formation for pathway A (Fig. 5). Since the reaction is
performed with low concentration of water present, zeroth
order reaction behaviour is to be expected if pathway A is
indeed the pathway of the reaction. The result of these IR
measurements seem to be in line with the conclusions made
by Mothana and Boyd® that water is used as a catalyst,
although more research is required to confirm this.

4 Conclusion

We successfully fabricated a modular microfluidic device, which
can adapted to the number of steps of the reaction of interest.
We show a single layer PDMS chip and a double layer COC chip
to highlight the modularity of the device. We prove that the
mixer structures function as designed by using a food dye,
demonstrating that the mixing channels are overdesigned and
therefore suitable for liquids that are more viscous. The
microfluidic chip is combined with a Si-IRE that can be used
for ATR-FTIR spectroscopy. A model Paal-Knorr reaction has
successfully been performed on-chip. We show the strength of
IR by highlighting and assigning the most important vibrational
frequencies and determining the reaction orders of different
steps of the reaction. Finally, the data obtained corresponds to
that described in literature,*® suggesting that water is used as a
catalyst during the dehydration step, which is the final step in
the pyrrole ring formation.
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