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The advantages of using microreactors to enhance the efficiency
of chemical reactions have been described in several reviews.1-3

The improved performance is due to faster heat and mass transfer
as a result of the enormously increased surface-to-volume ratio,
when compared with conventional laboratory equipment.4 This
aspect is particularly interesting for heterogeneous catalysis,5 in
addition to the use of continuous flow.

In literature, several methods to incorporate organic catalysts in
microreactors have been reported, for example, “packed-bed”
microreactors6 in which the catalysts are attached to polymeric
particles entrapped in the microchannel. Despite the good conver-
sion obtained, the main drawback is the swelling of many polymeric
materials. This may cause pressure drop along the microchannel,
resulting in variations in the residence time for pressure-driven
microreactors. This problem can be overcome using electroosmotic
flow,7 but this is limited to polar solvents.

Although immobilization of metal catalysts8 and enzymes9,10 to
microreactor channel walls has been described, to the best of our
knowledge there is only one example where an organic catalyst
was anchored onto the microchannel interior.11

In this communication we report the use of polyglycidyl-
methacrylate (PGMA) polymer brushes as a new method to form
a polymeric nanostructure to covalently attach an organic catalyst
to the inner wall of a silicon-glass microreactor.

PGMA brushes12 contain a large number of epoxy groups that
can be used for linkage of an organic catalyst via nucleophilic attack.
Polymer brushes are prepared via atom transfer radical polymeri-
zation (ATRP).13 By varying the polymerization time and conse-
quently the nanostructure thickness, the amount of catalyst can be
easily tuned.

To study our approach, 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)14 was attached to the PGMA polymer brushes. The
Knoevenagel condensation reaction between benzaldehyde (1) and
malononitrile (2) to give 2-benzylidene malononitrile (3) (Scheme
1) was chosen as a model reaction to study the performance of
these catalytic devices.

An initial experiment was carried out using a microreactor in
which the inner surface was coated with a monolayer of TBD. The
formation of the product (3) was followed in real time, by using
in-line UV-vis detection, to give a second-order rate constant of
(2.0 ( 0.2) × 10-3 s-1 M-1. The monolayer contains 0.7 µg of
TBD as measured by X-ray photoelectron spectroscopy (XPS).

The fabrication of the catalytic nanostructure based on polymer
brushes was first studied on a flat silicon oxide surface. PGMA

polymer brushes12 were synthesized according to the procedure
summarized in Scheme 2. Subsequently, the polymer coated
surfaces were reacted in a 0.1 M solution of TBD in ethanol at 65
°C for 17 h (Scheme 2). Upon reaction of the oxirane groups of
the polymer with TBD, the thickness of the layer increased from
180 nm (obtained after 2 h of polymerization) to about 230 nm as
measured by ellipsometry and atomic force microscopy (AFM) (see
Supporting Information). This thickness increase suggests that the
reaction between the oxirane groups and the TBD occurred.

Analysis of the surfaces by transmission FTIR spectroscopy, before
and after the reaction with TBD, showed the complete disappearance
of the epoxide stretching band at 910 cm-1 indicating that all oxirane
units reacted with TBD15 (see Supporting Information).

The inner walls of several microreactors (100 µm width and
depth, 103 cm length), see Figure 1, were coated with PGMA
polymer brushes by filling the channel with a solution of glycidyl
methacrylate (GMA) monomer in MeOH:H2O 4:1 in the presence
of CuBr and 2-2′-bipyridyl and leaving the solution inside for
20-120 min. To obtain different polymer thicknesses and conse-
quently different numbers of catalytic units, we varied the reaction
time. Afterward, a 0.1 M solution of TBD in EtOH was flowed
through the channel at 65 °C for 17 h. The Knoevenagel condensa-
tion reaction between 1 and 2 in acetonitrile was carried out in
these catalytic microreactors at 65 °C, in continuous flow. The
formation of the condensation product 3 was monitored in real time
by in-line UV-vis detection (see Supporting Information).
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Scheme 1. Knoevenagel Condensation Reaction between
Benzaldehyde (1) and Malononitrile (2) in Acetonitrile at 65 °C

Scheme 2. General Scheme for Initiator Immobilization,
Surface-Initiated Polymerization of GMA, and Reaction with TBD
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The reaction times were varied by changing the flow rates from
20 to 0.2 µL/min. During the experiments the microreactor was
placed in a home-built chip holder designed for fitting fused silica
fibers into the inlet/outlet chip reservoirs.

To perform a kinetic analysis of the Knoevenagel condensation
reaction, an excess of malononitrile 2 was used to achieve pseudo-
first-order conditions. The polymeric coating turned out to be highly
effective in the catalysis. In all experiments carried out in the
presence of the catalytic coating the reaction was complete in a
few minutes. No reaction was observed when the reagents were
flowed into a microreactor coated with unmodified PGMA brushes
for 2 h. This proved that TBD is the catalytically active species.
The experimental data were fitted to a first-order rate equation.
Measurements at different concentrations of 1 were carried out in
a microreactor with a layer thickness of 150 nm, keeping constant
the concentration of 2 (Figure 2a); hourly output at 75 µM of 1 is
1.2 mM of 3. The values of the rate constants at different
benzaldehyde 1 concentrations were the same, within experimental
error. The value of the pseudo-first-order rate constant is (1.3 (
0.1) × 10-2 s-1 ([2] ) 125 mM).

Also the malononitrile 2 concentrations were varied in the range
31-125 mM. The rate constants are proportional to the concentra-
tion of 2, as expected for a pseudo-first-order reaction. The second-
order rate constant is 0.10 ( 0.01 s-1 M-1. After each experiment
the catalytic nanostructure was regenerated by flushing a 0.1 M
solution of triethylamine through the microchannel. The PGMA-
TBD coated devices showed no decreasing of the catalytic activity
or leaching after being used for 25 times. With the catalytic device,
stored under nitrogen, the results of the experiments were reproduc-
ible also when repeated, after 30 days.

Experiments carried out with microreactors bearing coatings with
different thicknesses showed a relation with the catalytic activity.
The thicknesses (θ) of the polymeric coatings were measured by
high resolution scanning electron microscopy (HR-SEM). These
analyses were carried out on the channel cross section after breaking
the device (see Supporting Information).

A linear dependence was found between θ and the pseudo-first-
order rate constant kobs (Figure 2b). For PGMA-TBD thicknesses
of 50 and 400 nm, the kobs values are (6.9 ( 0.7) × 10-3 and (3.7
( 0.4) × 10-2 s-1, respectively ([2] ) 125 mM; [1] ) 50 µM).
On the basis of this result, we conclude that the whole nanostructure
is involved in the catalysis and that reaction does not occur only at
the interface, but the reagents diffuse throughout the coating to reach
all catalytic units. This also proves the complete swelling of the
PGMA polymer brushes in acetonitrile. Other solvents have not
been studied here, since the rate of the Knoevenagel condensation
reaction is solvent dependent.16 Although batch reactions appeared
to be faster in DMF and EtOH (data not shown), acetonitrile
constitutes a good compromise as PGMA brushes are known to
swell in this solvent.17 In addition, changing the solvent will also
influence the swelling of the PGMA polymer brushes, resulting in

less accessible catalytic sites. This makes a comparison of the effect
of different solvents very complicated.

The second-order rate constant of 0.30 ( 0.03 s-1 M-1, calculated
for the device having a layer of 400 nm PGMA-TBD, shows that
the reaction proceeds up to 150 times faster than in the case of a
monolayer coating of TBD.

To estimate the number of TBD units in the polymer, we applied
Gisin’s acid-base titration procedure.18 The amount of catalyst is
2, 4, and 9 µg of TBD for the devices with thicknesses of 50, 150,
and 400 nm, respectively (see Supporting Information).

In conclusion, we report the fabrication and application of a
catalytic nanostructure based on polymer brushes as support for
the catalytic coating of the inner wall of microreactors. We also
show that the amount of catalyst can be tuned by variation of the
polymerization times. An advantage of PGMA polymer brushes is
the versatility offered by the oxirane groups for the anchoring of a
variety of catalysts via a nucleophilic substitution reaction.
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Figure 1. Silicon-glass microreactor (a) inlets, (b) mixing zone, (c) reaction
zone, and (d) outlet.

Figure 2. (a) Formation of 3 catalyzed by the polymeric coating (150 nm)
in the microreactor at different concentrations of 1 ([2] ) 125 mM, 65
°C); (b) rate constants for reaction of 1 with 2 in microreactors with different
polymer coating thicknesses.
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