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A miniaturised polypropylene reactor was fabricated by 3D
printing using fused deposition modeling. A stainless steel
nanoelectrospray ionisation capillary and a magnetic stir bar were
integrated into the reactor during the printing process. The
integrated nanoelectrospray ionisation capillary allows direct
sampling of a reaction solution without external pumping. It also
allows ionisation of the analytes. Therefore, very rapid online mass
spectrometric chemical reaction monitoring is possible. Operation
of the by the online
nanoelectrospray mass spectrometry characterisation of a Diels-

miniaturised reactor is shown

Alder reaction and the subsequent retro Diels-Alder reaction.

The development of microfluidic devices has benefited from
the advances in  microfabrication  technologies."?
Microfabrication technologies present a number of challenges
for a researcher who requires analytical equipment made out
of 3D structures: (i) several process steps are required with
several iterations of photolithography, (ii) various etching and
masking materials are involved in the process, and (iii) a
trained operator is needed to use the necessary equipment,
which is typically situated in clean room facilities. This
usually very Additive
manufacturing (commonly called 3D printing) solves these
issues as 3D printing processes create the structures directly
from a CAD drawing, allowing for a much faster prototyping
and testing cycle.”” Furthermore, 3D printing enables the
reproduction of structures of almost any complexity. A great
variety of 3D printers and materials are ubiquitous and are

instrumentation  is expensive.
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becoming affordable, and the processes involved in 3D design
and printing are easier to learn than conventional
microfabrication methods. However, 3D printing technologies
have also some disadvantages compared to traditional
microfabrication: most of the 3D printing technologies have
worse resolution and accuracy, and produce surfaces with
higher macro- and microroughness than the traditional
microfabrication techniques.

The rapid growth in availability and increasing affordabil-
ity of 3D printers coupled with the other advantages of 3D
printing have resulted in a rapidly expanding community of
researchers using 3D printers for the production of micro-
fluidic devices.®** Examples of 3D printed microfluidic reac-
tors for studying chemical reactions include those described
by Kitson et al.,"> which were fabricated by fused deposition
modeling (FDM) from polypropylene (PP) and combined on-
line with IR and UV-vis spectroscopy. In another study, a
microreactor with an integrated stir bar was printed from
acetoxysilicone polymer and combined with UV-vis spectro-
scopy for reaction monitoring.'* Stereolithography has been
used to fabricate a microreactor with embedded optical fibers
for UV-vis detection.'® 3D printing has also been used to fab-
ricate devices for mass spectrometry. For example, a micro-
fluidic chip was 3D printed from PP and coupled online to a
commercial electrospray ionisation (ESI) mass spectrometer
for real-time reaction monitoring.'® Additionally, 3D printing
has been used to create a cartridge for solvent delivery for pa-
per spray ionisation'” and a microfluidic device to hold a pa-
per tip for paper spray ionisation.'®

As far as we are aware, reports on 3D printed micro-
reactors with a mass spectrometric ionisation component,
here a nanoelectrospray ionisation (nano-ESI) capillary, em-
bedded during the printing process have not been found in
the literature. The integrated nano-ESI capillary allows di-
rect sampling of the reaction solution without external
pumping, since the electrospray process automatically pulls
liquid from the reaction chamber via the nano-ESI capil-
lary."® This allows very fast reaction monitoring since the
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volume between the reaction chamber and the ion source is
minimised (Z.e. only the volume of the nano-ESI capillary)
and in addition minimal dead volume is obtained. Micro-
reactors with integrated ion sources for reaction analysis have
hitherto been fabricated by the “classic” microfabrication
methods and they typically utilise ESL.>°>” A forerunner of
our work can be considered to some extent to be the study in
which a quartz capillary for nanoelectrospray ionisation was
inserted into a bottle that contained a reaction solution and
reactions occurring were analysed online using nano-ESI
mass spectrometry.”®

We describe in this work the fabrication of a miniaturised
reactor for mass spectrometric online chemical reaction anal-
ysis by 3D printing with FDM (Fig. 1). The reactor was 3D
printed from PP, which is rarely used for FDM because it has
relatively weak mechanical properties compared to the more
commonly used materials poly(lactic acid), acrylonitrile buta-
diene styrene, poly(ethylene terephthalate), and nylon.>®
Moreover, PP exhibits extremely poor adhesion to most built
platforms. Due to this, a polypropylene sheet was used as the
building surface to provide consistent and repeatable print-
ing results. However, PP does have very desirable properties
for manufacturing chemical devices: it is tolerant to virtually
all solvents used in chemical analysis and synthesis, and it is
inert towards a large number of organic and inorganic re-
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Fig. 1 a) Photograph of two 3D printed reactors from white and from
blue polypropylene. The 1 EUR coin is for size comparison. b) A
transparent 3D model of the miniaturised reactor, showing all the

functional parts and a cross-section of the reaction chamber. The di-
mensions in the cross-section are in millimeters.
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agents, including concentrated acids and bases. A special fea-
ture of FDM is that it allows the 3D printing process to be
interrupted at a desired point, and it can be recommenced
later.”” We utilised this stop-start capability to integrate a
polytetrafluoroethylene-coated magnetic stir bar (length = 10
mm, diameter = 3 mm) and a stainless steel nano-ESI capil-
lary (length = 50 mm, i.d. = 30 pm, o.d. = 150 um, Thermo
Fisher Scientific) into the reactor. The volume of the reaction
chamber, with the stir bar inserted, was measured to be 250
pL (the calculated volume is ~270 pL).

A jig for interfacing the 3D printed reactor with a mass
spectrometer was also 3D printed (Fig. 2). The jig holds the
reactor in place, has connectors for fluidic introduction and
a small fan with magnets, which are used for activating the
stir bar. More detailed instructions for 3D printing of the
miniaturised reactor and the jig, and the model files are pro-
vided in the ESI} (section 1). The MS measurement set-up de-
tails are also presented in the ESIT (section 2).

An inverse electron-demand Diels-Alder reaction between
trans-cyclooctene 1 and methyltetrazine 2 followed by a retro
Diels-Alder reaction of the initial cycloadduct (Scheme 1) was
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Fig. 2 a) 3D schematic of the measurement setup. b) Photograph of
the measurement jig with a miniaturised reactor inserted.
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Scheme 1 The Diels-Alder and retro Diels-Alder reactions as studied
using the 3D printed miniaturised reactor.

selected to show the operation of the reactor. The double-
bond strain of ¢rans-cyclooctene is released during the Diels-
Alder reaction, which makes the reaction energetically fa-
vored and fast.?® Therefore, it is an optimal proof-of-concept
reaction to demonstrate the feasibility of our miniaturised
3D printed reactor: a fast reaction provides a reasonable
time-window for the online monitoring of its products. The
online and offline mass spectrometric measurements were
mainly carried out using an ion trap mass spectrometer oper-
ated in positive ESI mode. Offline measurements with an
Orbitrap mass spectrometer in positive ESI mode were
conducted to obtain accurate mass information for the ions
observed with the ion trap mass spectrometer. The detailed
mass spectrometric measurement conditions are presented
in the ESIf (section 3).

Online reaction measurements started by infusion of the
reactant solutions 1 and 2 from separate syringes and via sep-
arate inlets into the reactor (details, ESI{ sections 2 and 4).
The infusion flow rate was 125 pL min ' and both reactant
solutions were infused for one minute, which resulted in the
complete filling of the reaction chamber. Mass spectra were
recorded continuously from the start of the reactant infusion.
The reactants (1 and 2) and the product, i.e. ring-fused 4,5-
dihydropyridazine 3, were observed as protonated molecules
at m/z 227, 246 and 444, respectively (Fig. 3a and S3-S97).
The extracted ion profiles of the ions [1 + H]', [2 + H]", and
[3 + H]" presented in Fig. 3b show an increase in the ion cur-
rent of the protonated product and decreases in ion currents
of the protonated starting materials, which demonstrate that
the reaction occurred in the 3D printed reactor.

MS" and accurate mass measurements were performed to
study the structures of the reactants (1 and 2) and to confirm
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Fig. 3 a) A mass spectrum of the reaction mixture averaged over 60-
61 minutes after the start of the reaction. *Doubly charged ion [3 +
2HI?* at m/z 222. b) The extracted ion profiles of the starting materials
[1 + HI* m/z 227 (black) and [2 + H]* m/z 246 (red) and the product [3
+ HI* m/z 444 (blue) plotted against the reaction time.

the structure of the reaction product 3 (Tables S2 and S3, Fig.
S11-S17, and Schemes S2-S61). MS" measurements (online
and offline) were carried out using both an ion trap mass
spectrometer and an Orbitrap mass spectrometer. Both mass
spectrometers allow measurement of MS> and MS® product
ion mass spectra and in addition the Orbitrap mass spectro-
meter allows accurate mass measurement of product ions in
both measurement types. The Orbitrap mass spectrometer
was used to confirm the identity of the ions observed in the
ion trap measurements.

The [1 + H]" (m/z 227) ion mainly fragments to m/z 119,
102, and 75 (Fig. S12 and Scheme S37). The product ion with
m/z 119 was interpreted to be [1 + H-CgH,]", m/z 102 was [1
+ H-CgHy,-NH;]", and m/z 75 was [1 + H-CoH;,0,]". The pre-
cursor ion [2 + H]|" (m/z 246) mainly yields the product ions
m/z 177, 160, and 120 (Fig. S13 and Scheme S4t). The product
ion with m/z 177 is feasibly explained as [2 + H-N,~CH;CN[’,
the fragment with m/z 160 as [2 + H-NH;-C,H;N;]", and the
one with m/z 120 as [2 + H-NH;-C,H;N;-C3H,]". The proton-
ated product, [3 + H]" (m/z 444), mainly fragments to m/z 326,
which is interpreted as [3 + H-C4H;(N,0,]" (Fig. S15 and
Scheme S5t). However, the peak with m/z 326 is also present
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as one of the main peaks in the mass spectrum presented in
Fig. 3a. The product ion mass spectrum (MS?) of the ion m/z
326 selected directly from the mass spectrum was observed
to be almost identical to the product ion mass spectrum
(MS?®) of the ion m/z 326, which was formed in the MS* mea-
surement of the [3 + H]" precursor ion (Fig. S14 vs. S17,
Scheme S67). This observation indicates that the ion m/z 326
manifested in the mass spectrum presented in Fig. 3a is a
fragment ion of m/z 444 that was formed during the
ionisation. A further indication that supports this interpreta-
tion is the observation that the increase in intensity of the
ion m/z 326 was similar to that of the protonated product as
the reaction proceeded (Fig. S107). An additional interesting
ion seen in the mass spectra in Fig. 3a (and S6-S97t) is the
ion m/z 222, which was identified to be a doubly charged
product, [3 + 2H]*", when we used MS?, MS® and accurate
mass measurements (Scheme S2 and ESI} section 5.6).

The functional capability of the integrated stir bar was
ascertained by infusing testosterone and partially deuterated
testosterone-d; into the miniaturised reactor and using the
same mass spectrometric set-up as that in the online reaction
studies with the ion trap mass spectrometer (ESIf section 6).
These compounds were used because they produce compara-
bly intense peaks for their protonated molecules in electro-
spray ionisation. In addition, the fact that these two species
will not react with each other helps to decouple the mixing
from possible chemical phenomena. Fig. S18-S201 show the
extracted ion profiles of testosterone and testosterone-d; and
their ratios, with and without the stirring activated, from the
experiments in which the stirring effect was clearly seen. The
stirring effect was not observed clearly all the time, which
was possibly due to the relatively small volume of the reac-
tion chamber and randomness of the liquids’ flow behavior
during the filling process. Hence, the results of the stirring
experiment are not entirely conclusive. After the stirrer was
activated at ¢ = 1 min, or due to diffusion mixing of the
analytes in the case of no mechanical stirring, the analyte sig-
nals started to stabilise. We observed that the signals of the
analytes stabilise faster when the stirrer is used compared to
when it is inactive (Fig. S18-5S207).

In conclusion, a miniaturised 3D printed reactor with an
integrated nano-ESI capillary and a magnetic stir bar is
presented for the first time. The reactor is fabricated from
PP, thus it is resistant to a great number of inorganic and
organic reagents and solvents. The price of one reactor is
approximately 100 €, which is almost entirely due to the
price of the nano-ESI capillary. On the other hand, the ne-
cessity of expensive clean room facilities is avoided by
using an affordable 3D printer, which allows rapid and
cheap prototyping of new reactor designs when needed.
The benefits of integrating a nano-ESI capillary within the
miniaturised reactor structure are minimal distance and
volume between the reactor chamber and ESI capillary tip
as well as minimisation of dead volumes. More impor-
tantly, the integrated nano-ESI capillary allows direct and
fast MS analysis of the reaction mixture without external
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pumps, since the electrospray process itself pulls the reac-
tion solution from the reaction chamber. Here, operation
of the miniaturised reactor is shown by online analysis of a
Diels-Alder reaction and the subsequent retro Diels-Alder
reaction. Furthermore, thanks to the inert nature of PP, the
device can be reused and its applications can be extended
to many other reaction studies, such as enzymatic reactions
and inorganic reactions.
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