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Integrated 3D-printed reactionware for chemical
synthesis and analysis

Mark D. Symes', Philip J. Kitson', Jun Yan", Craig J. Richmond', Geoffrey J. T. Cooper!,
Richard W. Bowman?, Turlif Vilbrandt? and Leroy Cronin'

Three-dimensional (3D) printing has the potential to transform science and technology by creating bespoke, low-cost
appliances that previously required dedicated facilities to make. An attractive, but unexplored, application is to use a 3D
printer to initiate chemical reactions by printing the reagents directly into a 3D reactionware matrix, and so put
reactionware design, construction and operation under digital control. Here, using a low-cost 3D printer and open-source
design software we produced reactionware for organic and inorganic synthesis, which included printed-in catalysts and
other architectures with printed-in components for electrochemical and spectroscopic analysis. This enabled reactions to
be monitored in situ so that different reactionware architectures could be screened for their efficacy for a given process,
with a digital feedback mechanism for device optimization. Furthermore, solely by modifying reactionware architecture,
reaction outcomes can be altered. Taken together, this approach constitutes a relatively cheap, automated and
reconfigurable chemical discovery platform that makes techniques from chemical engineering accessible to typical

synthetic laboratories.

individuals promises to bypass sophisticated manufacturing

centres and revolutionize every part of the way that materials
are turned into functional devices, from design through to oper-
ation!?. However, apart from the utilization of 3D printing for
tissue-growth scaffolds®- and large-scale industrial prototyping’,
applications of this technology remain limited. Recently, 3D print-
ing was applied to produce highly specialized electronic®, microflui-
dic® and pneumatic'®!! devices, and yet the potential for using
3D-printed reactors as accessible and readily reconfigurable
chemical discovery tools has not been addressed.

Motivated by the idea of a future whereby users can download
a design for a product from the internet, modify it to suit an
intended purpose and then rapidly produce any number of such
items at low cost on a portable, robust device!?, we developed strat-
egies to produce integrated 3D-printer/design-software/chemistry
packages whereby individuals could one day have access to chem-
istry and chemical discovery without the need for expensive labora-
tory infrastructures. This would not only place traditionally
expensive chemical engineering technology within reach of typical
laboratories and small commercial enterprises!®, but also could
revolutionize access to healthcare and the chemical sciences in
general in the developing world'*!> and so allow diagnosis and
treatment preparation to occur in a sustainable, decentralized and
timely fashion. With this in mind, we opted to use flexible direct-
writing (or ‘robocasting’)!¢-'® 3D printing technologies (whereby a
robotically controlled syringe deposits gels at room temperature,
which subsequently set without the need for heat or chemical
curing steps) that combine low printer-hardware costs with a com-
paratively broad range of potential printable materials.

Herein, we demonstrate the use of the low-cost (US$2,000,
NextFab Store) Fab@Home!*?® robocasting platform (Fig. la,b)
for the automated production of self-healing, reusable and robust
reactionware for both synthesis and spectroscopy. All the

_|_he use of three-dimensional (3D) printing technologies by

parameters regarding the dimensions of these devices could be
adjusted digitally during the computer-aided design process with
great ease, and subsequent printing could be automated effectively.
This made iterative design and manufacture straightforward, and
exploited the inherent reconfigurability of the system to link
reactor design to chemical discovery. Hence, we were able to
develop architectures conducive to (1) the formation and crystalliza-
tion of two new inorganic nanoclusters of formula
(C,HgN), Na, [W,,M,0,, Cl(SeO5),(H,0),]CL-xH,0 (where M =
Co(m) (1) or Mn(1r) (2)); (2) the synthesis of the previously unre-
ported organic heterocyclic compound C,,;H,;,BrN,O (3) and (3)
conducting real-time in situ spectroelectrochemistry during the
reduction of phosphomolybdic acid (PMA). More importantly,
we were able to switch completely the outcome of the reaction
of 4-methoxyaniline with 5-(2-bromoethyl)phenanthridinium
bromide??? (from 80% C,,H,,N,O (4) to >90% C,,H,,BrN,O
(5)) on alteration of the reactor architecture, without altering any
of the other reaction conditions.

Modification of reactor design to produce a certain reaction
outcome is an established practice in large-scale chemical engineer-
ing but, until now, such techniques were essentially inaccessible to
typical laboratories and small companies on account of cost and
complexity. Moreover, we were also able to demonstrate the poten-
tial for ‘printing-in’ catalysts into the structure of the reactionware,
which opens up the possibility of creating multifunctional bespoke
reactionware for applications across chemistry. Thus, we show how
coupling digital design technology with 3D printing makes ‘reac-
tionware space’ a parameter that can be optimized systematically
to drive chemical reactions towards the desired products.

Results and discussion

The bespoke multifunctional reactionware (Fig. 1c and
Supplementary Figs S5-S7) was designed using the Rhino3d soft-
ware package?? and subsequently uploaded to a Fab@Home
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Figure 1 | The Fab@Home Version 0.24 RC6 freeform fabricator. a, The fabricator viewed from the front, with a single syringe of acetoxysilicone polymer
loaded in the printing head. The white area below the printing head is a square of ordinary paper onto which the reactionware was printed. b, The fabricator
printing one of the devices used in this work. ¢, Schematic of the as-printed multipurpose reactionware used in the synthesis of compounds 1-3, which shows

the key features of the design.
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Figure 2 | The synthesis and crystallization of polyoxometalates in the 3D-printed reactionware. a, Photographs of the crystallization of
(C,HgN);Na,[W,5C0,0,Cl(Se053),(H,0),1Cl,-6H,0 at various times after the initial mixing. b, Synthesis and ball-and-stick representation of the structure
of ((C,HgN)3[W;6M,0,CI(Se05),(H,0),1)6~ (M= Co(i) or Mn(in)). Protons are omitted for clarity. Black, teal, cyan, green, violet, dark blue and red

represent C, N, O, Se, Cl, W and M, respectively.

platform assembled in the laboratory. The device was then printed
using a robust, quick-curing acetoxysilicone polymer (Loctite
5366 bathroom sealant, LOCTITE) as the primary material and
inserting the non-printable components (glass frit and microscope
slide/indium tin oxide (ITO) viewing window) during pre-pro-
gramed pauses in the printing schedule (see Supplementary
Information for details)?*.

This device was then used for the inorganic nanocluster assem-
bly. An aqueous solution of CoCl, was printed (that is, dispensed
by the printer) into one solution-holding chamber and an acidic sol-
ution of the dilacunary polyoxotungstate [Se,W,,Oq,(H,0)]*2~
(prepared using an adapted literature procedure?®) was printed
into the other holding chamber (see Supplementary Information).
The two solutions remained in their respective chambers and did
not flow into the mixing chamber until induced to do so. To this
end, a needle attached to a vacuum source was inserted through
the wall of the reaction chamber to suck the two solutions into
the mixing chamber, through the frit and into the lower reaction
chamber at a controlled rate. On removal of the needle, the walls
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of the reaction chamber resealed spontaneously, making the
chamber watertight. The subsequent crystallization events were
monitored through the transparent viewing window incorporated
into the device (see Supplementary Video S1). Figure 2a shows
this crystallization process at various intervals.

Importantly, once the precursor solutions had passed into the
mixing chamber, the whole device could be held upside-down
and shaken repeatedly without any leakage of the solutions. When
crystals of a suitable size had formed (typically within 10-60
minutes) the crystallization device was cut in half with a scalpel
and the crystals were removed and analysed by X-ray crystallogra-
phy, Fourier transform infrared spectroscopy, thermogravimetric
analysis and elemental analysis (see Supplementary Information).
The crystal structure of 1 (Fig. 2b) contains a classic sandwich-
type?® anionic cluster [W,4Co,0,,Cl(Se0,),(H,0),]°~ formed of
two trilacunary [W405,(SeO5)]3~ building blocks (average Se-O
bond length = 1.70(2) A) and a central trigonal planar core. This
core contains an octahedral WO unit and two CoOy centres. One
terminal oxo ligand of the WOy unit coordinates to both the
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Figure 3 | The synthesis of heterocycle 3 in 3D-printed reactionware. a, Synthetic scheme with a ball-and-stick representation of the crystal structure of the
organic phenanthridine-based heterocycle 3. Grey, black, light blue and pink represent protons, C, N and O, respectively. b, The partial 'H NMR spectrum

(400 MHz, d,-DMSO, 298 K) of heterocycle 3.
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Figure 4 | The 3D-printed reactionware used for in situ spectroscopies. a, The reactionware as a cell for electrochemistry in a three-electrode configuration.
b,c, The reactionware used for spectroelectrochemistry. d, Cyclic voltammetry, as recorded using the set-up shown in (a-c), for PMA (5 mM in 0.1 M H,SO )
at a scan rate of 0.1Vs ™. e, Partial UV-vis spectrum obtained during the electrochemical cycling of the PMA solution. Relative absorbances are normalized
at 500 nm. The active surface area of the ITO working electrode was 2.0 cm?. Black dashed line = before reduction, red solid line = after partial reduction.

CoOy units, and the terminal water ligand on one Co centre is sub-
stituted by a chloride. It is interesting that, in addition to a certain
number of amines acting as cations and hydrogen bonding to the
cluster, extra dimethyl ammonium ions are also disordered
around the cluster in the crystal structure. Hence, we speculate
that the excess of dimethyl ammonium hydrochloride accelerates
the crystallization process (allowing single crystals to form in only
a few minutes), whereas no single crystalline product can be isolated
after a week if amines are absent.

The cleaved 3D-printed device was then washed with water and
reconstituted by simply applying a thin layer of acetoxysilicone
polymer to the cut edges, pressing the two halves of the device
together by hand and then leaving it to set for an hour.
Subsequently, it was reused successfully, as before, this time
taking aqueous solutions of MnCl, and [Se,W,0,,(H,0)]*~ to
obtain crystals of formula (C,HgN)gNa;[W,,Mn,O,Cl(SeO;),
(H,0),]CL,-6H,0 (2) (see Supplementary Information for
details). Crystallographic unit-cell checks established that this
compound had the same structure as compound 1 (see
Supplementary Information).

Also, the same 3D-printed reactionware was found to be suitable
for organic synthesis. Specifically, we synthesized the phenanthri-
dine-based heterocycle 3 (see Fig. 3 and Supplementary
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Information for experimental details and full characterization)
by the reaction of 4-aminophenol, Et;N and 5-(2-bromoethyl)
phenanthridinium bromide in methanol (see Supplementary
Information for a discussion of solvent compatibilities in the
as-printed devices). On mixing in the 3D-printed reactionware,
the reaction mixture turned an amber colour, and crystals of 3
suitable for X-ray diffraction were obtained from the liquor
after 96 hours. The structure thus obtained is shown in
Fig. 3, along with the 'H NMR spectrum of compound 3 in
ds-dimethylsulfoxide (DMSO).

Reactionware suitable for analytical and spectroscopic tech-
niques could also be produced, which showcases the potential to
monitor reactions in situ using such robocasting-fabricated
devices. To this end, an adapted version of the reactionware
shown in Fig. 1c was printed, whereby the frit was omitted and
the microscope cover-slip viewing port replaced by a glass slide
coated in a thin layer of the transparent conductor ITO, such that
the ITO-coated surface faced into the reaction chamber. Initially,
the central chamber of the device was charged with 2 ml of an
aqueous 5mM solution of PMA in 0.1 M H,SO,. A thin
Ag/AgCl reference electrode (white cable in Fig. 4a) and a Pt wire
counter electrode (red cable) were then inserted into this solution
through the pre-printed apertures between the solution-holding
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chambers and the reaction chamber, and the ITO slide was
connected to a potentiostat as the working electrode (green cable,
see Fig. 4a).

Cycles from —0.2V to +1.0V and back to —0.2V (versus
Ag/AgCl) in this three-electrode set-up then produced the cyclic vol-
tammogram in Fig. 4d, which shows four reversible redox processes
centred at +0.45, +0.30, +-0.10 and —0.10 V versus Ag/AgCl, in
agreement with literature values?®. Moreover, on termination of the
potential cycling at —0.2 V, the initially yellow solution had taken a
slightly blue hue, characteristic of reduced polyoxomolybdates. We
were able to use the configuration shown in Fig. 4b,c to monitor
this colour change in situ by inserting a fibre-optic cable through
one of the pre-printed holes in the top of the reactionware (the Pt
counter electrode was moved and pushed through the resealable lid
to make this possible), which was connected to the input port on a
TIDAS ultraviolet-visible (UV-vis) spectrophotometer. The input
light source was provided by a 150 W broad-spectrum Hg arc
lamp, which was clamped below the apparatus such that the sample
was irradiated from below, through the ITO window, during acqui-
sition of the spectra. Comparison of the spectra obtained before
and after the cyclic voltammogram (Fig. 4e) shows the appearance
of a new broad peak centred around 750 nm, consistent with the
slight bluish tinge now visible in the solution and with previous spec-
troelectrochemical studies on this compound?. By equipping the
reactionware with a small stir bar, the solution could be stirred mag-
netically (the stir plate was held to the side of the cell, see Fig. 4c).
Hence, we were able to perform bulk electrolysis on the sample (the
ITO working electrode was poised at —0.2 V versus the reference elec-
trode), which led to the entire solution turning dark blue within a few
minutes, a colour change clearly visible with the naked eye (see
Fig. 4c). Such studies show that robocast 3D-printed reactionware is
suitable for both spectroscopic analyses and bulk synthetic and
electrosynthetic processes.

In addition to utilizing traditional electrodes within a 3D-printed
cell, we were also able to 3D print entire electrochemical cells using
the Fab@Home platform. For example, an acetoxysilicone polymer
(before curing) was mixed with toluene to make a thinned gel,
which was then mixed with conductive carbon black to produce a
conductive paste suitable for loading into the 3D printer (see
Supplementary Information and Supplementary Fig. S7 for
details). A basic electrochemical cell was then produced, whereby
two parallel lines of this conductive paste were printed onto a
glass slide, about 0.5 cm apart, with the watertight housing of the
cell being composed of unmodified acetoxysilicone bathroom
sealant (see Fig. 5a). The glass slide was employed solely to aid visu-
alization of the ensuing electrochemical reactions, and various func-
tional architectures for electrochemical cells can be envisioned using
solely printed components.

The two electrodes of the cell were then connected to a three-elec-
trode potentiostat, as shown in Fig. 5b,c. The working electrode was
connected to one rail of conductive paste using a copper wire and
the reference and counter electrodes were both attached to the
other rail of conductive paste to give a ‘floating’ reference configur-
ation. The electrochemical cell was then filled with a 5mM
aqueous solution of PMA in 0.1 M H,SO,, and a voltage of —2.5V
applied to the working electrode rail. Within a few minutes, the
yellow polyoxometalate solution had started to turn blue around
the working electrode as it was reduced. The reaction was followed
visually (see Supplementary Video S2, which shows this process at
60 times the normal speed) and coulometrically (see Fig. 5d): the
straight line of charge versus time obtained indicates that the cell
was capable of supplying a constant current over the course of the
experiment (>1 hour), which means that there was no obvious
degradation in the conductivity of the cell over this time period.

Given the lack of constraints on what ‘inks’ could potentially be
robocast printed (both in terms of the structural components of the
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Figure 5 | The 3D-printed electrochemical cell and electrodes. a, The
reactionware used for in situ spectroscopies showing the two conductive
electrodes based on carbon black. The working electrode (upper line) had an
area exposed to the reaction medium of approximately 0.8 x 0.1cm? and
the reference/counter electrode rail (lower line) had an exposed area of

1.0 x 0.2 cm? b, The connected cell filled with T ml of 5 mM PMA in 0.1 M
H,SO, before electrochemical reduction. ¢, The same cell after reduction at
—2.5V for 4,500 seconds. d, The charge passed versus time curve for the
reduction process shows that the current was constant over the time course
of the experiment.
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Figure 6 | The 3D-printed reactionware-assisted selective syntheses of C,,H,oN,O (4) and C,,H,sBrN,O (5). The outcome of the reaction can be
switched between these two products by simply altering the reactor architecture. For Reactor A, both reagents flow completely into the lower reaction
chamber, but for Reactor B some 5-(2-bromoethyl)phenanthridinium bromide solution remains unreacted after mixing because of the smaller volume of the
reaction chamber. Hence, the dimensions of the reactionware control the outcome of the reaction.

reactors and in terms of the chemistry that could be performed
within them) and the countless different architectures that could
be created by robocast 3D printing, the synergy between vessel geo-
metry and the chemistry that takes place inside could become an
important new reaction parameter to be optimized and utilized in
3D-printed reactors. In other words, 3D-printed reactionware
gives almost limitless control to the user in terms of creating
bespoke reactionware: there is much more scope for creativity com-
pared to that with traditional glassware. This is true in terms of both
what the reactionware is made from and the types of reactionware
that can be made. With regard to the latter, this freedom in
3D-printed reactionware architecture presents the user with
both new questions and new solutions when attempting
chemical discovery. One such question, which chemists rarely ask
themselves, relates to finding the optimal reactor geometry for a
desired chemical outcome. Such concepts could be very useful for
optimizing reactions in 3D-printed reactionware, and might even
allow reaction outcomes to be dictated at the reactionware
design stage.

To exemplify this possibility in a very simple way, we compared
two reactor architectures similar to that shown in Fig. Ilc
(without inserted frits) to perform the reaction of one equivalent
of 4-methoxyaniline with three equivalents of 5-(2-bromoethyl)-
phenanthridinium bromide in d;-DMSO in the presence of excess
Et;N (ref. 21). The reaction details and key reactor dimensions are
shown in Fig. 6. In the case of Reactor A, the volume of the two
upper solution-holding chambers was 4.7 ml and the volume of
the sole mixing/reaction chamber below was 9.5ml (see
Supplementary Information and Supplementary Fig. S6 for techni-
cal details). The difference between specified chamber volumes as
entered in the design software and the actual volumes of the final
printed chambers was within 5% in all cases (see Supplementary
Fig. S6). One holding chamber held the 4-methoxyaniline and
Et;N in 1 ml d.-DMSO, and the other held the 5-(2-bromoethyl)-
phenanthridinium bromide solution (3 ml, also in d,-DMSO).
Mixing of these solutions in the lower reaction chamber was then
induced using a vacuum line as before, and the product distribution
was monitored by "H NMR spectroscopy, which showed a >90%
conversion of 4-methoxyaniline starting material to heterocycle 5
after 21 hours. As the volume of the lower reaction chamber
(9.5 ml) exceeded the total volume of the reagent solutions (4 ml),
all of the reagents were able to mix and react in the lower
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chamber of the reactionware. No heterocycle 4 was observed in
this reaction mixture?.

The reactor architecture was then changed to that of Reactor B,
identical to Reactor A in every respect except for having a smaller
reaction chamber volume of only 2 ml. All other parameters were
kept constant (concentrations, solution volumes, etc.). This meant
that only 1 ml of each solution in the holding chambers could fit
inside the reaction chamber, that is the reactor architecture enforced
a 1:1 ratio of 4-methoxyaniline to 5-(2-bromoethyl)phenanthridi-
nium bromide, with the residual 2 ml of the 5-(2-bromoethyl)phe-
nanthridinium bromide solution remaining unreacted in the upper
holding chamber (from which, theoretically, it could be siphoned off
for other reactions). Using the design Reactor B, the ratio of 4 to 5
obtained after 21 hours was 80:20, which indicates a complete rever-
sal of selectivity by simply and solely altering the reactionware archi-
tecture. This simple example demonstrates how optimized reactor
geometry can be used to influence reactant stoichiometry and
hence the outcome of a chemical reaction, without changing any
of the other parameters in the experiment or the instructions
given to the ‘operator’. Hence, using this approach, some measure
of control over the products formed in a given reaction can be
encoded during the digital design of the 3D-printed reactionware,
and reactionware geometry becomes another variable to be experi-
mented with during optimization processes.

As a final example of the power of digitally designed reactionware
to change the way chemistry is performed, we examined the possi-
bility of printing catalysts into the structure of the reactionware
itself. To this end, we thinned acetoxysilicone bathroom sealant
with toluene, and then added Pd/C until a paste suitable for print-
ing was formed (see Supplementary Information and
Supplementary Figs S3 and S7). Reactors were then printed that
had this catalyst-loaded polymer incorporated within their struc-
tures. Using this 3D-printed reactionware, we examined the catalytic
hydrogenation of styrene to ethylbenzene using Et,SiH as the
hydrogen source, according to known procedure®”. When reaction-
ware impregnated with Pd/C was used for the reaction, quantitative
conversion of styrene to ethylbenzene was observed within 30
minutes at room temperature, as judged by 'H NMR spectroscopy.
No leaching of Pd/C into the solution was apparent by eye.
However, when reactionware made solely from acetoxysilicone
polymer was used, no conversion to ethylbenzene was observed
over a period of two hours (see Supplementary Fig. S4). This
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simple example demonstrates that catalysts can be printed into the
kind of digitally designed robocast reactionware described herein,
and illustrates the vast scope for invention and discovery that
such an approach provides.

Conclusions

In conclusion, we have demonstrated the production and utility of
completely reusable and self-healing bespoke reactionware, which
would be extremely difficult to realize without the aid of robocasting
techniques. Although the chemistry chosen to exemplify this tech-
nology is relatively simple, the potential for printing reagents and
active components into the reactors themselves has the power to
be truly transformative. Digital technology was used to design and
manufacture the active reactionware, to initiate reactions and to
monitor reactions in situ, and so gives an alternative to the tra-
ditional passive-vessel approaches to doing chemistry. Hence, we
optimized our initial designs to synthesize three previously unre-
ported compounds, and also to dictate the outcome of a fourth reac-
tion solely by judicious alteration of the reactor architecture.

In all cases, the ease of reactor design and production held distinct
advantages over traditional techniques (for example, glassblowing)
and the potential range of materials that can be printed has great
promise for creating reactionware with in-built localized functional-
ity (such as printing catalysts into certain parts of the reactionware).
Using such methods, we believe that it should be feasible to create
active reactors, that is ‘reactionware’ that has control over reagent-
mixing sequences, flow rates and methods of purification built into
the reactor design, and so combine the disciplines of synthetic chem-
istry, molecular modelling and chemical engineering in a low-cost,
reconfigurable and highly accessible format.

Moreover, the low cost associated with reactionware production
and optimization, as well as the self-contained nature of these
devices, means that they could be deployed safely even in non-lab-
oratory environments, which constitutes the first steps towards
single-user designed and operated chemical engineering systems.
Work to further integrate design software, printing hardware and
control of chemical outcomes so that chemistry relevant to molecu-
lar nanotechnology®, catalyst optimization®, complex chemical
processes®*?! and drug design®? can be explored using this platform
is currently underway in our laboratories.

Methods

Details of synthetic protocols, full characterization of new compounds, figures of
thermogravimetric analyses, crystallographic data and notes on and diagrams of the
3D-reactionware are given in the Supplementary Information. Two videos showing
the assembly of the reactionware, crystallization of compound 1 (Supplementary
Video S1) and the electrode reaction (Supplementary Video S2) are also available.
The Standard Tessellation Language files, which give computational instructions for
printing duplicates of the reactionware used in this work, are available from

the authors.
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