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We report the development of an open-source software approach to monitor and control flow chemistry
reactors from any smart device utilising Node-RED which lowers the expertise required to expand the
system further and automate other equipment. The software was demonstrated through the control and
automation of flow equipment from Unigsis with the dashboard server run on a low-cost Raspberry Pi.
Parameters of the equipment can be saved to a database for review in real-time or at a later stage. The
dashboard control platform was demonstrated by performing the allylation of isovanillin in a semi-
autonomous closed-loop optimisation fashion using Summit for the optimisation algorithm. The space

time yield (STY) was optimised for this reaction using a single-objective Bayesian optimisation (SOBO)
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Accepted 15th July 2022 approach. The best STY result of 791 g dm™> h™~ was achieved with the experimental conditions of
77.3 °C for the reactor column, a residence time of 4 min, with 1.005 equivalence of allyl bromide. All

DOI: 10.1039/d2dd00036a the software utilised in this paper was open-source, a tutorial-based approach to developing the
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Introduction

The Fourth Industrial Revolution (4IR) is leading to the rapid
adaption and advancement of traditional manufacturing
approaches by utilising increased automation, improved
communication and digitalisation of equipment for greater
control." Automation in synthetic laboratories is arguably still
in its infancy and has not been adopted by the wider research
community yet. This is largely due to the associated high cost of
equipment, proprietary software and expertise required.

Flow chemistry has developed rapidly over the last few
decades allowing researchers to have greater control over reac-
tion conditions and this improved control has allowed the
development of precise protocols for the control of sensitive
reactions.” Typically, vendors only provide software for control
and automation of equipment which is being supplied. This
software usually only allows limited integration with equipment
from other manufactures. Currently, there is a growing need for
both universal and remote-control systems which through
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program is included in the paper demonstrating the software capabilities.

automation can help by improving workflow, increasing safety,
facilitating faster development times and enhancing
productivity.

Thus, there is great potential in developing an open-source
platform for integrated control of equipment from different
manufactures. Several research groups have reported the
development of in-house software for the control of flow
chemistry equipment including LeyLab,* OpenFlowChem,* Rxn
Rover,® the radial synthesiser® and chemputer.” In addition, the
utilisation of bespoke software has also been reported for
reaction optimisation and analytics automation under flow
conditions.*™° Critically, these systems tend to suffer from one
or more of the following issues:

(i) Use of proprietary software packages such as MATLAB and
LabView, which have license fees to use the software.

(ii) The software code has not been published in an open-
source manner which prevents wide adoption of the technology.

(iii) Programming expertise in the given language is required
to make custom changes or improvements. This is frequently
a significant barrier of entry for researchers without any
programming knowledge.

(iv) There is limited potential for remote-control and moni-
toring of the equipment.

Numerous publications are noted in the literature that
employ the use of closed-loop processes' to optimise chemical
reactions using various analytical methods such as gas chro-
matography (GC),” mass spectroscopy (MS),>** NMR,"* IR,
Raman,' and high-performance liquid chromatography

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(HPLC)."** These are good examples of how machine-assisted
synthesis is able to allow skilled chemists to focus on more
productive pursuits and lower the need to perform routine
tasks,* with examples having been reported which illustrate the
optimisation of multiple objectives such as yield, STY, cost and
E-factor by generating Pareto fronts - which find the ideal
reaction conditions when two or more conflicting objectives are
being considered.®'”**

Open-source technologies allow for rapid adaptation by
a wide community and reduces costs. Examples of this can be
found in the development of photometers,”* autosamplers,*
fluidic valves*® and 3D printed components.>**® This manu-
script aims to add to this by reporting on the development of
a control dashboard using open-source software, with the goal
of encouraging others to do so as well, using the framework
provided. The utility of the open-source dashboard is demon-
strated through a semi-autonomous closed-loop optimisation
of a standard organic reaction.

Results and discussion
Dashboard development and operation

To overcome the limitations of using proprietary software
packages, the Node-RED*” platform was used for the develop-
ment of the dashboard. Node-RED is a flow-based programming
platform (similar to LabView) with development being done
through a web browser such as chrome or firefox. Using Node-
RED allowed for the rapid development of customised dash-
boards for the monitoring of flow chemistry equipment, the
implementation of control algorithms and logging recorded
data to a database for later analysis and presentation. While
Node-RED has become popular amongst home-automation
hobbyists, its use in academia has been limited,”®* which is
surprising as Node-RED lowers the barrier of entry for users
with a limited budget and/or limited software development
knowledge. The open-source nature of this platform and the
underlying software implementation provides a means for rapid
deployment and collaboration between different research
groups in industry and academia. Links to Node-RED tutorial
videos are provided in the ESLt

When creating a dashboard, different dials, gauges and
graphs can be used to represent the data from the different
sensors on the flow chemistry equipment. Users can control the
different parameters of the equipment using different user-
interface (UI) components such as buttons, check- and tick-
boxes, text inputs, etc.

In our case, the Node-RED platform was used for the devel-
opment of the dashboard and was installed on a low-cost
Raspberry Pi which was connected to the network of the labo-
ratory. Using the Node-RED platform one can create complex
processes by stringing multiple nodes together, with each node
performing a specific task. An example of a flow that was
developed to control a Unigsis FlowSyn reactor is shown in
Fig. 1. The first node of the flow, node A, receives HTTP requests
from any other device on the same network such as a laptop or
mobile device. Node A receives a JSON message which gets
passed on to nodes B and C. Node B is responsible for sending

© 2022 The Author(s). Published by the Royal Society of Chemistry
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"msg": "Set temp of reactor 1",
"topic": "ReactorlTemp",
"cmd_type": O,

"ReaCtorNo": 1,

"set": 70,

{

"msg": "Set flow rate for pump A",
"topic": "PumpAFlowRate",
"cmd_type": 1, Complete
"ReaCtorNo": 1, Command 2 > ISON message

"set": 2,
"delay": 0.1

Command 1

"msg": "Running",

ot : "http-response"”,
"cmd _type": 1,
"ReaCtorNo": 1,

"delay": 0.1

Command 3

! _

Fig.1 A screenshot is taken from a web browser of an example flow
diagram for the control of the flow reactor.

aresponse back to confirm that the message was received. Node
C receives the JSON message and sends each segment of the
JSON message through after a specified delay or specific criteria
has been met. Node D would subsequently construct the
message in an object message which would then be interpreted
by node G later in the flow. Node E directs all messages to node
G unless a message is responsible for sending an HTTP request,
in that case, it is directed to node F. Node G represents a ‘sub-
flow’ which contains multiple nodes grouped together and has
been developed for separate pieces of flow chemistry equipment
allowing the customisation of the dashboard. In this case, node
G controls a Uniqgsis FlowSyn reactor with the outputs of the
current parameters being directed to nodes H and I, which
displays the parameters on the dashboard. In the example
given, solid nodes such as H represent equipment that is con-
nected to the Raspberry Pi and dashed boxes such as I have been
disabled because additional equipment such as a Unigsis
binary pump requires connectivity for the additional
functionality.

For the automation of the dashboard to execute a series of
commands, a user can send a JSON message to the Node-RED
server via an HTTP request. The server can then process the
JSON message in sequential order. An example of a typically
JSON message to set the temperature of the reactor and flow rate
of one pump is shown in Fig. 2. The complete JSON message is
broken into three separate commands by node C, Fig. 1. The
‘msg’ key provides information to a human reader to under-
stand what a particular command is meant to perform, while
the ‘topic’ and ‘set’ keys are used by node G to identify what
parameter needs to be set and what value it should be set to.

The first command instructs the subflow node G to ‘set’ the
temperature of the first reactor to 70 °C. The ‘cmd_type’ being
0 instructs node C to wait until the required temperature has
been reached before processing the subsequent command.
Once the specified temperature of 70 °C has been reached, the
second command sets pump A to have a flow rate of 2
mL min~". The ‘cmd_type’ being 1 signifies to node C that the
‘delay’ key should be processed instead of waiting for a param-
eter of the reactor to first change. Therefore, node C waits for
0.1 s before moving to the last command. The third command
instructs a message that should be sent to node F to send an
HTTP request that all the commands have been processed.

Digital Discovery, 2022, 1, 596-604 | 597
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Fig. 2 Example JSON message can be sent to the flow diagram shown in figure via an HTTP message.

Finally, while the key ‘ReactorNo’ does not perform an
explicit function in this scenario, it could be used to control
multiple flow reactors by simply adding additional subflows like
G each of which would control a separate reactor.

A context diagram is provided in Fig. 3 which gives an
overview of how the system is set up. To provide additional
functionality of the setup which has been developed, the user
can specify that all the parameters such as flow rate, tempera-
ture and pressure are recorded into a database. While several
database types could have been used, an SQL database like
MySQL was selected. This database, which stores all the data
collected, was implemented on the Raspberry Pi, however,
a separate dedicated computer on the network could have been
used for the data storage.

Data collected by Node-RED can be visualised on a timeline
graphically, however, in the case in hand, generation of such
graphs led to the dashboard becoming unresponsive as the
number of data points increased. As a result of this, Grafana,
another open-source software platform, was used to visualise
the data as it was developed primarily for being able to present
larger volumes of data efficiently. Grafana can connect to
different databases and data sources, allowing for customizable
dashboards to be set up (Fig. S51). A guide on how to set up the

598 | Digital Discovery, 2022, 1, 596-604

platform is provided in the ESI,f and an image showing the
dashboard interface is provided in Fig. 4.

Flow chemistry equipment from different manufacturers
uses different interfaces for reading data and sending control
signals. Interfaces can be, but are not limited to, serial, HTTP
REST API, etc. In this implementation, the LAN interface (using
the HTTP REST API) was selected to communicate with the
different pieces of equipment. It made the setup more flexible
than in the case where the serial interface of the equipment is
used. When one uses the serial interface, the serial hub needs to
be in close proximity to the processing unit (Raspberry Pi,
computer, etc.), since it normally has a USB interface. The USB
interface cable has a limited operational length, which limits
how far the processing unit can be placed from the equipment.
By using the LAN interface, one can connect all the equipment
in a fume hood, for example, to a switch (also in the fume hood)
and only one LAN cable is required to connect the equipment to
the company's LAN network. The processing unit can then be
connected to the switch in the fume hood, or it can be in
a central control room where all the experiments are controlled
from. Crucially, to be successful, interfacing documentation
had to be obtained from the flow-equipment manufacturer
(Unigsis) to allow us to communicate with the equipment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Context diagram for the developed software platform. The Raspberry Pi has Node-RED, an SQL database and Graphana installed. Node-
RED can communicate with multiple pieces of equipment which can be recorded into the dashboard. Any authorised user is able to connect to
the Node-RED and Graphana to visualise the data and control the equipment remotely. A user who is off-site can connect to the network via

a VPN to gain access to the dashboards.

Finally, remote real-time control of chemical reactors and
analytical equipment although useful has associated security
risks such as breach of data or sabotage of experiments/
equipment which need to be addressed and has been the
subject of previous commentaries.*® In the case in hand to
mitigate the security risk, each user is supplied with credentials
that need to be entered before access to any server is permitted.
The servers are also placed behind a firewall, with off-site access
only possible through a secure VPN connection, this approach
is similar to that utilised with previously developed platforms.*
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Semi-autonomous self-optimisation

To demonstrate the use of the control software developed, we
elected to demonstrate the allylation of isovanillin 1 using allyl
bromide 2 using a semi-autonomous closed-loop approach. The
choice of reaction was selected from an unrelated in-house
project wherein product 3 is a precursor for the synthesis of
benzo-fused heterocycles using ring-closing metathesis. The
reaction was selected as traditional one variable at a time
(OVAT) optimisations performed in-house showed a wide range
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Fig.4 Dashboard from Node-RED which allows for the control and parameter visualisation of flow chemistry equipment from any smart device.
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of yields could be observed depending on several variables
including temperature, reaction time and stoichiometric ratios.

A Unigsis FlowSyn Maxi reactor was utilised for this reaction.
The reactor set-up involved the use of two HPLC pumps, a 15 mL
glass Omnifit® column mounted in a heating block connected
in series to a Syrris ‘Sampler and Dilutor’ (SAD) and finally
a back pressure regulator (7 bar) fitted at the output flow stream.
The SAD was utilised to perform at-line dilutions and to inject 5
uL samples of the reaction mixture into an Agilent 1100 series
HPLC instrument - see Fig. 5. The two HPLC pumps were
connected to reservoirs containing iso-vanillin 1 (0.5 M in DMF)
and allyl bromide 2 (0.68 M in DMF) respectively and the
Omnifit® column was packed with finely ground potassium
carbonate (liquid volume ~7 mL).

Previously, a variety of optimisation algorithms have been
used/reported for reaction optimisations."*' Depending on the
algorithm, either a local or global optimal solution can be
found. To identify a global optimal solution, the open-source
Python package Summit** was utilised for the Single-Objective
Bayesian Optimiser (SOBO) algorithm. Summit acts as
a wrapper around GPyOpt,* another python library. While
GPyOpt could have been used for SOBO, Summit provides
access to various other optimisation algorithms with a simple
intuitive syntax and structure as well as additional
functionalities.

SOBO is a Bayesian optimiser that uses a sequential design
strategy for black-box functions which are expensive-to-evaluate
(in this case, a significant volume of reagents and time are
needed to evaluate the outcome for each set of experimental
conditions). This optimiser works by building a probabilistic
model of the objective function (in this case being the STY),
called the surrogate function, using Gaussian processes. This
surrogate function is then searched efficiently with an acquisi-
tion function before a candidate sample is chosen for

View Article Online
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evaluation on the real objective function by controlling the flow
reactor autonomously. Thus, by incorporating information
learned in previous experiments executed, an optimal set of
conditions can be found with a small number of evaluations.

The python script which utilised the Summit library*> would
send a JSON file to the Raspberry Pi which is running the Node-
RED software. The Node-RED dashboard would interpret the
JSON file and follow the sequence of commands needed to be
executed such as set the column temperature, open valves and
set pump flow rates. Once sufficient volumes of the reagents
have been pumped (approximately 19 mL, 2.7 residence times),
a relay is triggered which signals the SAD to start dilution and
injection into the HPLC flow stream for analysis (a brief
discussion on the relay set up is provided in the ESIf). The
python script would subsequently send another JSON file to
change valves to solvent only and clean the reactor for the next
cycle. During this time, the script would connect to the
computer which controls the HPLC and grab the .csv file using
file transfer protocol (FTP). Knowing the area for each peak, the
script would determine the concentration of the reagents and
product which would subsequently be used to determine the
STY. An optimisation algorithm then used the results to deter-
mine which set of experimental conditions should be evaluated
next. Prior to commencement of the next run the system was
flushed with clean solvent, thereafter the pumps were shut off
until the column was allowed to equilibrate to the new
temperature.

The STY was used as the objective function to optimise the
reaction due to the relative low cost of the reagents and simple
workup requirements to remove unreacted starting material.
Future optimisations may consider developing a pareto front to
take other objective functions such as E-factor into account. The
STY is calculated as:

Node-RED

Optimiser
control platform

from Summit

I Nee

oo > | HO =

E 1,1.0eq.

i 0.5 M in DMF

: A~Br

N . O
0.68 M in DMF

HPLC Detector

SAD
selector valve

HPLC Solvent

Fig. 5 Schematic for the closed-loop optimisation consisting of a Unigsis FlowSyn Maxi reactor with temperature-controlled column reactor,
a Syrris sampler and dilutor and an HPLC-UV analyser. The SOBO optimiser algorithm selects the next parameter to test based on previous
results. Node-RED control platform controls the parameters of the reactor.
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STY (g dm~> h™") = m_product/(V_reactor x t_res) (1)

where m_product is the molar flow rate, V_reactor is the volume
of the reactor and ¢ _res is the residence time. The STY is
a popular approach to evaluate the productivity of a reactor by
taking into account the yield, flow rate and volume of the
reactor.

The boundaries for the optimisation were as follows:

Residence time (min) € [4, 30]
Temperature (°C) e [40, 90] 2)
Equivalence € [1, 1.387]

These reaction condition boundaries were selected based on
chemical intuition and previous reactions which had been
performed on this system by other group members.

During initial attempts of performing the allylation in flow,
a major challenge noted was the inconsistent yields that were
obtained when using a column packed with unground potas-
sium carbonate. Channelling of the reagents within the glass
column were noted and as the base is used stoichiometrically
decreasing yields were noted when the column was used
repeatedly. To overcome this issue, the solid potassium
carbonate base was ground using a mill into a fine powder. This
powder allowed for improved mass transfer and reduced the
channelling which would occur as the reagents were pumped
through the column. However, the yield would gradually
decrease after the fourth run if the same column was used
repeatedly while keeping the experimental conditions constant
(reactor temp = 80 °C; residence time = 4 min; equivalence of 2
= 1) - see ESL.{ Therefore, the column was replaced every three
runs using the same amount of potassium carbonate for each
run. It is conceivable that replacement of the column after every
third run could be automated by employing an appropriate
selector valve connected to a bank of pre-loaded columns to
achieve a fully autonomous process. That being noted, as this
optimization process was simply performed to demonstrate the
used of the Node Red dashboard, we elected to rather employ
a semi-automated approach wherein the column was manually
swopped after every third run.

The optimisation cycles were run for a total of 33 experi-
ments. Originally, Summit was programmed to execute 50
experiments however it was clear that a plateau had been
reached between runs 22 and 33 (Fig. 6) as the SOBO algorithm
continued to only explore within a small region of the experi-
mental conditions. The results, shown in 3D in Fig. 7, indicate
that an optimum STY of 791 g dm > h™' was achieved with
areactor temperature of 77.3 °C, a residence time of 4 min, with
1.005 equivalence of the allyl bromide 2.

The optimisation algorithm quickly tended towards the
shortest retention time possible, and the equivalence of 2 ten-
ded towards 1 rapidly. It should be noted that, although the
optimisation algorithm attempted to explore for an equivalence
of 1, minimum incremental flow rates of 0.01 mL min~" meant
an exact equivalence ratio could not be reached, leading to an
equivalence of 1.005 instead.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optimisation of STY by a single objective Bayesian optimisation
algorithm. Experiment number 21 had a blockage leading to a false
result from the HPLC analysis. The experiment conditions for experi-
ment number 21 were repeated.

During the 21st run, a blockage occurred within the sample
loop of the SAD which led to a false STY result — the increased
pressure was detected by the Node-RED software which sent
a command to stop the pumps, however, there was no
communication protocol included to tell the python script that
an error had occurred and as a result the sample analysis step
was still triggered. While this result would have affected the
subsequent experimental conditions chosen by the SOBO
algorithm, it would not have been significant as the product 3
would have been diluted due to the testing of a higher equiva-
lence of 2. This would have led to a lower STY even if the yield
was correct as shown when compared with subsequent runs
(experiments 22-33).

Critically speaking, although the STY visually plateaued
between experiments 22 and 33 closer analysis revealed unex-
pected deviations in the STY value with only minor changes in
the control parameters when different columns were used
despite careful milling of the potassium carbonate and packing
of the columns. This occurrence exemplifies the issue when
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Fig. 7 3D plot of the STY with respect to the alkylated product 3. Each
point represents a single experiment executed during the optimisation.
The repeated result for experiment 21 was used. Equiv. = equivalents
of allyl bromide 2.
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using experimental closed-loop systems, where optimisation
algorithms need to be able to consider incorrect data points.
This makes the optimisation more complicated if the system
does not behave well, which translates to a ‘noisy’ objective
function.

We had originally expected the SOBO algorithm to tend
towards a high temperature for the reactor column, a low resi-
dence time and a high equivalence of 2. While the anticipated
temperature and residence time trends generally occurred, the
equivalence tending towards the lower boundary was not ex-
pected. This trend is explained by the fact that using a higher
equivalence of 2 did not improve the yield significantly and was
offset by the dilution of the limiting reagent 1 when a higher
equivalence of 2 was used.

Ideally to further optimise the process for STY, one would
explore a lower residence time boundary but we were limited by
the maximum pressure which the glass column could with-
stand. Furthermore, it could be more beneficial to increase the
concentration of the stock solutions to explore higher molar
flow rates.

The closed-loop process took 12 hours to complete if one
excludes the time lost for the column to be replaced after every
third run. This short time to execute the experiments and
identify optimal conditions exemplifies the strength and the
potential of automated closed-loop systems.

Conclusions

We have reported the development of a control system using
Node-RED which has been coupled with Summit, the utility of
which was exemplified through the performance of a closed-
loop optimisation of an allylation reaction. This work demon-
strated the use of open-source technologies to control equip-
ment (flow and analytical) which previously required the use of
separate proprietary software packages. The versatility and ease
of use of Node-RED means a lower barrier of entry for users with
little-to-no experience in programming. Therefore, we envision
that this platform, if used in an open-source manner, would
allow research groups to readily share control protocols for
various pieces of equipment and allow seamless integration of
different equipment.

The use of the control dashboard was demonstrated through
a semi-autonomous closed-loop optimisation of an allylation
reaction. The approach highlighted that within a small number
of runs, a SOBO algorithm was able to optimise for STY. The
conditions were optimised for 1 equivalent of allyl bromide 2
with low residence time (4 min) and relatively high reactor
temperature.

Future work for this project will look into developing nodes
for controlling flow chemistry equipment from other manu-
facturers. It should be noted that this technology is not limited
to flow chemistry applications, and we envision this technology
to be used in other areas of a laboratory. Furthermore, we are
currently investigating how to incorporate the data collected
and stored into an Electronic Laboratory Notebook (ELN)
system.
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Experimental
Reaction setup

A Unigsis FlowSyn Maxi reactor was set up as depicted in Fig. 5.
Reservoir solutions were prepared by dissolving the desired
reagents in HPLC grade DMF and stirring at ambient condi-
tions. Reagent 1 pump: isovanillin 1 (38.04 g, 0.25 mol, 0.5 mol
dm™?) was dissolved in DMF (0.5 L). Reagent 2 pump: allyl
bromide 2 (42.35 g, 0.35 mol, 0.7 mol dm™>) was dissolved in
DMF (0.5 L). Average quantities of reagent used per experiment:
isovanillin 1 (634 mg, 4.17 mmol), allyl bromide 2 (669 mg, 4.40
mmol). Approximately 21 g and 22 g of isovanillin 1 and allyl
bromide 2, respectively were consumed for the 33 experiments.
HPLC analysis of the stock solutions were analysed to confirm
the concentrations. The stock solution concentration of iso-
vanillin 1 and allyl bromide 2 was corrected to 0.495 M and
0.679 M, respectively. Anhydrous potassium carbonate was
ground using an IKA M20 universal mill after which time 16 g
was loaded into a 10 cm Omnifit™ glass column (20 mm outer
diameter) and primed with DMF. Small amounts of cotton wool
were added to both ends of the glass column to prevent the
leaching of the solid base. A 1 L reservoir solution of HPLC
grade DMF was used for the priming of new K,CO; columns and
the wash cycles.

HPLC method

Calibration and optimisation analyses were performed using an
Agilent 1100 Series HPLC system equipped with a G1311A
quaternary pump and G1315A diode-array detector (DAD).
Compounds were separated via an Agilent Eclipse Plus C18
column (3.5 pM particle size, 4.6 mm diameter x 100 mm
length). The mobile phase was a mixture of two bottles in a ratio
of 50:50. Bottle A contained a mixture of acetonitrile and
methanol (50 :50). Bottle B contained a mixture of water,
acetonitrile and methanol (90 : 5 : 5). The flow rate was kept at
0.1 mL min ' when the analysis was not being performed
between each experimental run to reduce solvent wastage.
When the HPLC run is triggered, the flow rate is ramped up to 1
mL min~" in 1 min in a linear gradient, followed by a steady-
state flow rate of 1 mL min~' for 4 min. Afterwards, the flow
rate is set back to 0.1 mL min~" in 0.1 min. The total run time
was 5.10 min with a column temperature of 30 °C throughout.
The absorption wavelength of the DAD operated at 230 nm.

HPLC calibration

A 9-point calibration curve was generated for isovanillin 1, allyl
bromide 2 and product 3 by injecting prepared solutions into
the SAD which are diluted and subsequently injected into the
HPLC flow stream. Calibration plots are provided in the ESL{

Data availability

Experimental results are summarised in the ESI.T The Node-
RED flows and python code used in this study are available in
the ESIt as separate objects. The code can also be found in
a public GitHub repository at https:/github.com/
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JohanvdWesthuizen/FlowChem-ClosedLoopOpt. The
proprietary commands to control the Unigsis equipment have
been removed from the Node-RED flows, if required please
contact Uniqsis Ltd.
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