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Online monitoring and analysis for autonomous
continuous flow self-optimizing reactor systems

D. C. Fabry, E. Sugiono and M. Rueping*

In this review the recent progress in the field of self-optimizing reactor systems for continuous flow chem-

istry is presented. Particular focus is directed to the implementation of monitoring tools and realization of

computer-controlled reaction optimizations without human interaction.

Introduction

Over the past centuries chemists have developed a wide range

of offline analytical tools in order to characterize reaction

intermediates or products. From characterization of colour,

crystal form, odour, or even taste, to melting points, elemen-

tal, spectroscopic and spectrometric analyses, as well as X-ray

structure characterization, a wealth of tools are now available.

Off-line analytical measurements are predominantly used for

detailed product characterization and elucidation of the

structure.

In contrast, in-line analytical tools are mostly used in

batch or flow regimes to gain data regarding substrate usage,

product formation, observation of intermediates or reaction

parameters monitoring including temperature and pressure.

Additionally, more complex kinetic parameters can be

ascertained providing valuable insights into the reaction

mechanism and its progress which may enable further reac-

tion optimization.1

Over the past decades significant progress has been made

in the field of process control. Today a variety of licensed or

open-source software is available allowing users individual or

parallel control of reactor components. Computer assistance

for flow-chemistry can be of great benefit since reactor opera-

tions can be well-dosed and timed. Using standard hardware-

connectivity, such as RS232, USB, or other readable/controlla-

ble ports, any hardware can theoretically be read and

controlled.2

The next evolutionary step was the combination of both

features resulting in software controlled analytical tools

which can be implemented in computer controlled reactor

systems, as recently summarized in an excellent overview.3

Thus, successively the optimization procedure of a chemi-

cal reaction in continuous flow can be given over to computer

algorithms. After obtaining necessary information on the

reaction proceedings, iterative or more sophisticated optimi-

zation protocols – well known in applied mathematics and

informatics4 – can be run in order to find optimal parameters

for a problem set.

A general script for solving a problem is given in Scheme 1:

initially, random parameters are chosen and tested, in our

case for a chemical reaction. If a given criterion is fulfilled,

e.g. full conversion of the starting material, the algorithm

stops. If this criterion is not fulfilled, the algorithm creates

new parameters based on certain mathematical strategies,

and tests them again. This iterative process continues until

the given criterion is fulfilled.

Self-optimizing reactor systems

A general setup for self-optimizing reactor systems can be

understood as a highly interactive combination of monitoring

tools, flow reactors and a suitable optimizing algorithm. Such

a general setup is displayed in Scheme 2.
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A substrate is pumped into a flow reactor and the reaction

mixture is subsequently analyzed by a suitable online moni-

toring tool. The information gathered is fed to an algorithm

appropriate for the reaction optimization. Software control

mechanisms then give out commands to peripheries to test

the next parameter sets.

In the following review different monitoring tools that

were successfully used in the development of self-optimizing

reactor systems will be presented.

HPLC as monitoring tool

Jensen and coworkers demonstrated the power of online

HPLC for monitoring a synthetically important Heck-type cou-

pling reaction.5 By using a commercially available HPLC appa-

ratus (Agilent 1200 SL RRLC), samples were taken from the

reaction stream and the yield determined by comparison with

an internal standard. Due to its sensitivity the HPLC could

provide yield values with error margins of 3%. A Nelder–Mead

simplex algorithm6 was implemented into the process control

for the optimization procedure. Thereby, two variables were

adjusted, namely the flow rate and amounts of reagent,

forming triangular optimization geometry (Scheme 3).

According to the illustrated optimization procedure, the

optimum was identified when two yields differ by less than

3% (chosen based on a HPLC error margin of 3%).

FTIR-spectroscopy as monitoring tool

In 2011, Ley and co-workers presented a machine-assisted

synthesis of pyrazoles.7 Although no algorithm-based optimi-

zation was used, the well-dosed injection of a hydrazine

reagent was accurately controlled by a computer, depending

on the reaction conversion monitored by IR. The overall con-

version was again analyzed by a second flow-IR cell

(Scheme 4).

FTIR proved also to be a perfect tool for the precise sub-

strate addition of an allylation reaction. Ley and co-workers

developed a sequential addition of DIBAL-H for the reduction

of a chiral carboxylic ester in which conversion was deter-

mined by flow FTIR.7 Depending on the conversion, equimo-

lar addition of the crotyl boronate was guaranteed, providing

the chiral alcohol in high yields (Scheme 5).

A fully self-optimizing reactor system using FTIR analysis

was presented by Jensen and co-workers.8 For this purpose, a

Paal–Knorr reaction was chosen for which flow rates of two

reaction components, as well as the reaction temperature,

were controlled by the automated system (Scheme 6). Calibra-

tion of substrate and product allowed the accurate determi-

nation of reaction yields via online FTIR. Corresponding IR

signals for DMSO as a solvent were subtracted, and equilibra-

tion of reaction parameters prior to yield determination were

guaranteed.

Regarding the use of algorithms, two different methods

were combined for the final optimization set-up: a steepest

descent and conjugate gradient algorithm determining the

reactor temperature and residence time of the reaction mix-

ture. Previously a large set of different algorithms were ana-

lyzed to identify the most suitable one for this parameter-set

optimization.

Our own contributions to this field were concerned with

heterogeneously catalyzed hydrogenation reactions of phar-

maceutically important carbonyl compounds (Scheme 7).9

For this substrate class, flow FTIR analysis was used also,

due to its strong CO stretch band in the area of 1700 cm−1

which can be easily monitored.

Using a H-Cube hydrogenation reactor, generating molec-

ular hydrogen from water electrolysis, and commercially

available Pd/C as heterogeneous catalyst, aromatic aldehydes,

alpha- and beta-ketoesters could be efficiently reduced. A

modified Nelder–Mead simplex algorithm was used for the

optimization protocol in combination with Matlab hardware

control.

To further expand the applicability, as well as its synthetic

use, pharmaceutically interesting oxetanes were synthesized

from a Paterno–Büchi reaction in a self-optimising manner

(Scheme 8).9 FTIR proved to be highly suitable for the

Scheme 2 General setup for a self-optimizing reactor system.

Scheme 3 HPLC-analysis for monitoring of a Heck–type reaction.

Scheme 4 FTIR-analysis for monitoring the condensation reaction for

the synthesis of pyrazoles.
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monitoring of the carbonyl compound whose decrease was

inversely proportional to reaction conversion.

Flow rates of the two stock solutions were parameterized

while a UV-mercury lamp was used for irradiation at 254 nm.

One beneficial effect of online monitoring proved to be the

suppression of side-products deriving from strong UV-irradia-

tion. High yields of a variety of fused oxetanes were obtained.

Fluorescence spectroscopy as monitoring tool

The precise synthesis of nanoparticles is still considered a

challenge in synthetic chemistry.10 Size-distribution and

purity are the key-challenges in this field. DeMello and co-

workers presented a practicable solution to this problem by

applying online fluorescence spectroscopy as a monitoring

tool (Scheme 9).11

The target was the uniform synthesis of cadmium selenide

nanocrystals. The algorithm-controlled reaction of each com-

ponent, flow-rate and temperature parameterized, led to opti-

mal crystal growth conditions, giving information on band-

edge emission and defect emission by fluorescence

spectroscopy.

GLC as monitoring tool

A more complex reactor setup was realized by Poliakoff,

Bourne and coworkers.12 Carbon dioxide has been suggested

as an environmentally friendly solvent with unique properties

under supercritical conditions (supercritical point: 304 K, 73

atm).13 Such a reactor using scCO2 was then envisioned in a

self-optimising manner. This particular example is of special

interest, since the dehydration of ethanol, chosen as model

reaction, can form not only acetaldehyde as potential product

target but also diethylether and ethylene. The implemented

algorithm ultimately allowed the selective optimization of

one desired product (Scheme 10).

Due to the components' high volatilities gas–liquid chro-

matography (GLC) was used as the monitoring tool of choice.

Ethanol and CO2 were injected into the reactor while the con-

trol segment dealt with the adjustment of flow rates, reaction

temperature, and pressure. Online GLC samples revealed

information about the reaction conversion, as well as its

selectivity. Optimization algorithms plotted characteristic

regions for high selectivities and conversions so that the user

can choose which product is preferred. In this setup, a

Scheme 5 FTIR-analysis for monitoring of a tandem reduction–

crotonation reaction.

Scheme 6 FTIR-spectroscopy for monitoring of a Paal–Knorr reaction.

Scheme 7 FTIR-spectroscopy for monitoring of Pd/C catalyzed

hydrogenation reactions.

Scheme 8 Paterno–Büchi reaction for the self-optimizing synthesis of

oxetans using FTIR analysis.

Scheme 9 Controlled synthesis of CdSe nanoparticles using

fluorescence spectroscopy (FS) as monitoring tool.
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Nelder–Mead simplex algorithm was also used for this

3-parameter optimization.

As an extension to this self-optimizing reactor setup,

dimethyl carbonate and 1-propanol were additionally intro-

duced as reagents, allowing selective formation of methyl-

pentyl carbonate or methylpentyl ether (Scheme 11). In the

latter case, four parameters were screened. In addition to the

flowrates, temperature and pressure the concentration of the

reagents was also taken into account.

NMR spectroscopy as the monitoring tool

The last, and most recent example, is NMR spectroscopy as

appropriate monitoring tool for self-optimizing reactor sys-

tems. This technique was previously reported as the sole

monitoring tool for imine formation by Marquez and

coworkers in 2014.14 However, the large size of the NMR

spectrometer restricted its use as a flow analysis tool until

recently. This disadvantage was eliminated in a recent publi-

cation by Cronin and coworkers who made use of a bench-

size Flow-NMR.15 This handy device allowed the recording of
1H (1D, COSY), 13C (DEPT, HSQC), 19F (1D, COSY) spectra in

real-time (Scheme 12).

This analytic technique was used in the self-optimizing

reactor setup for the imine formation of aromatic aldehydes

and benzylic amines. The characteristic 1H and 19F signals

for fluorinated compounds were monitored, their conversion

fed to the algorithm and the reaction subsequently

optimized.

Conclusions

The examples presented show that in recent years researchers

have developed fully integrated optimization systems for flow

chemistry comprising components that were previously

thought to be stand alone tools. Due to the inter-connectivity

human interaction becomes less important leading to time

and cost savings. Although the construction of a self-

optimizing reactor system that integrates a flow reactor, mon-

itoring tools and software is not an easy task and needs skill

and preparation time, these obstacles clearly outweigh the

advantages and benefits that can be achieved. Since the age

of fully integrated reactor systems seems to have just begun

more examples and sophisticated setups will be developed in

the future.
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