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Online Monitoring of Polymerizations: Current Status
Joris J. Haven[a] and Tanja Junkers*[a,b]

Abstract: Polymerizations are challenging to monitor online.
Next to spectrometric information, which indicates the compo-
sition, progress, and identity of polymers, other characterization
methods also need to be employed for paramount monitoring.
Information on molecular weight distributions and end group

1. Introduction
Precise engineering of macromolecular materials requires close
monitoring of reaction conditions and polymerization progress,
be it in the realm of industrial-scale free-radical polymerization
or small- or intermediate-scale controlled polymerization for the
synthesis of precisely engineered block copolymers. Online au-
tomated monitoring can hereby be an invaluable tool to steer
reactions, especially when processes are carried out in multistep
fashion. Polymerizations are inherently highly exothermic, fast,
and sensitive to small impurities (i.e. trace amounts of water
in anionic chain growth polymerization). Further, often several
orders of magnitude in physical properties like viscosity are
passed within a single reaction, leading to a point where the
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patterns are often indispensable for accurate process (and prod-
uct) control. An overview of existing characterization methods,
which can be used for online monitoring, and eventually for
automating, multistep polymerizations, is given.

initialization period of the reaction can have significant influ-
ence on the progress of the reaction at a later stage. It is for
this reason that a large range of on- and offline monitoring
methods have been developed. Flow polymerizations and, in
particular, microreactor technology (MRT) have in the past years
started a silent revolution in polymer synthesis. By implementa-
tion of flow reactions, accelerated synthesis of compounds un-
der stable and very reproducible reaction conditions became
available, and more and more reactions are now being adapted
to flow reactor protocols. Continuous flow reactors feature sig-
nificant advantages such as ideal heat dissipation, high opera-
tion stability and – as a consequence of the strictly isothermal
conditions provided – relatively easy scale-up of reaction condi-
tions. Generally, fast and economic procedures could be identi-
fied, yielding polymer materials with very high definition and
reproducibility. Flow reactors are very suitable for online moni-
toring, as the progress of reactions can be simply monitored at
key positions of the reactor, or by screening of residence times.
Real-time data can be acquired by online analysis of polymeri-
zation processes, which enables rapid kinetic screening and, in
consequence, efficient reaction optimization. A combination of
both – continuous flow processing and online monitoring –
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constitutes an ideal tool in any chemical synthesis. It enables
continuous “nonstop” analysis of the reaction mixture under
any given set of reaction conditions. In this way, fast and effi-
cient screening and true high-throughput optimization of reac-
tions become available. Online characterization techniques that
are applicable to batch reactions are, in principle, also useable
for flow reactions and vice versa. Obviously, some techniques
are easier to apply in one of the process modes, but no general
judgement can be made as to whether online monitoring is
easier for batch or continuous flow operation. In the following
both cases are discussed, but since the long-term potential for
reactor automation and multistep synthesis – both directly cor-
related with comprehensive online monitoring – is higher for
flow polymerizations, more emphasis is given to these.

Online monitoring of polymerizations can be defined as us-
ing characterization techniques that allow for a constant sur-
veillance of the reactions without interruption. Ideally, methods
are non-invasive, even if that criterion cannot always be
achieved. In this respect, many known characterization tech-
niques are not suitable for such a task. Characterizations must
be fast and proceed without much delay, in order to be able to
react to changing environments and to influence the progress
of a reaction directly. Spectroscopic analysis is therefore inter-
esting. In this context, monitoring of batch polymerization reac-
tions was already reviewed.[1] A review on recent advances in
flow injection analysis was recently given by Kolacinska and
coworkers.[2] Operation of such a reactor setup can be used for
optimization of polymer reactions that require in-depth product
monitoring in order to push limits towards new products that
would otherwise be inaccessible or uneconomical to synthesize
by any other offline sampling method.[3,4] A different kind of
automatization in polymer synthesis is demonstrated by auto-
mated parallel synthesizers (Chemspeed reactors).[5,6] By such
an approach, for example (block)copolymer libraries can be syn-
thesized in a rapid, fully unattended manner.

2. Online Spectroscopy Monitoring

Spectroscopic techniques are employed extensively for the
monitoring and control of chemical processes. The understand-
ing of the kinetics and mechanism of conventional and reversi-
ble deactivation radical polymerization (RDRP) strategies by off-
line spectroscopic techniques was recently reviewed by Buback
et al.[7] This review focusses on the continuous in/online moni-
toring of polymerization processes based on spectroscopic
techniques in the polymer production stage.

2.1. Infrared Spectroscopy

Dispersive near-infrared spectroscopy (10000–4000 cm–1) is fre-
quently utilized for the real-time monitoring of polymerization
reactions. Long et al.[8] utilized (dispersive) near-infrared spec-
troscopy (NIR) to determine anionic batch solution polymeriza-
tion kinetics by monitoring monomer conversions in situ. The
conversion of the vinyl protons in the monomer with respect
to the methylene protons in the polymer was monitored under
conventional solution polymerization conditions by online in-
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frared spectroscopy. Styrene and isoprene polymerization kinet-
ics were investigated in both polar and nonpolar solvents, and
relative reaction rate constants were critically assessed. Addi-
tionally, preliminary kinetic studies on the copolymerization be-
havior of styrene and isoprene were performed. Aldridge et al.[9]

showed that short-wavelength (dispersive) near-infrared spec-
troscopy is a viable technique for the online monitoring of
methyl methacrylate conversion in bulk polymerization. An-
other example of a (dispersive) process NIR spectrophotometer
interface directly to a reactor is shown by Monfre and cowork-
ers for the production of polyurethanes.[10] Fourier transform
near-infrared spectroscopy (FT-NIR) for the real-time monitoring
of radical solution polymerizations and copolymerization has
been widely investigated.[11,12] As an example, Haddleton and
coworkers used FT-NIR spectroscopy to monitor monomer con-
version during copper-mediated living radical polymerization of
a range of monomers with N-(n-propyl)-2-pyridylmethanimine
as ligand.[13] Puskas et al. used Fourier transform mid-infrared
(FT-MIR) spectrometers for the continuous monitoring of the
carbocationic living polymerization of isobutylene and styrene
in solution.[14–16] Monitoring of metathesis polymerization reac-
tions by in situ FT-MIR spectroscopy was utilized by Weiss and
coworkers.[17] In situ attenuated total refection Fourier trans-
form infrared (ATR-FTIR) spectroscopy was also employed to
study the kinetics of carbocation- and ring-opening-polymeri-
zation processes as well as metallocene-catalyzed copolymeri-
zations, polycondensations, and post-polymerization modifica-
tions (Figure 1).[18–20]

Figure 1. Decrease in absorbance at 1635 cm–1 and FTIR waterfall profiles
showing the disappearance of the 1640–1620 cm–1 vibrations upon mono-
mer conversion, corresponding to the vinyl bond of the acrylate monomer,
upon the photoinduced SUMI reaction. The figure was reproduced with per-
mission from ref.[24] ©2014 American Chemical Society.

Near-infrared reflection spectroscopy was utilized by Lucht
and coworkers to determine the conversion in acrylate coatings
after UV photopolymerization as a method for process control
in UV curing.[21] The application of online FTIR spectroscopy
was also investigated by Destarac and coworkers[22] to study
the kinetics of precipitation polymerization of acrylic acid (AA)
in supercritical carbon dioxide (scCO2), and comparative studies
were performed in toluene for reference. For both solvents an
induction period was observed where only very little polymeri-
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Figure 2. ReactIR Flow Cell: A new analytical tool for continuous flow chemical processing for a fluorination reaction. The figure was reproduced with
permission from ref.[32] ©2010American Chemical Society.

zation takes place, followed by rapid onset to reach full conver-
sion within 70 minutes after the induction period. The use of
scCO2 enables the production of higher molecular weight
poly(AA) without any solvent residues. Online FTIR monitoring
is also employed in the synthesis of block copolymers. Zhang
and coworkers prepared thermal plastic poly(urethane-b-styr-
ene) copolymers by UV irradiation polymerization of styrene
where time–conversion plots were acquired by online FTIR
monitoring.[23] Junkers and coworkers employed online FTIR
spectroscopy to monitor monomer conversions in real-time
during photoinduced copper-mediated radical polymerization
(photoCMP) processes. In this way, so-called sequence-con-
trolled acrylate decablock copolymers were synthesized in a
time-efficient one-pot approach by monitoring conversion for
each polymer chain extension.[24] Monitoring photoCMP proc-
esses also lead to the development of methacrylate–acrylate
block copolymers and sequence-defined acrylate oligomers
(monodisperse oligomers via single-unit monomer inser-
tions).[25,26] FTIR techniques are also extensively utilized to mon-
itor block copolymer properties, self-assembly behavior, and
dissolution of symmetrical diblock copolymers.[27–30]

More interesting is the ability to utilize spectroscopic analysis
techniques online in a continuous flow process. The true poten-
tial of flow polymerization optimization unfolds only in combi-
nation with online monitoring tools.[31] Gaunt and coworkers
reported an inline ReactIR flow cell as a convenient analytical
tool for continuous flow chemical processing as shown in Fig-
ure 2, which enables efficient monitoring of reagent consump-
tion and product formation.[32,33] Baxendale and coworkers re-
cently reviewed the synthesis of active pharmaceutical ingredi-
ents using continuous flow chemistry where inline analysis
methods (UV and IR) are discussed.[34] FTIR online monitoring
is a very powerful technique due to its high sensitivity. Disad-
vantages are that spectra are often complex and that peak inte-
grations are not always straightforward due to peak overlap or
temperature effects. FTIR thus requires a good knowledge of
extinction coefficients and peak deconvolution, yet it is able to
deliver in-depth data almost instantly when analyzed with care.

2.2. Automated Continuous Online Monitoring of
Polymerization Reactions (ACOMP)

It is advantageous to combine a variety of techniques to obtain
a comprehensive overview of reactions. Within the realm of
polymerizations, the so-called ACOMP system is the most prom-
inent example.[35,36] ACOMP continuously withdraws and di-
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lutes samples from a reactor into a small stream of reactor fluid
that flows through a series of inline detectors mostly consisting
of a refractometer (RI), ultraviolet absorbance spectrometer
(UV), time-dependent static light scattering (TDSLS) apparatus,
and possibly also a viscometer to perform online monitoring of
the absolute weight-average molecular weight of the polymers.
Monomer conversions were comparatively measured by in situ
NIR and the ACOMP detection train and were in good agree-
ment.[37] ACOMP was employed only in batch and semi-batch
processes.[38,39] The ACOMP output signal is shown in Fig-
ure 3.[40,41] Employing the ACOMP system in industry is com-
pletely automated and integrates directly with the plant's dis-
tributed control system (DCS) for monitoring the analyzed data
output.[42]

Figure 3. Automatic continuous online monitoring of terpolymerization reac-
tions: raw data signals from a free-radical polymerization of methyl meth-
acrylate (MMA), butyl acrylate (BA), and styrene in butyl acetate at 66 °C. Of
the many ACOMP raw signals collected, only a subset is shown here; one UV
wavelength (from the full UV/Vis spectrum), one light scattering angle (from
seven), and the single RI and viscometer signals. The figure was reproduced
from ref.[40]

2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

In situ monitoring of polymerization reactions via nuclear mag-
netic resonance (NMR) spectroscopy is a routine analysis
when carried out directly in an NMR tube within a spectrome-
ter.[43–46] Quantitative online NMR spectroscopy coupled with
batch/semi-batch reactors was reviewed by Maiwald and co-
workers.[47] Next to classical proton NMR spectroscopy, 129Xe
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NMR spectroscopy was also employed to monitor styrene po-
lymerizations in miniemulsion.[48] Zakharov and coworkers in-
troduced in situ CT MAS NMR spectroscopy under continuous
flow conditions to monitor the dynamics of propene polymeri-
zation over a supported Ziegler catalyst.[49] Landis and cowork-
ers investigated the kinetics of the catalyst polymerization of 1-
hexene by utilizing stopped-flow NMR spectroscopic measure-
ments.[50] Low-field or benchtop NMR spectroscopy is further
commonly used for continuous monitoring of chemical reac-
tions.[51,52] Guthausen and coworkers monitored the emulsion
polymerization of nBA in batch.[53] Multiple setups are reported
where NMR spectroscopy is coupled with a flow reactor to fol-
low the reactions in real-time. Duchateau and coworkers pre-
pared Grignard reagents under continuous flow conditions with
online NMR spectroscopy.[54] Cronin and coworkers[55] pre-
sented a platform for synthetic chemistry incorporating an in-
line benchtop NMR spectrometer that is capable of monitoring
and controlling reactions in real-time as shown in Figure 4.

Figure 4. Top: Scheme of the flow-NMR platform. Examples of 1H (red) and
13C (blue) NMR spectra acquired in flow. Bottom: Photograph of the entire
NMR spectroscopic setup (A) and a zoom-in of the reactor system on top of
the machine (B). The figure was reproduced with permission from ref.[55] un-
der a CC BY-NC 3.0 Unported license. Copyright 2015 The Authors. Published
by The Royal Society of Chemistry.

Ley and coworkers[56] recently reported a setup for the con-
tinuous processing and in situ reaction monitoring of hyperva-
lent iodine(III)-mediated cyclopropanation using benchtop NMR
spectroscopy as shown in Figure 5. Although not reported in
the literature yet, online monitoring of continuous flow polym-
erization reactions by means of the setups described above
holds very high potential.

In 2014, Pasch and coworkers carefully reviewed the progress
in online liquid chromatography–nuclear magnetic resonance
techniques for polymer analysis.[57] Although it's a fully offline

Figure 5. Flow-Evaporate-Analyze operation setup. The figure was reproduced from ref.[56] under a CC BY license (ACS AuthorChoice). ©2016 American Chemical
Society.
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analysis procedure rather than an automated polymer synthesis
process, the coupling of LC and NMR spectroscopy is one of the
most powerful techniques for the characterization of complex
mixtures.

3. Online Mass Spectrometric Monitoring
Next to spectroscopic methods, other techniques also offer sig-
nificant insights into the progress of a reaction. Mass spectrom-
etry plays an important role in this respect. For batch process-
ing several other analysis tools exist to study mechanisms of
radical, photochemical, electrochemical, and organometallic or
polymerization reactions.[41]

3.1. Mass Spectrometry

Monitoring of polymerizations by spectroscopic methods often
gives only limited information, as spectroscopy gives only lim-
ited access to information on macromolecular architecture and
end group chemistry. Mass spectrometry (MS) enables the de-
termination of specific product patterns, information on poly-
mer end groups and block copolymer composition. Coupling of
a mass spectrometer to a reaction vessel for the continuous
monitoring of reaction products is thus a common tech-
nique.[58,59] Simple online coupling of microreactor devices to
mass spectrometers was described by Santos.[60] In those cases,
a six-port switching valve with a sample loop, a mass rate
attenuator, or other automated sampling methods were applied
for sample transfer from the reactor outlet into the mass spec-
trometer.[61–63] The first continuous online mass spectrometric
coupling was performed by Heitbaum and coworkers.[64] Here
an electrochemical cell was coupled with a mass spectrometer
to monitor the electrooxidation of N,N-dimethylaniline, where
electrochemically generated products can be directly moni-
tored form solution and potential-dependent formation of
dimers and trimers is shown. Sam and coworkers introduced
the implementation of a low-volume mixing tee directly cou-
pled to the ionization probe of an electrospray mass spectrome-
ter.[65] A rapid reaction of ferric bleomycin (FeIIIBLM) with
iodosylbenzene (PhIO) was investigated by analysis of several
cleavage products of the drug. The intermediate reaction prod-
ucts observed suggested a new reaction pathway that does
not involve activated oxygen or hypervalent iron, but instead
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hypervalent iodine, IIII, as the reactive species. More examples
of similar setups exist in the literature, which involve the investi-
gation of reaction mechanisms, reactive intermediates, and
kinetics of chemical processes. Mostly the mixing tee is con-
nected to the ionization probe with a fused-silica capillary pro-
viding residence times from 0.7 to 28 s in a continuous flow
mode by varying the length of the transfer capillary.[66–72]

Continuous online MS monitoring of polymerization reac-
tions was first made available by Santos and Metzger. They in-
vestigated the mechanism of the homogeneously catalyzed
Ziegler–Natta polymerization of ethane and Brookhart polymer-
ization of alkenes in early stages of the polymerization.[73,74]

The setup utilized is comparable to those discussed above. Fig-
ure 6 shows a picture of the setup used by Santos and Metzger.
The reactants are mixed in a first micromixer, which serves as a
microreactor to initiate the polymerization reaction. The polym-
erization reaction occurred in the capillary transferring the re-
acting solution to the second micromixer, where it is quenched
with the ESI solvent and directly fed to the ESI nozzle. While
straightforward and simple in design, this approach only
enables limited screening of reaction (residence) times.

Figure 6. Microreactor coupled online to ESI source. In the first micromixer
(left) toluene solutions of the preformed catalyst [Cp2ZrCl2]/MAO
(1:1.2 equiv.) and of C2H4 were mixed continuously to initiate the polymeriza-
tion. The reaction occurred in the capillary transferring the reacting solution
to the second micromixer (right), where it is quenched with MeCN and fed
directly to the ESI source. The figure was reproduced from ref.[73]

A significant improvement is achieved when the micromixer
is replaced by a full flow microreactor that also contains a resi-
dence unit. In such a continuous flow reactor, virtually any
chemical reaction can be performed under a wide range of
reaction conditions. A few examples are known for the coupling
of a continuous flow reactor to a mass spectrometer through
automated sampling via a switching valve. Bourne and cowork-
ers reported an automated continuous reactor for the synthesis
of organic compounds which uses online mass spectrometry
for reaction monitoring and product quantification.[75] Ley and
coworkers developed a miniature electrospray ionization mass
spectrometer coupled to a preparative flow chemistry system
by making use of a switching valve in between.[76] With this
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setup it is possible to monitor intermediates and competing
reaction paths, screen starting materials and optimize reaction
conditions. Belder and coworkers recently introduced on chip
MS reaction monitoring in microfluidic devices.[77] This method
combines chemical reactions, electrochromatographic separa-
tion,andelectrosprayionizationinonesinglerapidprototypemicro-
fluidic device. Various microflow reactions were performed with
this setup, ranging from enzymatic conversion to organocata-
lytic Mannich transformations. In our own group, a versatile,
commercially available microreactor system was directly cou-
pled to a mass spectrometer without any automated sampling
in between. Previous work, where a direct coupling was em-
ployed, relied on reaction conditions under which the reactor
outlet could be directly used for MS analysis, thus requiring
extremely low reactant concentrations and limiting the choice
of solvents available for the reaction. These obstacles can be
conveniently overcome in such online ESI-MS microreactor cou-
pling setups by a strong dilution of the reactor flow mixture
using the backpressure regulator with suitably doped ESI sol-
vent mixtures followed by splitting the flow in a T-splitter to
meet the flow requirements of the probe.[3,4] The Passerini
three-component reaction (Passerini-3CR) was studied by this
setup to demonstrate the high-throughput-screening potential
of continuous microreactors for macromolecular design, more
specifically the synthesis of diblock copolymer conjugates.[78]

The same technique was used to study the kinetics of reversible
addition fragmentation chain transfer polymerization of n-butyl
acrylate. By adjustment of flow rates in the reactor, time-sweep
experiments can be carried out to monitor a full polymerization
over time in a single experiment.[79] A schematic representation
of the setup is shown in Figure 7.

Figure 7. Schematic representation of the online microreactor ESI-MS cou-
pling. The figure was reproduced from ref.[79]

4. Size Exclusion Chromatography

Online size exclusion chromatography (SEC) monitoring to de-
termine average molecular weights and product distributions
constitutes an ideal tool for tracing polymerization reactions.
While mass spectrometry and spectroscopy is able to give quali-
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tative information of chain sizes, their capability to accurately
determine molecular weight – not to mention weight distribu-
tions – is severely limited. SEC is the standard technique to
carry out reliable determinations on molecular weight. Haddle-
ton and coworkers introduced online rapid gel permeation
chromatography (GPC) to monitor polymerization reactions.
The setup of the system for rapid GPC analysis is schematically
shown in Figure 8. Analysis time is a crucial parameter as SEC
typically proceeds over 20–40 min, and a higher time resolution
is required for meaningful online analysis. Polymerizations are
performed in batch (1), samples withdrawn from the reactor are
diluted with GPC solvent (2) to reach appropriate concentra-
tions for analysis, driven by HPLC pumps (3). The solution is
sent to the injection loop of a GPC (4), where a sample gets
injected in a fixed time interval. The samples are detected by
inline detectors (5). Excess reaction solution from the injection
loop and column is sent to waste (6).

Figure 8. Setup of the online rapid GPC instrumentation. With (1) reactor, (2)
solvent, (3) HPLC pumps, (4) injection loop, (5) detectors, and (6) waste. The
figure was reproduced from ref.[80] with kind permission of The Royal Society
of Chemistry.

In 2010 Haddleton and coworkers employed the online rapid
GPC setup, combined with in situ FT-NIR spectroscopy, for the
monitoring of single-electron-transfer living radical polymeriza-
tion (SET-LRP) kinetics of methyl acrylate in DMSO mediated by
copper wire.[80] Monitoring MA polymerization by SET-LRP on-
line revealed the presence of a period of slow rate at the start
of the polymerization reaction that could be removed with ad-
dition of a small quantity of CuBr or CuBr2. In addition, control
over the molecular weight of the polymer can be lost if an
excessive amount of copper wire is used. With use of special-
ized high-speed columns, data points could be obtained every
4 minutes. In 2011 Haddleton and coworkers reported SET-LRP
reactions in toluene and xylene with either phenol or an alcohol
as an additive to facilitate the reaction. Conversions and disper-
sity values were monitored online by using rapid GPC, as dis-
cussed previously (see Figure 8).[81] The results of this study
showed that, by using additives, polymerizations may be per-
formed in toluene or xylene to promote the disproportionation
of CuI without precipitation of the polymer. Figure 9 shows the
traces obtained from online rapid GPC analysis with a 3 minute
runtime.

In contrast with the online GPC monitoring of batch polym-
erizations previously discussed, Hadziioannou and coworkers
reported the development of a new method for online charac-
terization of polymers termed “continuous online rapid size-
exclusion chromatography monitoring of polymerizations”
(CORSEMP), which consists of automated sampling, dilutions,
and injections (every 12 minutes) of polymers synthesized in a
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Figure 9. Evolution of molecular weight distribution from rapid GPC for the
SET-LRP of MA in toluene in the presence of phenol and Cu0 wire/Me6TREN
catalyzed. The figure was reproduced from ref.[80] with kind permission of
The Royal Society of Chemistry.

continuous flow setup.[82] A schematic representation of the
setup is shown in Figure 10. Nitroxide-mediated polymerization
(NMP) and copolymerization of butyl acrylate and styrene were
evaluated and carried out in tubular reactors. Multiple-detec-
tion GPC enables the characterization of linear and branched
polymers by combining concentration- and mass-sensitive de-
tection methods.

Figure 10. Representation of the CORSEMP setup. The figure was reproduced
from ref.[82]

In a second contribution from Hadziioannou and coworkers,
a continuous flow polymerization microprocess was introduced
with both online GPC and inline polymer recovery by nanopre-
cipitation.[83] The corresponding setup is described in Figure 11.
In this work, polymer nanoparticles of linear and branched
polymethacrylates were synthesized. The process can be di-
vided in three main parts: (a) polymer synthesis, (b) polymer
characterization and (c) polymer recovery.

As a last example, high-throughput investigations of polym-
erization kinetics by automated GPC and GC monitoring was
introduced by Schubert and coworkers.[84] The limitations and
feasibility of the high-throughput workflow was evaluated by
measuring polystyrene standards, and results were compared
with traditional offline GPC and GC characterization. Further-
more, the kinetics of the cationic ring-opening polymerization
of 2-ethyl-2-oxazoline was determined by both online and off-
line GC analysis. A schematic representation of the setup is
shown in Figure 12. Since a parallel reactor was used in this
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Figure 11. Representation of the continuous flow polymerization microproc-
ess. The figure was reproduced from ref.[83]

work, this is a good example for a type of automated monitor-
ing of reactions. While such a method does not, in principle,
allow a feedback to the reaction itself, it is a very good tool for
kinetic and mechanistic screening.

Figure 12. Schematic representation of the online GPC (top) and GC (bottom)
characterization method. The figure was reproduced from ref.[84]

5. Other Online Monitoring Techniques
Automated viscometry measurements can be useful for moni-
toring the evolution of polymerization reactions and are widely
used as an indirect measurement of average molecular weights
of polymer solutions.[85,86] By measuring intrinsic viscosities of
polymer solutions, the average molecular weight of the poly-
mers can be predicted if Mark–Houwink parameters are known
for a specific solvent/polymer system. As an example, Pinto and
coworkers developed an online viscometry method for moni-
toring and control of weight-average molecular weight (Mw) in
solution polymerizations.[87] Peroxide-initiated solution polym-
erizations of styrene were monitored in a tubular flow reactor
by withdrawing samples at fixed sampling times (1800 s), di-
luted with toluene, and fed into a capillary viscometer. They
showed that, by sampling polymer solutions with online vis-
cometry and independent evaluation of monomer conversion,
it is possible to accurately monitor Mw during the course of
solution polymerizations. In another example, Dvornic reported
a viscometry method for monitoring the progress of condensa-
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tion polymerization reactions.[88] In this method, the reaction
mixture capillary flow time was monitored as a function of mo-
lar ratio of the reacting monomers in a solution polymerization
reaction. The results indicated that the increase in reaction mix-
ture capillary flow time accurately reflected the increase in mo-
lecular weight during the course of the polymerization.

Online monitoring of monomer concentrations in (semi-
)batch emulsion polymerization reactors by ion mobility spec-
trometry was introduced by Baumbach and coworkers.[89]

A hyphenated polymer analysis method consisting of field-
flow fractionation coupled online with small-angle X-ray scatter-
ing (SAXS) and dynamic light scattering (DLS) was reported by
Weidner and coworkers.[90] Complete polymer separation and
analysis were performed within 60 minutes. As a model system,
poly(styrene sulfonate)s with different molar masses were used.

Chang and coworker developed a technique that combines
a continuous flow system and an electron spin resonance time-
sweep experiment.[91] Batch emulsion free-radical polymeriza-
tions of methyl methacrylate (MMA) were monitored in real-
time to study the effect of varying latex particle size on polym-
erization kinetics.

6. Conclusions

A broad variety of automatable characterization methods for
the monitoring of polymerization reactions is available. A broad
spectrum of parameters can be assessed, and also polymer-
specific information such as molecular weight distributions and
polymer end group information can be gathered. Future chal-
lenges lie in a further integration of techniques, especially in
the realm of flow chemistry. Flow techniques are inherently
most suited to be monitored by inline and online characteriza-
tion methods. With the exception of the ACOMP system, which
is very focused on industrial polymerization processes, no sys-
tem has been developed yet that would give a direct feedback
to process control and hence enable a fully automated synthe-
sis routine. Clearly, by combination of several online monitoring
techniques (selected on the basis of the specific type of reac-
tion) with computerized feedback and reactor control, a signifi-
cant acceleration of research in synthetic fields can be ex-
pected. At the same time, full remote control becomes avail-
able, which makes it possible to embed reactors fully into the
IT infrastructure and hence makes reactors fit for the needs of
industry 4.0. Reactors that not only monitor the progress of a
polymerization, but also self-optimize their processes to yield
materials with defined composition, chain length, and chemical
functionality are within reach. As a further consequence, such
automation gives rise to facile multistep synthesis, as in a reac-
tor series the outcome of each individual stage (including its
optimization in case the outcome doesn't meet the standards)
must be assessable during operation.
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