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Gel Permeation Chromatography (GPC) is well established as the gold standard for routine molecular
weight analysis of polymers giving both mass and mass dispersity information. Online-GPC has the
potential to be especially effective when used to monitor the progression of reactions conducted in both
batch and flow, within a single synthetic/analysis platform. However, use of this technique has often been
limited to custom built systems which can be difficult to reproduce and to use. In this work we present a
guide to easily modifying commercially available high pressure liquid chromatography (HPLC)/GPC equip-
ment, to facilitate their application as flow chemistry platforms with integrated online chromatography
using commercial software for both instrument control and automatic analysis of multiple GPC traces. We
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demonstrate this approach as an entry point to conducting simple polymerization techniques using both
batch and flow reactions with incorporated automated online monitoring. The work outlined should
enable wider adoption of techniques such as online-GPC for real-time monitoring of polymerization
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Introduction

Accurate and reliable determination of the polymer molecular
weight and molecular weight distribution is a key step in char-
acterizing the product from a polymerisation reaction. Whilst
techniques such as nuclear magnetic resonance (NMR)' ™ are
capable of producing molecular mass values from diffusion
ordered spectroscopy (DOSY) measurements, for example, and
other techniques such as viscometry, mass spectrometry, static
light scattering (SLS), etc. provide accurate molecular mass
values, these techniques often offer lower versatility and acces-
sibility and do not always yield values for mass dispersity.* In
their recent work Liarou et al. have shown how in certain
instances both mass and P values can be attained through
advanced electron microscopy, however, it is noted that this
technique does not readily lend itself to in-flow analysis.”
Thus, GPC remains the routine technique for polymer mass
and dispersity determination of choice in most polymer syn-
thesis laboratories and quite often as a quality control
measure in commercial polymerisation. GPC can be compati-
ble with most solvents and can be performed at ambient and
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reactions which in turn leads to real time data available for both reaction process and product control.

elevated temperatures using appropriate columns and cali-
brants suited to most modern applications and polymer types.
Minimal sample preparation is required, and relatively reliable
results can be achieved through well-calibrated and well-main-
tained instruments. There are relatively fast acquisition times
typically between 15 and 45 minutes allowing for acceptable
high sample throughput depending on the number and nature
of the columns chosen for separation.

Whilst commonplace as an offline tool, there is a lack of avail-
ability and use of GPC for online reaction monitoring. Junkers,®®
Warren” "' and others'> have previously demonstrated the
concept of online GPC,"* however, in these instances their experi-
mental set up frequently makes use of heavily modified, custo-
mized or legacy equipment that is often not trivial to replicate
and is often built upon customized, but open source, software.
Additionally, with few, if any, commercial solutions available, the
widespread adoption of online GPC has been minimal.

The use of flow chemistry in polymer synthesis is not that
well studied despite many commercial polymerizations being
conducted in flow and it is seldom seen in undergraduate
courses.”* ™ In recent years there has been an increasing
amount of work demonstrating capabilities of flow chemistry
for polymer synthesis showing high throughput screening,'?
kinetic studies’” and the foundations of chemical machine
learning,”'® spanning many polymerization techniques."®*

Flow chemistry presents several barriers of entry to
researchers unfamiliar with the field who are usually more
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used to carrying out reactions in batch mode in round bottom
flasks or Schlenk tubes, etc. “Specialized” flow equipment,
while effective, can come with a significant capital cost to
entry and potentially lack key features, such as the ability to
pre-program experimental conditions or queue a series of
experiments. All-in-one solutions offered by some commercial
suppliers can work well for established chemical processes,
typically with simple maintenance and cleaning procedures,
but can function poorly when required to perform procedures
more complex than simple steady-state reactions.

More basic flow solutions, such as standalone syringe
pumps connected to tubing have been used and have pre-
viously shown good efficacy in dosing precise volumes of
reagents.”*>® However, syringe pumps can swiftly encounter
limitations when conducting polymerizations, often due to exo-
therms, increased pressure or the increase in viscosity of reac-
tion solutions especially at higher concentrations as molecular
weight increases. This is due to the relatively poor ability of
syringe pumps to dispense solution against a back pressure.””
Larger and more complex flow equipment is available commer-
cially but these are often aimed at pilot-scale laboratories and
come at a significant cost and infrastructure requirements.

The use of customized platforms can offer significant
advantages, allowing for high degrees of specialization, precise
control over commercial devices and often with relatively low
start-up costs. However, this approach limits the widescale
adoption of flow chemistry in polymer science and requires sig-
nificant specialized knowledge of computer programming and
device control to construct workable systems suitable for com-
plete automation. High pressure liquid chromatography
(HPLC) is ubiquitous in chemistry research facilities, with a
high proportion of researchers having access to and experience
of using such devices. These devices produce high pressure
flow with highly accurate and reliable flow rates, and the ability
to efficiently mix two or more reaction streams at high pressure
and are thus ideal for facilitating flow chemistry reactions.

Online GPC using “off-the-shelf”
HPLC hardware

Online chromatography requires four core devices: (1) A dual-
piston HPLC pump, (2) a sampling valve, (3) a separation
column and (4) a detector. In this work, “Agilent 1260 infinity
2” HPLC components with modifications carried out in the
manner described below were used. This approach should be
possible on any HPLC system from any manufacturer, where a
6-port, 2-position switching valve in the auto sampler is acces-
sible, and the required detectors and analysis software are
available.

Additional modules, such as column ovens and secondary
detectors, were employed in the same configurations as their
offline equivalents, Fig. 1. The autosampler, used for sample
injection into the online GPC, was the only module requiring
any intrinsic modification, that being the re-configuration of the
6-port, 2-position switching valve to the configuration described
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in Fig. 2. During regular operation of the device, the eluent flow
is carried by the pump to port-1, through the valve to port-2, the
flow is subsequently channeled to port-5 through a predefined
volume sample coil and finally returns through the valve to port-
6 where it proceeds to the column. Port-3 hosts the sample inlet
line, with port-4 the sample outlet line.

Within this configuration sample injection is achieved via
two switches of the valve: the first switch, position A to B, the
eluent flow from port-1 to port-6. While the sample inlet is
passed from port-3 to port-2, through the sample coil to port-
5, then out from port-4. The volume of sample within the
sample coil is then injected on to the second switch and then
returned to position A. The actual volume of sample present
within the sample coil is determined by the flow rate of the
sample, the volume of the sample coil and the delay between
valve switches. In this work a fixed delay of 90 seconds was
used, and the volume of the sample coil was chosen according
to the lowest flow rate used during an experiment.

The pumps, column ovens and detectors were not modi-
fied, allowing the use of Agilent OpenLabs software to control
and run the GPC/SEC hardware and to carry out the data ana-
lysis, whilst simultaneously running experimental methods on
a second instance of the software.

Agilent OpenLabs software further allows for centralized
control over a significant amount of both modern and legacy
equipment, such that the operator can rapidly modify the
experimental set up without the need for advanced coding
knowledge using the in-built sub routines. Experiments were
conducted in OpenLabs by creating “methods” for each set of
experimental conditions and for each set of analytical pro-
cedures, with each method set being run in sequence. It is
important to note that interestingly OpenLabs absolutely
requires the physical presence of autosampler, pump and
detector modules in order to run a method, whether or not
those devices are used in the experiment/analysis.

The flexibility of OpenLabs and the trivial hardware modifi-
cation allows for the return of the device to offline analysis
modes without requiring extensive work, thus facilitating
regular re-calibration, maintenance and use of the device to
monitor batch processes in real time as well as flow processes.
This also means that researchers who want to gain the benefits
of online monitoring of flow analysis but who may lack the
budget or prior experience can gain access to the techniques
with little financial or capital risk. It is noted that all HPLC
systems that are modified in this manner are not “locked into”
this role and can rapidly be returned to use as traditional
HPLC/GPC systems.

The appropriate choice of pump is essential for efficiently
conducting reactions in flow and whilst not the truly optimal
solution, the dual piston pumps found in most HPLC/LC
systems provide a low pulsation and steady flow profile over a
large range of flow rates and are usually highly chemically
compatible, usually making them an excellent choice for flow
chemistry. In this work all pumps used were Agilent binary
pumps, fitted with sapphire pistons and PTFE piston seals.
The choice of binary pumps (two pump units per device) vs.

This journal is © The Royal Society of Chemistry 2025
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System 1- Reaction control
System 2- Online GPC

Solumn

Binary Pump Oil Bath Binary Pump
] |

Fig. 1 Schematic view of the flow reactor coupled to the online GPC. System 1 is a self-contained HPLC system consisting of two binary pumps, an
autosampler and a UV detector. System 2 forms the online GPC, consisting of a binary HPLC pump, an autosampler, column oven fitted with variable
wavelength UV (VWD), fluorescence (FLD) and differential refractive index (DRI) detectors.

Eluent in To Column Eluent in To Column

Reagent in Reagent out Reagent in Reagent out

Position A Position B

Fig. 2 6-Port, 2-position valve configuration for the online GPC/SEC.
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isocratic or quaternary pumps was to enable the highest level
of control over reagent and eluent streams for the lowest mon-
etary cost.

GPC detectors, column selection and
calibration

GPC, reduced to its simplest form, requires a stable isocratic
pump, a switching valve, a column, and a detector. There are a
range of detectors commonly used for GPC, refractive index
detection (RID) is by far the most common with viscometers,
UV and light scattering also being prevalent in offline analysis.

Arguably the simplest method for conducting GPC is to use
a single RID following the column(s) using a calibration curve
that relates retention time/volume eluted to mass derived from
a set of narrow disperse polymers used as calibration stan-
dards of appropriate polymers sourced from a range of suppli-
ers. Column selection in GPC is non-trivial and can strongly
influence the quality of the data produced. In offline GPC, typi-
cally either a single or double column arrangement is
employed in series, along with a “guard” column which can
help to extend the life of the chromatographic columns by pro-
tecting the analytical columns from any material which may
damage the stationary phase or impede the flow. Analysis is
usually carried out at a pumping rate of 1 mL min™" which
then equates time in minutes to elution volume. Many
different column set ups are commercially available and are
typically categorized into either general use columns or high
throughput columns. For use in online GPC, a balance must
be struck between sampling rate and column resolution.

High throughput columns, such as the Agilent “Rapide”
have been especially formulated for rapid GPC analysis and
have frequently been used in online monitoring solutions.
These are designed to operate under high pressure with high
flow rates, providing useful for polymerization reactions with
high rates of reaction, or in cases where high temporal resolu-
tion, every 3-10 minutes, is required (Fig. 3). A potential down-
side of these columns is often a reduced resolution due to the
presence of fewer theoretical plates. This hinders the accuracy
of the analytical technique and thus limits its validity for use
in producing large data sets.

The inverse of these are the “general purpose” columns com-
monly used in offline analysis. These columns are formulated
to provide a range of separating powers with differing mass
elution cut offs. Columns can be selected to provide separation
in ranges 500-50 000 g mol™" to 500-40 000 000 g mol™* for
example. The rate of data acquisition is lower using a “general
purpose” column compared to a high throughput column,
however, the benefit from this is a dramatic increase in the
theoretical plates and hence the accuracy of the data.

This can be demonstrated when the calibration sets from
each column are compared (Fig. 3). This illustrates the trade-
off between temporal resolution and mass resolution through
the value of the gradient of the fit derived from the calibration
standards. The Rapide calibrations show a shallower gradient
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Fig. 3 Overlayed calibration samples using a Rapide M at 1 and 2 mL

min and Agilent mixed E and D columns at a pumping speed = 1 mL

min~t.

than those from the mixed D and E columns, indicating a
poorer ability to separate polymers of similar masses.

Ultimately, the choice of these columns comes down to the
specific reaction being undertaken, the largest mass likely to be
produced and personal preference of the operator. In our experi-
ence a single mixed E or D column fitted with an appropriate
guard column gave excellent separation with a monitoring inter-
val of 15 minutes which we considered satisfactory for a wide
variety of applications (Fig. 3). Unless otherwise stated this work
was conducted using a single Agilent PLgel 5 pm Mixed D
column providing an adequate resolution range, between 500
and 400 000 Daltons, whilst keeping the individual GPC method
<15 minutes. The online GPC/SEC was calibrated using a con-
ventional PMMA EasiVial RWB calibration set.

A further aspect worth noting is sample filtration prior to
GPC injection. While it is common practice to filter GPC
samples to remove particles that could potentially cause
column damage we decided against adding an inline filter.
There is no intrinsic need to filter samples, provided that all
reagents are completely dissolved in the reaction mixture and
that no insoluble material is present that could block the
pores of the GPC column in any case it would not be possible
for particulates to pass through the columns and reach the
detector to influence the data. We chose reactions that we
thought would reduce any precipitation but note that an inline
filter could be fitted between the sample injection port and
the guard column if it was considered important.

Flow reactors and residence time
distributions

Currently, when carrying out flow chemistry, a large array of
different flow reactors are available, such as continuous stirred
tank reactors (CSTRs), packed-bed reactors, simple tubular

This journal is © The Royal Society of Chemistry 2025
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reactors, complex static and active mixing tubular reactors and
chip reactors.”® The choice of reactor exerts a significant influ-
ence on the reaction and in turn the reaction can dictate the
reactor that should be used, as thermal and mass transport
within the reactor can be greatly affected by the internal geo-
metry of the reactor. Simple tubular reactors are the most com-
monly used, as they are easy to produce, inexpensive and prove
efficient for many thermal and photochemically induced
reactions.

Tubular reactors can be produced simply by cutting a tube
of known internal diameter to a specific length, yielding a
desired internal volume and subsequently attaching appropri-
ate connectors to each end to fit into the reagent flow.
Alternatively, pre-cut and finished tubing is commercially
available in many different materials, shapes and forms.
Commercially available tubular reactors often come in the
form of volume-defined sample loops which are often
designed for both analytical and preparative HPLC and can
usually be acquired inexpensively at most required volumes
and thus retention times/reaction times.

Material selection is of importance in considering reac-
tions; polytetrafluoroethylene (PTFE), perfluoroalkoxy alkane
(PFA) and stainless steel are the most widely available
materials options for the wetted components such as reactors
and fluid lines. Stainless steel is very versatile, having the
highest internal pressure capacity and further being imperme-
able to both oxygen and moisture and able to withstand high
pressures. PFA can be a less expensive alternative to stainless
steel, coming at the cost of lower pressure capacity but this
can allow for unwanted O, permeation into the flowing reac-

Reactor

Autosampler

Pump

Reactor

View Article Online
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tion solution. Engineering polymers such as PEEK are also
available, indeed any material that is resistant to the solvents
and reagents used and is impermeable to ingress of water and
air can be used if required.

In all flow reactions it is essential to characterize and report
the residence time distribution (RTD) of the reactor at the flow
rate used in the experiment. This allows for replication of the
reaction conditions and understanding of the distribution of
reaction times within the steady state conditions. Acquiring an
RTD is best achieved in the form of a pulsed injection, and
can even be accomplished during an experimental pro-
cedure.*® Using modified HPLCs, the pulse injection is accom-
plished by establishing a steady-state flow regime, injecting a
tracer into the reactor, and measuring the output using a
detector.

To obtain the RTD for the reactors used in this work, a
single dual piston pump, autosampler, and RID detector were
employed (Fig. 4). RTDs were collected for the specific con-
ditions used for each reactor, with the carrier solvent being
pumped at the desired reaction flow rate. For each flow rate a
sample of 100 pL of toluene was injected using the autosam-
pler and inserted into the flow line. For conducting RTDs the
autosampler was used in its original configuration, and the
sample injected from a vial. For the 10 mL reactor used herein,
a set of RTDs were measured using a range of flow rates from
0.125 mL min~* to 2 mL min~" (Fig. 5). As would be expected,
the average residence time is equal to the volume of the
reactor divided by the flow rate. Deviation from this simple
formula is also useful in showing problems from poorly cali-
brated pumps or from poorly maintained reactor units.

Detector

Fig. 4 Experimental set up for conducting an RTD using HPLC equipment.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Raw RTD traces of toluene in a 10 mL reactor at flow rates 2 mL

min~t to 0.125 mL min~™.

The RTDs show symmetrical Gaussian peaks caused by the
tracer traveling through the reactor and passing into the detec-
tor volume (Fig. 5). These RTD traces can be normalized to the
average residence time to enable comparisons between the
width of the distributions (Fig. 6). In this case the distribution
widened at larger flow rates, likely due to a more pronounced
parabolic flow profile.

A larger relative deviation at higher flow rates is generally
expected, however, the detector reading can often appear to
show the inverse, due to the higher flow rate causing the time
taken for the distribution to elute to be lower and thus
produce a lower absolute deviation. From these RTDs valuable
insights can be obtained such as the average residence time

1.0 —0.125 mL/min
——0.25 mLmin
—— 0.5 mL/min
0.8 - ——— 1 mL/min
2 mL/min

0.6

0.4 -

Normalised Detector response

0.0

0.0 075 170 1.5 2.0
Normalised Retention Time (Mins)

Fig. 6 Normalized RTD traces of toluene in a 10 mL reactor at flow

rates 2 mL min~* to 0.125 mL min ~*.
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Fig. 7 Visualisation of different mass transport regimes described by
the Peclet number.

and Péclet number (P, eqn (3)). The P, is a measure of the
mixing within a flowing media, describing the relationship
between advective transport (through the tube) and the
diffusive transport (axial movement across the tube), Fig. 7.

__advective transportrate  Lu

= (1)

"~ difusive transportrate D

e

where P, = Peclet number, L = reactor characteristic length, u =
local flow velocity and D = mass diffusion coefficient.

These factors allow for a comparison to be made between
different reactors and reaction set-ups. The axial dispersion
model was used for fitting the E(¢) based on eqn (2).*° Non-
linear least squares analysis was performed to obtain vales for
7, and P.. Obtaining these values has been covered in previous
publications,®* in this present case we developed both
Python and MATLAB scripts for this purpose, both of which
can be found in ESIT in addition to exemplars of the relevant

fitted data.
. P. [—(1—4@2&]
B(O) =\ e (2)

where P. = Peclet number, 0 :;‘r

dence time of the reactor (Table 1).
For this reactor a clear trend emerges with the P, increasing
as flow rate decreases, this is as expected and is caused by the

and 7, is the average resi-

Table 1 P, and 7, of a 10 mL tubular reactor at flow rates of 0.125 to
2 mL min~?

Reactor Flow rate (mL  Average residence Peclet
volume (mL) min™?) time (mins) number
10 2 5.27 94

10 1 10.4 129
10 0.5 20.7 137
10 0.25 41.1 194
10 0.125 81.7 370
20 2 10.4 192
20 1 21 290
20 0.5 41 306
20 0.25 83 421
20 0.125 166 821

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Visualization of the parabolic flow profiles of a fluid system at different Peclet values.

decrease of the parabolic velocity of the regime as the flow rate
decreases (Fig. 8). This supports the qualitative assessment
from the normalized RTD traces. One key observation of this
dataset is the very different mixing regimes within separate
reactors when 7, are similar. For example, when the average
residence time (z;) = 20 minutes for both the 10 mL and 20 mL
reactors, we see an increase of Péclet number by a factor of 2
indicating increased mixing. This study of residence times and
Péclet number can be instrumental in deciding which flow
regime best suits the specific chemistry of interest when per-
forming a chemical transformation in continuous flow.

Golumn

It must be noted that these tracers typically do not perfectly
reflect the polymerization regime, as a single monodisperse
small molecule has been used in lieu of a polymer with a rela-
tively broad molecular mass distribution By definition in a
polymer there are often many hundreds if not thousands of
individual discrete molecules as quantified by the dispersity,
which also confer increases in viscosity due to increase in
hydrodynamic volume. This approach does, however, give a
straightforward approach to directly compare reactor and flow
rate conditions, and give the chemist greater insight into the
fluid dynamics within their reaction volume.

Column Detector
Switching
valve
GPC Reaction
Pump Vessel
Circulating
Pump

Fig. 9 Batch polymerization monitoring of a RAFT polymerization of MA moderated with PABTC initiated with AIBN.

This journal is © The Royal Society of Chemistry 2025
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Online and real time monitoring of
batch reactions

Chemical transformations are most often carried out in batch
processes in flasks or stirred tank reactors in both laboratories
and on larger scale industrial processes. It is common for
kinetic studies to be conducted in this way, with aliquots taken
at defined intervals and interrogated offline by appropriate
analysis. This approach is valuable and relatively simple to
accomplish for reactions that occur in a reasonable time frame
of typically up to a few hours.

To accomplish batch reaction monitoring using HPLC
equipment, an Agilent binary pump, autosampler, RID and
FLD were employed as part of the online GPC system. A binary
pump is essential as one pump is required for supplying the
eluent, and a second for circulating the reaction mixture
(Fig. 9). An “OpenLabs” method was written for this experi-

View Article Online

Polymer Chemistry

mental set-up, setting each pump to 1 mL min~" and collect-
ing data from the RID for analysis.

RAFT polymerization of methyl acrylate (MA) was carried
out using 2-(butylthiocarbonothioylthio)propanoic  acid
(PABTC) as the RAFT agent and AIBN as initiator in 1,4-
dioxane as solvent, in a single necked round bottom flask. The
mixture was heated to 70 °C and circulated through the switch-
ing valve by the dual-piston HPLC pump at 1 ml min~". The
total volume of the circulating loop including the sample loop
within the valve was 0.5 mL, corresponding to a circulation
time of 30 seconds. It is noted that this methodology could be
employed with any traditional batch experiment at any scale.

Throughout the course of the reaction, samples for GPC
were taken from the sample loop every 15 minutes for
20 hours giving a total of 80 chromatograms throughout the
reaction. It is important to note with this setup that during the
injection process 20 pL of eluent is added to the circulating
reaction mixture. In this case the eluent was THF and the reac-

10 4 solvent
0.8 - polymer
: 06
— R
&
wv
4
S
g
o 0.4 -
o
0.2 -
RAFT Agent
0.0 1
5 6 7 8 9 10 1 12 13
Retention time (Mins)
— 15 mins 105 mins 195 mins 285 mins ~— 375 mins
~ 30 mins 120 mins 210 mins 300 mins ~ 390 mins
— 45 mins 135 mins 225 mins 315 mins 405 mins
~— 60 mins 150 mins 240 mins 330 mins 420 mins
—— 75 mins 165 mins 255 mins 345 mins —— 435 mins
90 mins 180 mins 270 mins 360 mins

Fig. 10 Overlayed normalized GPC traces from RAFT polymerization of MA moderated with PABTC and initiated with AIBN at 70 °C ranging from

initiation to T = 20 hours at intervals of 15 minutes.
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tion solvent 1,4-dioxane and no adverse effects were noted on
the product formed. However, additional care must be taken if
this approach is used for techniques that require anhydrous
conditions or are sensitive to minor changes in the solvent
make up. The effect of dilution is minimal in this experiment,
with only 1.6 mL of eluent added to the reaction over the
period of 20 hours, this does not affect the overall volume of
the reaction as an equal amount of solution is removed as is
replaced.

The overlayed GPC chromatograms (Fig. 10) demonstrate an
increasing mass over reaction time (Fig. 11) and a corres-
ponding increase in peak area which directly correlates with
monomer conversion (monomer conversion % = 100 -
polymer % produced) as this is the total amount of light
refracted from the polymer as the DRI is a true concentration
detector of the repeat unit in the polymer. This level of tem-
poral resolution is high for polymer reaction monitoring, even
though the column with longest acquisition time of those
tested were used. Additional monitoring demonstrates that
this level of detail is trivial to acquire with the modified HPLC
set up, and experiments can be run multiple times per day or
for multiple days without issue.

A feature of note in these GPC chromatograms is the large
solvent/monomer peak at between 11 and 12.2 minutes. As
samples are taken directly from the reaction mixture without
dilution, this large peak is inevitable but largely irrelevant due
to the nature of the GPC separating the analyte by size in solu-
tion. When the reaction produces low molecular weight MMA
dimers and trimers (approximately 200 and 300 g mol™*) pro-
duced through CCTP (Fig. 16) as discussed later, the solvent
peak does not interfere with effective polymer analysis however
care needs to be taken when looking at relatively low molecular
weights. Another interesting feature of these traces is the small
peak eluting at approximately 10.3 minutes. This signal has
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Fig. 11 Online GPC molecular weights, M,, (red) and M,, (blue), for the
batch monitoring of the RAFT polymerisation of MA moderated with
PABTC and initiated with AIBN ranging from initiation to T = 20 hours.
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been attributed to the PABTC RAFT agent, a more detailed plot
showing this RAFT agent decay can be found in the ESL{ The
peak can be seen to decrease as the RAFT agent is consumed
and is fully consumed by T = 45 min. From these traces, both
M, and M,, can be obtained to show the evolution of the mole-
cular weight over time (Fig. 11). These spectra were then pro-
cessed using a custom GPC-analysis Python program to obtain
molecular weight distribution (dispersity) values. In this case a
PMMA calibration was used, and the entire elution volumes
(5-9.8 minutes) integrated. This range was chosen to exclude
the possibility of misrepresenting the data if any large species
had been produced. The cut-off of 9.8 minutes was chosen to
minimize the overlap with the peak caused by the RAFT agent.
For the 1 and 2™ data point only very low molecular weight
species had been produced with significant overlap form the
RAFT agent, therefore the calculations were manually con-
ducted with a forced integration region of 9.0 to 9.8 min.

The absolute concentration of the polymer is also obtained
directly from the area of the polymer peak from the DRI detec-
tor (Fig. 12). This is set by using the detector constant of the
RI and obtained using eqn (3).

[Polymer]

peak area 3)

N injection volume x detector contstant x (g—g)

This also allows for percentage monomer conversion calcu-
lations by comparison to the theoretical maximum concen-
tration of each reaction. From experimentally determined con-
centration the rate of reaction can be determined by fitting
appropriate models to these data sets. A 1° order fit of the con-
version data (Fig. 12) gives a rate constant of kops = 0.0037 57"
with an error of 8.7 x 107° s™!, R* = 0.9998 in this case, over
the first 60% monomer conversion.>® The first order rate plot
(Fig. 12) shows significant termination at just over
500 minutes (conversion is approximately 70% at this point)
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Fig. 12 Concentration of PMA in solution for the batch monitoring of
the RAFT polymerisation of MA moderated with PABTC initiated with
AIBN from initiation to T = 20 hours.
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Fig. 13 Molecular weights (M, — red and M,, — blue) for the batch
monitoring of the RAFT polymerisation of MA moderated with PABTC
and initiated with AIBN.

which is consistent with the decrease in the rate of growth of
the molecular weight (Fig. 13).

The fit for this plot is good up to the point where radical-
radical termination reactions would be expected in RAFT of
acrylates under these conditions, highlighting the power of the
online GPC approach when applied to monitoring batch reac-
tions. It is also straightforward to monitor both the increase in
average mass and dispersity as the reaction progress (Fig. 13
and 14). This data shows a relatively good linear increase in
the M,,, as would be expected for a living polymerisation with a
final R? values = 0.99 for both M,, and M,. There is some devi-
ation from the linear fit for both M, and M,, this is due to the
nature of the radical process being performed.

Interestingly there is some variance in the dispersity as the
polymerisation progresses until it reaches its final conversion of
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Fig. 14 Dispersity as a function of conversion for the RAFT polymeris-
ation of MA moderated with PABTC initiated with AIBN.
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80% and final dispersity = 1.2. It is important to note that in
this case the first two data points overlapped with the peak from
the RAFT agent and had very low conversion, <0.1%, therefore
the fits shown in Fig. 12 and 13 have had these points excluded.

Determination of chain transfer
constants from CCTP in continuous
flow

The ability to obtain chain transfer constants is desirable
when studying and using free radical polymerization. To
accomplish this, a binary HPLC pump was employed to deliver
two separate streams of reagents into the flowline (Fig. 15).
One stream contained monomer, solvent, initiator and CoBF
catalyst (A2), the second only monomer, initiator and solvent
(B2). The two solutions were then pumped and mixed at a con-
stant flow rate over a period of 10 hours through a 10 mL
tubular reactor held at 70 °C with a constant overall flow rate
of 0.5 mL min~", the RTD of this fluid regime has been dis-
cussed previously. The contributions of each reagent stream
were altered to produce a series of mixtures with different
[MMA]/[CoBF] ratios. This was accomplished by altering the
percentage contribution of each pump using OpenLabs HPLC
control software. The sequence started using a 100% contri-
bution from A2 holding a steady state for 60 minutes, then
decreasing this contribution to 90% and increasing the
monomer/solvent line B2 to 10%, thus increasing the [MMA]/
[CoBF]. This continued in 10% increments until a continuous
stream of B2 was used. This produced a set of steady-state reac-
tion conditions with [CoBF] content varying from 10 ppm to
1 ppm (Table 2).

Each of the ten steady-state conditions were sampled using
online GPC analysis. Sampling was accomplished using a con-
tinuous sequence of 40 identical GPC methods. This provided
four independent GPC traces for each set of reaction con-
ditions, Fig. 16(a). We observed an increase in M,, and M,, as
the [CoBF] decreases with P increasing from 1.7 to 2.7 as
[CoBF] reaches zero as would be expected. This is due to at
lower molecular weights the distribution is narrowed at low
molecular weight as the low limit is monomer and thus the
distribution has M, artificially high.***”

Following from these initial results, further experiments
were conducted varying (a) reaction time (Fig. 16b), (b) temp-
erature (Fig. 16c), and (c) initiator concentration (Fig. 16d).
Decreasing the combined flow rate to 0.25 ml min~" (residence
time = 41 min, P, = 194.46) had the effect of increasing the M,
and M,, of the polymers produced and increasing the overall
conversion of the reaction, Fig. 16(b). This is consistent with
expected results from increased reaction time. In decreasing
the flow rate, effective mixing was also reduced, further
detailed investigations into the effect of mixing on CCTP pro-
ducts in flow have been the focus of previous work.>®

Increasing the temperature from 70 °C to 80 °C, Fig. 16(c)
gave an increase in conversion and produced a both higher M,,

This journal is © The Royal Society of Chemistry 2025
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Fig. 15 Continuous flow polymerisation monitoring of the CCTP polymerization of MMA using CoBF as catalytic chain transfer agent (CCTA) with

AIBN as the initiator.

Table 2 Reaction conditions for the continuous flow polymerisation
monitoring of the CCTP polymerization of MMA using CoBF as catalytic
chain transfer agent (CCTA) with AIBN as the initiator

Flow rate (ml min™")/

AIBN (mg) residence time (min) Temp. (°C)
Group A 250 0.5/20 70
Group B 250 0.25/40 70
Group C 250 0.5/20 80
Group D 125 0.5/20 70

and M,,. The effect of a lower concentration of AIBN Fig. 16(d)
was also investigated. The masses of the produced polymers
are higher than that of set (a) with D between 1.3 and 1.6. As
M, can be very sensitive to baseline and dispersity fluctu-
ations, and M,, is more sensitive to high molecular weight frac-
tions and less affected by baseline fluctuations, we used M,/2
to calculate chain transfer constant (C;) via the construction of
Mayo plots (Fig. 17) giving values for C;.*® In order to be able
to compare chain transfer constants in CCTP, or other types of
chain transfer, it is noted that it is assumed the [Monomer]/
[CTA] remains constant and as reagents are consumed in the
reaction accurate chain transfer constants need to be
measured at very low conversions usually <5%. In CCTP
monomer is consumed but the chain transfer agent is regener-
ated as a catalyst. However, the CCTA is, in reality,
destroyed during the reaction, by peroxide radicals for

This journal is © The Royal Society of Chemistry 2025

example. Thus, Group B is measured at higher conversion
than Group A as the reaction is carried out for longer and
there is a significantly higher concentration of radicals, and
hence rate in Group C, due to the higher temperature. It is
more difficult to explain the lower C, value observed for Group
D and is possibly due to a higher ingress of air/oxygen in this
particular experiment and shows the importance of the integ-
rity of the many tubing joints and different lengths of tubing
in the equipment.

The ability to obtain chain transfer constants from the Mayo
equation with only one reaction demonstrates the utility of the
modified HPLC system using simple HPLC pump control soft-
ware available for any binary HPLC pump system to construct
complex experimental methods without needing to code.

RAFT polymerisation in continuous
flow

To show the flexibility of modified HPLC systems, an alterna-
tive configuration was used. Two Binary Pump HPLC modules
were employed to deliver 3 different reagent streams, Fig. 18.
The first (a) consisted of only monomer and solvent (A3), the
second (b) monomer, solvent and RAFT agent (B3) and the
final stream (c) contained initiator dissolved in solvent (C3).
The three reagent streams were mixed and combined and
flowed together through a 10 ml tubular reactor held at 70 °C

Polym. Chem., 2025, 16, 3329-3343 | 3339
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Fig. 16 GPC traces of four experiments undertaken to determine the chain transfer constant (C;) of MMA in toluene by CCTP using AIBN as initiator
and CoBF as catalyst. Group A (a) — 250 mg AIBN, 7, = 20 min 70 °C, Group B (b) — 250 mg AIBN, 7z, = 40 min 70 °C, Group C (c) — 250 mg AIBN, 7, =

20 min 80 °C, Group D (d) — 125 mg AIBN, 7, = 20 min 70 °C.
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Fig. 17 Mayo plots for the in-flow determination of C of four experi-
ments with DP calculated from M,,/2. Group A (Black) — 250 mg AIBN, 7,
= 20 min 70 °C, Group B (Red) — 250 mg AIBN, 7z, = 40 min 70 °C, Group
C (Blue) — 250 mg AIBN, 7, = 20 min 80 °C, Group D (Green) — 250 mg
AIBN, 7, = 20 min 70 °C.
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at a combined rate of 0.167 mL min~" with a residence time =
60 minutes. The reagent stream containing the initiator, ACVA,
was pumped at a steady rate = 0.056 mL min~". This flow line
was joined with a combination of the other two reagent
streams. As before these streams were modified in increment
in order to change the [RAFT agent] this was accomplished in
an identical manner to the investigations of CCTP, in initially
by using 90% contribution from the flow line containing
monomer, solvent, and RAFT agent and decreasing by incre-
ments of 10% every 60 minutes while increasing the contri-
bution of the flow line containing only monomer and solvent
by an equal amount. The flow line was sampled every
15 minutes by the online GPC, Fig. 19.

The GPC results show a very good correlation between the
experimental results and predicted values, assuming a living
polymerisation (Fig. 19 and Table 3). The initial set (a) shows
the effect of changing the [RAFT agent] with the higher con-
centration producing well defined lower molecular weight
polymers, and with decreasing concentration, an increase in
the molecular weight and a general broadening of dispersity.
Doubling the combined flow rate to 0.334 mL min~" and thus

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00554j

Open Access Article. Published on 30 2025. Downloaded on 16.10.2025 22:26:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Polymer Chemistry Paper
Column Detector
A3 Reagent
Pump To waste
Switching
valve
B3 Reagent
Pump
C3 Reagent
B
Column
Autosampler
Autosampler
. 1
Oil Bath
10ml tubular
reactor
Fig. 18 Continuous flow polymerisation monitoring of the RAFT polymerization of DMA using PABTC RAFT agent and AIBN as the initiator.
250000
[PABTC)/[IMMA] [PABTCY[MMA]
600000 | ——0.0133 ——0.0120
—0.0120 ——0.0106
200000 [
500000 [ ——0.0106 ——0.0093
——0.0093 ——0.0080
——0.0080 ——0.0067
400000 ——0.0067 150000 - ——0.0053
2 ——0.0053 2 ——0.0040
7} ——0.0040 2 ——0.0027
= L [= -
g 300000 ——0.0027 8 100000 ——0.0013
£ £
200000 |
50000
100000
0OF
0
1 1 il 1 1 1 1
7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 75 8.0 8.5 9.0 95 10.0 10.5 11.0
Retention Time (mins) Retention Time (mins)
(a) 70°C, T, = 60 mins (b) 70°C, T, = 30 mins
500000 600000
[PABTC]/[DMA] [PABTC)/[MMA]
——0.0120 -
0.0106 500000 S
B —0. - ——0.0093
400000 —0.0093 —— 0.0080
—— 0.0080 —0.0067
——0.0067 400000 ——0.0053
300000 [ 00053 [ 0.0040
2 - > 0.0027
‘0 0.0040 ‘@ 300000
S ——0.0027 s
£ 200000 ——0.0013 =
200000
100000
100000
0 0
1 1

7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

Retention Time (mins)
(c) 70°C, T, = 60 mins

7.0 7.5 8.0 8.5 9.0 9.5 10.0
Retention Time (mins)

(d) 80°C, T, = 60 mins
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Table 3 Reaction conditions for four groups of RAFT reactions

ACVA content  Flow rate (mL min™")/resi- Temperature
(mg) dence time (min) (°C)

A 47 0.167/60 70

B 47 0.334/30 70

Cc 30 0.167/30 70

D 30 0.167/30 80

halving the residence time to 30 minutes had the predictable
effect of decreasing the M,, and M,, of the polymers produced
and decreasing the overall conversion of the reaction, set (b).

Set (c), Fig. 19, shows the effect of reducing the [ACVA]
present in the reaction mixture with observed masses of the
produced polymers being higher than that of set (a). Compared
to set (a), decreasing the initiator leads to an increase in both
M, and M,, Compared to set (c), increasing the temperature
results in increased M,, M,, and conversion. Increasing the
temperature accelerates the decomposition rate of ACVA which
increases the polymerization rate and thus accelerates
monomer conversion to polymer. The emphasis of this work is
not specifically the identity of the polymers produced, or the
chemistry employed, but the experimental procedure to rapidly
synthesize and characterise a range of materials with little to
no human involvement. In the two cases shown (CCTP and
RAFT) model reactions have been used to highlight how rapidly
material discovery can be conducted without the need to
develop hardware and software from scratch.

Conclusions

We demonstrate that a straightforward modification to HPLC
hardware can enable online GPC monitoring of polymeris-
ations. We report on the separatory power of a range of GPC
columns, and compared their use for online monitoring, bal-
ancing temporal and mass resolution. This has then been
applied to demonstrate how this can be used effectively to
monitor reactions conducted in batch. Additionally, we have
proceeded to show how the same hardware can be used for
complex reaction screening and determine fluid characteristics
of reactions conducted in flow. While there is significant litera-
ture on this topic, the work reported in this article is an easy
to access approach for chemists looking to gain access to
powerful flow techniques, without the significant upfront cost
of new hardware, or the time cost of developing methodology
from scratch. As such we hope this approach will enable the
wider polymer research community to access both online
monitoring techniques and in-flow techniques more easily.
While we have focused solely on polymerisation reactions
in this work, there is no intrinsic reason why this approach is
not additionally applicable to small molecule synthesis and
the use of normal and reverse phase HPLC columns for
example. There is a growing interest in self-optimisation,
machine learning and A.I. integration capabilities, however,
unfortunately this is not currently compatible with the tech-
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niques described above, due to instrumentation lock outs and
lack of knowledge common in scientific equipment, often only
allowing control of HPLC and other hardware devices from
proprietary software for specific manufacturers. These lock
outs are indeed frustrating and limit advances. It is our hope
that the approach and methods outlined in this communi-
cation will encourage and facilitate wider participation in the
growing field of reaction monitoring and highlight to instru-
ment manufacturers the importance of working with the scien-
tific community to develop both their hardware and software
products giving open source and open access.

Author contributions

William Pointer: conceptualization, data curation, formal ana-
lysis, investigation, methodology, project administration,
resources, software, writing original draft; Rowan Radmall:
writing review and editing, methodology; Owen Tooley: writing
review and editing, methodology; James Town: conceptualiz-
ation, resources; Dennis C. J. Haggart: data curation; Zhichun
Zhai: data curation; Xiaofan Yang: data curation; Daniel
W. Lester: supervision, conceptualization, resources, funding
acquisition; Paul Wilson: supervision, funding acquisition;
David M. Haddleton: supervision, funding acquisition, writing
review and editing.

Conflicts of interest

There are no conflicts to declare.

Data availability

The datasets generated during and/or analysed during the
current study are available from the authors on reasonable
request.

Acknowledgements

The authors acknowledge funding for a studentship (OT
through the EPSRC Centre for Doctoral Training in Molecular
Analytical Science, EP/L015307/1, AstraZeneca plc), the
University of Warwick Polymer Characterization RTP for pro-
viding access to NMR and GPC equipment and the
Engineering and Physical Sciences Research Council (EP/
V036211/1 and EP/V007688/1) for funding equipment and the
EPSRC Prosperity Partnership with The Lubrizol Corporation
(EP/V037943/1) and the Royal Society (PW, URF\R1\180274).

References

1 O. Tooley, W. Pointer, R. Radmall, M. Hall, V. Beyer,
K. Stakem, T. Swift, J. Town, T. Junkers, P. Wilson, D. Lester

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00554j

Open Access Article. Published on 30 2025. Downloaded on 16.10.2025 22:26:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

2

7

8

10

11

12

13

14

15

16

17

and D. Haddleton, Macromol. Rapid. Commun., 2024, 45,
€2300692.

O. Tooley, W. Pointer, R. Radmall, M. Hall, T. Swift,
J. Town, C. Aydogan, T. Junkers, P. Wilson, D. Lester and
D. Haddleton, ACS Polym. Au, 2024, 4, 311-319.

W. Pointer, O. Tooley, A. Saib, R. Radmall, P. Wilson,
D. Lester, J. Town, R. J. Blagg and D. Haddleton,
Macromolecules, 2025, 58, 5201-5207.

S. Harrisson, Polym. Chem., 2018, 9, 1366-1370.

A. Marathianos, A. Magiakos, Y. Han, A. Sanchez,
R. Whitfield, ]J. Kammerer, A. Anastasaki, P. Wilson,
J. P. Patterson, C. Barner-Kowollik and E. Liarou, J. Am.
Chem. Soc., 2024, 146, 34292-34297.

T. Junkers, in Flow Chemistry — Applications, ed. D. Ferenc, D.
Gyorgy, H. Volker and V. L. Steven, De Gruyter, Berlin, Boston,
2021, vol. 2, pp. 99-134, DOI: 10.1515/9783110693690-004.

J. J. Haven and T. Junkers, Eur. J. Org. Chem., 2017, 2017,
6474-6482.

J. Van Herck, I. Abeysekera, A.-L. Buckinx, K. Cai, J. Hooker,
K. Thakur, E. Van de Reydt, P.-]. Voorter, D. Wyers and
T. Junkers, Digital Discovery, 2022, 1, 519-526.

S. T. Knox, S. J. Parkinson, C. Y. P. Wilding, R. A. Bourne
and N. J. Warren, Polym. Chem., 2022, 13, 1576-1585.

P. M. Pittaway, S. T. Knox, O. ]J. Cayre, N. Kapur, L. Golden,
S. Drillieres and N. J. Warren, Chem. Eng. J., 2025, 507, 160700.
A. P. Grimm, S. T. Knox, C. Y. P. Wilding, H. A. Jones,
B. Schmidt, O. Piskljonow, D. Voll, C. W. Schmitt,
N. J. Warren and P. Theato, Macromol. Rapid Commun.,
2025, €2500264, DOI: 10.1002/marc.202500264.

C. Rosenfeld, C. Serra, S. ODonohue and
G. Hadziioannou, Macromol. React. Eng., 2007, 1, 547-552.
M. E. Levere, 1. Willoughby, S. O’'Donohue, A. de Cuendias,
A. J. Grice, C. Fidge, C. R. Becer and D. M. Haddleton,
Polym. Chem., 2010, 1, 1086-1094.

D. M. Haddleton, E. Depaquis, E. J. Kelly, D. Kukulj,
S. R. Morsley, S. A. F. Bon, M. D. Eason and A. G. Steward,
J. Polym. Sci., Part A: Polym. Chem., 2001, 39, 2378-2384.

J. P. A. Heuts and N. M. B. Smeets, Polym. Chem., 2011, 2,
2407-2423.

S. Slavin, K. McEwan and D. M. Haddleton, in Polymer
Science: A Comprehensive Reference, 2012, pp. 249-275, DOIL:
10.1016/b978-0-444-53349-4.00068-6.

M. A. Bere$, B. Zhang, T. Junkers and S. Perrier, Polym.
Chem., 2024, 15, 3166-3175.

This journal is © The Royal Society of Chemistry 2025

18

19
20

21
22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

View Article Online

Paper

S. T. Knox, K. E. Wu, N. Islam, R. O’Connell, P. M. Pittaway,
K. E. Chingono, ]J. Oyekan, G. Panoutsos,
T. W. Chamberlain, R. A. Bourne and N. J. Warren, Polym.
Chem., 2025, 16, 1355-1364.

Y. Takahashi and A. Nagaki, Molecules, 2019, 24, 1532.

D. Wilms, J. Klos and H. Frey, Macromol. Chem. Phys., 2008,
209, 343-356.

E. Mastan and J. He, Macromolecules, 2017, 50, 9173-9187.
J. Gardiner, C. H. Hornung, J. Tsanaktsidis and D. Guthrie,
Eur. Polym. J., 2016, 80, 200-207.

M. H. Reis, F. A. Leibfarth and L. M. Pitet, ACS Macro Lett.,
2020, 9, 123-133.

J. L. Rapp, M. A. Borden, V. Bhat, A. Sarabia and
F. A. Leibfarth, ACS Polym. Au, 2024, 4, 120-127.

A. K. Padmakumar, N. K. Singha, M. Ashokkumar,
F. A. Leibfarth and G. G. Qiao, Macromolecules, 2023, 56,
6920-6927.

N. G. Taylor, M. H. Reis, T. P. Varner, J. L. Rapp, A. Sarabia
and F. A. Leibfarth, Polym. Chem., 2022, 13, 4798-4808.

A. Saib, A. Bara-Estaun, O. J. Harper, D. B. G. Berry,
I. A. Thomlinson, R. Broomfield-Tagg, J. P. Lowe, C. L. Lyall
and U. Hintermair, React. Chem. Eng., 2021, 6, 1548-1573.
Y. Yao, X. Yang, C. Aydogan, J. Town, W. Pointer and
D. M. Haddleton, ACS Polym. Au, 2025, 5, 311-322.

D. J. Walsh, D. A. Schinski, R. A. Schneider and
D. Guironnet, Nat. Commun., 2020, 11, 3094.

Y. Huang and J. H. Seinfeld, Atmos. Environ.:X, 2019, 1,
100006.

J. Bremer and T. Turek, Chem. Ing. Tech., 2024, 96, 1562—
1569.

Y. Huang and ]J. H. Seinfeld, A¢tmos. Environ.:X, 2019, 1,
100006.

A. E. Rodrigues, Chem. Eng. Sci., 2021, 230, 116188.

F. L. J. M. Lopes, C. Pinheiro, F. Ramoa Ribeiro,
F. D. Magalaes, A. Mendes and C. Costa, Int. . Eng. Ed.,
2002, 18, 674-681.

J. S. Siqueira, F. H. Florenzano and W. F. Reed, Polymer,
2021, 226, 123798.

D. R. M. David, M. Haddleton, K. G. Suddaby, A. V. G. Muir
and S. N. Richards, Macromol. Symp., 1996, 111, 37-46.

D. R. M. D. Haddleton and K. Suddaby, Macromolecules,
1996, 29, 481-483.

J. P. A. K. Heuts, D. D. J. Forster and T. P. Davis,
Macromolecules, 1998, 31, 2894-2905.

Polym. Chem., 2025, 16, 3329-3343 | 3343


https://doi.org/10.1515/9783110693690-004
https://doi.org/10.1002/marc.202500264
https://doi.org/10.1016/b978-0-444-53349-4.00068-6
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00554j

	Button 1: 


