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An automated parallel synthesizer has been utilized to perform 539 polymerization kinetic experiments in
a semi-automated high-throughput approach utilizing size exclusion chromatography and NMR
spectroscopy for characterization. The polymerization parameters were systematically varied between 16
different monomers, seven RAFT agents and three solvents. More than 7200 data points were obtained
and curated into 234 accurately described and successful reaction kinetics. The kinetic curves were
fitted with appropriate negative growth functions, thereby enabling interpolation between the sampling
times. The resulting knowledge is made available via a web interface to allow a quick search for the

optimal reaction conditions for synthesizing a polymer with desired properties such as a defined molar
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Introduction

Since its advent in the early 1970s, high-throughput experi-
mentation (HTE) has become a valuable asset in
pharmaceutical'™* and materials science.>™® In the field of
polymer research, the concept was utilized first in the 2000s
with, e.g., works focusing on automated parallel synthesizers to
carry out multiple sets of polymerizations."*** Since then,
a variety of polymerization techniques have been performed in
an automated manner and carried out under high-throughput
conditions, ranging from ionic to atom-transfer and nitroxide-
mediated polymerizations.>**>*

The latter two polymerization types belong to the group of
reversible deactivation radical polymerizations (RDRP), which
are particularly noteworthy in combination with automated
syntheses. These polymerization types yield polymers with a low
dispersity, which is an optimal basis for the production of
materials with tailored properties.>* Another interesting RDRP
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technique is the reversible-addition-fragmentation chain-
transfer (RAFT) polymerization procedure.>* It was invented
by the Commonwealth Science and Industrial Research Orga-
nization of Australia and simultaneously by Rhodia as the
“macromolecular design via the interchange of xanthates”
(MADIX).>****” Since the technique was developed, numerous
different RAFT polymerizations have been conducted over the
past approximately 30 years, both manually and in an auto-
mated fashion.>*?%*

The RAFT process poses the opportunity to polymerize
a wide range of monomers, from styrenes*>*® to vinyl ethers*” to
(meth-)acrylates/(meth-)acrylamides.>**

For the regulation of this polymerization, the selection of the
initiator as well as the chain transfer agent (CTA), also termed
RAFT agent, and solvent is of significant importance.*>**->°

To date, studies regarding the required CTA's substituents
for specific groups of monomers have been conducted.**->

Nevertheless, a systematic and conclusive review of the
interplay between solvent and CTA for a broad range of mono-
mers is, to the best of our knowledge, currently not available in
literature. In this context, a comprehensive database for RAFT
polymerizations is still missing. Addressing this requirement
would facilitate the evaluation of the interactions between, e.g.
monomer and CTA, by utilizing novel data science solutions.

Hence, this study employs an automated high-throughput
approach for the execution and kinetic sampling of RAFT
polymerizations to start addressing this gap in knowledge.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Once such a database is established, one can follow a guide
like the FAIR (findable, accessible, interoperable, and repro-
ducible) principles.* These principles offer reasonable orien-
tation for the publishing researcher to present their data in
a scientific way. Nevertheless, their implementation proves to
be challenging as often powerful search functionalities, e.g.,
sketch search or similarity search for molecules are ex-
pected.®>* In particular, with the trend to apply machine-
learning techniques onto such datasets and the general advice
from many research groups to keep humans in the loop, it is
important to convey expertise and research intent of the
dataset.>”®

Hence, in addition to ensuring the FAIR principles, regarding
the access and interoperation of the information in the resulting
database, data science methods were utilized for the purposes of
interpolation of the kinetics to augment and render the knowl-
edge to an interactive dedicated online platform.

Because contemporary research often highlights machine
learning approaches, it is important to note that the reaction
curves generated in this work are extended by appropriately
lightweight automatic adaptation of suitable graphs to them.
Hence, the integration of this dataset by other groups as a part
of a larger data set and consecutive machine learning is
considered fruitful and suggested.

Results and discussion
Concept of the study

539 RAFT polymerizations utilizing 16 different monomers,
seven different CTAs and three different solvents (see permu-
tation Tables S4 to S6 in the SI and Fig. 1) were performed.*

After the conduction of the experiments, the prepared samples
are investigated by means of nuclear magnetic resonance spec-
troscopy (NMR) and size exclusion chromatography (SEC). Infor-
mation about the molar mass of the polymer and conversion at
the time of sampling are gathered. The data are then curated and
fed into a database to make it publicly available. Exemplary
spectra and SEC curves for each polymer class are represented in
the SI (Fig. S1 to S6). The constant parameters for the reactions
were chosen based on previous work within our group.* For
example, the monomer concentration was selected to avoid vitri-
fication of the reaction solution and enable automated sampling
using the setup presented in this manuscript. However, to test our
setup and data curation process we also employed conditions
which were likely to be unsuccessful (e.g., polymerization of
nonpolar monomers in polar solvents). In general, we do not aim
to provide an optimized set of reaction conditions for the inves-
tigated monomers but rather a comparison of the polymerization
between combinations of different educts (monomers, CTA, and
solvent) under comparable reaction conditions. This enables the
identification of influences of the reactants on the polymerization
kinetics.

Automation of polymerization and sampling workflow

The first challenge of the study was to implement a robust
protocol for the execution of the polymerizations and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the performed reactions with
constant parameters and variables (monomer, solvent, and CTA).

sampling process. For this purpose, a previously reported
protocol was adapted to the needs of conversion measurements
via NMR spectroscopy instead of gas chromatography.*

An automated parallel synthesizer was utilized to prepare the
polymerization solutions by mixing solvent, monomer, standard
and CTA and initiator solutions in different ratios in 15 reactors
per batch. Each reactor contained a different combination of
CTA, solvent and monomer (see Tables S1 to S6 in the SI for more
details on the different combinations). At defined times after the
start of the polymerization, samples were taken from each
reactor, utilizing the 4-needle head of the synthesizer, and filled
into respective vials or tubes depending on the sample's nature
(SEC or NMR). The general polymerization time was 15 h.

As the preparation of the samples should be mainly auto-
mated, it was required to choose a setup, which omitted
substantial human intervention (e.g., in the form of closing
NMR tubes with lids or transferring individual tubes to the
NMR spectrometer). Hence, a high-throughput NMR autosam-
pler was chosen (Bruker SampleJet), which offers a 96 well plate
like footprint for NMR tubes. The 4” tubes are arranged in a grid
with size 8 x 12. The lids of the tubes have a small (<2 mm
diameter) hole, which rendered the filling with the dispensing
system of the robot nearly impossible. As presented in
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a previous work, a funnel module in the same format was
developed and manufactured to still enable the sampling.*

The second required technique was sampling for SEC
samples. To reduce the amount of human intervention, a previ-
ously published sampling technique was utilized, involving vials
with slitted septum caps, which ensured little to no evaporation
of the sample between sampling and measurement.*

Evaluation procedure

After the samples had been measured by means of NMR spec-
troscopy and/or SEC chromatography, the data had to be eval-
uated to feed it into the initial database.

For the evaluation of the SEC data, the program WinGPC
from PSS was utilized. The elugrams were visually inspected and
the visible distributions were integrated to gain the values for
the number average (M,,) and weight average (M,,) molar mass.
The determination of the values was performed utilizing the
internal calculation based on the previously conducted cali-
bration. Poly(styrene) (PS) or poly(methyl methacrylate) (PMMA)
calibration standards were utilized depending on the monomer
- PS for styrenic polymers and PMMA for others. If the values for
M, were below 2000 g mol ", the reported value was rounded to
the closest 10 g mol . If it was between 2000 and 20000 g
mol !, the value was rounded to the closest 100 g mol ' and if it
was above 20 000 g mol ', the value was rounded to the nearest
1000 g mol ™. The dispersity  was then calculated by dividing
the weight average molar mass by the number average molar
mass (eqn (1)).

S

1)

For the evaluation of the NMR data, the peaks of the stan-
dard substances (trioxane or anisole) were set to their expected
proton count. For trioxane the six methylene-protons and for
anisole, the aromatic protons were utilized as reference. This
procedure was performed for each of the spectra in a time row
of an individual polymerization. Afterwards, the integral of one
of the vinyl methylene peaks of the monomer was evaluated.
The value for the ¢ = 0 h sample was then utilized as the marker
for 0% conversion. The conversion of the other samples was
calculated by subtracting the quotient of the methylene peak's
integral for the specific time by the integral of the same peak at
t =0 h (eqn (2)).

. Ir:O h
conversion = 1 —

(2)

It:,\' h

The obtained values were inserted into an initial database
sorted by the composition of the polymerization solution and
the time of the individual sample.

Calculation of the specific sampling times

Inside the robot program, the individual sampling times (e.g.,
sampling after 1 h, 2 h, etc.) are defined as the elapsed time
since the heating was activated after the sampling for the initial
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set of samples (¢ = 0 h). However, only two reactors could be
sampled at the same time due to practical limitations of the
robot. Hence, deviations between the stated time in the initial
dataset and correct sampling time for specific reactors occurred,
which were up to ca. 20 to 30 min for the reactors sampled as last.
For the generation of the published dataset and particularly the
fitting, it was, however, important to correlate specific time
points of sampling with the result of the measurement
(e.g., conversion value determined by NMR spectroscopy). A
deviation in the utilized sampling time would lead to a diver-
gence for the fitting of the polymerization kinetics. Due to this
fact, the specific sampling times for each reactor had to be
determined in more detail in comparison to the programming
code of the machine, rendering the fitting more successful. The
exact sampling times for each reactor are presented in the
respective tab of the experimenter sheet xlIsx file on the website.

Investigation of the reproducibility

The dataset was also checked for the reproducibility of the
polymerizations under given reaction conditions. Hence,
duplicates of specific reactions were performed to investigate
whether the results are reproducible when carried out several
times. From these experiments, it became obvious that
syntheses with an overall conversion above ca. 50% after 7.5 h
were easily comparable and reproducible. The same applies to
the reactions with lower conversions (around or below 20%
after 15 h) within the accuracy of the NMR evaluation. However,
as the relative deviation is higher (because of the lower final
conversion, see Fig. 2) this could lead to the misinterpretation
that these reactions are more challenging to replicate. Never-
theless, this is not the case and it is visible that the automated
process generally ensures reproducibility of the experimental
results. For a comparison of the divergence of the conversion of
all replicates of successful polymerizations see SI Fig. S9.

® 145 o 145b e 343 e 343b
100
N °
[ ] ®
§ .
= ©
L2 50
[ °
[
>
c
o
O @
C ry [ 2 8 (]
0 5 10 15
Time [h]

Fig. 2 Representative reproducing attempts (‘b"/red and violet) of
single kinetic time points at low conversion (experiment number 145/
blue) and high conversion (experiment number 343/light green) and
the respective fitting/prediction curves of the original kinetics (grey,
dashed). Experiment 145 consisted of the polymerization of 4-m-
ethylstyrene with CTA 4-cyano-4-(phenylcarbonothioylthio)penta-
noic acid. In experiment 343 the monomer benzyl acrylate was
polymerized with the RAFT-agent cyanomethyl dodecyl tri-
thiocarbonate. Both  polymerizations were performed in
dimethylformamide.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fitting the experimental data with the theoretical course of
the kinetics

In order to inter- and extrapolate beyond the sampling times of
the kinetic studies performed, the conversion-over-time graphs
had to be fitted with suitable growth functions. Theoretically,
a linear function should be appropriate for describing the per-
formed RDRPs (Fig. 3, red).** However, in practice, the ideal
first-order kinetic plot may be subject to alterations. A first
alteration can be attributed to a slow initiation of the poly-
merization (induction period). This is typically connected to the
stability of the radicals generated by the RAFT-agent's leaving
group, and the monomer reactivity, as both influence the rate of
polymer chain propagation. In cases where these are not tuned
to each other the discrepancy from the ideal can present itself as
a low, then increasing conversion rate, the first part of
a sigmoidal function. One such example within our dataset is
the addition of tertiary cyanoalkyl radicals (derived from the
thermal activation of AIBN) to acrylates. The rate of this reaction
is substantially lower than the rate of polymerization for those
monomers, leading to this phenomenon.®® Furthermore, the
decay rate of the utilized initiator plays an important role in this
step.”® However, as the initiator and the temperature for the
polymerization were kept constant for all processes within our
study, the influence of this parameter can be neglected.

Second and in a similar manner, depending on the combi-
nation of CTA, solvent and monomer, side-reactions can occur,
leading to a decrease of the propagation rate. Example side
reactions are, among others, the decomposition of the RAFT
agent or disproportionation reactions. These can potentially
also stop the reaction, presenting themselves as a decrease in
the slope of the conversion-over-time plot, corresponding to the
asymptotic part of a sigmoidal curve (Fig. 3, green).**-¢

In consideration of the experimental setup, a third correc-
tion for the fitting of kinetic curves must be considered. The
first sampling at ¢ = 1 h could potentially occur (for combina-
tions of parameters leading to high propagation rates) after the

—— Theoretical - linear
——— Semi-practical - sigmoidal
Practical - negative growth

Conversion

Time

Fig. 3 Comparing three courses of fitting curves for RDRPs: theo-
retical, semi-practical and practical. The curves do not follow the same
magnitude.
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initialization step has been completed, skipping the increase in
conversion rate. Taking these aspects into consideration,
a negative growth function (violet) proved to be the most
appropriate description in such cases. Consequently, the
prediction of a conversion over time cannot be achieved in the
initial stage of the reaction, which probably (depending on the
propagation rates and reactivities of the CTAs and the mono-
mers) only lasts for a few minutes. However, literature reports
indicate that this phase can extend significantly longer
compared to the overall polymerization time.*” An in-depth
analysis of the different fitting types is represented in the SI
(Fig. S9 to S12).

Investigation of the fitting extrapolation

Some of the polymerizations (in particular for styrenic mono-
mers) only reached low conversions (around 20%) over the time
of the kinetic investigation study (last sampling time = 15 h). An
explanation for this is that the reaction conditions are not opti-
mized for the RAFT of styrenes, since in literature, often higher
temperatures are applied for such polymerizations. As previously
described, an ideal RAFT would exhibit a linear kinetic curve for
their conversion, allowing for extrapolation beyond the sampled
values. Hence, we tested the validity of the extrapolation of these
kinetics. For this, a polymerization of styrene with 2-(dodecyl-
thiocarbono-thioylthio)-2-methylpropionic acid in DMF was
performed for an elongated period of time. As presented in Fig. 4
the assumption of linear growth over time could not be
confirmed. Practical limitations of the setup such as oxygen
creeping into the reaction, quenching it partially and the rate of
decomposition of the initiator at the reaction temperature need
to be considered. As presented in the example, RAFT reactions, in
particular those with low conversion after 15 h (here 15% and
25%), were not necessarily following the course required for
extrapolation. Hence, an estimation of the end of the reaction
could only be performed when the asymptotic slowdown in the
conversion rate occurred within the sampling time window. In
conclusion, while interpolation via the fit is robust and

—— 241 -eee Prediction —e— 241b SEC limit

8000
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Fig. 4 Long-term estimation of a kinetic (red, green-dotted) and its
actual course over 84 hours (violet). The orange-dashed line repre-
sents the lower SEC resolution limit at ca. 1000 g mol™. Experiment
241 represents the polymerization of styrene with CTA 2-(dodecyl-
thiocarbonothioylthio)-2-methylpropionic acid in di-
methylformamide. After the last sampling, the conversion was 15% and
25% for experiments 241 and 241b (repetition with longer run time),
respectively.
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straightforward, extrapolation, e.g., to find out about the end
time of the polymerization, was not possible.

Curation criteria of the experimental data

After the reactions for the initial dataset were performed, it
became obvious that not all of the polymerizations were
successful. Hence, a curation of the initial dataset was required
to discard a fraction of the data before the polymerizations were
fitted. The curation of the initial database was performed
utilizing an automated rule-based approach. The rules for di-
scarding individual datapoints or whole polymerization kinetics
are as follows:

Individual datapoints were discarded:

(1) If the value of the weight average molar mass (M,,) was
above 100000 g mol™* as these values were out of the
calibration range of the size exclusion chromatography
setup.

(2) If the calculated conversion for the datapoint was lower
than —5% (conversions of less than 0% can be attributed
to the precision of the NMR measurement and
evaluation).

Whole kinetic sets of a polymerization were discarded:

(1) If experimental problems occurred during sampling, e.g.,
dispensing failures of the robot.

(2) If the fluid level of the reactor had dropped by more than
20% after 15 h.

(3) If considerable gelation or precipitation, and hence,
phase separation occurred inside the reactor (e.g., for
monomers with bulky alkyl chains in polar solvents).

(4) If, after discarding data points for a polymerization
kinetic, less than four datapoints from the SEC samples
(My, My, D) or the NMR samples (conversion) remained.

(5) If the conversion average over all data points of one
kinetic was below 1%.

(6) If the value for M,,, M,, or the conversion was decreasing
by more than 10% (corresponding to the method accu-
racy) over the course of the experiment.

From the aforementioned criteria, the low conversion (while

a homogeneous solution remained) can be attributed to non-
polymerization due to the combination of educts. Further-
more, decreasing molar mass values with increasing conver-
sions could be attributed to a reaction course which is closer to
a free radical polymerization rather than a RDRP. Hence, these
reactions were attributed as failed. All other criteria were
summarized under the category discarded. A closer discussion
on the criteria and the differentiation process is presented in
the SI.

Final dataset description

In total, 7221 datapoints were recorded when 539 kinetic
experiments were conducted. All runs were sorted by the
aforementioned criteria into utilizable (for evaluation) and di-
scarded (potential experimentation errors). In this process, 257
kinetics (including 89 repetitions) were marked as discarded to
enforce that the setup would not influence our subsequent
decision if combinations of educts were delivering successful or
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failed RAFT polymerizations under the given conditions. This
subset also includes combinations of educts which lead to
polymerization, however, the polymerization itself cannot be
evaluated utilizing our setup. For example, the polymerizations
of lauryl methacrylate in DMSO fell into this category. These
polymerizations lead to the formation of a polymer gel/solid
inside the reactor which hinders the sampling and, hence,
renders the evaluation of the conversion and molar mass diffi-
cult to impossible.

The utilizable experiments were then divided into successful
and failed experiments according to the previously established
criteria. In terms of publishing our experimental data in a FAIR
way, all three sets are downloadable with their respective
metadata (see Data availability).

In more detail, 234 experiments can be described as
successful polymerizations, based on the criteria defined above.
Fig. 5, a sunburst chart, sets the numbers of successful, di-
scarded and failed polymerizations in context to each other. It
also presents the number of replicated polymerizations. The
number of replicates for the successful polymerizations is 48,
meaning that ca. 21% of those reactions were reperformed to
confirm their outcome. 305 experiments can be attributed as
unsuccessful (257 discarded and 48 failed). Of these, 110 were
replicated which corresponds to ca. 35%, nearly 1.7 times the
ratio of replicated reactions of the successful polymerizations.
This shows our commitment to verify the results of the unsuc-
cessful polymerizations in an attempt to uncover the reasons
leading to the missing success and to publish useable negative
results on RAFT polymerizations.

Although over half of the unique experiments were
successful and may represent a promising choice of reaction

Unique
186 (79%)

Replicate
48 (21%)

Successful
234 (43%)

Replicate
89 (35%)

Unique
168 (65%)

Fig. 5 Categorization of all experiments in the original dataset. A
polymerization was marked as successful when all curation criteria
mentioned above were met. While 35% of the failed/discarded
experiments were retried (110 in total), 21% of the successful reactions
were repeated to ensure reproducibility (48 in total).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions, the remaining failed experiments are also of value.
Beyond the failed cases, the discarded polymerizations could as
well add to the generation of knowledge if they are properly
categorized. For example, based on our dataset it is clearly
visible that the polymerization of lauryl (meth)acrylate in DMSO
is occurrent, but not feasible in the presented setup due to
gelation. In most cases, however, the results of these tested but
inefficient reactions are discarded and not published, which in
turn leads to unnecessary re-creation of the same outcome by
other researchers. In essence, as Strieth-Kalthoff et al. have
posited, the lack of failed experiments leads to creeping bias
towards the positive experiments in following research and
machine learning.’”*® To counteract this bias, we decided to
publish the unsuccessful reaction outcomes together with the
successful ones.

Comparison to other dataset efforts

To the best of our knowledge, no other RAFT dataset exists
which matches the complexity of this work - providing kinetic
data dependent on CTA and solvents for a wide range of
monomers, also including “negative” results on polymeriza-
tions. Nevertheless, our dataset can be contextualized alongside
other recent automated parallel synthesizer generated efforts
such as the RAFT emulsion copolymer series of Clothier et al.,
who generated RAFT multiblock copolymers utilizing mono-
mers from four different families.*® Like many studies in the
HTE domain, the authors focused on a curated, small dataset to
highlight the performance and capabilities of their experi-
mental setup. Conversely, we deliberately explored a broader
range of parameters, including suboptimal ones. It should be
noted that the underlying goal was not to optimize the poly-
merization of each monomer but to illuminate the complex
interplay between the reactants.

In contrast to other major data collection efforts in polymer
science, such as the Polymer Handbook or PoLyInfo, our data-
base does not focus on reporting the physical properties or
solely the properties of the final polymers.””* Instead, we place
emphasis on documenting the kinetics and temporal evolution
of the RAFT polymerizations for a diverse set of parameters to
facilitate the estimation of the right set of parameters (solvent,
CTA, and reaction time) for other researchers.

Relevance of the dataset to machine learning

In times of great experimental data scarcity for machine
learning algorithms, we wanted to set an example for how
“negative” results can also be made public to other researchers.
Machine learning models, especially when tasked with gener-
ating innovative polymers, synthesis routes, etc., are vulnerable
to hallucinate results far off reality, when exclusively trained on
optimized positive data. The lack of failure data impedes the
model's ability to learn the boundaries of chemical feasibility in
the specific field.®®”® For this reason, this publication includes
well-described experimental limitations and does not hide
negative outcomes.

Even though the training on this modest dataset exceeds the
scope of this article by far we laid the foundation for subsequent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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machine learning. Molecular machine-readable representations
for each monomer and CTA are presented in the “Legend for
Abbreviations” tab of the experimenter sheet xIsx file (accessible
via GitHub or directly on the website). These include SMILES of
the monomers as educts. Additionally, for the repeating units
(monomers in polymer), PSMILES from the Ramprasad
research group” and plain explicit SMILES”® with radicals where
repetition units connect/repeat are displayed there, too.

Buildup of the web application

The initial concept behind this dataset was to investigate the
potential of RAFT polymerizations. To make this knowledge
accessible, it was required to make the entire database infor-
mation accessible. During the time of data culmination an Excel
spreadsheet with each line representing an experiment and
separate columns for the conversions and molar masses at the
specific timepoints was the interface to this data. As this
spreadsheet was only meant to be easily filled by the experi-
menter and inadequate for visualization purposes it was
required to create a more recapitulating interface, which is
focused on conveying an overview instead. Hence, a search logic
was incorporated into a website allowing easy access for anyone
with the bare minimum of having a common internet-browser
on their technological device of choice and a connection to
the world wide web.

Intuition score

As Boeckhout et al. state, the FAIR principles do not provide
a complete set of guiding principles for improving data driven
science.”” We believe that it is of utmost importance to not just
follow the FAIR principles, when publishing a database but also
to transport the intention to create the database to the reader,
who does not directly know what parameters to look out for.
This is why we introduced an intuition score to our interactive
website. The score includes estimations of what the authors
consider to be a good kinetic/reaction, the user might want to
see first when choosing a specific set of choices of monomers
and/or RAFT-agents and/or solvents (Fig. 6).

The intuition score consists of three sub-scores that have
been normalized and weighted by their importance (eqn (3)).
The importance given to each aspect is chosen carefully from

Conversion
Chemical
intuition Plausibility
score
Dispersity

Fig. 6 Contextualization of the kinetic experiments
feasibility.

regarding
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our experience to support practical applications, e.g., industrial
ones where a predictable and fast rise in conversion is given
more importance than a narrow polymer dispersity.

SCOI'C = Sconversion + Serror,ﬁl + SD,mean (3)

Firstly, the calculation of the intuition score includes the
maximum conversion achieved by the kinetics. The contribu-
tion to a high and, therefore, good score is bigger the closer the
value of the conversion at the end of the reaction period (in this
study typically 15 h) is to 80% (eqn (4)). An even higher
conversion usually indicates more unwanted side reactions,
increasing P due to an increasing amount of dead polymer
chains.” On the other hand, a lower one implies a waste of
resources as a lot of the monomer remains unpolymerized.
Furthermore, it suggests a generally slow or inadequate poly-
merization process under the chosen conditions. Hence this
parameter has already a strong significance for the description
of a desired reaction.

Secondly, based on the disparity between experimental
results and the fitting an assessment about the credibility of the
experimentation run was given. Despite great effort, it has not
been possible to give a perfect measure for the extent to which
reaction data may deviate from the trend of an ideal process. It
should be noted that the fitting curve function was merely an
approximation a priori and, therefore, unsuitable for some
reactions. Hence, to sort reactions similar in conversion and
time, yet more by slight distinction in their credibility, the
fitting error was ascribed with only 0.5 weight (eqn (5.1)).
Moreover, for the calculation of this fitting error (errorg,), the
squared error, variance of the two fitting parameters and the
covariance between those parameters were sorted and divided
into quartiles. Subsequently, every kinetic fit was assigned
a score (SCOreerror type) Of how good it follows the negative growth
fit by scoring points for each quartile further away from the one
with the highest error (0 to 3; maximum 12 points in total for
the four error types). In this manner, all kinetic fits are ordered
according to the aforementioned errors (eqn (5.2)).

Finally, the importance of polymer dispersity (Sp) is recog-
nized with the reciprocal eqn (6). The dispersity represents an
important parameter as polymers synthesized by controlled
polymerizations and RDRPs should generally exhibit low values.
Hence, it is important to consider it in our score. However, the
value is also dependent on other circumstances besides the
actual polymerization. For example, the accuracy of the molar
mass determination by SEC is vital for its determination which,
in turn, depends on different parameters such as similarity
between the investigated polymer and the polymer standard
utilized for calibration.” Furthermore, in connection with
intermittent sampling, it could not be completely ruled out that
small amounts of oxygen entered the reactors, potentially
leading to an increase in dispersities compared to literature
reactions where no sampling took place. Consequently,
a weighting of 0.3 is assigned to this parameter. The arithmetic
mean of the dispersities (Pmean) Of the last three sampling times
was employed for each kinetic. The intuition score was
normalized between 0 and 1.
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In conclusion, this logic can effectively categorize the
kinetics according to the three mentioned aspects. A high
intuition score for a reaction with a specific monomer indicates
that the respective combination of reactants and reaction
conditions were suitable. A low score, however, does not
necessarily mean that this monomer performs poorly in RAFT
polymerizations in general. One must keep in mind that the
reaction conditions presented here were not optimized for the
different monomers, and, hence, different conditions may exist
under which the intuition score of the monomer's polymeriza-
tion would be higher.

0.8 — abs(conVieo max — 80%)

conversion — 4
S 80% (4)
12 — errorg
Serror it — 05— 5.1
° (5.1)
4
errory = SCOTCerror type (it) (5.2)
error type=1
Spmean = 0.3- ! (6)
‘Dmean — Y- 2'Dmean — 1

An overview of the underlying software architecture can be
found in the software documentation in the SI (see Fig. S7).

Our platform, with all its features, aims to be an inspiring
service for the actual chemist interested in RAFT polymeriza-
tions in general, or a set of specific reactions. We expect the
users to have at least one demand for a polymer they want to
synthesize in mind (e.g., a fast reaction). From this point, all
relevant information will be presented to the users in an
interactive tabular form, with the additional possibility to view
graph visualization and more detail to examine it. Giving just
some examples, the experimentalist can search for the reactants
most compatible with a specific RAFT agent which needs to be
used (search for positives), or could define all available RAFT
agents as well as monomers and see which are not sensible to
try out (search for negatives, Fig. 7). The web application is
available at http://www.raft-knowledgebase.de. An example
overview of the website is presented in Fig. S13.

Further accessible knowledge

Based on the data reported in the database, different chemical
knowledge is extractable after making it accessible in this way.

ue Response
| Monomer(s) | elEn) P
And / or

| RAFT-agent(s) |
And / or
Solvent(s)

Fig. 7 Example use case of the site, where the user prompts the site
through dropdown menus with monomer, CTA and solvent to receive
a view of multiple kinetics and information about failed ones at once.

Conversion
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As a specific example, we could find that the conversion for all
reactions using styrenic monomers was typically rather low
(around 20%) in the investigated time frame. This is most
probably due to the chosen reaction conditions used for the
generation of our dataset and indicates that, e.g., higher reac-
tion temperatures should be utilized for these monomers in
future reactions. Besides that, we could find that the success
rate of the polymerization of lauryl acrylate and lauryl methac-
rylate was underwhelming for most of the polymerizations.
Only seven out of 22 lauryl acrylate and five out of 23 lauryl
methacrylate experiments yielded adequate conversions. As
visible from the entries in the database, only the polymeriza-
tions in toluene were successful. This can potentially be
attributed to the better solubility of the growing polymer chain
inside the less polar toluene compared to dimethyl sulfoxide
(DMSO) or dimethylformamide (DMF). The poly(lauryl acrylate)
and its methacrylate analog become more nonpolar with each
added repetition unit. Hence, at a certain point they precipitate
from the reaction solution, forming a gel and the polymeriza-
tion is discarded as conversion and molar mass values cannot
be calculated with confidence.

Outlook for further features

Further features, such as similarity prediction based on simple
parameters (e.g., the polarity of solvents), or substructure
comparison of the chemical structures of monomer and RAFT
agent via fingerprints, were considered but ultimately excluded
from the platform's initial implementation. We have opted to
forego the implementation of such features, which could be
perceived as an example of excessive development (feature
creep), as it would divert from the idea of this platform repre-
senting an explanatory FAIR system.

Experimental
Materials

All chemicals were utilized as received from TCI, Sigma Aldrich,
VWR, Roth and Thermo Fisher Scientific if not stated otherwise.
The utilized monomers (Table 1) were destabilized via a short
column of aluminum oxide (neutral aluminum oxide, obtained
from Molekula).

Chain transfer agents were purchased from Sigma Aldrich or
TCI and used as received (Table 2).

DMF (99.9% purity) was utilized after purification inside
a solvent purification system (MBraun, SPS 800). Toluene (Tol)
was purchased from VWR in 99.5% purity. DMSO (99.9% purity)
was purchased from Sigma Aldrich. 2,2’-Azobis(isobutyronitrile)
(AIBN) was purchased from Sigma Aldrich in 98% purity.

The anisole (99% purity) standard is utilized as obtained
from Sigma Aldrich. Trioxane (>99% purity) was also purchased
from Sigma Aldrich and subsequently dissolved in the respec-
tive solvent (DMF, DMSO or toluene) to yield a solution with
a concentration of c(trioxane) = 1.465 mol L™*. As NMR solvent,
deuterated chloroform (CDCl;) (99.8% D) was purchased from
Eurisotop. As eluent for the SEC measurements, a mixture of
chloroform (>99.8% purity, VWR) (94 vol%), triethylamine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of utilized monomers with their respective abbre-
viations, purities and suppliers

Monomer Purity [%] Supplier
Styrene 99.9 Sigma Aldrich
4-Chlorostyrene >98 Sigma Aldrich
4-Bromostyrene 97 Sigma Aldrich
4-Methylstyrene 96 Sigma Aldrich
4-Methoxystyrene >97.5 Sigma Aldrich
4-tert-Butylstyrene 93 Sigma Aldrich
Methyl methacrylate 99 Sigma Aldrich
Butyl methacrylate 99 Sigma Aldrich
Lauryl methacrylate >97 TCI
2-(Dimethylamino)ethyl >98.5 TCI
methacrylate

Benzyl methacrylate >98 TCI

Methyl acrylate 99 Sigma Aldrich
Butyl acrylate >99 Sigma Aldrich
Lauryl acrylate >98 TCI
2-(Dimethylamino)ethyl acrylate >98 TCI

Benzyl acrylate >97 TCI

(>99.6% purity, VWR) (4 vol%) and iso-propanol (>99.8% purity,
VWR) (2 vol%) was utilized.

Instruments

"H-NMR spectra were recorded on a Bruker Avance Neo Nano-
bay (300 MHz) spectrometer equipped with a 'H, **C, *°F, and
*'p-BBO probe and a SampleJet sample changer at room
temperature. The chemical shifts are given in parts per million
(ppm on ¢ scale) related to the deuterated solvent.

SEC measurements were performed on the following setup:
Agilent 1260 Infinity II series, PSS (degasser), G7110B (pump),
G7129A (autosampler), TCC6500 (oven), G7162A (RI detector),
and PSS SDV guard column and PSS LinearS (column set). A
mixture of 94/4/2 vol% of chloroform, triethylamine, iso-
propanol was utilized as eluent at 1 mL min~" at 30 °C. Poly(-
methyl methacrylate) or poly(styrene) was utilized as the stan-
dard depending on the polymers (PMMA for
poly(methacrylates) and (acrylates); PS for poly(styrenes)).

Description of the setup

The automated polymerizations were performed utilizing
a Chemspeed Accelerator SLT100 automated parallel synthe-
sizer robot, equipped with a tool exchange interface, ambient
pressure pumps and a 4-needle head (4-NH) with septa piercing
needles (which were rounded at the tip) for liquid handling. The
4-NH was connected to two 1-L flasks of chloroform, which was
utilized as rinsing solvent between the individual liquid trans-
fers. Furthermore, peripheral heating (Huber Unistat T326) and
cooling (LAUDA microcool MC 600) devices were utilized. The
robot was equipped with three stock solution racks and a block
of 16 individual glass reactors with thermal jackets connected
in series through the reactor block. Each individual reactor had
avolume of 13 mL. Additionally, all reactors were equipped with
reflux condensers (coolant temperature: 5 °C). Homogenization
of the polymerization solutions was achieved through vortex
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Table 2 Overview of CTAs with their respective abbreviations, purities and suppliers

CTA Abbreviation Purity [%] Supplier
2-Cyano-2-propyl benzodithioate CPDB >97 Sigma Aldrich
4-Cyano-4-(phenylcarbonothi-ylthio)pentanoic acid CPCTTPA 88-112 Sigma Aldrich
2-Phenyl-2-propyl benzodithioate PPBDT >98 TCI
2-Cyano-2-propyl dodecyl trithiocarbonate CPDTTC >96.5 Sigma Aldrich
2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid DTCTTMPA >98 TCI
Cyanomethyl dodecyl trithiocarbonate CMDTTC 98 Sigma Aldrich
Benzyl 1H-pyrrole-1-carbodithioate B1HPCDT 97 Sigma Aldrich

agitation at 400 rpm. Moreover, the reactors were connected to
an external nitrogen supply and nitrogen was flushed through
them from the start of the addition of solvents until the end of
the reaction after 15 hours at 70 °C. The previously sealed
sampling vials (with slit septa lids) were placed inside two
individual sampling vial racks, each with a capacity of 80 vials,
for SEC sampling. For NMR-sampling a special NMR-rack for
the SampleJet 96 well plate format was manufactured and
utilized to automatically prepare the NMR samples without any
additional steps.' The setup for the polymerization execution is
presented in Fig. 8.

Polymerization and sampling workflow

For the kinetic investigation of the polymerizations over 15 h, in
the beginning the reactors are flushed with nitrogen. Then, the
three different solvents are filled into the respective reactors so
that after all subsequent additions (of monomers, standard
solutions and RAFT/AIBN solution), the total volume of the
solutions in a reactor is 10 mL. Subsequently, the analytical
solvents (SEC eluent and deuterated chloroform) are filled in
the vials and tubes for the first samples. Thereafter, the
monomers (10 mmol), anisole (0.4 mL, 3.66 mmol) or trioxane
in the respective solvent (c(trioxane) = 1.465 mol L', 2.5 mL,
3.66 mmol) as a standard and finally 1.99 mL of the solution of
RAFT agent (c(RAFT) = 33.5 mmol L™") and AIBN (c(AIBN) =
8.75 mmol L") in the respective solvent are added to the

i
Stock SEC

solution sampling sampling
racks racks P rack

16 reactor |  Stocl

block solution
array rack

Fig. 8 Overview of the setup inside the parallel synthesizer platform
with a reactor block, two SEC sampling racks, NMR sampling rack and
three stock solution racks.

3300 | Digital Discovery, 2025, 4, 3292-3303

reactors. Afterwards, the solutions are deoxygenated for 15 to
30 min by sparging with nitrogen gas. Following this, 0.4 mL
solution from each reactor are aspirated with the needle of the
robot and 0.2 mL dispensed to an NMR tube prefilled with
deuterated chloroform. The remaining volume is dispensed to
a SEC vial, prefilled with SEC eluent. These samples are
assigned as ¢ = 0 h samples with 0% conversion.

After the ¢t = 0 h sample from the last reactor is taken, the
timestamp for the further samplings is set and the reactors are
heated to 70 °C. Afterwards, samples are taken at specified
timepoints.

The batch sampling process for SEC is performed at the
following timepoints: 0 h, 1 h, 2 h,4 h, 6 h, 8 h, 10 h and 15 h.
The sampling process always follows the same course: before
the sampling from the reactor block, the vials are filled with
1 mL of SEC eluent to serve as quenching agent for the radical
polymerization. Afterwards, the sample is dispensed to the vial
and stands there until the end of the kinetic sampling (¢ = 15 h).
Then, the SEC samples are taken out of the synthesizer and
filtered through a 0.45 pm PTFE filter into a fresh vial prior to
measurement.

The NMR sampling process is performed at 0 h, 1 h,2 h, 4 h,
8 h and 15 h. The steps for the preparation are as follows: first
0.35 mL of deuterated chloroform is added to the 4” NMR tubes
(prior to sampling), followed by 0.2 mL of sample. Afterwards,
the tubes stand until the end of the kinetic sampling. Then, the
NMR funnel module is changed and once more 0.4 mL of NMR
solvent is added for filling of the tubes. Afterwards, the rack is
tilted and shaken manually to homogenize the solutions and
then placed inside the SampleJet autosampler for measure-
ment. For a more detailed overview of the program course, see
Table S7 in the SI.

For reproducibility and longtime reaction tests, the same
workflow was utilized with different sampling and polymeriza-
tion times of up to 84 h.

Sampling strategy

For the reproducibility of the experiments, it is important that
the reactions are always conducted under the same conditions
(e.g., chosen reactor array). Hence, the monomers were clus-
tered into three groups (methacrylates, acrylates, and styrenes).
A RAFT agent was chosen and one monomer group after the
other was sampled. Normally, this took one day per group. As
the utilization of the same reactor array for all polymerizations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was not possible due to practical restrictions it was decided to
utilize one reactor array per group of monomers.

Conclusions

In conclusion, we present a workflow to generate a new dataset
of RAFT homopolymerization kinetics initiated with AIBN at
70 °C as well as the database itself. In detail, we utilized the
workflow to generate a total of more than 7200 samples divided
into conversion and molar mass data. A web interface was
programmed, which allows access to the kinetic data from all
over the world. We showed how this data can be utilized to
guide polymer chemists, concerning which combination of
RAFT, monomer and solvent to choose to yield a specific poly-
mer material. Furthermore, the system is agnostic to the data-
amount as long as it contains the same reaction parameters
and, thus, can be easily made more comprehensive by
expanding the database with additional reactions. The intuition
score provides a rapid and practical, yet inherently subjective,
overview of the dataset. It offers users insight into the authors’
expertise while alerting about underlying biases common in all
datasets. Ultimately, this work provides a tool to do (possibly
big) data analysis with one’s own neural network and assistance
from the chemists behind it.

In future work, we aim to widen the scope of the dataset by
implementing new variables to the reaction space. Targeted
variables are the utilization of further initiators, polymerization
temperatures, monomer concentrations, initiator-to-CTA ratios
and further solvents (e.g., tetrahydrofuran) as well as CTAs.
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