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The establishment of automation of laboratory research over the past years has rapidly advanced all fields
of chemical science including polymer synthesis. However, automated synthesis of polymers is largely limited
to non-functional materials and post-polymerisation modification (PPM) remains underrepresented in flow
polymer science. Herein, the polymerisation and PPM of pentafluorostyrene (PFSty), an established precursor
polymer for PPM via para-fluoro-thiol-reaction (PFTR), in continuous flow is reported for the first time. The
kinetic behaviour of the reversible addition—fragmentation chain transfer (RAFT) polymerisation of PFSty via
transient timesweeping is demonstrated, yielding apparent polymerisation rate coefficients of 1.18 x 107> to
113 x 1072 s at 70-90 °C with 2-cyano-2-propyldodecyltrithiocarbonate (CPDT) as RAFT agent.
Consequently, the PFTR of poly(PFSty) in continuous flow is investigated using 1-dodecanethiol (DT), 4-fluor-
obenzyl mercaptan (FBM), and 4-trifluoromethylbenzyl mercaptan (TFBM) showing quantitative conversion of
FBM and TFBM after 6 min at 60 °C while DT does not exceed 53% modification of poly(PFSty) at 70 °C.
Finally, a mixed flow-PFTR concept enables predictable copolymer modification with thiol mixtures through
direct syringe pump control, achieving up to 99% precision depending on thiol reactivity. The proposed strat-
egy offers a versatile approach for the continuous-flow synthesis and modification of reactive polymers,
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Introduction

In recent years, the utilisation of continuous flow for investi-
gation of chemical syntheses and characterisation has experi-
enced an unprecedented upswing with the establishment of
computer-assisted reaction management." Artificial intelli-
gence (AI) and machine learning (ML) have proven effective in
accelerating data acquisition, curation, and processing to meet
the requirements of modern materials and data scientists.” By
employing continuous reaction control in a flow reactor setup,
rapid feedback on the state of a reaction and the product
quality is achieved by virtue of in- and online analysis.’ Today,
the use of Al and ML has entered every field of chemical
research from organic*® to inorganic®’ chemistry and
researchers have acknowledged the potential of these tools for
a more precise and time-saving method for experiment design
and analysis with less trial-and-error setbacks.® Given its
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expanding the library of functional polymers for high-throughput methodologies.

environmental and industrial relevance and scope, the field of
polymer chemistry is of special interest for the usage of
advanced flow techniques. The annual production of plastics
and synthetic polymers has been projected to be 1.1 billion
tons by the year of 2050 and more efficient material develop-
ment is therefore imperative for more sustainable chemical
research.”’® Flow-based polymerisation methods benefit from
a number of advantages over conventional batch-based
approaches the operation under extreme
conditions,"™** fast mixing of reactants,'® large surface area
for improved heat transfer,'* increased safety,">'® facile scal-
ability,'” and good reproducibility'®'® among others which in
turn lead to improved overall sustainability.>* Control over the
structure of macromolecules in terms of architecture, mole-
cular weight, and molar mass dispersity (P) is of utmost
importance in order to control material properties and their
applications. Among the many established polymerisation
techniques, reversible deactivation radical polymerisation
(RDRP) and ionic polymerisation methods are used to create
polymers with defined architectures, controlled molecular
weight and low P. With anionic polymerisation being histori-
cally the first example for continuous  flow
polymerisations,>>* RDRP methods are widely used in flow
polymer chemistry research owing to their chemical robust-
ness, versatility, and straightforward execution.*® RAFT poly-

such as
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merisation has proven to be especially versatile and useful in a
flow chemistry context with recent advancements including
photoiniferter-RAFT,?°>® ultrasound-assisted RAFT,***° poly-
merisation-induced self-assembly (p1SA),>1 33 and
depolymerisation.***> One key advantage of chemistry in con-
tinuous flow is the ability to acquire and analyse large timed
datasets from small reaction volumes through flow manipu-
lation, which has been pioneered by Girkin et al. in 2011°® and
Jensen et al. in 2013.%” It was later adopted for polymer chem-
istry as a method called transient timesweeping (TT).*® A
detailed explanation of TT can be found in a work published
by van Herck and Junkers in 2021.>° In contrast to a self-learn-
ing, closed-loop multi objective optimisation,**™** TT is a
method to obtain kinetic information about a given reaction
by analysing the transient reaction volume between two flow
rates. Continuous analysis of the monomer conversion (p)
during the equilibration period after a change in flow rate
from A to B results in a screening through all transient resi-
dence times and yields a full kinetic profile between the resi-
dence times attributed to flow rates A and B.>° Inline nuclear
magnetic resonance (NMR) spectroscopy and online size exclu-
sion chromatography (SEC) are typically used to monitor p and
molecular weight development during the reaction. In recent
years, TT has been successfully employed to investigate the
polymerisation behaviour of commodity monomers such as
numerous acrylates®******* and styrene.”> However, the investi-
gation of functional monomers in TT experiments remains
underrepresented and is believed to be a promising tool to accel-
erate material development from modifiable platform polymers
able to undergo PPM. Poly (pentafluorostyrene) (poly(PFSty)),
used for adjustably wettable surfaces,’® low dielectric films,"”
PISA of nanoparticles,*® and ionic liquids*® is known to efficien-
tly undergo PPM vig PFTR with thiols under presence of bases
such as triethylamine or diazabicycloundecene (DBU). The PFTR
is highly selective and can be carried out under mild conditions,
classifying it as a ‘quasi-click’ reaction.’® To the best of our
knowledge, PFSty has to this day not been investigated in terms
of flow polymerisation behaviour and neither has the PPM of
poly(PFSty) in flow. We believe that enabling poly(PFSty) as plat-
form for highly efficient material development through PFTR in
continuous flow is a promising approach to advance next-gene-
ration automated polymer research.

Herein, we extend our previous study on the automated
RAFT polymerisation and modification of pentafluorophenyl
acrylate (PFPA) in continuous flow®! to the kinetic investi-
gation of the polymerisation of PFSty by virtue of TT.
Additionally, we report the efficient PPM of poly(PFSty) via
flow-PFTR which allowed precise control over polymer struc-
tures and material properties.

Experimental

Materials

1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU) (Alfa Aesar, 99%),
1-dodecanethiol (DT) (Sigma Aldrich, >98%), 2-(dodecylthio-
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carbonothioylthio)propionic acid (CDCTPA) (Boron Molecular,
97%), 2,3,4,5,6-pentafluorostyrene (PFSty) (BLD Pharmatech,
98%), 2-cyano-2-propyldodecyltrithiocarbonate (CPDT) (BLD
Pharmatech, 97%), 2-cyanobutan-2-yl 4-chloro-3,5-dimethyl-
1H-pyrazole-1-carbodithioate (CBCDMPC) (Boron Molecular,
95%), 4-fluorobenzyl mercaptan (FBM) (BLD Pharmatech,
98%), 4-trifluoromethylbenzyl mercaptan (TFBM) (BLD
Pharmatech, 95%), dimethylformamide (DMF) (Thermo
Scientific, 99.8% over molecular sieve), methanol (Carl Roth,
technical grade), petrol ether (PE) (Carl Roth, technical grade),
and tetrahydrofuran (THF) (Acros Organics, 99.8%) were used
as received. Azobisisobutyronitrile (AIBN) (Sigma-Aldrich,
98%) was recrystallised from methanol prior to use. 4-Cyano-4-
[[(dodecylthio) carbonothioyl]thio] pentanoic acid (DoPAT) was
synthesised according to literature.>?

Characterisation

Differential scanning calorimetry (DSC) was performed on a
214 Polyma DSC device from NETZSCH (Selb, Germany).
Around 5 mg of sample were precisely (A = 0.005 mg) weighed
in an aluminium pan with a pierced lid for measurement. An
aluminium pan filled with air was used as a reference and the
heating rate was typically set to 10 K min~" for all measure-
ments. Only the second heating run was used for discussion
unless stated otherwise.

High-field NMR spectra were recorded using an Ascend
400 MHz spectrometer from Bruker (Billerica, Massachusetts,
USA). Samples were dissolved in deuterated solvents, and the
number of scans was typically set to 256 unless stated other-
wise. Low-field NMR spectra were recorded on a 60 MHz
Spinsolve 60 Ultra from Magritek (Aachen, Germany) (acqui-
sition bandwidth 5 kHz: 83 ppm; acquisition time: 6.554
seconds; relaxation time: 17 seconds).

SEC measurements of isolated polymer samples were con-
ducted using a Tosoh EcoSEC (Tokyo, Japan) SEC system
equipped with a SDV 5 pm bead size guard column (50 x
8 mm) followed by three SDV 5 pm columns (300 x 7.5 mm,
subsequently 100, 1000, and 105 A pore size). THF was used as
eluent at 35 °C with a flow rate of 1.0 mL min~". The SEC
system was calibrated by using linear polystyrene standards
with the Mark-Houwink-parameters K = 0.01363 mL g~ ' and «
= 0.714. Online SEC was performed on a custom-designed PSS
system, operated by PSS WinGPC software. The SEC was
equipped with a PSS SDV analytic column (50 x 8 mm), fol-
lowed by one PSS SDV analytic 3.0 pm particle with porosity of
1000 A (300 x 8 mm). The sample was analyzed via an evapora-
tive light scattering detector (ELSD) ELS1300 using THF as
eluent at 40 °C with a flow rate of 1 mL min~". The SEC system
was calibrated with linear narrow polystyrene standards
ranging from 474 to 7.5 x 10° g mol™ (K = 1.41 x 10™* dL g™*
and a = 0.70). Due to the inherent inaccuracy of SEC for
materials that differ from the calibration polymer, molecular
weights were rounded to the second digit.>?

Thermogravimetric analysis (TGA) was conducted using a
TGA 5500 from TA Instruments (Eschborn, Germany) in
Platinum HT pans under nitrogen atmosphere. Samples were
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equilibrated at 30 °C and heated to 800 °C at a heating rate of
10 K min~". 5-10 mg of sample were used per measurement.

Synthesis of DoPAT

In a 500 mL round bottom flask, 2.28 g NaOH (57.05 mmol,
1.00 eq.) and 1.22 g tetrapropylammonium bromide
(4.56 mmol, 0.08 eq.) were dissolved in a mixture of 11.55 g
1-dodecanethiol (57.05 mmol, 1.00 eq.) with 200 mL acetone
and 25 mL DI water. 4.34 g CS, (57.05 mmol, 1.00 eq.) were
added, and the reaction solution was stirred for 30 min at
ambient temperature (a.t.). 8.73 g 2-bromopropionic acid
(57.05 mmol, 1.00 eq.) were added and the reaction mixture
was stirred for further 18 h at a.t. The acetone was removed
under reduced pressure, and the resulting solution was acidi-
fied with 100 mL 1 M HCI solution and diluted with 100 mL
DI water. The precipitate was collected via glass filter and
recrystallised once from petrol ether at a.t. Drying overnight
under vacuum gave DOPAT in the form of a yellow solid
(yield: 78%).

Transient timesweeping of PFSty in continuous flow

The flow setup used for the polymerisation of PFSty followed a
previously described setup used for polymerization of methyl
acrylate (MA) and methyl methacrylate (MMA).>® In brief,
7.50 g PFSty (38.64 mmol), 267 mg CPDT (0.773 mmol), and
25 mg AIBN (0.155 mmol) were dissolved in 18.5 mL anhy-
drous DMF. The solution was degassed with argon for
10 minutes before the solution was transferred to a 50 mL gas-
tight syringe from SGE which was placed in a Chemyx syringe
pump. The tubular reactor comprised of a PFA tubing with a
volume of 2 mL, submerged in a preheated oil bath with con-
stant temperature. Monomer conversion was continuously
recorded by a 60 MHz benchtop NMR, and the flow rate and
SEC injections were controlled by a custom python script (for
table with flow rates for each respective timesweep, refer to SI,
Table S1).

Kinetic post-polymerisation modification study of poly(PFSty)
in continuous flow via flow-PFTR

The flow setup for the kinetic investigation of the PFTR of poly
(PFSty) in continuous flow consisted of three syringe pumps
connected to a heated flow reactor with a volume of 1 mL.
1.50 g of poly(PFSty) (7.73 mmol of reactive units) were dis-
solved in 30 mL anhydrous DMAc, and the solution was
loaded into syringe 1. 7.73 mmol of the respective thiol and
1.12 g of DBU (7.73 mmol) were dissolved in 15 mL anhydrous
DMAc. The solutions were loaded in syringes 2 and 3, respect-
ively. The streams of syringes 2 and 3 were merged, before
combining with the stream of syringe 1. The flow rates were
adjusted to result in residence times of 1, 2, 3, 6, 9, 12, and
15 minutes in the reactor (for table with flow rates for each
respective sample, refer to SI, Table S2). The kinetic screening
was conducted at 50, 60, and 70 °C. The polymers were iso-
lated by direct precipitation in cold PE after exiting the reactor,
followed by centrifugation and drying in vacuum at 40 °C
for 18 h.
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Post-polymerisation modification of poly(PFSty) in continuous
flow via mixed flow-PFTR

The flow setup used for the PPM of poly(PFSty) was based on
our previously described setup for the PPM of poly( pentafluor-
ophenyl acrylate)®* and has been extended with another
syringe pump. In brief, 2.00 g of poly(PFSty) (10.30 mmol of
reactive units) were dissolved in 20 mL anhydrous DMAc and
the solution was loaded in syringe 1. 10.30 mmol of DT or
FBM and 10.30 mmol of FBM or TFBM were dissolved in
10 mL anhydrous DMAc and loaded into syringes 2 and 3,
respectively and depending on the desired thiol mixtures.
3.14 g DBU (20.60 mmol) were dissolved in 20 mL anhydrous
DMAc, and the solution was loaded to syringe 4. The 3D-
printed metal flow reactor was heated to the desired tempera-
ture and dosing of the syringe pumps started. After each flow
rate change, a total of 2 mL was passed through the system
before 2 mL samples were collected (for table with flow rates
for each respective sample, refer to SI, Table S3). The polymers
were isolated by direct precipitation in cold PE after exiting the
reactor, followed by centrifugation and drying in vacuum at
40 °C for 18 h.

Results and discussion
Polymerisation of PFSty

TT experiments of the RAFT polymerisation of PFSty were con-
ducted using different RAFT agents in order to evaluate their
suitability and polymerisation performance in terms of
monomer conversion, molar mass distribution, and control
over the reaction (refer to Fig. 1A; for more details on the reac-
tion platform, refer to SI).>* In a standard TT experiment, a
DMF solution containing PFSty, a RAFT agent, and AIBN was
prepared at molar ratios of 50:1:0.2, respectively. For each
run, PFSty accounted for 30 wt% of the total reaction mixture
(refer to Fig. 1B). CPDT, CDCTPA, DoPAT, and CBCDMPC were
chosen as RAFT agents (refer to Fig. 1C). For practicability pur-
poses, the maximum reaction time was set to 60 min and was
separated into 4 timesweeps: 4-8 min, 8-16 min, 16-32 min,
and 32-60 min to prevent “smearing” due to sudden changes
in back pressure and exit of the analyte from the NMR-sensi-
tive volume before all spins have relaxed.>* Monomer conver-
sion was quantified by "H NMR spectroscopy using the stan-
dard Magritek flow reaction monitoring protocol, acquiring
one scan every 17 s throughout the experiment. Data from
stabilisation and waiting periods were excluded, and the
remaining timesweeps were combined into a single conver-
sion-residence time profile. Conversion was calculated from
the ratio of C=C double-bond proton signals to the constant
DMF formamide proton signal (H-C=O0), using the known
initial ratio prior to reaction. SEC measurements were per-
formed by continuous sample injection following a delay to
account for the dead volume between the reactor and the injec-
tion valve. During passage of the transient volume, SEC runs
were initiated every 180 s at the new equilibrium flow rate. The
number and density of SEC measurements within a transient

This journal is © The Royal Society of Chemistry 2026
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(A) Schematic setup used for the high-throughput investigation of the polymerisation of PFSty via TT. Dashed red lines indicate hardware

control between computer and devices. Dashed blue lines indicate software communication between computers. (B) Reaction scheme of the RAFT
polymerisation of PFSty in DMF with AIBN. (C) Chemical structures of the RAFT agents investigated in this study.

volume depended on the flow rate and timesweep duration.
For example, a 4-8 min timesweep yielded four SEC traces (4,
5.5, 7, and 8 min residence times), whereas an 8-16 min time-
sweep produced seven traces (8, 9.5, 11, 12.5, 14, 15.5, and
16 min). TT experiments with CPDT, CDCTPA, DoPAT, and
CBCDMPC as RAFT agents at 85 °C showed a mostly linear
increase in monomer conversion with residence time (refer to
Fig. 2A). DoPAT-mediated polymerisation exhibited the highest
propagation rate, achieving 49.0% monomer conversion after
60 min residence time. Assuming pseudo-first-order kinetics,
the apparent polymerisation rate coefficient can be calculated
from the slope of the linear regression of the natural logarithm
of conversion versus time (refer to SI, Table S4). However, SEC
analysis showed the incompatibility of DoPAT with PFSty com-
pared to the other investigated RAFT agents, because poly
(PFSty) synthesized with DoPAT exhibited a molecular weight
of 4700 ¢ mol™" after 4 min residence time, increasing only
slightly to 5800 g mol™' at 60 min (refer to Fig. 2B). D
remained comparatively high (above 1.20) throughout, indicat-
ing that the singular alpha-methyl group of DoPAT did not

sufficiently stabilise the leaving group radical in the RAFT pre-
equilibrium (refer to SI, Fig. S2). The rapid M, increase is
attributed to direct PFSty polymerisation by AIBN, effectively
bypassing DoPAT as controlling agent, which leads to so-called
hybrid polymerisation behaviour, visible as a jump of the
degree of polymerisation to a certain level before the main
equilibrium takes hold of the reaction.’” In contrast, CDCTPA
and CBCDMPC produced comparable SEC results with low dis-
persity and near-linear M,-residence time profiles but achieved
lower monomer conversions, making them less efficient than
CPDT. The M,-conversion profile confirmed CPDT as the most
effective RAFT agent, delivering the highest conversion and
lowest P at 85 °C, whereas DoPAT failed to maintain controlled
polymerisation (refer to Fig. 2C). Consequently, to assess the
control and kinetics of PFSty polymerisation at different temp-
eratures, TT experiments were performed between 70 and
100 °C using CPDT as the RAFT agent. At 70 °C, PFSty poly-
merisation yielded a conversion below 10% after 1 h residence
time, making this temperature unsuitable under the given con-
ditions. The linear fit at 70 °C also showed poor agreement

A) 0.8 poly(PFSty), 85 °C B) 10000 poly(PFSty), 85 °C C) 7000 poly(PFSty), 85 °C
1+ cppT DoPAT A CPDT .
—— linear fit linear fit o2 9000+ CDCTPA 6000 A e a® o, .
206 + CDCTPA - CBCDMPC % 8000 « DOPAT . st
S linear fit —— linear fit _ 7000 " * CBCDMPC _ 50004 * _ec. © 557
* . 00090000 = 3 ¢ ’
b o 6000 N ,wggwccyf’“w 0000000000 o Ant
20.4 E 5000] & o0 " §’4000- . . ¢ e g
=8 908 wd S E
8 ~ 40007 . ittty ~ 3000 ) % rDT
T.0.2- S 3000 aasAAl o = * -
S AAAR IR 2000 - oL CDCTPA
= 2000 A‘A‘::*t*** I‘*&,’ + DOPAT
0.0+ 10004 L axtie® 10004 #° + CBCDMPC
0o{ * ook 0 oA _ - -theoretical
0 5 101520 25 30 35 40 45 50 55 60 0 5 101520 25 30 35 40 45 50 55 60 0 10 20 30 40 50

residence time | min

Fig. 2

residence time | min

conversion | %

(A) Pseudo-first-order kinetic plots of poly(PFSty) from four individual timesweeps using different RAFT agents at 85 °C with linear fits. (B)

Progression of M,, with increasing residence time using different RAFT agents. (C) M,, vs. conversion for the polymerisation of PFSty using different
RAFT agents. DoPAT was found to not control the polymerisation of PFSty, rendering it unsuitable for this reaction. Experiments with CPDT,
CDCTPA, and CBCDMPC showed good agreement with the theoretical linear increase of M, with conversion associated with controlled

polymerisations.
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with experimental data proven by a low R* linear fit coefficient
of 0.892.

At 100 °C, a nonlinear conversion-time relationship was
observed using CPDT as RAFT agent, likely due to increased
termination events and a shift toward free-radical polymeris-
ation.>® In contrast, polymerisation at 80-90 °C was well con-
trolled, achieving satisfactory conversions within 60 min and
showing good agreement with linear fits (refer to Fig. 3A and
Table 1). The apparent overall polymerisation rate coefficient
increased with temperature, consistent with the Arrhenius
equation. However, k., at 80 °C was lower than predicted,
likely due to experimental preparation errors or NMR shim-
ming inaccuracies during extended operation (refer to SI,
Fig. S3). Nonetheless, these results demonstrate the utility of
TT as a rapid method for obtaining valuable kinetic data in
the synthesis of functional polymers. Monomer conversion
could not be determined by '’F NMR due to insufficient
signal-to-noise ratio for resolving monomer and polymer
signals. Overcoming this would require lower flow rates and
increased scan numbers, which, however, contradicts the
concept of TT in its essence by disrupting the flow continuity
(refer to SI, Fig. S4). Automated SEC acquisition during con-
tinuous poly(PFSty) polymerisation enabled monitoring of
molecular weight and D over time (refer to Fig. 3B and SI,
Fig. S5). At 70 °C and 80 °C, M,, of poly(PFSty) increased line-
arly over time. Raising the temperature to 85-90 °C accelerated
chain growth, consistent with the higher k,pp, though the M,
profile displayed slight curvature, suggesting radical and chain
depletion. At 100 °C, M,, plateaued after 30 min, attributed to
initiator consumption and chain termination, in agreement
with the 'H NMR conversion profile. Dispersity remained
below 1.20 across all conditions, confirming good compatibil-
ity of CPDT with PFSty. At temperatures of 90 °C and below, D
values as low as 1.05 were achieved, indicating excellent
control (refer to SI, Fig. S6). M,-conversion plots further con-
firmed this control, showing linear correlations up to 90 °C, as
expected for controlled polymerisations (refer to Fig. 3C).>” We
hypothesise that variation or continuous dosage initiator
might be a promising strategy to achieve high a high degree of

View Article Online
Polymer Chemistry
Table 1 Conversion after 60 minutes residence time, apparent poly-

merisation rate coefficient, and quality of the linear fit at different poly-
merisation temperatures

Coefficient of

Temperature/  p after determination
°C 60 min/%  kapp/s™ R

70 7.2 1.18 x 102 +2.01 x 10  0.892

80 20.6 3.89x107°+2.27x107°  0.986

85 41.7 8.61x107°+2.71x107  0.996

90 47.7 1.13x102+4.40x 10  0.994

100 33.7 — —

control over the polymerisation of PFSty in continuous flow to
further strengthen its use as platform polymer for PPM. These
findings demonstrate the feasibility of high-throughput PFSty
RAFT polymerisation with controlled polymer architecture for
PPM applications and confirm the reliability of kinetic data
obtained via TT.

Post-polymerisation modification of poly(PFSty)
Flow-PFTR

In addition to the kinetic investigation of the polymerisation
of PFSty, the PPM of the obtained poly(PFSty) via PFTR has
been studied to showcase the versatility of flow chemistry for
fast reaction iteration and data acquisition at changing reac-
tion conditions. However, conducting the PFTR of as-obtained
poly(PFSty) in the presence of DBU yielded polymers with
bimodal molecular weight distribution with the second peak
occurring at approximately double the molecular weight of the
first one. We hypothesise that polymeric dimerisation occurred
under cleavage of the RAFT end group and disulfide formation
under presence of air and moisture (refer to SI, Fig. S7 and
Scheme S1A).°® Consequently, the RAFT end group was trans-
formed into a non-reactive end group by radical end group
transfer with a mixture of AIBN and lauroyl peroxide (LPO)
according to literature (refer to SI, Scheme $2B).>° The success-
ful cleavage of the dodecyl trithiocarbonate end group was
confirmed by "H NMR spectroscopy with the disappearance of

A) 1.0-Poly(PFSty), CPDT B) poly(PFSty), CPDT C) poly(PFSty), CPDT
= 70°C v 90°C 1'
5000 ° 5000
0.8 linear fit linear fit %0 ,,C
. ° . 100 °C $oH4 w
= |- 80°C 100 °C ; B rtsss o 4000 . .}".4”’
2 linear fit wvTT L jaasdd h 00{ 4
% 0.6 > i " S o* )
g | B30 £ Be 23000 o 4
g 04l -linear fit ‘4* ....,.--' ° Py ’ o
s sa0] T L RE
g s * ag® 85°C
S0 - w “
e 1000 v 90°C
o > + 100°C
* - - -theoretical
0 5 101520 25 30 35 40 45 50 55 60 0 5 1015 20 25 30 35 40 45 50 55 60 0 10 20 30 40 50

residence time | min

Fig. 3 (A) Pseudo-first-order kinetics plot of poly(PFSty) from four individ
(B) Progression of M,, with increasing residence time. A slight curvature of t

residence time /| min

conversion | %

ual timesweeps at different polymerisation temperatures with linear fits.
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(C) M,, vs. conversion for the polymerisation of PFSty at temperatures between 70 and 100 °C. Experiments below 100 °C show good agreement
with the theoretical linear increase of Mn with conversion associated with controlled polymerisations.
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the resonances attributed to the CH, group adjacent to the
trithiocarbonate sulfur at 3.68 ppm (refer to SI, Fig. S8). After
removal of the RAFT end group, the kinetic behaviour of the
flow-PFTR of poly(PFSty) with 1-dodecanethiol (DT, thiol A),
4-fluorobenzyl mercaptan (FBM, thiol B), and 4-trifluoro-
methylbenzyl mercaptan (TFBM, thiol C) in presence of DBU
in DMAc was investigated and evaluated regarding the reaction
conversion. Details on the experimental procedure and the
reactor setup can be found in the SI In short, three syringe
pumps with solutions of poly(PFSty), a thiol, and DBU were
prepared respectively and connected to a custom-made, temp-
erature-controlled, 3D-printed steel flow reactor. The flow rates
of all components were adjusted to result in reactor residence
times of 1, 2, 3, 6, 9, 12, and 15 min. Kinetic investigations of
the flow-PFTR were conducted at 50, 60, and 70 °C. The PFSty
polymers modified via flow-PFTR were named poly(PFSty-DT),
poly(PFSty-FBM), and poly(PFSty-TFBM), depending on the
respective thiol used. For poly(PFSty-DT), the integral ratios
between the para fluorine atoms of poly(PFSty) and the meta
fluorine atoms of poly(PFSty-DT) were used to determine the
reaction conversion. In poly(PFSty-FBM) and poly(PFSty-TFBM)
the reaction conversion was calculated from the integral ratios
between the para fluorine atom of poly(PFSty) and the aro-
matic para fluorine atom of FBM and the aliphatic CF; group
of TFBM, respectively (refer to SI, Fig. $9-511). The flow-PFTR
of poly(PFSty) with DT at 50 °C converged after one minute of
residence time at a maximum conversion of 45%. While the
conversion could be increased to 50% at 60 °C and 53% at
70 °C, it became evident that a longer residence time did not
result in higher degree of modification, and the reaction was
complete after only one minute (refer to Fig. 4A). The conver-
sion of close to 50% implies the substitution of, on average,
every second PFSty unit in the polymer and is believed to be
caused by the steric hindrance of DT, which can be overcome,
to some extent, by higher reaction temperatures rather than
longer reaction times.®>®' SEC analysis revealed an increase of
M, from 11400 g mol™" to approximately 17 400 g mol~". This
resembles an increase in M, with a factor of 1.513 and is close
to the expected factor of 1.470 at 50% conversion. The mole-
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cular weight distributions were found to remain mono modal
and very narrow at = 1.1 before and after the flow-PFTR of
poly(PFSty) with DT regardless of the reaction temperature or
time (refer to SI, Fig. S12). All SEC measurements in this work
were evaluated using polystyrene standards and are intended
to identify trends rather than precise values. The flow-PFTR of
poly(PFSty) with FBM was found to be very efficient with quan-
titative conversion after 6 min at 50 °C and 3 min at 70 °C
(refer to Fig. 4B). Furthermore, at full conversion, the deter-
mined M,, of poly(PFSty-FBM) of approximately 18 200 g mol
matched the theoretically calculated value of 18700 g mol™*
very closely. However, it was found that D increased signifi-
cantly from 1.1 to 1.26 at longer reaction times and higher
temperatures. Thus, residence time and reaction temperature
of the flow-PFTR of poly(PFSty) with FBM should ideally not
exceed 6 min at 60 °C (refer to SI, Fig. S13). The flow-PFTR of
poly(PFSty) with TFBM was found to be significantly slower
with full conversions reached after 12 min at 50 °C or 6 min at
60 and 70 °C (refer to Fig. 4C). This can be explained by the
reduced nucleophilicity of the TFBM anion compared to the
FBM anion due to the strong electron withdrawing CF; group.
Additionally, TFBM is more sterically demanding than FBM
which also affects its reactivity in a nucleophilic substitution.®*
At full conversion, M, increased from 11500 g mol™" to
23 000 g mol~" which resembles an increase of factor 2, which
is slightly higher than the theoretically expected increase by a
factor of 1.88 at full conversion. However, considering the
error of SEC measurements, this still confirmed the successful
PFTR of poly(PFSty) with TFBM. P increased slightly from 1.1
to approximately 1.12 during the reaction (refer to SI, Fig. S14).
In summary, the continuous flow approach was shown to be
an effective tool to investigate the kinetic behaviour of PPM of
poly(PFSty) by flow-PFTR. The flow-PFTR of poly(PFSty) was
found to be very efficient at mild conditions with aromatic
benzyl thiols as indicated by full conversion at 60 °C after
6 min. In contrast, aliphatic DT was found to undergo PFTR
more quickly, but the possible degree of modification was
limited to approximately 50%, depending on temperature
rather than residence time.

A) B) C)
poly(PFSty-DT) ly(PFSty-FBM ly(PFSty-TFBM
100- 100_p0y( ty ) 1oo_poy( ty )
90 90 90
80 80 80
X 704 X 704 X 704
5 % § % § %
% 50- % 50- % 50
“g’ 40+ g 404 “g’ 40+
S 30 S 30 S 30
20 Co—350°C 20 Co—s0°C 20 —
104 —e—60 °C 104 —e—60 °C 104 =960 °C
0- b T70 °C 0- b T70 °C 0- j=de—70 °C
0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15
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time / min time | min

Fig. 4 Conversion-residence time plots of the PFTR of poly(PFSty) with DT (A), FBM (B), and TFBM (C) conducted in continuous flow at 50 °C

(black), 60 °C (red), and 70 °C (blue) with DBU as base.
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Mixed flow-PFTR - general considerations

Given the versatile modifiability of poly(PFSty) via flow-PFTR, a
flow reactor setup for precise control over PPM ratios in con-
tinuous flow was designed whose setup was published in an
earlier work.”" Building on this study, the flow-PFTR with mix-
tures of different thiols at changing molar ratios was con-
ducted in order to showcase the versatility of the presented
strategy to precisely control molecular compositions of
polymer by virtue of flow chemistry to which we will refer to as
“mixed flow-PFTR” throughout this article. In general, the
PPM flow setup comprised four syringe pumps with syringe 1
containing a solution of poly(PFSty), syringes 2 and 3 con-
tained solutions of two different thiols, and syringe 4 con-
tained a solution of DBU (refer to Fig. 5). The concentrations
of thiols and DBU in all solutions were adjusted to match the
concentration of active para fluorine groups in the polymer
solution at any given flow rate combination of the experiment.
During the modification experiments, the streams from syr-
inges 2 and 3 were first combined and then merged with the
DBU solution from syringe 4. The flow rates of streams 2 and 3
were set so that their combined rate equalled that of the DBU
stream and their combined stream in turn equalled that of the
polymer solution. The resulting stream contained 10-90 mol%
of thiol A and 90-10 mol% of thiol B, respectively, with incre-
ments of 10 mol% (A;9_90-Boo-10)- As a result, the total flow
rate after mixing of all streams was 0.2 mL min~" for all reac-
tion compositions (refer to SI, Fig. S15). The heated 3D-printed
flow reactor had a volume of 1.0 mL, giving a residence time of
5 min. It needs to be noted that a telescoped reaction, where
polymerisation and PPM are done in one continuous stream,
was not feasible for this study due to expected side reactions.
These include reinitiation of polymerisation, thiol-ene reac-
tion, and PFTR with unreacted monomer which were believed
to disturb calculation of monomer conversion on one hand
and the stochiometric modification of only the polymer on the
other. The investigated thiol pairs were DT-FBM, DT-TFBM,
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and FBM-TFBM and the resulting polymers were named poly
(PFSty-DT-r-FBM), poly(PFSty-DT--TFBM), and poly(PFSty-
FBM-r-TFBM) respectively, where “r” indicates the random sub-
stitution pattern along the polymer chain. For poly(PFSty-DT--
FBM) and poly(PFSty-DT-~-TFBM), the resulting modification
ratios between DT and FBM/TFBM were calculated from the "H
NMR integrals attributed to the three terminal CH; protons of
DT at 0.88 ppm, and the four aromatic FBM/TFBM protons at
6.50-7.50 ppm. Comparison of the found modification ratio in
the polymer with the input thiol ratio allowed definition of the
precision with which poly(PFSty) could be modified by direct
flow rate control of thiols. Interestingly, '’F NMR revealed
quantitative conversion of para fluorine atoms of poly(PFSty)
in all poly(PFSty-DT--FBM) and poly(PFSty-DT-~TFBM) com-
positions (refer to SI, Fig. S16). This was unexpected since the
flow-PFTR of poly(PFSty) with only DT at 60 °C converged at
around 50% conversion (refer to Fig. 4A). A likely explanation
for the observed difference in conversion is that the presence
of FBM alters both the microenvironment and the reactivity
within the polymer matrix. FBM is believed to form a more
reactive thiolate with DBU and simultaneously enhances
polymer swelling and solvation through n-n and polar inter-
actions with the poly(PFSty) backbone.®*** This improved
accessibility of reactive sites might enable complete substi-
tution of para-fluorine atoms, overcoming the diffusion and
steric limitations that restrict conversion to approximately 50%
when using DT alone.

Mixed-flow PFTR with DT and FBM

The mixed flow-PFTR of poly(PFSty) with DT and FBM had a
very high precision of 88 to 99% throughout the modification
range (refer to SI, Fig. S17). It needs to be noted, that the quan-
titative integration of the DT CH; signal might be subject to
error due to a slight overlap with competing chemical reso-
nances at low chemical shifts. Additionally, selective reactivity
and post-substitution exchange of thioethers may cause devi-

Analysis

‘random

n
F Foo
o HI Do
DT, thiol A . F
F
F 2
\©\/$H Ri2-SH tm:)}—’—
FBM, thiol B
. 3
F Rus_SH EID>———
F
SH
TFBM, thiol C Q/j 4
D
N

F F F F
60 °C F F F F
5 min S S
PFT reaction \I W
Ry R

Fig. 5 Chemical structures of DT (green), FBM (blue) and TFBM (red) used in this work (left). Visualisation of the stream connections and the flow
reactor setup used for the mixed flow-PFTR of poly(PFSty) at 60 °C. The mixed flow-PFTR was conducted with the following thiol mixtures:
DT-FBM, DT-TFBM, and FBM-TFBM with varying thiol ratios for each mixture.
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ation of the final modification ratio from the feed ratio.*>°°
Nevertheless, mixed flow-PFTR with DT and FBM yielded very
high precision over the modification of poly(PFSty). M,
increased from 19000 g mol™' to approximately 31000 g
mol ™" during the mixed flow-PFTR with DT and FBM, while D
slightly increased from 1.11 to 1.14-1.15. Interestingly, the
trend in M, matched the expected trend with higher M, at
higher incorporation ratio of the slightly higher molecular
weight of DT over FBM, further confirming the tunability of
the product polymer by mixed flow-PFTR (refer to SI, Fig. S18).
DSC measurements of the polymers showed that the T, of poly
(PFSty) dropped from 88 °C to 62-65 °C after the mixed flow-
PFTR, which was overall unaffected by the modification ratio
between DT and FBM (refer to SI, Fig. S19). This can be
explained by the disruption of PFSty orientation in the
material due to the replacement of the para fluorine atom by
larger substituents which leads to more mobile chains and

Table 2 T, Tsy and residual weight at 800 °C of poly(PFSty), poly
(PFSty-DT-r-FBM), and poly(PFSty-DT-r-TFBM). For detailed infor-
mation, refer to S|

Polymer Tg/°C T50,/°C Weight at 800 °C/wt%
Poly(PFSty) 88 381 0
Poly(PFSty-DT-r-FBM) 62-65 302-315 23-39
poly(PFSty-DT-r-TFBM) 63-65 211-282 27-36
A) SH B)
SH
random
n
F F F F
| FLF
n
F. F B c F F F F
DMA s s
c
F F 60 °C
F 5min
F FLF
C) —— poly(PFSty)

s poly(PFSty-FBM-r-TFBM)

normalised resonance

60 -80 -100 -120 -140 -160
chemical shift/ ppm
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thus lowers the 7,.°” Poly(PFSty-DT-r-FBM) showed a multistep
thermal decomposition profile up to 800 °C with residues of
23 to 39 wt% depending on the modification ratio. It was
found that poly(PFSty) is thermally stable up to 381 °C while
poly(PFSty-DT--FBM) started to significantly decompose at
temperatures as low as 302 °C (refer to SI, Fig. S20 and
Table S5).

Mixed-flow PFTR with DT and TFBM

Additionally, the mixed flow-PFTR of poly(PFSty) with DT and
TFBM was conducted in order to elucidate the structural influ-
ence of the CF; group of TFBM on the resulting polymers in
contrast to the para fluorine atom of FBM. The precision of
82-97% was comparable with that of the mixed flow-FPTR
with DT and FBM (88-99%). The slightly less precise incorpor-
ation of both thiols is most likely caused by the reduced thio-
late reactivity of TFBM compared to FBM and the difference in
polarity, potentially resulting in local inhomogeneities and
occurrence of exchange reactions.®*®® Nevertheless, mixed
flow-PFTR of poly(PFSty) showed satisfactory precision of
modification with structurally different thiols (refer to SI,
Fig. S21). SEC revealed an increase in M,, from 19 000 g mol™*
to approximately 32200 g mol™" and a slight increase in P
from 1.11 to 1.14-1.21. However, no clear trend in M, or P
could be observed depending on the ratio of modification
during the mixed flow-PFTR with DT and TFBM (refer to SI,

B/
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Fig. 6 Reaction scheme of the mixed flow-PFTR of poly(PFSty) with FBM (blue) and TFBM (red) in DMAc at 60 °C. (B) Colour-code for the modifi-
cation of poly(PFSty) with 10-90 mol% FBM and 90—10 mol% TFBM, respectively. (C) Normalized °F NMR spectra of poly(PFSty-FBM-r-TFBM) in the
region between —50 and —150 ppm. The left peak at around —63 ppm is attributed to the aliphatic CFs group of TFBM while the peak at around
—115 ppm is attributed to the aromatic para fluorine atom of FBM. The conversion of para fluorine atoms at FBMgo-TFBM3o was 93%. (D) Theoretical
and experimental modification ratios of poly(PFSty) with FBM and TFBM, respectively. The black dashed line represents the theoretical input ratios of
FBM and TFBM which are directly linked to the flow rates of the syringe pumps while coloured solid line represents the found ratios in the final poly-
mers. The precision (black circles) describes the deviation of the dashed and the coloured line and shows that excellent control over the modifi-
cation was obtained.
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Fig. 7 (A) M, and D of poly(PFSty) (X) and poly(PFSty-FBM-r-TFBM) (coloured) at varying thiol ratios. (B) Thermal decomposition of poly(PFSty) and

poly(PFSty-FBM-r-TFBM) up to 800 °C. Heating rate: 10 K min™. (C) Tgs of poly(PFSty) (X) and poly(PFSty-FBM-r-TFBM) (coloured). Heating rate:
10 K min~. The amount of FBM increased from red to blue, while the amount of TFBM increased from blue to red, respectively.

Fig. S22). Similar to poly(PFSty-DT--FBM), poly(PFSty-DT--
TFBM) exhibited a T, of 64 °C which was independent from
the ratio of modification between DT and TFBM which can be
explained by the structural similarity between FBM and TFBM
(refer to SI, Fig. S23). TGA of poly(PFSty-DT--TFBM) revealed a
thermal decomposition profile with only one distinct
decomposition at around 340 °C. While Tso, showed no clear
trend depending on the modification ratio, the residual weight
at 800 °C decreased linearly with higher amounts of TFBM in
the polymer caused by the thermal stability of fluorinated alkyl
groups (refer to SI, Fig. S24 and Table S6).°® For overview, the
thermal characteristics of poly(PFSty-DT-~-FBM) and poly
(PFSty-DT-~TFBM) are summarised in Table 2.

In summary, mixed flow-PFTR using mixtures of aliphatic
DT and aromatic FBM/TFBM allowed rapid modification of
poly(PFSty) at low temperatures with only 5 min of residence
time.

Mixed-flow PFTR with FBM and TFBM

Consequently, the mixed flow-PFTR of poly(PFSty) with FBM
and TFBM was conducted, in order to demonstrate the achiev-
able control over the structural modification of poly(PFSty)
(refer to Fig. 6A and B). Since both FBM and TFBM contain
fluorine atoms, the modification ratio can be directly deter-
mined from the integral ratios between the para fluorine atom
of FBM (at —115 ppm) and the CF; atoms of TFBM (at
—-63 ppm) using '’F NMR spectroscopy (refer to Fig. 6C). In
contrast to DT containing mixed flow-PFTR, the precision of
modification was excellent with at least 97% in the range of
FBM, -TFBMy, t0 FBMgy-TFBM,,. At FBMy,-TFBM;, the pre-
cision slightly decreased to 89%, which can be explained by
the incomplete para fluorine conversion of 93%. Nevertheless,
the power of mixed flow-PFTR to precisely modify poly(PFSty)
towards desired chemical compositions with mixtures of thiols
by virtue of flow chemistry could be confirmed (refer to
Fig. 6D). SEC analysis of poly(PFSty-FBM--TFBM) revealed an
increase in M,, from 19 000 g mol™" to 25200-23 400 g mol ™.
Interestingly, the M,, of poly(PFSty-FBM-r-TFBM) increased lin-
early with incorporation of heavier TFBM moieties in the
polymer while D remained constant overall at approximately
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1.23 (refer to Fig. 7A and SI, Fig. S25). In comparison to DT-
containing polymers presented in this study, the thermal
decomposition of poly(PFSty-FBM-~-TFBM) was largely
unaffected by the ratio of modification and both Ts¢, and the
residual weight at 800 °C remained constant with 321 °C and
33 wt%, respectively (refer to Fig. 7B and SI, Table S7). The T,
of poly(PFSty-FBM--TFBM) was found to be in the range of
48-58 °C and notably depended linearly on the ratio of modifi-
cation between FBM and TFBM (refer to Fig. 7C and SI,
Fig. S26).

All in all, these results demonstrate the beneficial applica-
bility of mixed flow-PFTR to create polymer materials with
desired macroscopic properties directly by controlling the feed
ratio of reactants.

Conclusions

We reported the polymerisation and PPM of PFSty in continu-
ous flow. The RAFT polymerisation of PFSty was systematically
investigated at different temperatures (70-100 °C) and with
varying RAFT agents (CPDT, CDCTPA, DoPAT, and CBCDMPC).
Monomer conversion and molecular weight analysis were auto-
matically measured by an autonomous flow reactor platform
able to perform kinetic analysis by transient timesweeping.
The polymerisation was well-controlled up to 90 °C before
exceeding the feasible AIBN operation temperature. Apparent
polymerisation rate coefficients ranged from 1.18 x 107 to 1.13
x 1072 s~* at 70-90 °C. The kinetic behaviour of the PPM of
poly(PFSty) by PFTR in continuous flow was conducted with
three different thiols (DT, FBM, and TFBM) at 50, 60, and
70 °C. FBM was found to quantitatively undergo PFTR within
5 minutes at all temperatures while TFBM was found to react
slower with full conversion after 6 minutes at 60 and 70 °C
and 12 minutes at 50 °C. The PFTR of poly(PFSty) with DT was
found to be complete after 1 minute for all temperatures,
however, the conversion did not exceed 53% at 70 °C, likely
due to steric hindrance. A dedicated structure analysis regard-
ing the substitution pattern of poly(PFSty) by DT and other
thiols was beyond the scope of this work but might be a prom-
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ising study for future research on the structural control of poly-
mers modified via PFTR. Additionally, the control over
polymer modification by mixed flow-PFTR was demonstrated
using an adapted flow platform capable to carry out 4-com-
ponent reactions. Poly(PFSty) was modified with 88-99% pre-
cision using mixtures of DT-FBM while mixtures of DT-TFBM
allowed for modification with 82-97%. It can be concluded
that similar reactivities in both modifying agents for the PFTR
are favourable for precise control over the polymer modifi-
cation. While the PFTR was generally fast for all investigated
thiols, steric hindrance and selective reactivities were found to
be a decisive factor to ensure stochiometric incorporation of
substituents into the resulting polymer and therefore enable
direct polymer prediction based on input feed ratios. This was
showcased by the mixed flow-PFTR with FBM-TFBM, showing
a precision of over 95% for most input feed ratios. Additional
SEC, TGA, and DSC analysis highlighted the versatility of poly
(PFSty) as platform and adaptable polymer material with con-
trollable structures and properties at low b. We believe that the
approach described herein is well suited for small-scale optim-
ization, enabling efficient transfer of optimized conditions to
larger-scale synthesis. Potential reactor scale-up will mainly be
constrained by mixing and heat transfer, requiring enhanced
mixing strategies and precise temperature control to
ensure reproducible product quality. While this work focused
only on the investigation of poly(PFSty) homopolymers, devel-
opment of more complex structures and architectures by
exploitation of orthogonal reactions becomes very feasible
with the presented method. The usage of predictive flow-
polymer chemistry based on ML with functional monomers
such as PFSty for kinetic modelling and transfer to batch pre-
sents itself as a promising future route to obtain tailor-made
polymers.®® Additionally, realisation of a telescoped reaction
which includes polymerisation and PPM of PFSty or
other functional monomers in one stream is believed to be an
exciting approach to further develop the method presented
herein. We are convinced that the strategy described herein
is an important step to unlock rapid material discovery
utilising flow-PFTR by the means of automated flow polymer
chemistry.
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