#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Xanthate-supported photo-iniferter (XPI)-RAFT
polymerization: facile and rapid access to complex
macromoleculesy

i ") Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 593

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Anne-Catherine Lehnen, ©2° Johannes Gurke, ©2° Alain M. Bapolisi, 2

Martin Reifarth, ©2° Marek Bekir &< and Matthias Hartlieb @ *2°

Xanthate-supported  photo-iniferter  (XPI)-reversible  addition—fragmentation  chain-transfer ~ (RAFT)
polymerization is introduced as a fast and versatile photo-polymerization strategy. Small amounts of xanthate
are added to conventional RAFT polymerizations to act as a photo-iniferter under light irradiation. Radical
exchange is facilitated by the main CTA ensuring control over the molecular weight distribution, while
xanthate enables an efficient photo-(re)activation. The photo-active moiety is thus introduced into the
polymer as an end group, which makes chain extension of the produced polymers possible directly by
irradiation. This is in sharp contrast to conventional photo-initiators, or photo electron transfer (PET)-RAFT
polymerizations, where radical generation depends on the added small molecules. In contrast to regular
photo-iniferter-RAFT polymerization, photo-activation is decoupled from polymerization control, rendering
XPI-RAFT an elegant tool for the fabrication of defined and complex macromolecules. The method is oxygen
tolerant and robust and was used to perform screenings in a well-plate format, and it was even possible to
produce multiblock copolymers in a coffee mug under open-to-air conditions. XPI-RAFT does not rely on
highly specialized equipment and qualifies as a universal tool for the straightforward synthesis of complex
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Introduction

The use of light to control polymerization reactions offers signifi-
cant advantages compared to more conventional approaches (e.g
thermal activation)." High spatial and temporal control as
demonstrated in 3D-printing applications,” or selective activation
of certain initiators,>* as well as decoupling from the reaction
temperature® are among them. In particular, radical polymeriza-
tion processes with their high tolerance for functional groups and
reaction conditions benefit from photo-activation." Among
reversible-deactivation radical polymerization (RDRP) methods,
reversible addition-fragmentation chain-transfer (RAFT) polymer-
ization is among the most frequently used techniques.® RAFT
polymerization is highly tolerant to various conditions and func-
tionalities, and offers control over the polymerization of multiple
monomer families.” Among other techniques such as copper-

“University of Potsdam, Institute of Chemistry, Karl-Liebknecht-StrafSe 24-25, D-14476,
Potsdam, Germany. E-mail: mhartlieb@uni-potsdam.de

*Fraunhofer Institute for Applied Polymer Research (IAP), GeiselbergstrafSe 69, D-
14476, Potsdam, Germany

“University of Potsdam, Institute of Physics and Astronomy, Karl-Liebknecht-Strafse 24-
25, D-14476, Potsdam, Germany

T Electronic supplementary information (ESI) available: Experimental procedures,
additional figures, scheme, tables, and scripts. See DOI https://doi.org/10.
1039/d2sc05197d

© 2023 The Author(s). Published by the Royal Society of Chemistry

mediated,*™ or nitroxide-mediated polymerization,* the RAFT
process has been adapted to utilize light as an energy source in
different ways.”'*'* A common strategy is the use of photo-
initiators as a radical source. However, general limitations of
RAFT polymerization such as the restricted livingness and
implementation of initiator derived end groups remain in place.’®
To overcome these issues, Boyer and coworkers developed photo-
electron/energy-transfer (PET)-RAFT polymerization.”” Here,
a photo-catalyst is used, which harvests light and transfers energy
or an electron to the chain transfer agent (CTA) controlling the
RAFT polymerization.”® Subsequently, the CTA undergoes
homolytic bond cleavage and produces a radical, which acts as an
initiator for polymerization. However, it is also possible to induce
photo-dissociation of CTAs directly by excitation of electronic
transitions of the C=S bond, that is part of most CTAs.*® The
following B-fragmentation results in a transient R-radical, which
acts as an initiator for polymerization, as well as a persistent
thiocarbonylthio radical. The latter species can deactivate growing
chains in a reversible fashion, leading to an increased livingness of
this method when compared to a conventional RAFT polymeriza-
tion. This photo-iniferter (PI) process was first described by Otsu in
1982,>* and was later utilized in the framework of RAFT
polymerization.*

Depending on the photo-chemical properties of the CTA,
PI-RAFT polymerization can be performed using UV or visible
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light.”*** The method can be oxygen tolerant under certain
conditions,?” and was used to produce ultra-high molecular
weight polymers.”®* Also, restrictions regarding the monomer
order in block copolymers can be avoided.***' Despite these
advantages, PI-RAFT polymerization has not yet gained signifi-
cant traction in the polymer community.

Alongside side reactions of certain CTAs under irradiation,**
a major reason is likely a necessary trade-off between efficiency
(in terms of conversion and reaction time) and control over the
molecular weight distribution.

Xanthates are powerful photo-iniferters.”**»** They can be
activated via excitation of the spin forbidden n-7* transition using
UV-light, leading to B-fragmentation and rapid polymerization.*®
However, chain transfer coefficients with more activated mono-
mers (MAM)s are usually low, resulting in broad molecular weight
distributions.** And while Sumerlin and coworkers could show
that for dimethylacrylamide,”®* polymerizations are fast and
controlled, for the control of MAMs in a broader sense, other
classes of CTAs like dithioesters or trithiocarbonates are more
suitable.** However, they suffer from a comparably poor radical
yield in PI-RAFT settings, rendering reaction times long and
conversions not always high. In addition, degradation reactions of
the thiocarbonylthio radical can diminish the livingness of the
process during extended irradiation.”” And while certain
combinations of monomer and CTA show impressive results,*
a general, easy-to-use methodology for efficient PI-RAFT polymer-
ization is still lacking. We set out to overcome these restrictions
and offer a user-friendly method with more universal access to
well-defined polymers via lightinduced RAFT polymerization
within reasonable time frames, achieving high conversion, and
without the use of photocatalysts. The solution is comparably
simple: mixing xanthates with other CTAs that have a wider scope
in terms of molecular weight control will combine the merits from
both worlds. The group of Anastasaki has previously shown that
a mixture of CTAs of different qualities enables control over the
dispersity of the resulting macromolecules.’®** Even with vastly
different chain transfer coefficients, both CTAs are involved in
chain transfer equilibria and the resulting molecular weight
control is a product of both CTA's capabilities.”” However, the
varying photo-activity of certain CTAs was to the best of our
knowledge not yet considered in this context.

In our proposed method the xanthate is only used in relatively
minor quantities, to not influence the overall dispersity in
a significant manner, while still being able to boost radical
production and enable fast and highly living polymerization
reactions, producing polymers that are inherently photo-active and
can be chain-extended without the necessity for additional cata-
lysts, sensitizers or initiator molecules. In this scenario, the
xanthate acts similarly to a photo-initiator, however with two
important differences: (1) it will still take part in chain transfer
equilibria* and thus will be introduced as an end group in the
polymer population; (2) the reversible deactivation provided by
thiocarbonylthio radicals leads to an increased livingness,* likely
as a result of the persistent radical effect.** Hence the xanthate can
be added to an excess of a different CTA, and while the main CTA
(CTA-2 from here on) maintains a narrow molecular weight
distribution by efficient and fast chain transfer processes, the

594 | Chem. Sci, 2023, 14, 593-603

View Article Online

Edge Article

N

This work:
Mixed CTAs
Fast
&
controlled

XPI-RAFT
Polymerization
PI-RAFT o0 PI-RAFT
) SN )
using only n using only
Trithiocarbonates -~ Xanthates
Controlled Fast-Controlled-Lin® Fast but
but slow uncontrolled
Scheme 1 |llustration of the XPI-RAFT concept: a combination of two

CTAs enables fast and controlled photopolymerization without addi-
tional additives. A coffee-theme is chosen as it will later be shown that
the method is robust enough to produce multiblock copolymers in
a coffee mug under open-to-air conditions.

xanthate will fuel the polymerization, restrict termination by
reversible deactivation, and create polymers that can be reactivated
under irradiation. We refer to this process, in which a xanthate is
mixed with a CTA of a different nature in a photo-initiated poly-
merization as xanthate-mediated photo-iniferter (XPI)-RAFT poly-
merization (Scheme 1). We will demonstrate that XPI-RAFT
polymerization is a user-friendly and robust tool to broaden the
scope of what can be achieved with photo-polymerization
techniques.

Results and discussion

To probe the proposed concept of XPI-RAFT polymerization,
a closer look at the photo-activation of both CTAs is necessary.
The direct photo-activation of CTAs is most efficient when their
n-1v* band is excited.” Despite the spin forbidden nature of this
transition, the quantum yield of the respective B-fragmentation
seems to be significantly higher.>® The position of this band is
strongly dependent on CTA substitution: while in trithiocar-
bonates, light absorption based on the n-t* transition is in the
visible spectrum (~450 nm), in xanthate-based CTAs, the n-m*
band is located in the UV region (~350 nm).

On comparing the PI-RAFT polymerization of O-ethyl-S-(1-
carboxy)methyl xanthate (Xan) with that of propanoic acid butyl
trithiocarbonate (PABTC) (Fig. S17) it becomes clear that the
xanthate easily outperforms PABTC at all used wavelengths
(Table S107). This was even accomplished under visible light
irradiation (450 nm) despite Xan possessing no noteworthy
absorption capacity in this spectral region (Fig. S21).

Hence Xan can be used to boost radical production when mixed
with a second CTA (Fig. 1). During the reaction, mainly the
xanthate is activated by light and fragments into an R-radical
(transient), as well as a xanthate radical (persistent). The R-
radical initiates the polymerization but also reacts with CTA-2 in
a pre-RAFT equilibrium. CTA-2 distributes the radicals among
chains (chain transfer between CTAs of equal nature is not

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05197d

Open Access Article. Published on 29 2022. Downloaded on 07.01.2026 00:41:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
]
= S._X
a) S S R3 -—, { R1IR24'\r}n\Ir
[
Ri< + > R; S
1 SJLO/\ RZ\SJLZ 3
CTA-1 CTA-2 X=2Z, OEt
M
g I A
Rix s . . I
"sThoTS Ry 7+ §7 07 —— before polymerization la s S
s s —— after polymerization ‘1‘ % SJJ\S/\/\ : SJ\O/\
after precipitation I
RZ‘S)J\Z V\/ RZ‘SJ‘Z e
/\ :
S s !
R“SJ\Z R“SJ\Z 0.23:
g2 :
s Kaal . 0.226
R2‘s)j\o/\ Re \* )SL ; . .
o 48 48 4.4
8 (ppm)
M

Fig.1 Schematic representation of XPI-RAFT polymerization (a), and the underlying transfer mechanism from xanthate to CTA-2 (chain transfer
between CTAs of equal nature and photo-activation of CTA-2 is not pictured) (b), as well as end group distribution before and after polymer-
ization of a PNAM;q using a 9 : 1 mixture of CTA-2 (BABTC) and Xan as monitored by *H-NMR spectroscopy (c).

depicted) and the persistent xanthate radical (or to an extent CTA-2
based radicals as well) eventually deactivates the growing chain.
Thus, the final polymer possesses different combinations of end
groups depending on the composition of the CTA mixture, as
obvious form Fig. 1c (full spectra in Fig. S471). Here, a 9 : 1 mixture
of PABTC and Xan, together with NAM as a monomer (DP 10) at
a lamp power of 2 W (365 nm, 4.41 mW cm °) was used as
a model. The ratio of w-end groups remains similar throughout
the polymerization, and also after precipitation, as monitored by
NMR spectroscopy. In electrospray ionization mass spectrometry
(ESI-MS) three of the four possible combinations of end groups are
visible (Fig. S5t). The fourth combination (R-group and Z-group
from Xan) is likely not detectable due to its low prevalence (~1%
of chains in the case of ideal mixing based on statistical
considerations).

This shows that both CTAs are involved in chain transfer
equilibria and xanthate based thiocarbonylthio groups are
introduced as terminal functionalities in the polymer pop-
ulation, which has an important consequence as the produced
polymers are inherently photo-active and can be chain extended
without the addition of catalysts, photo sensitizers or exoge-
nous initiators (vide infra). This is in sharp contrast to PET-RAFT
polymerization, where activation depends on the presence of
a photocatalyst. While coupling of catalysts to polymer chains to
create intrinsically photo-active polymers has been
described,** this strategy takes considerable effort in CTA or
monomer design, whereas in XPI-RAFT polymerization a simple
mix and match protocol is sufficient to achieve this result.
Unlike in other PI-RAFT polymerization protocols, in the
present study photo-activation (mediated by the xanthate) is
decoupled from control over the molecular weight distribution
(mediated by CTA-2), which is a significant improvement, as the
CTA can be adjusted to the monomer without compromising

© 2023 The Author(s). Published by the Royal Society of Chemistry

photo-activation. The ratio between Xan and CTA-2 is essential
for an optimal outcome of such an XPI-RAFT setting (Fig. S37).
While at low Xan contents, conversion is low, a prevalence of
Xan will broaden molecular weight distributions due to the lack
of efficient chain transfer. When screening with PABTC we
found that 10-20% of Xan leads to optimal results: little to no
observable broadening of the molecular weight distribution by
using Xan paired with very high conversion within 2 h. For this
process we used a standard laboratory UV-lamp (365 nm) with 2
W of power and a measured intensity of 4.41 mW cm > (from
here on referred to as a 2 W lamp).

A closer look at the kinetics of the process using N-acryloyl
morpholine (NAM) as a monomer and PABTC as CTA-2 (Fig. 2b)
reveals the acceleration provided by xanthate. When only
PABTC was used as a CTA, barely any conversion was achieved
after 3 h (11%), while almost quantitative monomer consump-
tion was accomplished with a 1:9 Xan/PABTC mixture in the
same time frame and solvent. The rate of the polymerization
depends on the type of solvent used, which might be linked to
the increased polymerization rate of acrylamides in polar
solvents and in particular water.*® It should be noted that the
estimated optical penetration depth at this wavelength is still
higher than the diameter of the vials (1 ¢cm) used for these
studies (Table S97) and a relatively homogeneous activation can
be assumed. Also, at higher concentrations up to bulk condi-
tions, polymerization was possible where a slightly reduced
control and conversion were observed without solvent (Fig. S67).

The declining nature of the curves in the log-plot (Fig. 2b)
seems unintuitive at a first glance, as with a constant concen-
tration of radicals (as expected for PI-RAFT) a pseudo first order
kinetic and hence a linear evolution of logarithmic conversion
is expected. In the first attempt to examine this behaviour
a time-dependent monitoring of the process, as well as a kinetic

Chem. Sci., 2023, 14, 593-603 | 595
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Fig. 2 Kinetic investigation of XPI-RAFT polymerization of NAM using a 1:9 mixture of Xan and PABTC as CTAs (a). Polymerizations were
performed using different solvents at a lamp power of 2 W (365 nm and 4.41 mW cm™2) or 12 W (365 nm and 27.39 mW cm™2). Control
experiments without Xan were also performed. Conversion (b), as well as molecular weight distribution (c) was monitored under all conditions. (d)
XPI-RAFT polymerization of NAM targeting various DPs at a constant concentration of monomer (2 mol L™ and reaction time (3 h). Size-
exclusion chromatography (SEC) traces were recorded in THF using poly(styrene) (PS) as calibration, and conversion was probed via *H-NMR

spectroscopy.

modelling has been conducted (Fig. S7-S9,T reaction monitored
via "H-NMR spectroscopy and modelled with Matlab). While
CTA-2 (PABTC) is consumed quickly via chain transfer reac-
tions, the signals associated with intact Xan are visible at much
longer reaction times. Even though the simulation is fitted in
decent agreement with the consumption of the CTAs, the
modelled logarithmic conversion of the monomer deviates
significantly from the experimental data towards the end of the
reaction. The XPI-RAFT model predicts the conversion of the
monomer with varying molar fractions of xanthate to a certain
degree (©* = 0.7841). However, the experimentally determined
monomer consumption shows two separated linear regions in
the logarithmic conversion plot (Fig. S7t). If the model is run on
the assumption that photo-fragmentation of a polymer bound
CTA is considerably slower compared to that of the small
molecule CTA, the prediction of monomer conversion is
improved significantly (* = 0.9706, Fig. $97).

Taking both modelling and the experiment into account we
hypothesize a less effective photo-induced fragmentation of Xan
from the end of a polymer compared to that of free xanthate,
causing a drop of the apparent k. This observation fits well with
the difference in radical stabilization energy of an acrylate
(resembling the R-group) and an acrylamide (resembling
a macro-CTA that is reactivated).”” As the radical formed by
acrylamide is less stabilized, a B-fragmentation would be less
favourable from the macro-CTA, leading to an overall lower
radical concentration. In this case the reaction would slow
down once free Xan is consumed. Exploring the nature of this
process will be part of future studies.

Nevertheless, polymerization proceeds in a highly controlled
manner in each case (Fig. S101) and all reactions showed an
excellent linear increase of molecular weight with conversion
(Fig. 2c), while dispersity values are levelling out at ~1.1. The
reaction speed is scalable with light intensity as demonstrated
by using a 12 W setup (combination of three 4 W UV lamps,
each with a measured intensity of 9.13 mW c¢cm™? at the sample

596 | Chem. Sci, 2023, 14, 593-603

position) where the process reaches a conversion of >90% after
15 min (Fig. 2b, green diamonds). At these intensities (27.39
mW cm™?) PABTC can be activated in the absence of Xan to
proceed to similar conversions that are achievable with Xan and
a 2 W lamp. However, this strategy reduces the livingness of the
chains drastically (vide infra).

We were also interested in how versatile the method is in
terms of achievable polymer length and tested various targeted
degrees of polymerizations (DPs) at a constant concentration of
monomer (2 mol L™" of NAM, Fig. 2d). The control over the
molecular weight and its distribution is excellent at all targeted
DPs between 10 and 2000. Impressively, XPI-RAFT polymeriza-
tion is very efficient, even when the active component is diluted
significantly, as demonstrated with high conversions at a very
low Xan concentration (conversion > 95% after 3 h reaction time
at a targeted DP of 2000, Table S3t).

It should be noted that in principle rapid and controlled
polymerizations can also be achieved using PI-RAFT at very high
light intensities (~600 mW cm™?).2* However, this requires
highly specialized equipment that also has to be tuned to the
respective CTA. Using XPI-RAFT polymerization, where radical
production is decoupled, readily available and low intensity
lamps can be used.

While control and reaction rates are useful benchmarks, we
were also interested in the general scope of XPI-RAFT polymeri-
zation. This was probed by using different combinations of
monomer and CTA-2 while maintaining Xan as the main radical
source (Table 1, Fig. S111). Both main components are important
as the quality of radical stabilization influences chain transfer
processes as well as re-initiation of the end standing xanthate.
Thus, a mismatch of quality in the R-group between the two CTAs
or using a monomer, which results in radicals that are better
stabilized than the R-group of Xan might result in complications.
For each combination of monomer and CTA-2, the DP was varied
to also test the scope regarding polymer length.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Various combinations of monomers and CTAs with the XPI-RAFT methodology®

Monomer CTA-2 Light source Target DP Reaction time (h) Conversion® (%) My, (theo) § Mol My g mol™? o
NAM BABTC uv? 50 4 >99 7600 5100 1.1
200 >99 29500 19400 1.2
500 >99 70800 42 800 1.1
NIPAM PABTC uv? 50 4 78 4700 1900 1.2
200 93 21300 8500 1.1
500 91 51700 19900 1.3
MA PABTC uv? 50 4 92 4200 5000 1.1
200 94 16 400 19400 1.1
500 89 38600 44 500 1.1
MMA CPCETC uv? 50 20 98 5200 4500 1.2
200 95 19300 12900 1.4
500 88 44 400 26 000 1.6
DMAEMA CPDTB uvre 50 20 80 6600 3600 1.2
200 75 23900 16 700 1.3
500 81 63900 40300 1.4
PEGA PABTC uvhE 10 4 95 4600 4900 1.1
20 93 8900 7700 1.1
50 92 22100 13 400 1.1
NIPAM PABTC Blue® 50 4 75 (54)" 4500 1900 1.1
200 78 (27)" 17900 7100 1.2
500 74 (36)" 42100 19 600 1.3
NAM PABTC iPad®? 50 10 85 6200 4300 1.1

¢ Monomer concentration was 2 mol L™, the solvent was DMSO, and Xan with a Xan/CTA-2 ratio of 9 : 1 was used as a photo-active component for
all reactions. ” 2 W (4.41 mW ecm~2), 365 nm. © 24 W, 450 nm. ¢ 1 mL vial placed on the LED light source of an Apple iPad® Pro 1 (2018) 11.0”. ° NMR.

The first variation that was probed was the quality of the R-
group of CTA-2. We used NAM and Xan in combination with
tert-butanoic acid butyl trithiocarbonate (BABTC), a CTA with
a tertiary R-group. The polymerization proceeded flawlessly
with high conversions and excellent definition of the resulting
polymers. Also, N-isopropyl acrylamide (NIPAM), as well as
methyl acrylate (MA), both examples for fast propagating
monomers showed satisfying results for all targeted polymer
lengths. Slow propagating monomers forming tertiary radicals
proved to be more challenging. First, we probed methyl meth-
acrylate (MMA) using cyano pentanoic acid carboxyethyl tri-
thiocarbonate (CPCETC) as the CTA. While reaction times had
to be adjusted to 20 h to accommodate the monomer, the
achieved conversions were still high. Here, the targeted DP of
the polymer had an impact on the definition of the product.
PMMA with a DP of 50 could be produced with a dispersity of
1.2; however, the molecular weight distribution broadened for
longer polymers. It should be noted that curves were still
unimodal (Fig. S117) hinting toward a controlled process. A
possible explanation would be that low chain transfer coeffi-
cients, as expected of a combination of Xan and MMA are the
reason for these observations. When the same polymerization
was performed using thermal initiation (Fig. S12t), control was
increased supporting this hypothesis. If chains featuring a Xan
end group would only be reactivated via photolysis, a low
molecular weight tailing, as observed here would be the result.

As all previous combinations were between Xan and a tri-
thiocarbonate, we also wanted to probe a different type of CTA
in an XPI-RAFT protocol. Using cyano pentanoic acid

© 2023 The Author(s). Published by the Royal Society of Chemistry

fSEC. ¢ Dioxane/water was used as the solvent. ” Values in brackets without the addition of Xan.

dithiobenzoate (CPDTB) as CTA-2 in combination with dimethyl
aminoethyl methacrylate (DMAEMA), it was possible to produce
defined polymers in good conversions. We also included
a poly(ethylene glycol) (PEG)-based monomer (480 g mol )
featuring an acrylate group (PEGA) to demonstrate the capa-
bility of polymerizing more bulky repeating units. As we found
Xan to be photo-active under visible light irradiation as well, the
polymerization of NIPAM was also attempted using blue light
(~450 nm).

The obtained results are similar to the outcome of UV-
mediated polymerization, while a higher light intensity (factor
6) was necessary due to limited spectral overlap. While here
PABTC plays a more substantial role as a photo-iniferter (values
in brackets in Table 1 are from polymerizations without Xan),
the reactions are still much more efficient as an XPI-RAFT
process. Even the white LED of an iPad® was able to drive the
reaction when a vial containing the reaction solution was placed
directly on the light source (Fig. S137). The results in Table 1
indicate that the XPI-RAFT protocol can be used rather univer-
sally, without a major restriction regarding the nature of CTA-2
or the monomer, but with limitations regarding the achievable
definition for tertiary monomers. Thus, the XPI-RAFT method
essentially disconnects the activation wavelength from chain
transfer, without requiring an exogenous photo-catalyst, as
xanthate is still introduced as an end group in the produced
polymers enabling efficient photo-activation (vide infra). The
deviation from theoretical molecular weights can be explained
with the mismatching SEC calibration. It should be noted that
attempts to polymerize styrene yielded relatively low conversion

Chem. Sci., 2023, 14, 593-603 | 597
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(<50%, data not shown). Elucidating this will be part of future
investigations.

As PI-RAFT has been shown to be tolerant toward the pres-
ence of limited amounts of oxygen,>*® we were interested in
knowing if this feature can also be achieved in XPI-RAFT poly-
merization. We found that the reaction can be performed open
to air and without degassing (Fig. 3a and b). After oxygen was
consumed during a short inhibition period polymerization
proceeded without a decrease in the polymerization rate or
control. Only when the polymerization mixture was stirred, the
constant intake of O, inhibited the process. The photostability
of Xan was further probed using UV-vis spectroscopy of diluted
solutions of Xan in DMSO. When illuminated at 365 nm using
a similar intensity as that used for polymerizations, oxygen-free
solutions showed stable absorption spectra, while the intensity
of the peak associated with the m-m*band of Xan was
decreasing constantly during irradiation (Fig. 3c and d).

This indicates that the process that removes oxygen from
solution during irradiation is also degrading the CTA. For
polymerization reactions at a targeted DP of 50 this is not
obvious as here the CTA concentration is three orders of
magnitude higher while the oxygen concentration remains
similar. Hence, XPI-RAFT polymerization can tolerate certain
amounts of oxygen. However, for more sophisticated tasks,
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where a high livingness is essential or where Xan concentra-
tions are very low, removal of oxygen prior to polymerization is
still important.

Having shown that XPI-RAFT polymerization is a rather
universal strategy which is also very robust, we wanted to
demonstrate that the method can be utilized for the screening
of polymeric materials in a simple well plate setup. Experiments
using a well plate format have been described previously, but
they relied on high reaction temperatures and the availability of
a thermocycler,” or on the presence of a photocatalyst using
PET-RAFT polymerization.*

To demonstrate the ease of performing such a screening
using the XPI-RAFT methodology, we set up a high throughput
polymerization in a 96 well plate using NAM as a model
monomer with a mixture of PABTC and Xan, and dioxane/water
as the reaction medium (Fig. 4a). As it has been shown that the
mole fraction of Xan in the CTA mixture influences the dis-
persity of the resulting polymer, the Xan content was chosen as
one of the parameters to be varied in this experiment.
Controlled dispersity*®*® can be beneficial for many aspects
including interfacial properties,* self-assembly,”* or biological
activity.”> As such, the Xan content in the CTA mixture was
varied between 10 and 90% in order to control B. Moreover, we
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Fig. 3 Oxygen tolerance of XPI-RAFT polymerization. (a and b) Log-plots of the polymerization of NAM (2 mol L™%) in DMSO under different
conditions using a mixture of PABTC and Xan (9 : 1) and targeting a DP of 50. Conversion (a) was measured via *H-NMR spectroscopy (CDCls, 400
MHz) and molecular weight distribution (b) was determined via SEC in THF (PS-calibration); (c and d) photo-degradation of Xan in the presence
and absence of oxygen. (c) Degradation kinetics under illumination with 365 nm light (/ = 4.13 mW cm™2) under oxygen free conditions (0.02 mM
of Xan in DMSO) and in the presence of oxygen (0.08 mM of Xan in DMSO); (d) time dependent UV-vis spectra of Xan under these conditions. The

presence of oxygen seems to quench the UV-vis absorption of Xan.
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wanted to probe whether this control can be exercised at
different polymer lengths.

Therefore, the targeted DP was varied as a second parameter.
The respective well plate (Fig. 4b) contained 63 individual
polymerization reactions and was prepared in about 1 h using
stock solutions and serial dilution techniques. The plate was
covered using a silicon mat to prevent spills and excessive
intake of oxygen. Otherwise, no deoxygenation was performed
(neither before nor after pipetting). The plate was subsequently
illuminated from the bottom using 2 UV lamps (Fig. S147).
Impressively, the conversion as determined by NMR spectros-
copy was almost quantitative for most of the wells (Fig. 4c).

Only for the three samples with high targeted DPs and low
content of Xan, polymerization did not occur as here the active
species was too diluted to consume the oxygen in solution and
start the polymerization. From the sample with the lowest
xanthate amount that is able to produce a polymer, the minimal
concentration for successful deoxygenation and polymerization
in a closed vessel can be approximated (0.625 mmol L '). SEC
measurements of the residual 60 polymers revealed excellent
control over the molecular weight. Regardless of the CTA
mixture composition, the measured M,, values correlate nicely
with the targeted DP. The dispersity of individual polymers was
dependent on the mole fraction of Xan used. Due to limited
chain transfer capabilities of xanthate, molecular weight
distribution broadened along the series. Unimodality of the
curves and molecular weight control strongly suggest
a controlled polymerization (Fig. 4e). This observation was true
for all targeted DPs even though at high molecular weights b
was already elevated at low Xan contents, which is potentially
a result of the presence of oxygen in the polymerization mixture
in combination with low Xan concentrations.

A correlation of the P value with the composition of the CTA
mixture can be observed for each DP value (Fig. S157)

© 2023 The Author(s). Published by the Royal Society of Chemistry

Overall, this experiment shows that XPI-RAFT polymeriza-
tion is a suitable protocol for screening reactions in a straight-
forward manner, using a well plate format without the necessity
of degassing. In addition, as the method relies on a mixture of
CTAs with different chain transfer coefficients, the dispersity of
the resulting polymers can inherently be controlled over a wide
range of targeted molecular weights by simply changing the
ratio of CTAs.

An important feature of PI-RAFT polymerization is that poly-
mers possessing a CTA end group can be reactivated via light and
chain transfer without the addition of an additional CTA or
initiator. As in XPI-RAFT polymerization, xanthate is incorporated
into the polymer population (Fig. 1c), and it is expected that with
this method also a simple reactivation is possible. To prove this,
and also to demonstrate the straightforward nature of the XPI-
RAFT process, various block copolymers were produced in
a one-pot procedure (Fig. 5). After the first segment reached
a high conversion (>95%) a second monomer was added, and
polymerization was continued under UV-light irradiation.
Monomer consumption was probed via 'H-NMR spectroscopy
and irradiation was continued until the desired conversion was
achieved. A tailing, indicating incomplete chain extension is
visible in SEC traces, but can be expected in the rapid synthesis of
high molecular weight block copolymers. It should be empha-
sized that the synthesis of triblock copolymers with a total DP of
1000 (PNAM;500-b-PNIPAM,,-b-PMA;,,) represents a non-trivial
task, which would at least require optimization of the used
initiator amounts in conventional RAFT polymerization. Using
XPI-RAFT this polymer could be produced in 13 h reaction time,
without the necessary screening of parameters and with relative
ease (standard laboratory UV-lamp, simple degassing strategy, no
stirring, and no additional reagents).

These findings also prove that xanthate is incorporated into
the polymer and can be reactivated, although with a slower

Chem. Sci., 2023, 14, 593-603 | 599
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reaction rate, when compared to the first block, which is in
accordance with the behavior observed in kinetic experiments.
In addition, the method is highly adjustable, as conversion can
be probed at any point of the reaction without disturbing the
livingness, and polymerization can be continued until the
desired monomer consumption is achieved. To illustrate the
quality of the produced block copolymers, their self-assembly in
aqueous solution was investigated. Based on their composition,
diblock copolymers formed defined aggregates at room
temperature or upon heating as indicated by DLS (Fig. 5d and
S15%). Furthermore, atomic force microscopy (AFM) images
reveal the morphology of surface-deposited assemblates
(Fig. 5e).

All samples showed objects in a size range that is expected
for micellar morphologies matching the values recorded in DLS.
While PNAM-b-BA showed aggregation, PNAM-b-MA formed
well defined particles.

Encouraged by these results we set out to probe the robust-
ness and livingness of XPI-RAFT polymerization. The synthesis
of a multiblock copolymer is an excellent benchmark in this
context as a failure to re-initiate can be visualized in the size
distribution via SEC. A further aim was to demonstrate that
tedious parameter optimization or specialized conditions are
unnecessary using an XPI-RAFT protocol, and that complex

600 | Chem. Sci, 2023, 14, 593-603

via DLS, and (e) AFM height micrographs of self-assembled block

multiblock copolymer structures can be produced in an easy
and rapid manner.

An alternating sequence of NAM and NIPAM was produced
with a DP of 50 for each block, using an 8 : 2 mixture of PABTC
and Xan (Fig. 6a). The conversion for each step was driven to
above 90% to render an intermediate purification unnecessary.
The polymerization proceeds with excellent definition of the
resulting multiblocks (Fig. 6b and c). The molecular weight
increases linearly over the block addition. An offset to the
theoretical values is expected due to the mismatching calibra-
tion (PS). SEC curves display a significant shift upon each chain
extension illustrating the livingness of XPI-RAFT polymeriza-
tion. The evolution of a low molecular weight tailing, associated
with dead chain formation is visible. This is expected in RAFT-
based multiblock synthesis and is here likely associated with
irreversible side reactions of CTA-2. Indeed, PABTC can also be
activated by the used light source and similar CTAs were
described to show irreversible degradation after longer irradi-
ation times.*® Still the overall definition can be considered
excellent for such a highly segmented macromolecule (12
blocks each with a DP of 50, M,, = 42 400 g mol ', and P = 1.33).
While reaction times increase over the course of the procedure
(Table S47), the overall reaction time of 123 h is still moderate
for a polymer containing 12 individual blocks. It should be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Synthesis of multiblock copolymers via XPI-RAFT polymerization by sequential monomer addition of NAM and NIPAM in an alternating
fashion (a). The synthesis was performed in a flask under stirring using a 2 W lamp (b and c), as well as in a coffee mug without stirring or
degassing, and under open-to-air conditions using a 4 W lamp (d and e).

emphasized that similar approaches using conventional RAFT
polymerization were limited to a relatively short segment length
(DP ~ 10).°* While the synthesis of a polymer with the herein
described length and definition would be highly difficult using
conventional initiation, XPI-RAFT has the additional advantage
that no tedious optimization of reaction parameters is neces-
sary. The same multiblock synthesis was also performed at
a higher light intensity (4 W instead of 2 W lamp power Fig. S20
and S211), and while the final product was slightly less defined
the overall outcome was similar, and only 91.5 h of reaction
time were necessary. This demonstrates that the reaction times
in XPI-RAFT can be scaled down using higher light intensities
without a major compromise on the definition of the product. A
similar multiblock copolymer with a targeted DP of 100 per
block and 8 distinct segments could also be produced (M,, = 45
900 g mol ' and P = 1.28) (Fig. S227).

To demonstrate that the capabilities of XPI-RAFT polymeri-
zation go beyond what can be achieved without xanthate,
a multiblock synthesis using only PABTC was attempted. Here
the 12 W setup described in Fig. 2 was used to achieve reaction
kinetics similar to that of XPI-RAFT polymerization. However,
the degradation of the CTA under intense UV light>® becomes
obvious rapidly by drastically increased reaction times after the
first block (Table S8t), as well as multimodal SEC curves and
fast increasing P values (Fig. S241). This comparison

© 2023 The Author(s). Published by the Royal Society of Chemistry

impressively shows the advantages of XPI-RAFT polymerization
over direct UV-light activation of trithiocarbonates.

To demonstrate the ease of preparation of complex macro-
molecular architectures using XPI-RAFT, we performed a mul-
tiblock synthesis in a coffee mug without degassing (Fig. 6d, e,
S18 and S1971). As, in the absence of active mixing, the reaction
is relatively oxygen tolerant, polymerization was performed
open to air but without stirring. All components (monomer,
CTA, xanthate, and solvent mixture (water/dioxane)) were
simply added to the mug and the reaction was started directly by
positioning a 4 W (365 nm and 9.13 mW cm ™) UV lamp on top
of the cup (Fig. S18t). After polymerization reached high
conversion as probed by 'H NMR, the next monomer (in
solvent) was added directly to the reaction mixture and the
synthesis was continued (without degassing). We were able to
produce a heptablock copolymer with remarkably low dispersity
(7 blocks, each with a DP of 50, M;, = 30200 g mol ', and P =
1.41) under these simple conditions. After block 7 it was not
possible to reach sufficient conversion within a reasonable time
frame. It is likely that the Xan-end groups degraded over the
reaction time in the presence of oxygen, as also indicated by the
UV-vis experiments (Fig. 3c and d). Expectedly, livingness
decreases faster under aerobic conditions and dispersity
increases faster than in the closed vessel. Still, the ability to
produce such a complex and defined macromolecule using

Chem. Sci., 2023, 14, 593-603 | 601
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breakfast tableware as a reaction vessel without any active
measures to remove oxygen, underlines the potential and
robustness of XPI-RAFT polymerization.

Conclusions

We developed a photo polymerization strategy based on the RAFT
methodology, in which photo-activation is decoupled from
molecular weight control, and all components are still introduced
into the final material. This xanthate-supported photo-iniferter
(XPI)-RAFT polymerization is performed by addition of small
amounts of xanthate, acting as a photo-iniferter to a conventional
RAFT polymerization. While polymerization is controlled by the
main CTA, the xanthate enables highly efficient photo-activation
and an excellent livingness. As both the CTA and the xanthate
are introduced into the polymer as end groups, an efficient reac-
tivation can be accomplished via light. We demonstrated the
modularity of the process by combining xanthate with various
combinations of CTA and monomer and using different solvents
resulting in rapid and controlled photo polymerization. XPI-RAFT
was also shown to be oxygen tolerant and could be used for high
throughput screening of polymerizations in a well plate format,
controlling the molecular weight and P over a wide range. Reac-
tivation was illustrated by the synthesis of di- and triblock copol-
ymers, as well as multiblock copolymers with high molecular
weight and excellent definition (dodecablock copolymer, M,, = 42
400 g mol ', and P = 1.33). The practical and user-friendly nature
of XPI-RAFT polymerization was illustrated by performing a mul-
tiblock synthesis under open-to-air conditions in a coffee mug.

In contrast to PET-RAFT polymerization or conventional RAFT-
protocols, no external catalyst, sensitizer, or radical source is
necessary and the produced polymers are inherently photo-active,
enabling straightforward chain extension using just an additional
monomer and light. Using the XPI-RAFT methodology, a broad
range of conventional RAFT processes can be turned into rapid
and robust photo polymerization with high livingness without
a necessity for specialized equipment, tedious optimization or
laborious reaction setups, enabling straightforward access to
complex macromolecules.
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