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ABSTRACT

PhotoRAFT (reversible addition fragmentation radical transfer) polymerizations are
investigated for reactions induced by conventional radical photoinitiators. As demonstrated,
this rather simple photoRAFT reaction show similar outcomes compared to other recently
introduced photopolymerizations, such as photoelectron transfer RAFT or copper-mediated
photopolymerization. Despite the general notion that classically initiated photoRAFT yields
unsatisfactory results, it is shown that good results can be achieved when conditions are selected
accordingly. Not only the type of initiator is of importance, also light intensity, RAFT agent to
initiator concentration and reaction temperature is of importance. For the initiator benzoin,
optimal polymerizations are obtained when the initiator is used in a ratio of 0.25 to the initial

RAFT agent at 60 °C reaction temperature and 30 mW cm light intensity (360 nm). Chain



lengths of the polymer can be tuned efficiently and block copolymers are accessible from the
process despite some slight loss in chain-end fidelity during polymerizations. Additionally, the
choice of initiator is shown to have a large effect on the polymerization, which can be routed to
different decomposition rate coefficient under the same illumination conditions. Decomposition
rates of the photoinitiators are under flow conditions very high and polymerizations proceed to

completion after all initiator is used up via a photoiniferter mechanism.

Introduction

In recent years, a remarkable renaissance of photoreactions for solution-based synthetic
chemistry is observed' that is connected with a strong movement towards continuous flow
processing, with much interest coming not only from the academic field, but also from
industry.? To date only few photoreactions are employed in synthesis on significant scale, most
of them being located in the realm of pharmaceutical chemistry where photocycloadditions can
give access to specific structures that are inaccessible from thermally activated reactions.?
Classical batch photochemistry is often tedious and expensive, and frequently suffers from
severe limitations in selectivity and achievable yield. Photoflow reactors on the other hand
feature several advantages over conventional batch chemistry approaches, which are directly
correlated to the inherently small optical pathlengths that need to be passed in such reactors.
Batch reactors on the other hand are associated with significant intensity gradients. These
gradients result in a loss of reaction efficiency, require high initial light intensities that trigger
side reactions and only a few options exist to overcome this limitation.* In consequence, various
commercially available as well as homemade continuous flow reactor setups that are easy to
build and operate have been proposed as viable workarounds to make photochemistry more

attractive for synthesis.” Most reactor systems described consist of a thin (< 2 mm outer



diameter) fluoropolymer tubing wrapped tightly around a UV-light source. The thin tubing
keeps optical pathlengths at any point short, in this way giving access to efficient light
penetration without occurrence of significant gradients even for somewhat larger reactor
volumes (note that flow reactors often do not require large volumes in order to afford larger
amounts of products, and upscaling is often comparatively simple when compared to batch

reactors).

The field of photopolymerizations featured until recently the same limitation as small molecule
photoreactions. Photopolymerizations are often only used broadly in coating and film design,
and for network formation for example in dental restoratives. Only little efforts were made to
exploit such reactions in synthesis of materials from solution, despite a broad variety of
photoinitiators and processes being available, especially in the realm of free radical
polymerization. This lack of interest stemmed mostly from a certain incompatibility of
photochemistry with advanced polymer synthesis techniques, and the general difficulty to
upscale photoreactions in an economic way. Still, in the last few years, photoinduced reaction
modes for most controlled radical polymerization techniques have been identified and are now
developing rapidly, allowing to access the full range of complex macromolecular synthesis

targets via such methods.

Hence unsurprisingly, also in the area of polymer chemistry the advantages of photoflow
reactors have been picked up in order to perform continuous photoinitiated polymerizations. "
46 The main focus in most literature reports is thereby put on reversible deactivation radical
polymerization (RDRP) techniques, with photo-induced metal-mediated polymerizations being
the most popular choice. Junkers and coworkers reported on the synthesis of acrylate and
methacrylate homo- and block copolymers via copper-mediated polymerizations.” Melker et al.
used an iridium complex instead and looked in detail at the influence of different tubing

materials on the polymerization.® Photoinduced polymerization of vinyl acetate with a cobalt



complex was reported by Detrembleur and coworkers.” Recently, the first successful
photoinitiated reversible addition-fragmentation radical transfer (RAFT) polymerization in a
continuous flow reactor using a trithiocarbonate compound as a transfer agent was reported, for
polymers with molecular weights of up to 100 000 g/mol and concomitantly low dispersity.'°
Gardiner et al. recently reported the first RAFT polymerization using conventional
photoinitiators in a continuous flow reactor.>® Classically initiated RAFT polymerizations are
sometimes seen as less efficient when compared to recent developments such as photoelectron
transfer RAFT (PET-RAFT), which was demonstrated to be a highly efficient technique for a
variety of complex synthesis targets.!! PET-RAFT makes use of specific catalysts that absorb
light followed by photoelectron transfer to create propagating radicals from the RAFT agent.
The study by Gardiner and coauthors on first glance seems to confirm that notion as materials
with rather large dispersity were obtained in their flow study and hence materials with low
structural fidelity. Yet, reactions were optimized for maximum conversion per time, and not
necessarily for maximum precision in chain structure and dispersity, giving room to speculation
if the reactions could not be further optimized. The question if RAFT polymerization may
perform to the same standards as other conventionally initiated state-of-the art RDRP methods
is thus still open. Techniques such as PET-RAFT certainly display some fundamental
advantages like the ability to choose the wavelength of the incident light, however, they may

not be as unique when it comes to the level of polymerization control that may be achievable.

RAFT differs from most other photoRDRP methods due to its degenerative transfer mechanism
that requires a constant supply of radicals into the system during the full time span of
polymerization. As already indicated above, in principle conventional initiation sources may be
used, such as classical radical photoinitiators. However, Qiao and coworkers demonstrated'?
that RAFT agents and RAFT-polymers may elegantly act as radical initiators themselves under

UV- and visible light irradiation, following a photoiniferter mechanism.!* The RAFT



mechanism and its additional iniferter-like radical initiation are summarized in Scheme 1.'4
Interestingly, the iniferter initiation pathway creates polymer species which are identical to
typical RAFT products, and hence a discrimination between reaction pathways is difficult to
achieve and iniferter polymerization may only differ in reaction rate from classically initiated
RAFT. Yet, photoiniferter initiation is advantageous, as the classical features such as structural
integrity and ability to chain extend are preserved in this pathway. Further, also no endgroup
exchange occurs in photoiniferter compared to use of exogenous radical sources, thus in
principle even increasing the endgroup fidelity of products. In fact, Qiao and coworkers had
demonstrated that photoRAFT polymerizations may be reactivated several times in complete

absence of any exogenous radical source with very high success.

In here, we explore the use of conventional photoinitiators deeper for continuous flow
photoRAFT polymerization with respect not only to polymerization rate, but also level of
control that is achievable in these reactions. Pure iniferter polymerizations are comparatively
slow, and hence in principle disadvantageous, even if they are in principle able to deliver
products with higher purity.! If successful, then classically initiated photoRAFT may still be
advantageous over the more recent developments in the field, and at least for labscale
polymerization remain the method of choice for synthetic polymer chemists. Different initiators
are screened to test for the influence of the choice of initiator with respect to reaction rate, and
product purity. Additionally, polymerizations are compared to the iniferter initiation
mechanism in order to elucidate the contribution of the iniferter mechanism to the overall
polymerization. As mentioned, in contrast to the study by Gardiner et al., focus is thereby not
only put on time/yield correlations, but also on product dispersities, as this is often seen as a
quality mark of RAFT polymers and is required to allow for block copolymer synthesis. In the
following, also the influence of initiator concentration, light intensity and the reaction

temperature (an often overlooked factor in photoreactions) is described. Then, block copolymer



synthesis is investigated to elucidate if carefully optimized photoRAFT polymerizations can

reach a similar control as for example copper-mediated radical photopolymerizations.
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Scheme 1 Mechanism of RAFT polymerization as well as the iniferter mechanism.

Materials and Methods

The monomers n-butyl acrylate (nBA, Acros, 99%) and metyl acrylate (MA, Acros, 99%) were
purified over a basic alumina column prior to use. n-Butyl acetate (Acros, 99%), benzoin
(Janssen Chimica, 98%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, Acros, 99%),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (IRGACURE 819, Tokyo Chemical
Industry, 96%) and 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (IRGACURE
2959, Sigma Aldrich, 98%) were used as received. 2-
([(Dodecylsulfanyl)carbonothioyl]sulfanyl) propanoic acid (DoPAT) was synthesized as

reported in literature.



'H NMR spectra were measured with 64 scans and 12 seconds delay in deuterated chloroform

on a 400 MHz Oxford Instruments Ltd. NMR spectrometer.

For size exclusion chromatography (SEC) measurements a Tosoh EcoSEC HLC-8230GPC,
equipped with an autosampler and a Tosoh EcoSEC RI differential refractive index detector
was used. The device was equipped with a PSS guard SVD (50 x 7.5 mm) and three PSS SDV
analytical linear XL (5 pm, 300 x 7.5 mm) columns. They were kept at 40 °C and had a
molecular weight range between 1 x 102and 1 x 10° g - mol™. THF with toluene as flow marker
was used as eluent with a flow rate of 1 mL-min™. For calibration PSS Laboratories linear
narrow polystyrene standards with a range of 470 - 7.5 x 10° g - mol* were used. MHKS

parameters (a = 0.70, K = 14.1 x 10° dL - g1, THF 30 °C)*’ were applied for analysis.

As microflow reactor a Labtrix Start R2.2 (Chemtrix BV) system was used. The system was
equipped with a glass microcreactor (3227) with an internal volume of 19.5 pL (width channel
= 300 pum, depth channel = 120 pum). A Fusion 100 classic syringe pump (Chemyx Inc.) with
two gas-tight 1 mL SGE syringes (Trajan Scientific Australia Pty Ltd.) was used for reaction
solution delivery. Through the control of the delivery rate of the syringes the residence time
(reaction time) can be changed. As a UV light source an OmniCure S1000 system with a 100
W high pressure mercury vapor short arc lamp (spectral emission: 320-500 nm, peak at 365
nm) was used. The identical setup was used in previous studies.”°

Light intensity was measured with a RM-12 (Opsytec Dr. Groebel GmbH) UV-Vis radiometer.

The radiometer was equipped with an UV-A (315-400 nm) sensor which was calibrated with

an Osram L100w/79 lamp.



Experimental Procedures

General polymerization procedure

For all polymerizations the monomer nBA was added into an amber glass vial. In another amber
glass vial the photo initiator, the RAFT agent (DoPAT) and the solvent (BuAc) were mixed.
The vials were degassed using nitrogen purging for 4 minutes. Afterwards, two gas-tight glass
syringes were filled with the reagents and injected into the microflow reactor using a syringe
pump. Different reaction times (residence times) were screened by changing the syringe pump
flow rates. Reaction times of 2, 4, 6, 8, 12,16 and 20 minutes were screened, by adjusting flow
rates to 5.0 (2 min), 2.5 (4 min), 1.67 (6 min), 1.25 (8 min), 0.83 (12 min), 0.625 (16 min), 0.50

pmint (20 min) per syringe.

Synthesis of pnBA at different temperatures

The general polymerization procedure was applied by using the following amounts: 7.02 mmol
(0.90 g, 20 equiv) nBA, 0.0878 mmol (0.02 g, 0.25 equiv) Benzoin, 0.35 mmol (0.12 g, 1 equiv)
DoPAT and 1.0 mL of BuAc. Different temperatures were screened with a residence time of

12 minutes and a light intensity of 30 mW cm™.

Influence of light intensity

The reaction was performed at 60 °C with varying light intensities. Following the general
polymerization procedure with these values: 7.02 mmol (0.90 g, 20 equiv) nBA, 0.0878 mmol
(0.02 g, 0.25 equiv) Benzoin, 0.35 mmol (0.12 g, 1 equiv) DoPAT and 1.0 mL of BuAc. Light

intensities of 5, 10, 20, 30, 50 and 70 mW cm were used. The intensities were varied by



changing the iris-opening of the employed Omnicure UV-lamp. All intensities were measured

with the radiometer described above.

Reactions for different photo-initators

7.02 mmol (0.90 g, 20 equiv) nBA, 0.25 equiv photo initiator, 0.35 mmol (0.12 g, 1 equiv)
DoPAT and 1.0 mL BuAc were prepared following the general polymerization procedure and
using different photo initiators (benzoin, DMPA, Irgacure 819 and Irgacure 2959). One reaction
was carried out without adding a photo initiator. All reactions were done at 60 °C with a light

intensity of 30 mW cm.

Synthesis of pnBA-b-pMA block copolymers
Poly(n-butyl acrylate) (0.0784 mmol, 0.2312 g, 1 equiv, B = 1.18, M, = 2900 g mol* ) was

synthesized following the general polymerization procedure and used as a macroinitiator. It was
mixed in an amber glass vial with 0.0196 mmol (0.0042 g, 0.25 equiv) benzoin and 0.4 mL
BuAc. In another amber glass vial 1.5681 mmol (0.1350 g, 20 equiv) MA and 0.25 mL BuAc
were mixed. Both vials were purged with nitrogen for 4 minutes. Reaction conditions of 60 °C

and 30 mW cm? were set to perform the chain extension.



Results and Discussion

The use of flow reactors for photoRDRP reactions is an emerging field in academic research
and industry.* Fast reaction rates are thereby important for the economic use of flow reactors.
A trithiocarbonate was thus chosen as control agent for the tests described herein, as best results
have been reported before in flow for these specific RAFT agents, and because in an ideal case
they than the supporting iniferter initiation mechanism shown above.!3¢ 13 18 Al
polymerizations were carried out in n-butyl acetate (BuAc) as solvent,
2-(dodecylthiocarbonothioylthio)propionic acid (DoPAT) as RAFT-Agent and n-butyl acrylate
(nBA) as monomer. To screen the reactions conveniently in a broad range of conditions, a
Labtrix Start setup (Chemitrx) with a glass chip microreactor (Reactor volume: 19.5 pL) was
employed in all experiments (see Figure 1). As light source, an OmniCure S1000 system with

a mercury medium pressure lamp (Amax = 365 nm, max. 100 W) was employed.

Check Valve UV-Lamp

Collection
Vessel

§—) Monomer
RAFI'-Agent. 1 Solvent _/ -
.' RRiEstor Static Mixer

Glass Chip
Micro-Reactor

Figure 1 Illustration of the used microflow reactor (Chemtrix Labtrix Start).
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Reaction Condition Optimization

First, different ratios between the photo initiator benzoin and the RAFT-agent DoPAT were
screened in order to identify optimal conditions with respect to reaction rate and achievable
yield. As standard reaction conditions, a light intensity of 17 mW cm and a temperature of 25
°C were set. Employment of flow reactors allows for isothermal reaction conditions, despite the
exothermicity of acrylate polymerizations.® For the first screening, the monomer to RAFT
agent ratio was kept at 80:1 and the photo initiator ratio varied between 0.05, 0.25, 0.50 and
1.00 with respect to the RAFT agent. In this particular test, benzoin was used as photo initiator.
The analysis of the obtained samples show a larger dispersity with increasing benzoin
concentration (Figure 2). The measured number average molecular weights increases linearly
with time for the tested DoOPAT to benzoin ratios up to 1:0.50. Molar masses of up to
8700 g mol™ were reached. At the highest initiator concentration, a levelling off at around 7000
g mol? is observed with dispersities being raised to 1.6. With increasing initiator concentration,
faster reaction rates are generally noticed as should be expected. Monomer conversion went up
from 23 % for 1:0.05 via 62 % (1:0.25), 63 % (1:0.50) to 82 % for the 1:1.00 DOPAT to benzoin
ratio for 20 min maximum reaction time. The ratio of 1:0.25 shows relatively high conversions,
and no significantly slower polymerizations compared to the higher initiator concentrations,

while retaining reasonable dispersities in the range of 1.2.
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Mostly, the influence of temperature on photopolymerizations is neglected in fundamental
studies. Yet, polymerizations are associated with considerable exothermicity, and also many
light sources create significant heat so that reactions are often carried out significantly above
room temperature. For any photopolymerization temperature has a distinct effect, since the
chain growth reaction itself is essentially still thermally activated. Hence, an increase in
temperature should directly lead to an increase in the polymerization rate, even if this effect
was for example not directly confirmed for photo-induced copper-mediated polymerization

(photoCMP) reactions.?’ The employed reactor setup allows to tune temperature independent

number average molecular weight

8000 g mol™ = - 1:1.00
= 1:0.50
21:0.25

6000 g mol™ <
conversion,, .

1:1.00 81 %
1:0.50 62 %
1:0.25 62 %
1:0.05 23 %

4000 g mol™ =

1:0.05
2000 g mol™ =
1000 g mol™ <
500 g mol ™
|} L}
2 min reaction time 20 min
dispersity
1.6 N *1:1.00
[ ]
14« o . ¢ 1:0.50
1.2 H ° ¢ 1:0.25
e R L : 1:0.05
|} L}
2 min reaction time 20 min

Figure 2 Influence of different initiator concentrations on the development of number average molecular weight and
dispersities of a photoRAFT polymerization of nBA with increasing reaction time. The reactions were carried out at 25 °C
with a light intensity of 17 mW cm™ in butyl acetate as solvent. As monomer (nBA) to RAFT agent (DoPAT) ratio 80:1 was
employed with varying the initiator (benzoin) ratios to 0.05, 0.25, 0.50 and 1.00 with respect to the RAFT agent concentration.

12



conversion

94 % = /‘
87 % = o
80 % = o
dispersity
-1.38
65 % = ¢
=1.32
48 % - .
= 1.22
=1.18
-1.16
32 %=
25°C 40 °C 60 °C 80 °C 100 °C 120 °C

reaction temperature

Figure 3 Increasing monomer conversion with higher reaction temperatures for a photoRAFT polymerization of #BA. Monomer
conversion was determined after a reaction time of 12 minutes with a light intensity of 17 mW cm2. As DoPAT to benzoin to nBA
ratio 1:0.25:80 was used with butyl acetate as solvent.

of light source heat-up, and in order to test the exact effect on the photo-initiated RAFT
polymerization, the temperature was increased gradually from 25 to 120 °C in the microflow
device (note that higher temperatures lead to decomposition of RAFT end groups and hence a
breakdown of reaction control). Figure 2 depicts the results of this series for DoPAT to benzoin
to nBA ratios of 1:0.25:80 in BuAc with a light intensity of 17 mW cm™. The reaction time was
set to 12 minutes for all temperatures. In Figure 3, the increasing monomer conversion with
higher reaction temperature is clearly confirmed, demonstrating that almost full conversion of
the polymerization can be reached at the highest temperature, while room temperature only
affords for roughly 32 % conversion in the same time span. As negative side effect, an increase
in the dispersity of the obtained polymer was noticed. The dispersities stay below 1.2 for
reaction temperatures up to 60 °C. For temperatures above 100 °C, dispersities exceeding 1.3
were measured. The largely increased dispersity at 120 °C is an indication of the onset of
trithiocarbonate elimination setting in.}* 2 Additionally, also B-scission of acrylate-typical

midchain radicals stemming from transfer to polymer reactions contribute to the broadening.
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These dispersity results are in agreement with literature known behaviour of trithiocarbonate
controlled RAFT polymerizations, and hence not only typical for photopolymerizations.?? As
mentioned above, we optimized polymerization with regards to the precision that can be
reached, and hence 60 °C was chosen for the following polymerizations as standard
temperature, so as to allow for moderately increased yields, but also maintaining a low overall
dispersity.

For the next optimization step, the influence of the light intensity on the reaction rate was
investigated, at 60 °C reaction temperature. Monomer conversions with increasing reaction
times and light intensities are depicted in Figure 4. Unsurprisingly, an increase in light intensity
is followed by an increase of the reaction rate. For an intensity of 5 mW cm™ only 68 %
monomer conversion was reached after 20 minutes reaction time. With increasing intensities
higher conversion can be achieved, reaching 86 % at an intensity of 30 mW cm under

otherwise identical conditions. However, for higher intensities only rather insignificant

70 mW cm™
conversion 50 mW cm?
91 % = ° 2
87 % - .__.--—-"—‘3/30 mW cm
83 % _ o==—"__ 20 mW cm?
77 % o/ /.\10 mW cm™
68 %= ° e ®—5 mW cm?

intensity D, in

70 mW cm? | 1.37

50 mW cm? | 1.40

30 mMWcm? | 1.18

20 mWcm? | 1.15

o 10 MW cm? | 1.13

/. 5mWcm? | 1.12

1%d 34‘
|} |}
1 min reaction time 20 min

Figure 4 Influence of light intensity on the reaction rate of a photo-initiated RAFT polymerization of #BA in a microflow reactor.
As light source an Omnicure S1000 system with a peak wavelength at 365 nm was used. Ratios of 1:0.25:80 for DoPAT, benzoin
and nBA were used with BuAc as solvent. All reactions were performed at 60 °C.
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increases in monomer conversion were observed (70 mW cm?, 91 %), indicating that 30
mW cm marks a point of complete light saturation in the reactor, after which no further
significant increase can be observed. Also, from the same light intensity on, deviations from
linear first order plots are observed, indicating that an increase of light intensity goes alongside
with a change in initiation mechanism over time (see below for a discussion of initiator decay
rates). Regardless, combining all above optimization steps, the best reaction conditions for the
photoRAFT polymerizations are identified for a reaction temperature of 60 °C, a light intensity
of 30 mW cm™ and a benzoin molar ratio of 0.25:1 with respect to the DoPAT concentration.
For all optimization reactions a monomer to RAFT agent ratio of 80:1 was used. Reactions were

carried out in a 50 % butyl acetate solution.

Chain length variation

To demonstrate the robustness of the photoinduced RAFT polymerization, the RAFT-agent to
monomer ratio was varied. Target degrees of polymerization of 160 lead to polymers with
number average molecular weight of 20 000 g mol!. Figure 5 shows the resulting molecular
weight distributions for polymerization in presence of benzoin and in absence of any

photoinitiator. In both cases, an increase in molecular weight with decreasing RAFT agent

10 20 80 160 10 20 80 160

Benzoin no Photo Initiator

-

S
1000 g mol™ 10000 g mol™ 100000 g mol™ 1000 g mol™ 10000 g mol™ 100000 g mol™
molecular weight molecular weight

Figure 5 The degree of polymerization was varied in nBA polymerizations with benzoin (left) as initiator and without initiator
(right). Molar ratios of 10, 20, 80 and 160 with respect to the RAFT-agent were polymerized. Reactions were performed at 60 °C
in butyl acetate in a microflow reactor with a light intensity of 30 mW c¢m.
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concentrations is seen as should be expected for an ideal RAFT polymerization. Reactions in
presence of benzoin are faster, but dispersities are slightly increased (reaching 1.36 in the
highest case). In contrast, the polymer from the photoiniferter route did not show any fronting
and the dispersities stayed in the range of 1.10 over the whole chain length regime due to the
much lower radical flux and the fact that reversible iniferter termination leads to formation of
macroRAFT agent, and hence does not contribute to broadening of the distribution, in contrast

to irreversible termination of initiator-derived radicals..

Block Copolymer Synthesis

As mentioned above, photoRAFT polymerizations should be able to yield block copolymers if
the endgroup fidelity is not compromised in the reaction. From the above optimizations, it is
obvious that the photoinitiators have a slightly negative influence on dispersity, which is
typically associated with a loss of endgroup fidelity. It should be noted that not only the
trithiocarbonate RAFT endgroup is thereby of interest, but also the a-chain end, where the
RAFT R-group may be replaced by an initiator fragment.** For block copolymers, the first block
represents the R-group in chain extension and R group replacement leads to a loss of the block
structure even if the process is fully living with respect to the trithiocarbonate endgroup. The
structural fidelity of the RAFT polymers was investigated via electrospray ionization mass
spectrometry (ESI-MS). A p(nBA) sample made in the microflow reactor with the above
described optimized reaction conditions was measured and a high end group fidelity is observed
(see Figure S4 and S5 and Table S2), indicating that block copolymers with high purity may be

achievable, even if some small peaks indicating side product formation are present.

Chain extension was hence approached, and a nBA polymer (M, = 3000 g mol™!, P = 1.18) was
used as macrotransfer agent for methyl acrylate polymerization with molar ratios of 1:0.25:20

16
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Figure 6 Molecular weight distributions for the synthesized p(nBA)-b-pMA block copolymer via photo induced RAFT
polymerization in a microflow reactor. A shift to higher masses is observed, showing the possibility to reactivate the p(nBA)
macroinitiator.

for p(nBA) to benzoin to MA at 60 °C and with 30 mW cm in the microflow reactor setup. A
diblock p(nBA)-b-pMA copolymer with a molar mass of 4000 g mol! was obtained (see Figure
6), with increasing molecular weight over the whole polymerization time. The reaction reached
a monomer conversion of 58 % after 10 minutes, hence the rate of polymerization in the chain
extension was in line with the homopolymerizations. Theoretical (3990 g mol™') and measured
(4000 g mol!) molecular weights are in almost perfect agreement. However, after the chain
extension, a slightly higher dispersity of 1.31 is observed. Compared to thermal RAFT
polymerizations, such dispersity is not an uncommon result for block copolymerizations, even
if more narrow distributions are achievable by optimization. Yet, such dispersity is encouraging
and most likely also more block extensions could be achieved and the in-here used method

seems to be in line with most other conventional RDRP methods.?*
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Variation of photo initiators

After optimal polymerization conditions for fast synthesis of low dispersity RAFT polymers
had been identified, further tests were carried out on the choice of initiator itself. A variation of
commercially available and commonly used photoinitiators were systematically tested and
compared. Beside the before mentioned benzoin, 2,2-dimethoxy-2-phenylacetophenone
(DMPA), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) and 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) were used (see Scheme 2 for
structures). Additionally, the pure photoiniferter reaction was compared to complete the

overview and to elucidate which role the initiator plays in the photoRAFT reaction.

o 7
‘)L(‘
O OH O SN

Benzoin DMPA
0] (@]
5@ i
| m
HO
© O/\/OH
IRGACURE 819 IRGACURE 2959

Scheme 2 Chemical structures of the used photoinitiators.
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Table 1 Molecular weights and dispersity for polymers made with various photoinitiators and in absence of conventional
initiator. All reactions were carried out in butyl acetate with n-butyl acrylate as monomer. Reactions were performed in a
microflow reactor at 60 °C with a reaction time of 20 minutes and a light intensity of 30 mW cm2,

Initiator Molar Ratio Conversion Mh, theory Mncrc D
M:R:I [g mol?] [g mol?]
12 - 80:1:0 61 % 7200 6800 1.12
2 Benzoin 20:1:0.25 85 % 2700 3100 1.18
3 DMPA 20:1:0.25 87 % 2800 3000 1.18
4 Irgacure 819 20:1:0.25 88 % 2800 3600 1.55
5 Irgacure 2959 20:1:0.25 94 % 3000 3500 1.20

The initiators were tested for nBA in BuAc under the previously optimized reaction

conditions (30 mW cm?, 60 °C). Again, all initiators were used with a molar ratio of 0.25 to

In([M],/[M],)
3.0

Irgacure 2959 _.°

2.0 7’

Benzoin

1.0 .
0,
()
/./o/no Photoinitiator
0.0
0 min reaction time 20 min

Figure 7 Kinetic first-order plots for photoRAFT polymerization of n-butyl acrylate in butyl acetate using different initiators. All
reactions were performed in a microflow reactor at 60 °C with a light intensity of 30 mW c¢cm™.



the RAFT agent. The obtained conversions, number average molecular weights and dispersities

are collated in

Table 1. A strong variation in polymerization rate for the various photoinitiator is observed
and the rate of polymerization for photoRAFT polymerization in absence of photoinitiators is
on first glance relatively high. Conversions increased from 61 % for the photoiniferter reaction
up to 94 % for Irgacure 2959 at 20 minutes reaction time. Dispersities stayed in a range of 1.1
to 1.2 for all reactions apart from the Irgacure 819 initiated one. For this specific initiator, a
dispersity of 1.55 is measured, which may be explained by the complex dissociation of the
Irgacure 819 initiator, which is associated with two photolabile bonds within the molecule.>®
Consequently, a polymer chain carrying a 819 fragment can itself act as a macrophotoinitiator,
effectively broadening the distribution.? Interestingly, for the DMPA and Irgacure 819 initiated
reactions, a fast increase in monomer conversion is observed in the first minutes of the reaction
after which the first order plot becomes almost linear, indicating a switch in the initiation
mechanism (note that the photoiniferter reaction seems to follow almost linear behavior). Such
change in slope may indicate a change in mechanism upon complete consumption of the
initiator. In order to understand the differences between the initiators, the decomposition rates
of benzoin and Irgacure 2959 were determined at 360 nm. For benzoin, a pseudo zeroth order

decomposition rate of 8.1 « 10> M s ! and for Irgacure 2959 of 13.0 * 10> M s™! was calculated
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(determination of rate coefficients for photoinduced reactions is complex and only valid for
distinct light sources and intensity profiles, for details the reader is referred to the Supporting
Information) for the given light intensity. This corresponds to full decomposition of both
initiators within 5-10 minutes under the given conditions, whereby the faster polymerization
that is observed for Irgacure 2959 is in good agreement with the higher decomposition rate
coefficient. Overall, as the initial concentration of initiator and hence the number of radicals
generated is in all cases studied identical, the variation in reaction rate can only be explained
by the variation of decomposition rates (It should be additionally noted that of course also the
reactivity of the generated radical fragments plays a significant role; the exact effects are,
however complex and the decomposition rate is the first decisive factor). Yet, the relation
between fast decomposition and rate of polymerization is not straight forward, as
overproduction of radicals also leads to increased termination and hence broadening of
distributions and eventually slowing down of the reaction. In any case, it is an important
observation that photoRAFT polymerizations in flow seem to carry on after consumption of all
initiator, thus making these polymerizations hybrids between classically-initiated RAFT and
photoiniferter RAFT polymerizations. In fact, also in the beginning of the reactions, a
significant contribution of the photoiniferter mechanism to the total initiation must be expected.
The initiator may hence merely act as a booster for the reaction at short reaction times. Yet, the
choice of initiator has a significant effect on the monomer conversion that can be reached within
a certain time span, and while benzoin seems to be a good average choice as initiator, Irgacure
2959 shows the best results for rate of reaction as well as dispersity of the residual polymer

(note that a slightly higher dispersity is justified if a higher conversion is reached).

Conclusion
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PhotoRAFT polymerizations of butyl acrylate have been studied in depth for polymerizations
initiated by conventional radical photoinitiators. Polymerizations can be optimized to reach
high monomer conversions within minutes of time, and yield materials that are comparable with
regards to chain length control, dispersity and chain end fidelity to conventional RAFT
polymerization. Interestingly, a clear temperature dependence of the polymerization rate is
observed, and photoRAFT at 60 °C at intermediate light intensity marks the optimum reaction
condition to perform polymerizations. PhotoRAFT in presence of commercially available
initiators are simple to be carried out, removing the need for using elaborate photocatalysts if
light if the application of UV light is not disadvantageous. Polymerizations can also be
compared to photoRAFT reactions that proceed via a photoiniferter initiation mechanism as
recently brought forward. The choice of initiator plays a very significant role with respect to
the outcome of the polymerization, especially with regards to the overall polymerization rate.
The differences seen for the various initiators can be routed to the decomposition rate of the
initiators, whereby some initiators decay faster than the runtime of a typical polymerization,
indicating that the photoiniferter initiation becomes the dominant driver for the
polymerizations, even if exogenous photoinitiators had been initially added. The interplay
between photoiniferter reactions and the contribution of the photoinitiators to the overall

polymerization rate is currently under further investigation in our laboratories.
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