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Photoinduced atom transfer radical polymerization has recently been the center of intensive research in

synthetic polymer chemistry because of the unique possibility of topological and temporal control in

addition to precise control of macromolecular structure offered by conventional ATRP. Following the

developments of new approaches to decrease the metal catalyst concentration, it was recently shown

that ATRP can be carried out under metal-free conditions by using photochemical strategies. Various
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1. Introduction

Photochemical protocols display an increasing pattern in not
only replacing thermal synthetic pathways but also in finding
applications in a variety of conventional strategies."™ This
growing interest relies on the fact that it assembles a wide range
of economic and ecological concerns.” In contrast to thermal-
based syntheses, which usually require elevated temperatures,
photochemical syntheses can be performed at room tempera-
tures and below. Furthermore, they offer temporal and 3D
control over the processes and materials prepared, respectively.®

The application of photochemistry to polymer science is
mostly based on photopolymerization, which requires a photo-
sensitive compound that converts light energy into chemical
energy leading to the formation of reactive species capable of
initiating polymerization. In this way, monomers are trans-
formed to their corresponding polymers. For more than 30
years, photopolymerization has been the basis of numerous
conventional applications in coatings, adhesives, inks, print-
ing plates, optical waveguides, and microelectronics.®® Some
other less traditional but interesting applications, including
curing of acrylate dental fillings and production of 3D
objects,” are also available.

Free radical,'®™*® cationic, anionic®” and even step-
growth polymerizations®®° can be performed by photochemi-
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photocatalysts playing a role in oxidative and reductive pathways have been reported. This mini-review
summarizes and highlights recent research efforts in the emerging area of photoinduced metal-free atom
transfer radical polymerization. The proposed mechanisms for the activation and deactivation steps and
potential applications have also been discussed.

cal means. However, due to a higher number of photoinitiators
and monomer formulations available, the free radical mode is
in the advanced state. More recently, photochemistry has been
applied to controlled/living polymerizations, which allows the
syntheses of polymers with determined chain-end functional-
ities and controlled molecular weight characteristics.*’"®
Specifically, photochemical energy has been successfully
employed to reversible addition fragmentation®*>*° and atom
transfer radical polymerization (ATRP). However, the latter has
gained more attention from the photochemical point of view
due to the light sensitivity of the copper catalyst required.**

In this mini-review, we will focus on the light activated
ATRP processes, specifically under metal-free conditions. In
particular, the solutions to overcome problems associated with
metal contamination in conventional photoATRP, challenges
and potentials will be discussed. Historically, the fundamental
concept of conventional photoATRP involving the photo-
induced electron transfer (PET) reaction between radicals, sen-
sitizers, nano-particles and copper catalysts laid the foun-
dation for the next achievements in metal-free photoATRP as it
is also based on light activated redox reactions. It seemed,
therefore, appropriate first to discuss briefly conventional
photoATRP with a special emphasis on work performed in the
authors’ laboratory.

2. Photoinduced atom transfer
radical polymerization (ATRP)

In traditional ATRP, generally, a low oxidation state transition
metal complex (commonly CuX/L, X: Cl or Br and L: ligand) as
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a catalyst is necessary at high concentrations, which is prone
to oxidation and difficult to remove after the reaction. At this
point, photoinduced electron transfer (PET) reactions emerge
as an alternative approach to carry out ATRP at lower catalyst
concentrations and higher oxygen tolerance.*>** Initially, the
positive effect of light on ATRP systems was examined by Guan
and Smart who performed ATRP by photochemical means in
less Cu(x) concentrations.** Subsequent studies demonstrated
that the copper concentration could also be reduced by start-
ing from copper(i) complexes (CuX,/L), which can be simul-
taneously reduced in the reaction medium to yield the actual
catalyst. The photoreduction can be performed either by direct
irradiation of the CuX,/L or by an indirect pathway where an
additional photosensitive compound is necessary. The direct
irradiation of the complex leads to an internal electron transfer
from the host to the guest Cu(u) that yields Cu(i) responsible
for the catalytic activation.*"*® The indirect irradiation, on the
other hand, considers an electron transfer from an excited
state sensitizer or a photogenerated radical to CuX,/L that
produces CuX/L (Scheme 1).*¢>!

Other photochemical strategies include the design and syn-
thesis of specific copper complexes that enable photoinduced
ATRP processes with very small concentrations.*>~

3. Photoinduced metal-free ATRP

Despite such noteworthy achievements, realizing ATRP under
completely metal-free conditions was not possible until
recently. The first example of photoinduced metal-free ATRP
was shown by Hawker and co-workers who employed 10-phe-
nylphenothiazine (PTZ) as a photocatalyst.>® The mechanism
is believed to go through an oxidative quenching pathway,
which considers a reduction of the alkyl halide initiator by the
excited state PTZ. The thus formed alkyl radical initiates the
polymerization of appropriate monomers as shown in
Scheme 2.

Detailed mechanistic studies reveal that both singlet and
triplet states of PTZ are operative in reduction, whereas the
latter is dominant as a result of its higher excited state lifetime
and reactivity.”’° Notably, the established mechanism is

P, + CuXpL —=—=— CuXlL + P.X
MQ | <
 Pm
! R-X or PS-X
Po-Pm + CuXy/L
[PI A, R-] or [PS*<h—UPS]
| e —

Pl: Radical photoinitiator PS: Photosensitizer

Scheme 1 General representation of photoinduced ATRP mediated by
photoactive compounds.
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Scheme 2 Oxidative quenching mechanism in photoinduced metal-
free ATRP in the example of 10-phenylphenothiazine (PTZ).

reported to be also operative when sulfonyl chlorides are used
as initiating sites instead of alkyl halides.®® Later, other PTZ
derivatives were also introduced and applied as photocatalysts
for metal-free ATRP.®"

However, the long procedures for the syntheses of PTZ com-
pounds motivated researchers to investigate the probability of
using naturally occurring and commercially available photo-
sensitizers as catalysts for metal-free ATRP. Polynuclear aro-
matic compounds such as pyrene® and perylene® were shown
to be competent catalysts favoured by their electron-rich struc-
tures that can reduce the alkyl halides easily upon light
exposure. Both display very high efficiency in the production
of monodisperse polymers with controlled chain end function-
ality as proved by chain extension and block copolymerization
experiments. However, efforts on anthracene failed to produce
polymers with narrow molecular weight distribution despite
undergoing a fast PET reaction with the initiating alkyl halide.
This has been explained by the transfer of the propagating
sites to the labile positions on the inner ring of anthracene.®

More recently, dihydrophenazines® and phenoxazines®
have also been applied as photocatalysts for metal-free ATRP.
The similarity of their structures to that of PTZ makes them
very good candidates for this purpose. In addition, they have
light sensitivity at higher wavelengths, which allows the realiz-
ation of ATRP at higher wavelengths in comparison with PTZ.
Notably, these structurally similar compounds were found to
display higher initiating efficiency in comparison with the
above-mentioned polynuclear aromatics due to the stabiliz-
ation of the halide ion by the heteroatoms on their structure.®®
It was originally proposed that the triplet state and charge
transfer make a major contribution to enhance control over
the polymerization. However, latest studies on these dihydro-
phenazines claimed otherwise, indicating that the PET from
short-lived excited singlet states can exert control of polymer
molecular weight and dispersity by suppressing the steady-
state concentration of the reactive debrominated radical. It was
further suggested that PET rates for different photocatalysts
are better interpreted in terms of the free energies of excited
states than their electronic characters.®”

In a very recent study, thienothiophene derivatives were
also found to be an efficient catalyst for metal-free ATRP.%®

This journal is © The Royal Society of Chemistry 2018
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Upon irradiation, these compounds also produced polymers
with low dispersities through an oxidative quenching mecha-
nism as evidenced by fluorescence quenching experiments.

Chart 1 shows the structures of photocatalysts that can acti-
vate photoinduced metal-free ATRP through an oxidative
quenching mechanism.*

Photoinduced metal-free ATRP processes are not limited
only to electron-rich compounds that operate through an oxi-
dative quenching mechanism. Recent studies showed that
certain electron acceptor dyes in conjunction with amines
could stimulate the process through a reductive quenching
mechanism. Fluorescein,”® eosin Y’ and erythrosin B”' were
shown to be efficient sensitizers under various colours of LED
and industrially available visible light irradiation to produce
monodisperse  polymers of (meth)acrylates and vinyl
monomers.

In another study, conventional Type II photoinitiators such
as benzophenone, thioxanthone, isopropyl thioxanthone and
camphorquinone were also shown to sensitize metal-free
photoATRP when used together with a suitably selected amine
and alkyl halide.”” Chart 2 demonstrates the structures of the
sensitizers that mediate photoinduced metal-free ATRP
through a reductive quenching mechanism.

G G
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10-phenyl phenothiaziones phenoxazines
dihydrophenazines

-
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perylene pyrene

R |

thienothiophenes

Chart 1 General structures of the photocatalysts utilized for metal-free
ATRP that operate through oxidative quenching.
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Chart 2 General structures of the photocatalysts utilized for metal-free
ATRP that operate through reductive quenching.
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Scheme 3 Proposed mechanism of the reductive quenching mecha-
nism in photoinduced metal-free ATRP using the photosensitizer/amine
initiating system.

Computational studies give evidence on the reductive
quenching mechanism, which considers an electron transfer
from the electron donating amine to the excited state dye to yield
the radical anion of the dye and radical cation form of the
amine. The radical anion form of the dye reduces the alkyl halide
to give the radical responsible for the initiation. Scheme 3 shows
the process using the example of conventional Type II initiators.
The reversibility of the activation/deactivation processes ensures
control over molecular weight distribution and chain-end fidelity
as evidenced by chromatographic and spectroscopic observations
as well as chain extension experiments.

The overall comparison of the activators for photoinduced
metal-free ATRP, following both oxidative and reductive path-
ways, is presented in Table 1.

4. Synthetic applications of
photoinduced metal-free ATRP

Several efforts demonstrated the applications of photoinduced
metal-free ATRP on the preparation of various polymeric
materials. Hawker and co-workers used PTZ for photoinduced
dehalogenation and coupling processes.”® This procedure was
shown to efficiently work for both conjugated polyhalides as
well as unconjugated substrates. For this purpose, PTZ deriva-
tives with different reduction potentials were employed and,
depending on this reactivity difference, dehalogenation pro-
cesses can be chemoselectively realized. Scheme 4 shows the
general representation of these photocatalyzed reactions.

A similar strategy was also employed for the chain-end and
side chain transformation of various polymers.”*’* Thus,
hydrogen atoms replace halogens and even in some cases,
trithiocarbonate, so as to attain inert polymeric materials.

The application of the metal-free strategy is not limited to
functionalization of polymers. Literature reports demonstrated
the possibility of the synthesizing polymer brush nano-
structures”” and modification of nanoparticles such as mag-
netic and silica-based materials.”®’” For this purpose, such

Polym. Chem., 2018, 9, 1757-1762 | 1759
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Table 1 Overall comparison of the sensitizers used in metal-free
PhotoATRP

Quenching Irradiation

Sensitizer mode source Comments®
Phenothiazines Oxidative  UV-vis -Low P
- High 1*
Phenoxazines Oxidative ~ UV or visible LED - Low D
- High 1*
Dihydrophenazines Oxidative  Sunlight or white LED - Low b
- High 1*
Thienothiophenes Oxidative UV -Low P
— Low I*
Perylene Oxidative  Sunlight or white LED - Low D
- Low I*
Pyrene Oxidative UV -Low P
- Low I*
Fluorescein Reductive  Various colours of LED - Low P
- Low I*
Eosin Y Reductive  Various colours of LED - Low P
— Low I*
Erythrosin T Reductive  Various colours of LED - Low P
- Low I*
Benzophenone Reductive UV - Low b
- Low I*
Thioxanthones Reductive UV -Low b
- Low I*
Camphorquinone  Reductive UV - Low b
- Low I*

“ Comments are made in the example of methyl methacrylate polymer-
izations. D: Dispersity (M,,/M,) and low b indicates values lower than
1.4. I*: Initiation efficiency: (My, theo)/Mn,gpc X 100.

PTZ derivatives

x, (different substituents R R
Xy = different potentials) X X
Xo— Xo—g oo (R—¢
= N = =
chemoselective
X: halogen atoms dehalogenation or
coupling via

R : aryl group or hydrogen catalyst design

Scheme 4 General representation of chemoselective dehalogenation
and coupling reactions using different PTZ derivatives.

nanoscale materials are modified with initiating sites for
ATRP. The polymers are grown from these sites by photoATRP
and composite materials are readily formed (Scheme 5).

We have recently shown that metal-free ATRP and Ring
Opening Polymerization (ROP) processes can be performed in
one reaction medium without affecting each other.”® By using
a specifically designed bifunctional initiator possessing ter-
tiary bromide and hydroxyl groups, vinyl and lactone mono-
mers can be polymerized concurrently under sunlight, by
metal-free approaches. In this way, block copolymers can be
successfully synthesized in a one-shot manner (Scheme 6). The
method not only applies metal-free and mild reaction con-
ditions, but also offers a single step experimentation and puri-
fication process, which meet the ecological and economical
demands.

In another study, we have shown the application of metal-
free photoATRP for the preparation of hyperbranched poly-
mers. Therein, monomer/inimer pairs were transformed into

1760 | Polym. Chem., 2018, 9, 1757-1762
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Scheme 5 Preparation of polymer-attached nanoparticles by
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Scheme 6 Synthesis of PMMA-b-PCL through concurrent metal-free
controlled/living polymerizations under sunlight.
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Scheme 7 Synthesis of hyperbranched polymers by metal-free
photoATRP.

Q
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hyperbranched polymer structures under visible light
irradiation using perylene as a photocatalyst (Scheme 7).”°

It was also shown in the study that one can prepare hyper-
branched-block copolymers by using the precursor hyper-
branched polymers as macroinitiators, and polymerize the
second segments with a typical photoinduced metal-free ATRP
process.

There are also a few reports showing the use of photo-
induced metal-free polymerizations to various applications
including star polymer syntheses,® flow systems®' and energy
related areas.®?

5. Summary and outlook

Despite the noteworthy efforts in reducing the amount of
copper catalyst required for ATRP, complete removal of metal
consumption was not possible until recently. Recent develop-

This journal is © The Royal Society of Chemistry 2018
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ments in the field showed that using certain sensitizers enable
the syntheses of polymers with controlled functionalities and
molecular weight characteristics. This helps temporal control
over the process while suppressing the necessity of the work
up necessary for the removal of the catalyst. Various sensitizers
were developed that play a role in a broad range of light
irradiation. Two distinctive mechanisms are postulated to be
operative in the activation step, which are confirmed by
detailed theoretical and spectroscopic analyses. As an emer-
ging research area, photoinduced metal-free ATRP offers great
opportunities for the preparation of a variety of complex
macromolecular architectures and their application as bio-
materials. To meet the demand for bioapplications, it is essential
to develop novel photocatalysts that are non-toxic themselves
and absorb light at higher wavelengths, preferably in the
visible and near infrared region. Moreover, synergistic combi-
nations with the other mode of the polymerizations are prom-
ising to significantly enhance bridging the gap between bio-
logical sciences and polymer science. Recent studies’® have
already shown that biocompatible segments can successfully
be attached to linear polymers by the combination of photo-
induced ATRP and ROP processes under sunlight and metal-
free conditions. This emerging area of research will certainly
lead to new applications ranging from the synthesis of highly
complex architectures to sophisticated surface patterning for
biomedical applications. Moreover, this methodology is
expected to allow the polymerization of a variety of monomers,
which are prone to coordinate with metal catalysts as pre-
viously shown by Matyjaszewski in the case of acrylonitrile.>”
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