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Abstract:

Among the various controlled/living radical polymerization approaches, atom transfer radical polymerization (ATRP) stands out as
the most commonly employed technique. Nevertheless, the requirement for a metal catalyst poses a disadvantage and constrains
its wider applicability. In light of advancements in reducing the concentration of metal catalysts, recent developments have
demonstrated that ATRP can be conducted under metal-free conditions through light irradiation. Based on its unique properties, it
has become a valuable tool in the design and synthesis of tailorable polymers for a wide range of applications. In this mini-review
the fundamental features of the reductive and oxidative quenching mechanism of metal-free ATRP are provided in addition to the

potential applications.
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-
Foto Aracili Metalsiz Atom Transferi Radikal Polimerizasyonu: Mekanistik

Anlayis ve Gelecek Perspektifleri

Ozet:

Cesitli kontrollii radikal polimerizasyon yaklagimlari arasinda atom transfer radikal polimerizasyonu (ATRP), en sik kullanilan
teknik olarak 6ne gikmaktadir. Bununla birlikte, bir metal katalizére duyulan gereksinim bir dezavantaj teskil etmekte ve bunun
daha genis uygulanabilirligini sinirlamaktadir. Metal katalizérlerin konsantrasyonunun azaltiimasindaki gelismelerin isiginda, son
gelismeler ATRP'nin metal icermeyen kosullar altinda 1sik yoluyla gergeklestirilebilecegini gdstermistir. Farkli 6zelliklerine
dayanarak, genis bir uygulama yelpazesi igin 6zellestirilebilir polimerlerin tasarimi ve sentezinde degerli bir ara¢ haline gelmistir.
Bu mini derlemede, potansiyel uygulamalara ek olarak metal icermeyen ATRP'nin indirgeyici ve oksidatif mekanizmasinin temel

Ozellikleri saglanmaktadir.

Anahtar Kelimeler: metal igermeyen, 1sik-aracili, ATRP
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1.Introduction

Controlled/living radical polymerization (C/LRP) methods have
garnered significant attention in recent years for their capacity to
generate vinyl polymers with pre-determined molecular weights,
narrow molecular weight distributions, diverse architectures, and
functional end-groups (Braunecker & Matyjaszewski, 2007),(J.-S.
Wang & Matyjaszewski, 1995). The foremost methods include atom
transfer radical polymerization (ATRP)(J.-S. Wang &
Matyjaszewski, 1995),(Kato, Kamigaito, Sawamoto, & Higashimura,
1995), reversible addition—fragmentation  chain  transfer
polymerization (RAFT) (Chiefari et al., 1998) , and nitroxide-
mediated radical polymerization (NMRP)(Georges, Veregin,
Kazmaier, & Hamer, 1993) . Of these techniques, ATRP is likely the
most extensively employed, primarily owing to its versatility and
robust characteristics. Since its independent discovery by
Matyjaszewski (J.-S. Wang & Matyjaszewski, 1995) and Sawamoto
(Kato et al., 1995) in 1995, ATRP has found widespread application

in the synthesis of polymers from diverse monomers, featuring a
range of architectures and functionalities. The conventional
mechanism of traditional ATRP relies on a low oxidation state
transition metal complex (usually a copper halide) as a catalyst at
high concentrations (Boyer et al., 2016). Despite the outstanding
performance of ATRP, a significant drawback lies in the high
concentration of the metallic catalyst, which is challenging to
remove after the reaction (Yilmaz & Yagci, 2018). This limitation
restricts the widespread application of ATRP, especially in
biomedical applications. At this junction, the utilization of light-
induced reactions has surfaced as an alternative method to carry
out ATRP with reduced catalyst concentrations (Y. Wang et al.,
2013). In one of the pioneering studies by Yagci and coworkers it
was demonstrated that commencing the process with Cu(ll)
complexes could effectively decrease the copper concentration. In
the process Cu(l) species were generated in the reaction medium
from air-stable Cu(ll) species via photochemical reduction (direct
pathway). As indirect pathway, numerous photoactive molecules,
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including commercially available photoinitiators or dyes were also
utilized as reducing agents for Cu(ll) (Bansal et al., 2015),(K{tahya,
Schmitz, Strehmel, Yagci, & Strehmel, 2018).

1.1. Photoinduced metal-free ATRP

Until recently, achieving ATRP without involvement of any metal,
thereby offering a viable solution to address the issue of
contamination by metallic catalyst residues in the polymer, was a
challenge despite the mentioned notable accomplishments. In
2014, Hawker and colleagues represented the inaugural instance of
photoinduced metal-free ATRP in the synthesis of poly(methyl
methacrylate) (PMMA), employing 10-phenyl-phenothiazine as a
photocatalyst (PC) (Ma et al., 2021). Later in the same year,
perylene was introduced and employed as a photocatalyst for
metal-free Atom Transfer Radical Polymerization (ATRP) by Miyake
and Theriot (Miyake & Theriot, 2014). Subsequently, a multitude of
photosensitizers, including both naturally occurring and
commercially available ones, were demonstrated to be effective
catalysts for metal-free ATRP. Other PTZ derivatives,
dihydrophenazines, phenoxazines, and polycyclic aromatic
hydrocarbons (in addition to perylene such as pyrene and
anthracene), are some examples of catalysts that have been
investigated in metal-free ATRP (Theriot, McCarthy, Lim, & Miyake,
2017),(Park, Back, Choi, Lee, & Son, 2019; Taskin, Yilmaz,
Tasdelen, & Yagci, 2014). Thienothiophene derivatives were also
demonstrated to be effective catalysts by Yagci and colleagues as
supported by fluorescence quenching experiments (Kutahya et al.,
2017). Photocatalysts are currently used in photoinduced metal-free
ATRP through an oxidative quenching mechanism are given in
Table 1. In the pathway of oxidative quenching, the photocatalyst is
initially in its ground state and becomes excited to the singlet state
through light exposure (UV or visible). Following this
photoexcitation, the excited singlet state can either directly undergo
a reaction or experience an intersystem crossing to transition to its
triplet state. While the singlet state possesses a higher reducing
potential than the triplet state, it has a shorter lifetime, typically in
the nanosecond range, whereas the triplet state has a lifetime
extending to microseconds. In both of its excited states, the
photocatalyst initiates the reaction by reducing alkyl halide bonds,
generating a propagating radical, a halide anion (X7), and an
oxidized radical cation PC. Deactivation processes return a polymer
chain with halogen terminations to a dormant state, along with the
photocatalyst reverting to its ground state. This completes the
photoredox cycle of oxidative quenching ATRP (S. de Avila
Gongalves, P, & Pioli Vieira, 2021) which has been illustrated in
Figure 1.

Although the mechanism in all aforementioned examples is
following an oxidative quenching pathway, depending on the kind
of catalyst utilized the photoredox catalytic mechanism may
involve reductive quenching pathway as well. Recent research has
demonstrated that specific electron acceptor dyes, when combined
with amines, have the ability to enhance the ATRP process via a
reductive quenching mechanism (Pan et al., 2016). For instance,
Yagci group demonstrated that Eosin Y and erythrosin B can act
as effective sensitizers when exposed to different colors of LED
and commonly available visible light to lead formation of polymers
with narrow molecular weight distributions (Kutahya, Aykac,
Yilmaz, & Yagci, 2016). The same research group demonstrated
that traditional Type Il photoinitiators, including benzophenone,
thioxanthone, isopropyl thioxanthone, and camphorquinone, in
conjunction with a carefully chosen amine and alkyl halide were
effective in sensitizing metal-free ATRP through a reductive
quenching mechanism. Computational investigations provide
supporting evidence for the reductive quenching mechanism. This
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mechanism involves an electron transfer from the electron-
donating amine to the excited state dye, resulting in the formation
of the radical anion of the dye and the radical cation form of the
amine. Subsequently, the radical anion form of the dye reduces the

alkyl halide, generating the radical responsible for initiation (Allushi
etal., 2017).

@ @ e
@ B "jm’
VJJ.)'K)J
\} @ Py) &
G
\ Pa) 0
é c
(B)
DO-

5 €7 ,?) D

c*]
'\ - Lt &

-
m)

o) w
5o A
e [peews o)
Pnem
58S & o)
Pn+Pm

Figure 1. Photoredox catalytic cycle of O-ATRP via A) oxidative and B)
reductive quenching pathway. Reproduced with permission from Ref.
(Sayeny de Avila Gongalves, R. Rodrigues, & Pioli Vieira, 2021) Copyright
Wiley 2021

After the introduction of metal-free ATRP, the technique was
modified to enable the synthesis of polymers with precise
topologies, including linear, star-shaped, brush-like,
hyperbranched, and graft structures, as well as controlled
composition (Aydogan, Yilmaz, & Yagci, 2017). For instance,
Yagci and colleagues have recently introduced the concept of
orthogonal synthesis of block copolymers combining metal-free
ATRP and Ring Opening Polymerization (ROP) processes in one-
shot. In this process, a deliberately designed bifunctional initiator
with tertiary bromide and hydroxyl groups is employed. This
initiator enables the concurrent polymerization of vinyl and lactone
monomers under sunlight, utilizing metal-free methodologies
(Aydogan, Kutahya, Allushi, Yilmaz, & Yagci, 2017).

In an independent investigation, the same research group
showcased the effectiveness of metal-free ATRP in the synthesis
of hyperbranched polymers. The polymerization of methyl
methacrylate and styrene, using the corresponding inimers, was
catalyzed by perylene under visible light irradiation. The extent of
branching in the resulting polymers could be readily controlled by
adjusting the type and concentration of the inimer, as well as the
duration of irradiation (Aydogan, Yilmaz, et al., 2017).
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Table 1. Photocatalysts used for metal-free ATRP through oxidative quenching.

Photocatalyst

General structures

Phenothiazines

Polycyclic aromatic hydrocarbons

Thienothiophenes

Phenoxazines

Phenazines

Dimethy! dihydroacridines

Co0

T
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HC.  CH,

2. Summary and Overview

The preliminary study of photomediated ATRP, presented for
the first time by Prof. Dr. Yagci and colleagues, has introduced
a novel perspective to the ATRP method. The utilization of
organic photoredox catalysts, as opposed to the copper metal
traditionally employed in this polymerization, has rendered the
ATRP process more environmentally friendly, aligning it with
principles of green chemistry. This method not only eliminates
the need for transition metal catalysts but also facilitates milder
reaction conditions, reducing potential toxicity, and broadening
the scope of applicable monomers. The development of
photoinduced metal-free ATRP opens new avenues for
polymer scientists, offering a more sustainable and accessible
route to precision macromolecular synthesis. As research in
this field progresses, the photomediated metal-free ATRP can
be applied to various applications in materials science,
biomedical engineering, and nanotechnology. Future research
may focus on optimizing this technique to further reduce
environmental impact, enhance efficiency, and explore
sustainable photocatalysts.
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