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WHITE LED INDUCED DEGRADATION OF POLYACRYLATES
AS A GREEN ALTERNATIVE FOR POLYMER RECYCLING

SUMMARY

In today's world, plastic materials are used almost every day due to their advantageous
properties. However, widespread use of plastics has resulted in serious environmental
issues, such as the buildup of plastic waste and its damaging effects on ecosystems.
Efforts are underway to find effective recycling methods for widely used polymers as
part of the journey towards a greener and more sustainable world, aiming to reduce
this dependence. The topic of enhancing the sustainability of polymers is at the
forefront of the discipline of polymer science and engineering, and it includes a variety
of strategies, from mechanical recycling to degradation and chemical recycling.
Poly(methyl methacrylate) (PMMA) is a polymer that holds great significance within
the realm of materials due to its remarkable combination of high-impact strength,
optical clarity, and lightweight characteristics. Various applications of PMMA have
resulted in considerable consumption and generation of noticeable amounts of waste.
By 2027, it is projected that the consumption of polymers will reach a level of 4 million
tons per year and as the years pass, it could further increase. Since PMMA does not
have a hydrolysable main chain, depolymerization or degradation requires advanced
recycling methods. These methods involve some requirements that are both
economically and environmentally harmful, such as high temperatures and heavy toxic
metal catalysts. Despite the challenging conditions, the research conducted contributes
to polymer recycling. However, replacing these requirements with some green
alternatives is highly appealing. Photochemical reactions, with advantages such as
being environmentally friendly and low energy consumption, have gained attention
both in industry and academia. The idea of adapting light-induced reactions to this
field and using a catalyst other than metal-based catalysts, which are another
environmental pollutant factor, shed light on this study.

In this study, we take advantage of the efficient properties of light in the field of
degradation. We present a novel approach utilizing a white LED light source and a
metal-free method for the degradation of PMMA derivatives that contain halogen in
the main chain. A copolymerization incorporated PMMA derivatives containing light-
triggerable halogen atoms into the main chain. The Reversible Addition-
Fragmentation Chain Transfer (RAFT) controlled polymerization technique was
employed for the synthesis of methyl methacrylate-methyl a-chloroacrylate and
methyl methacrylate-ethyl cis-3 bromoacrylate copolymers. In the presence of
organodyes (metal-free catalysts) the synthesized copolymers undergo efficient
degradation into low molecular weight oligomers when irradiated with visible light.
This study serves as a realistic approach to polymer recycling and leading to the
development of more sustainable recycling methods for polymers.
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POLIMER GERi DONUSUMUNDE YESIL BiR ALTERNATIF OLARAK
POLIAKRILATLARIN BEYAZ LED ISIGI ALTINDA BOZUNMASI

OZET

Giiniimiizde, plastik malzemeler avantajli &zellikleri nedeniyle neredeyse her giin
yaygin bir sekilde kullanildig1 goriilmektedir. Ancak, plastiklerin yaygin kullanimi
cevresel sorunlara yol agmustir. Plastik atiklarin birikmesi, dogal ekosistemlere ve
biyocesitlilige zarar veren dnemli bir sorundur. Daha siirdiiriilebilir ve yesil bir diinya
icin plastiklere olan bagimliligin azaltilmasi1 ve plastik atiklarin etkili bir sekilde
yonetilmesi hedeflenmektedir. Bu amagcla, polimer bilimi ve miihendisligi alaninda,
mekanik geri doniisiimden polimerlerin bozunmasi ve kimyasal geri doniisiime kadar
cesitli stratejiler gelistirilmektedir. Polimetil metakrilat (PMMA), yiiksek darbe
dayaniklilig1, optik berraklik ve hafiflik gibi dikkate deger 6zellikleriyle malzemeler
alaninda biiylik 6neme sahip olan bir polimerdir. Bu 6zellikler sayesinde PMMA,
birgok farkli uygulama alaninda kullanilmaktadir. Ancak, PMMA'in yaygin
kullanim1, énemli miktarda atik olusmasina sebep olmustur. Ongériilere gore, 2027
yilina kadar polimer tiiketimi yillik 4 milyon ton seviyesine ulasacak ve yillar
ilerledikce bu miktarin daha da artma egilimi gosterecektir. Bu durum, plastik
atiklarinin artan bir sorun haline gelmesine yol agmaktadir. PMMA, hidroliz edilebilir
bir ana zincire sahip olmadigindan, geleneksel geri donilistim yontemleriyle kolayca
geri doniistiiriilememektedir. Bu nedenle, ileri diizeyde geri doniisiim yontemlerinin
kullanilmas: gerekmektedir. Ancak, bu yontemlerin uygulanmasi ekonomik ve
cevresel agidan zararli bazi gereksinimleri beraberinde getirmektedir. Yiksek
sicakliklarin kullanilmasi, enerji tliketimini artirirken cevresel etkileri de olumsuz
yonde etkileyebilmektedir. Ayrica, agir toksik metal katalizorlerin kullanimi da ¢evre
kirliligi potansiyeli tasimaktadir. Bu zorlayict kosullara ragmen, yapilan arastirmalar
polimer geri doniisiimiine katki saglamaktadir. Ancak, bu gereksinimleri ¢evre dostu
alternatiflerle degistirmek oldukea ilgi cekici bir konumdadir. Ozellikle fotokimyasal
reaksiyonlar, ¢evre dostu olmasi ve diisiik enerji tiiketimi gibi avantajlara sahip olmasi
nedeniyle endiistri ve akademide biylik ilgi gormektedir. Isikla tetiklenen
reaksiyonlarin polimer geri doniisiimii alaninda kullanilmasi, verimli ve ¢evre dostu
bir yontem olarak 6ne ¢ikmaktadir. Bu ¢alismanin ana fikri, fotoreaksiyonlar: bu alana
uyarlamak ve baska bir ¢evre kirliligi faktorii olan metal bazli katalizérler yerine
zararsiz bir katalizor kullanmaktir.Bu ¢aligmada, polimerlerin bozunma alaninda 1g1gin
etkili ozelliklerinden faydalaniyoruz. PMMA tiirevlerinin ana zincirinde bulunan
halojenin bozunmas igin beyaz bir LED 151k kaynag1 ve metal icermeyen katalizorler
kullanarak yeni bir yaklasim sunuyoruz. Isiga duyarli halojen atomlarimi (klor
atomlar1) iceren PMMA tiirevleri, kopolimerizasyon yoluyla ana zincire dahil
edilmistir. Metil metakrilat-metil a-kloroakrilat (MCA) ve metil metakrilat-etil cis-3
bromoakrilat (EBA) kopolimerlerinin sentezi i¢in Tersinir Katki-Fragmentasyon
Zincir Transferi (RAFT) kontrollii polimerizasyon teknigi kullanilmistir. Metal
icermeyen organik boyar maddelerin (katalizorlerin) varlifinda, sentezlenen
kopolimerler, goriiniir bolge dalga boyunda verimli bir sekilde diisiik molekiil agirlikl
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polimer zincirlerine bozunmustur. Sentezlenen kopolimerlerin fiziksel 6zellikleri ve
yontemin kinetigi DSC, TGA, *H-NMR ve GPC analizleriyle arastirilmistir. Ortam
sicakliginda %80'e kadar bozunma gozlemlenmistir. Bu c¢alisma, polimer geri
doniistimii i¢in gergekgi bir yaklasimdir ve polimerler i¢in daha siirdiiriilebilir geri
doniisiim yontemlerinin gelistirilmesine onciiliik etmektedir.
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1. INTRODUCTION

Polymer recycling is the process of recovering used or waste polymers and
transforming them into new materials. Managing waste made of polymer has become
a major concern for society due to the extensive use of polymer materials in many
industries.[1] Some of the polymeric structures are not biodegradable. As such, they
remain in the environment for hundreds of years. Due to their non-biodegradable
nature, they pose a significant threat to the environment. Several kinds of
environmental issues, including pollution of land and oceans, can result from improper
management of solid polymer waste.[2] Furthermore, it may cause landfills to release
harmful gases like methane and carbon dioxide, which will exacerbate climate change.
Thus, proper management of solid polymer waste can help minimize the harmful
effects of plastic waste on the environment.[3] In addition to the environmental impact,
solid polymer waste also affects public health.[4] Improper disposal of plastic waste
can lead to the accumulation of waste in public spaces, causing aesthetic problems,
and becoming a breeding ground for disease-carrying pests. Besides, burning plastic
waste, which is a common practice in some areas, can release toxic fumes that can be
harmful to human health. Overall, managing solid polymer waste properly not only
helps the environment but also promotes public health.[5] The recycling of polymers
Is important for eliminating some of the problems mentioned above. There are three
types of recycling of polymers: mechanical, energy, and chemical.[6] First,
mechanical recycling involves the sorting and cleaning of plastic waste to produce
pellets or flakes, which can be used to make new plastic products. Although this
method is well-known and quite simple, it is limited by the fact that it can only be used
to recycle specific types of plastics. [7] The second one, energy recycling, involves the
conversion of plastic waste into energy through processes such as incineration or
gasification. While this method can help to reduce waste, it can also release harmful
emissions into the atmosphere. The last polymer recycling technique, chemical
recycling, use chemical reactions to break down polymer molecules into their

constituent smaller parts.[8, 9] Chemical recycling has the benefit of being able to



recycle plastics that are difficult to recycle mechanically. It also has the potential to
reduce the amount of plastic waste that ends up in landfills or the sea.This process is
still in its early stages of development but has the ability to recycle a much wider
amount of polymers than the other alternatives.

Currently, the reduction of plastic usage is a important focus as we moving towards a
greener and more sustainable world, particularly given the increasing dependence on
conventional plastics in our daily lives. Despite ongoing efforts to develop degradable
alternatives for the majority of plastics, there are serious challenges in scaling up
production and the dependency on conventional plastics continues to increase.[10]
Therefore, there have been efforts to study the degradation and depolymerization
reactions of the most commonly used polymers, such as polyvinyl chloride (PVC),
polystyrene (PS), and polymethylmethacrylate (PMMA). [11-13]

Various research groups worldwide are currently working on developing new and
improved methods to degrade or depolymerize well-known polymers under milder
conditions. Depolymerization has the advantage of enabling research teams to gain the
monomers used in waste polymers. [14] On the other hand, degradation may utilize
similar catalytic systems, but it may require functionalized polymer chains to produce
oligomers by breaking down the initial polymer chains.[15]Generally, the methods
used to achieve depolymerization or degradation involve the adaptaition of controlled
radical polymerization techniques such as RAFT and atom transfer radical
polymerization (ATRP) into the subject area.[16]. When we take a look at the notable
studies of some research groups, we see that some challenging conditions are required
such as high temperature, toxic metal catalysts, and long reaction times. Achieving
good degradation and depolymerization yields through a more environmentally
friendly and economical approach seems quite interesting. The schematic

representation of depolymerization and degradation is shown in Figure 1.1.

DEPOLYMERIZATION

QP —— 9% —- M

OO OOO

X: Halogens or RAFT CTA

DEGRADATION

% m % R: Degradable Unit
Q %% é’g

Figure 1.1 : Schematic illustration of depolymerization (a), and degradation (b).




Photochemical approaches were extensively utilized by our research group to
synthesize several polymers such as polyethers, polyamides, polyesters,
polycarbazoles, polydopamines, polythiophene derivatives, and poly(phenylene
methylenes).[17-25] Our research group has also previously applied this approach to
the field of degradation/depolymerization reactions due to fast reaction time, high
conversion rates, and the environmentally friendly nature of photopolymerization
reactions.[26, 27] In addition to this advantageous approach, the manganese
decacarbonyl (Mn2(CQO)10) catalyst, which is known for halogen abstraction and
homolytically cleave ability with irradiation, [28, 29] has been used for catalyzing
degradation and depolymerization reactions. Even at room temperature, this technique
achieved good degradation yields. However, heat was needed to catalyze the
depolymerization. When we examine other reported studies, we can see that toxic and
metal-containing catalysts like copper, iron complexes and ruthenium are used to
catalyze depolymerization and degradation. (studies will be discussed in detail in the
theoretical part). In this thesis, we contemplated on how we could achieve polymer
recycling, which is a current problem, by taking a more environmentally friendly
approach.

In this thesis, broadband white LED (450 nm-800 nm) and 400 nm blue led were used
in combination with eosin y (EY), erythrosin B (ErB) and 10-phenylphenothiazine
(PPT) in the novel photodegradation system to overcome the requirement of heat and
metal catalysts.The reactions between organo-dyes and tertiary amines in the excited
state, known as charge transfer (CT) reactions, is widely known and established. In
order to obtain polymers which can be degraded by visible light at room temperature
and possess comparable physical properties with PMMA, two copolymers consisting
of methyl methacrylate (MMA), methyl a-chloroacrylate (MCA), and ethyl cis-3
bromoacrylate (EBA) were synthesized by RAFT. Synthesized PMMA copolymers
((PMMA-co-PMCA) and PMMA-co-PEBA)) are degraded to low molecular weights
by white light and organo photocatalysts. This promising method could trigger the

development of more environmentally friendly recycling techniques in the near future.






2. THEORETICAL PART

The major concern of this thesis is to degrade the commonly used PMMA derivatives,
which synthesized by the controlled polymerization method (RAFT), into smaller

chains using non-toxic catalysts (organodyes) at ambient conditions.

2.1 Reversibility of Polymerization

Reversibility and thermodynamics are fundamental concepts in polymerization
processes. Although it has been known that polymerization reactions can be reversible
since the beginning of the polymer chemistry, Dainton and lvin's article (1948)
provided the first complete thermodynamic explanation of the reversibility of
polymerization.[14, 30] Polymerization refers to the chemical reaction in which
monomers join together to form a polymer chain. Reversibility in polymerization
refers to the ability of the polymerization reaction to proceed in both the forward
(polymerization) and reverse (depolymerization) directions. A negative Gibbs free
energy value (AG) denotes a preference for polymerization, whereas a positive AG
value denotes a preference for depolymerization. The ceiling temperature, T, is the
temperature at which AG = 0. When AG = 0, the forward (polymerization) and reverse
(depolymerization) reactions are in equilibrium, meaning that the rate of
polymerization is equal to the rate of depolymerization. Heating a polymer above its
ceiling temperature (T¢) can induce depolymerization due to the general trend of
negative enthalpy (AH) and negative entropy change (-TAS) in polymerizations. This
leads to the conclusion that by heating the polymer, the equilibrium is shifted towards
depolymerization, causing the monomer to be removed from the system until no
polymer remains.[14, 31-34] The equations of AG (equation 1), AG° (Gibbs free
energy under standard conditions (equation 2), and equilibrium constant (Keq)
(equation 3) (where kp represents the rate constant for propagation, kap represents the
rate constant for depropagation, and [M]eq represents the monomer concentration at

equilibrium) are provided below.



AG=AH-TAS (1)
AG* =—RTInKeq )

Keq=kp/kap=1/[M]eq (3)

2.1.1 Depolymerization from controlled polymerization methods

Controlled radical polymerization (CRP), also known as reversible deactivation
radical polymerization, has revolutionized the field of polymer chemistry by offering
the ability to produce well-defined polymers with adjustable molecular weight, molar
mass distributions, block sequence, and structure.[35-38] In addition to
polymerization, these two methods also hold significant importance in

depolymerization.

2.1.1.1 Atom transfer radical polymerization (ATRP)

Atom transfer radical polymerization (ATRP) is a type of polymerization known as
reversible deactivation radical polymerization (RDRP). It was discovered
independently by Matyjaszewski and Sawamoto in 1995.[39, 40] This technique
enables the production of controlled polymers with specific molecular weights and
tighter molecular weight distribution (Mw/M,, < 1.5), surpassing the outcomes achieved
with conventional free radical polymerization. ATRP involves the use of a transition
metal catalyst, typically a copper or iron complex, and a halogen-containing initiator
or dormant species. The catalyst facilitates the transfer of a halogen atom between the
dormant species and the growing polymer chain, enabling controlled growth of the
polymer. Traditional ATRP relies on a transition metal complex with a low oxidation
state, often CuX/L (copper is commonly employed, although other metals such as iron,
ruthenium, and nickel are also frequently utilized in ATRP, whereas X = Cl or Br, L
= ligand), in combination with a suitable alkyl halide, denoted as R-X. The initiation
process involves a rapid equilibrium between CuX and R-X, resulting in the reversible
formation of CuX; and Re. In this dynamic state, monomers can react with the alkyl
radical, leading to dormant chains through halogen abstraction, yielding CuX and Pn-
X. This equilibrium favors the reverse reaction, producing chains with R as the a-chain
and halide as the w-chain-end functionalities. The fast initiation and the reversibility
of halide abstraction-donation steps allow for the production of polymers with desired

molecular weights and narrow molecular weight distributions.[41, 42] Methacrylic-



type monomers, which have polymeric side chains (referred to as macromonomers) or
large groups, have played a crucial role in the advancement of depolymerization
techniques for ATRP.[43] A simple ATRP mechanism is depicted in Figure 2.1,

which includes some conditions for polymerization and depolymerization.

+Monomer
Polymerization Process O
-Temperature lower than 100°C

[ ]

P,-X+CuXL &= P, + Cu'X,/L
Depolymerization Process U
-Temperature ~ 100-170 °C

-Monomer

Figure 2.1 : Brief ATRP mechanism highlighting the conditions for polymerization
and depolymerization.

2.1.1.2 Reversible addition/fragmentation chain transfer polymerization.

Reversible Addition/Fragmentation Chain Transfer (RAFT) polymerization is
considered one of the most efficient techniques to introduce living characteristics into
radical polymerization by employing a reversible deactivation process. The first report
on RAFT (Reversible Addition/Fragmentation Chain Transfer) polymerization was
published in 1998 by Moad, Rizzardo, Thang, and co-workers[43]. The mechanism of
RAFT polymerization is significantly different from other controlled polymerization
methods (such as ATRP and NMP).[44, 45] RAFT polymerization follows the
mechanism as demonstrated in Figure 2.2. In RAFT, the reversible deactivation of
polymer chains is caused by reversible chain-transfer events rather than reversible
termination. Nonetheless, this method is highly efficient in generating precisely
defined polymers and can be considered one of the most resilient techniques for
controlled radical polymerization, particularly in terms of its ability to accommodate
various monomer functionalities. Usually, the chain-transfer agent (CTA) used in
RAFT polymerization is a compound with a thiocarbonylthio (Z-C(=S)S-R)
structure. The Z-group plays a significant role in determining the reactivity of the C=S
bond towards radicals and the stability of the intermediate radical formed. On the other
hand, the R-group acts as a suitable leaving group with sufficient reactivity to initiate
the propagation of new polymer chains. Similar to depolymerization systems that are
based on ATRP, RAFT polymethacrylates provide the capability to control and access



chain-end radicals as needed. When thermodynamically favorable conditions are met,
these radicals undergo depropagation to produce monomers.[46]

P-X + P, =——= P, +P,X

—~
M M
Figure 2.2 : Mechanism of reversible addition/fragmentation chain transfer (RAFT).

2.2 Polymer Degradation

Polymer degradation is a term that refers to the modifications of polymer properties,
including tensile strength, color, shape, and molecular weight, as well as the properties
of products made from polymers. This alteration occurs due to some factors such as
heat, light, chemicals, etc.[47-49] While the importance of developing sustainable
polymer materials that can be recycled or disposed of without causing harm to the
environment is increasing, polymer degradation has attracted attention for the polymer
design, because it could allow on-demand degradation after use while the material
stability is ensured. These factors might not be suitable for the degradation of every
polymer. The polymer stability of high-volume polymers stems from the strong
carbon-carbon bonds present in the polymer backbone.This degradation preventive
state in polymer backbones can facilitate degradation through the presence of certain
groups that are triggered by heat or light. The presence of these triggerable groups
provides a mechanism for controlled or on-demand degradation, allowing the polymer
to retain its stability during normal usage but undergo controlled degradation when
subjected to specific environmental conditions. A common occurrence in the
degradation of polymers involves the generation of radicals on the polymer backbone,
which is then followed by the breaking of bonds via B-scission.[50-52] B-scission
refers to the cleavage of a bond adjacent to a carbon atom in the polymer backbone.
This bond cleavage occurs between the carbon atom and an adjacent atom or group,
leading to the formation of two free radicals or other reactive species. Generally, these
reactions are often initiated by the presence of radicals or high-energy stimuli such as
heat or light. These reactions play a significant role in the degradation of polymers.



2.3 Poly(methylmethacrylate) (PMMA)

PMMA is a synthetic polymer from the methyl methacrylate monomer that belongs to
the acrylic family of polymers.[53] PMMA was first identified in the early 1930s by
British chemists Rowland Hill and John Crawford. Soon after, in 1934, German
chemist Otto Rohm utilized PMMA for its initial practical application. [54] PMMA is
renowned for its exceptional transparency, high impact resistance, and weather
resistance, making it a popular alternative to glass in various applications. PMMA is
preferred in many industries,such as optical lenses, automotive components, and
medical devices, due to its exceptional properties.[55-57] PMMA can be synthesized
from its monomer utilizing by different methods of polymerization such as free radical
and anionic initiations in bulk, solution, suspension, and emulsion techniques.[31, 58]
In addition, there are several techniques and variations of polymerization methods used
to control polymer properties including molecular weight, and molecular weight
distribution. Some of these polymerization techniques involve controlled radical
polymerization methods like ATRP, RAFT, and NMP.[40, 59, 60]

PMMA has been widely used in various fields due to its superior properties. By 2027,
it is anticipated that the consumption will escalate to approximately 4 million tons per
year. This significant increase in consumption raises concerns about the potential for
excessive waste generation, emphasizing the urgent need for recycling. However,
recycling has persistently posed challenges due to the scarcity of environmentally
friendly approaches. PMMA cannot be easily depolymerized/degraded by hydrolysis
or transesterification due to the presence of carbon-carbon bonds along the polymer
chain. However, recent studies have focused on the depolymerization of
polymethacrylate derivatives, which require high temperatures of approximately
300°C and the use of toxic chemicals. One of the goals of scientists in the near future
is to degrade or depolymerize PMMA without the need for heat and using
environmentally friendly chemicals, considering its widespread use and the need for

sustainable waste management strategies in the polymer industry.

2.3.1 Degradation/Depolymerization of PMMA

Conventional methods of degradation/depolymerization of polymers usually involve
cleavage of covalent bonds in the main chain that contains hetero atoms like acetal,

ester, and carbonate.[61-63] However, depolymerization/ degradation of some



polymers which formed by acrylic monomers is more difficult due to the fact that the
carbon-carbon bond is non-hydrolazable. Therefore, a hydrolyzable group is needed
either at the end of the polymer chain or at the main chain in order to depolymerize or
degrade such polymers. There are more examples in the literature regarding the
thermal depolymerization and degradation of PMMA, but there are very few studies
conducted using light assistance. In this field, several renowned research groups have

reported detailed studies. These studies will be examined in sequence.

Ouchi initially conducted efforts to degrade and depolymerize modified PMMA
derivatives using catalysts based on ruthenium. [64] Firstly, they demonstrated the
depolymerization of chlorine-terminated poly(methyl methacrylate) (PMMA-
Cl),which was synthesized using the ATRP technique, with the assistance of metal
catalysts (ruthenium). In this case, the carbon-halogen bond played a pivotal tole as a
triggering factor for depolymerization. Methylmethacrylate (MMA) monomer was
gradually produced as a result of depolymerization using the PMMA-Cl/ruthenium
catalyst/tributylamine system in a under reduced pressure system at 100 °C.
The evidence for monomer formation was obtained by observing the peaks of olefinic
protons in the *H NMR spectrum immediately after the reaction mixture was heated
(Figure 2.3). Furthermore, the gradual increase in the intensity of these peaks
throughout the reaction time strengthened this notion. This study contributes to
advancing our understanding of depolymerization mechanisms of functionalized
PMMA derivatives and also presented the first demonstration of depolymerizing a pre-
synthesized and purified polymethacrylate that was synthesized using ATRP.

a b
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. P . " [ Conv. C)YO a { [
Ru Cat ﬂ Unzipping from terminal as% | MmMAOL i
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|
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Figure 2.3 : Depolymerization illustration of PMMA-CI (a), *H-NMR spectra for
characterization of monomer generation (b) [64].
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After demonstrating in their depolymerization publication that the C-halogen bond
plays a triggering role in depolymerization, Ouchi hypothesized that this bond would
have the same effect on the polymer chain and published a paper on degradation. [65]
In this study, the importance of incorporating trigger units into the polymer chain for
degradation and depolymerization has been emphasized. Then, a copolymer of
(MMA/MCA) was synthesized through RAFT copolymerization where the alpha
substituent of the PMMA backbone was partially changed with chlorine. For
degradation, polymers with different molecular weights, monomer, and comonomer
ratios were reacted with a ruthenium complex and amine structure (n-BusN) at 100 °C
for 4 hours. The degradation efficiency was monitored by GPC (Gel Permeation
Chromatography), and significant shifts toward low molecular weight regions were
observed. Additionally, several control experiments were conducted, including
subjecting a straight PMMA chain to the same reaction. As a result, no change in
molecular weight was observed. The GPC results for this study are shown in Figure
2.4.

[Copolymer, 1 {Copolymer, 2 | Copotymer, 3 | [PuMA. 4
| n=47 m=10| lnu?.'; me1 w180, mw 14 =94
| {eniry ¥ {entry 2) | ry 3 | (enyy 4)
ety ) amg=sa00 —E ) aw - 11500 ontyS) L
Egeg = 83% Egng = B4% - AM, = 6700 AM, =300

Egeg =33%

[ [\
A\ 168 \ \ 15 [\ \ 150 146
11100 / /' \ ' 15000 ‘/ A : 2100 [ [\ \ - 1C3£
2 )N N S e\
3 \_74/\\ 1.82 B R g 1351_‘ ~
I w l:’v’ \;-' :Ir:! 10 10 |';)-‘ 10° 10* 107 107
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MW(PNAAA)

Figure 2.4 : GPC chromatograms of (MMA-MCA) copolymers, namely copolymer
1, copolymer 2, copolymer 3, and PMMA before degradation (black
line), after degradation (red line) [65].

After, Matyjaszewski’s research group made additional advancements and explored
the potential of employing iron complexes, which are more environmentally friendly,
as catalysts for depolymerization.[66] The iron catalysts utilized in this study consist
of FeCl, combined with tetra(ethylene glycol) dimethyl ether serving as both a solvent
and ligand. However, at the high temperature, the catalysts exhibited enough activity
to effectively reduce the alkyl chlorine chain-end functionality, resulting in the
depolymerization of chlorine-capped poly(n-butyl methacrylate) (PBMA-CI) and
poly(methyl methacrylate) (PMMA-CI) macroinitiators with a conversion rate of over

70% in less than 15 minutes. The proposed mechanism is shown in Figure 2.5. These
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iron catalysts used by Matyjaszewski are more economical and environmentally
friendly compared to previously reported metal catalysts used in the depolymerization
of polymethacrylates.

P,y '+ M
P,-L + X-(CH,),CH;

y fop
ka

ky

PpX + ML ————=——mt™L + P,
kg .
ki
v
Oxidized Product Terminated
Deactivated Radical (R-X) Polymers

Reducing Agent,
Radical Source (R) *

Supplemental Activation

P,-X + Mt° Py + X-Mt0)

Figure 2.5 : Proposed mechanism involving ATRP with reversible propagation,
activator regeneration, supplemental activation of the alkyl halide, and
lactonization of the chain-end [66].

Sumerlin  and co-workers investigated a depolymerization strategy for
polymethacrylate that involved light assistance.[13] This approach differs from the
thermal method employed by Ouchi. They aimed to enable depolymerization at lower
temperatures by utilizing both heat and light. In this strategy, radicals are generated
through direct photolysis of the chain transfer agent (CTA) chain-end, resembling a
photoiniferter polymerization process. Evaluating the depolymerization efficiencies of
certain PMMA derivatives synthesized via RAFT, it was found that PMMA with
trithiocarbonate, dithiocarbamate, and p-substituted dithiobenzoate end groups
exhibited higher depolymerization efficiencies at a lower wavelength. As can be seen
from the graphical abstract presented in Figure 2.6, the depolymerization process was
completed with approximately 70% yield within one hour, a relatively low temperature

of 100 °C was sufficient.
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Figure 2.6 : Graphical abstract of Sumerlin’s photo-assisted depolymerization [13].



Finally, Anastasaki et al. reported a depolymerization technique without a catalyst,
achieving nearly complete depolymerization for both bulky and non-bulky
polymethacrylates, as well as for insoluble gel-like substances synthesized through
RAFT.[10] Approximately 92% depolymerization was accomplished using a
dithiobenzoate end-group at 120 °C in dioxane. The interesting aspect of this process
is the ability to reuse the RAFT agent after depolymerization, allowing a controlled
RAFT polymerization of the regenerated monomer at 70 °C in the presence of a free

radical initiator.
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3. EXPERIMENTAL PART

3.1 Materials and Chemicals

Methyl methacrylate : used after filtration through basic

(MMA; Merck, 99%) alumina to remove the inhibitor and
stored in the fridge.

Methyl a-chloroacrylate (MCA,; :used after filtration through basic

Thermo Scientific™, 98+%) alumina to remove the inhibitor and
stored in the fridge.

Ethyl cis-3 bromoacrylate (EBA; :used after filtration through basic

Aldrich, >99.0%) alumina to remove the inhibitor and
stored in the fridge.

Toluene (Aldrich, 99.7%) :dried and purified before use.

N,N,N,N,N- :dried and purified before use.

pentamethyldiethylenetriamine
(PMDETA; Aldrich, 99%)

Hexane (Aldrich, 98%) :dried and purified before use.
2-cyano-2-propyl dodecyl :used as received and stored in the
trithiocarbonate fridge.

(RAFT Agent; Aldrich, 97% HPLC)

10-phenylphenothiazine :used as received and stored in the
(PPT; Aldrich, >95%) dark.

Eosin Y (EY; Merck, 99%) :used as received and stored in dark.
Erythrosin B (ErB; Merck, 99%) :used as received and stored in dark.
2,2'-azobis(isobutyronitrile) :used as received.

(AIBN; Wako, 98%)

3.2 Equipments

3.2.1 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) measurements were obtained on a TOSOH

EcoSEC GPC system equipped with an autosampler system, a temperature-controlled
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pump, a column oven, a refractive index (RI) detector, a purge, and degasser unit and
TSK gel superhZz2000, 4.6mm ID x 15 cm x 2cm column. Tetrahydrofuran was
used as an eluent at a flow rate of 1.0 mL.min"? at 40°C. RI detector was calibrated
with polystyrene standard, and all the data were analyzed by the Eco-SEC Analysis

software.

3.2.2 'H Nuclear magnetic resonance spectroscopy (*H-NMR)

"H-NMR spectra of the P(MMA-co-MCA) and its degradation products were recorded
at room temperature at 500 MHz on an Agilent VNMRS 500 spectrometer in CDCl3
with Si(CH3)4 as an internal standard.

3.2.3 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed on a PerkinElmer Diamond
DSC. A typical DSC sample was prepared 2—5 mg in a 30 uL aluminum pan.

3.2.4 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) was performed on a PerkinElmer Diamond
TA/TGA with a heating rate of 10 °C min™ under nitrogen flow (200 mL.min™?).
3.2.5 Liquid chromatography/ Mass spectrometry (LS/MS)

High-resolution LC/MS analysis was performed using an Agilent Technologies Q-
TOF LC/MS System equipped with a HiP sampler, binary pump, and column comp.
and Q-TOF. TOF/Q-TOF Acquisition parameters are: a dual ESI ion source, gas temp
300 °C, gas flow 10 L min* and nebulizer 40 psig.

3.2.6 UV-visible spectrophotometer (UV-vis)

UV—vis analyses were performed with a Shimadzu UV-1601 double-beam
spectrometer sporting a deuterium lamp and a 50 W halogen lamp with a light emission
spectrum of 190 - 1100 nm.

3.2.7 Infrared spectrophotometer (IR)

Fourier-transform infrared (FT-IR) analyses were performed on a Perkin-Elmer FTIR
Spectrum One B spectrometer.
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3.3 Preparation Methods
3.3.1 Synthesis of copolymers

3.3.1.1 Synthesis of P(MMA-co-MCA) by RAFT

P(MMA-co-MCA) was synthesized by RAFT. Methyl a-chloroacrylate (0.2 mL, 1.97
mmol), methyl methacrylate (2.03 mL, 19 mmol), 2-cyano-2-propyl dodecyl
trithiocarbonate (34.8 uL, 0.097 mmol), toluene (7.7 mL), AIBN (3.1 mg, 0.018 mmol)
were placed into a dried Schlenk tube under the nitrogen ambient. The reaction mixture
was degassed by three freeze-pump thaw cycles to remove oxygen from the reaction
media, sealed off, and placed in an oil bath. Polymerization was held at 85 °C for 6
hours. At the end of copolymerization, polymers were precipitated in hexane and dried

under reduced pressure for further use.

3.3.1.2 Synthesis of P(MMA-co-MCA) by free radical polymerization

Methyl a-chloroacrylate (0.2 mL, 1.97 mmol), methyl methacrylate (2.03 mL, 19
mmol) toluene (7.7 mL), AIBN (3.1 mg, 0.018 mmol) were placed into a dried Schlenk
tube under the nitrogen atmosphere. Polymerization was held at 850C for 6 hours in
an oil bath. The obtained mixture was precipitated in hexane and dried under low

pressure.

3.3.1.3 Synthesis of P(MMA-co-EBA) by RAFT

The Schlenk tube was equipped with a magnetic stirrer and heated in vacuo with the
heat gun. When the tube cooled down, it was charged with MMA (2.03 mL, 19 mmol),
ethyl cis-3 bromoacrylate (0.2 mL, 1.73 mmol), 2-cyano-2-propyl dodecyl
trithiocarbonate (34.8 pL, 0.097 mmol), 7.7 mL toluene and AIBN (3.1 mg, 0.018
mmol). After 12 h of mixing at 90 oC, the obtained polymer was precipitated in hexane

and then dried under reduced pressure
3.3.2 Degradation procedure

3.3.2.1 Degradation of P(MMA-co-MCA)

P(MMA-co-MCA) was degraded with 10-phenylphenothiazine and dyes, namely,
eosin y and erythrosin b, under visible light at room temperature. For this purpose,
P(MMA-co-MCA) (10 mg, 0.0013 mmol), PMDETA (19 pL, 0.09 mmol), 8 mL
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toluene, ErB (8.79 mg, 0.1 mmol) or EY (6.91 mg, 0.1 mmol or PPT (2.75 mg, 0.1
mmol) were added to screw capped glass. tube. The reaction mixture was bubbled with
dry nitrogen gas. After 6 hours of irradiation, the whole solvent was evaporated and

the degradation products dried under vacuum at room temperature.

3.3.2.2 Degradation of P(MMA-co-EBA)

The copolymer was degraded with PPT, ErB, and EY under ambient conditions.
Firstly, P(MMA-co-EBA) (10 mg, 0.0013 mmol), PMDETA (19 puL, 0.09 mmol), 8
mL toluene, ErB (8.79 mg, 0.01 mmol) or EY (6.91 mg, 0.01 mmol) or PPT (2.75 mg,
0.01 mmol) were added to the tube. After nitrogen bubbling for 5 min, the reaction
tube was tightly sealed and irradiated for 6 hours. The solvent, toluene, was evaporated

by a rotary evaporator, and the degraded polymer was left in a vacuum for drying.
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4. RESULTS AND DISCUSSION

Two different acrylate derivatives, namely, methyl a-chloroacrylate (MCA) and ethyl
3-bromoacrylate (EBA) were employed in order to obtain degradable PMMA
alternatives. The MCA and EBA monomers were separately copolymerized with
methylmethacrylate (MMA) using conventional RAFT method to better observe the
degradation benefiting from narrow dispersity (£). The polymerization conditions and
physical properties of the resulting copolymers, P(MMA-co-MCA) and P(MMA-co-
EBA), were recorded in Table 4.1. Furthermore, the proposed degradation
mechanisms were depicted in Figure 4.1. According to the table, two copolymers with
comparable molecular weights and nearly identical dispersities have been obtained.
'H-NMR and FT-IR spectra of the obtained polymers are observable at Figure A.1
and A.2

Table 4.1 : Copolymerization of MMA MCA EBA monomers to obtain
degradable PMMA derivatives.?

Monomer Reaction MpP D? Polymer
Time (h) kg mol?
_ 1.4 P(MMA-co-
[MMA]:[MCA] 6 11.4 MCA)
_ 1.4 P(MMA-co-
[MMA]:[EBA] 12 8.1 EBA)

& [MMA]:[Comonomer]:[Raft Agent]:[AIBN]=1000:100:5:1, at 90°C.
b- Determined by GPC
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Figure 4.1 : White LED induced degradation mechanism of poly
(methylmethacrylate), methyl a-chloroacrylate copolymer using organodyes as
photocatalyst.
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Degradation reactions of eosin Y (EY) and erythrosin B (ErB) were conducted under
white LED irradiation in toluene solvent. For 10-phenylphenothiazine (PPT), the same
experimental conditions were used, but a 400 nm LED light was chosen to
accommodate its specific absorption characteristics. UV-Vis spectra of the reaction

mixtures are presented in Figure 4.2.

ErB reaction mixture
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Figure 4.2 : UV-Vis spectra of reaction medias using EY, ErB and PPT.

To prevent the loss of degraded products with low molecular weights, the solvent was
evaporated under vacuum at room temperature after 6 hours of irradiation. The
molecular weight changes of the degraded products were analyzed using GPC. The
weight average molecular weight (Mw) of the P(MMA-co-MCA) copolymer was
decreased from 15.96 kg mol™* to 8.3 kg mol?, 10.8 kg mol* and 1.8 kg mol* when
using ErB, EY or PPT as photocatalyst respectively. The number average molecular
weight (Mn) and weight average molecular weight (Mw) decreases were noted as

molecular weight change percentage in Figure 4.3.
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Figure 4.3 : (a) GPC chromatograms of degraded samples of P(MMA-co-MCA)
using EY, ErB and PPT and (b) overall molecular weight changes (6h).

PPT demonstrated remarkable results in degradation when compared to ErB and EY
photocatalysts, which exhibited comparable levels of efficiency after 6 hours of
irradiation. In the GPC results, a significant shift towards lower molecular weight is
observed. The LC-MS results indicated the existence of oligomers possessing
molecular weights below 800 g mol-1. (Figure 4.5) Control experiments were
conducted in the absence of PMDETA and using different light sources and dark
conditions. Results were tabulated in Table 4.2 and GPC chromatograms were

presented in Figure 4.4.

21



Table 4.2 : Control experiments on the photodegradation process.

PC Initial Properties wi/o Light w/o PMDETA Different

of Wavelenghts®
P(MMA-co-MCA)
Mwa Da Mwa Da Mwa Da Mwa Da
(kg mol™) (kg mol™) (kg mol™) (kg mol™)
EY 10.9 1.6 14.7 4.0 174 3.8 178 3.7
ErB 10.9 1.6 14.7 4.4 13.6 5.3 176 34
PPT 10.9 1.6 18.1 3.8 175 4.4 99 7.1

& Determined by GPC
b~ 400 nm for PPT, broad white LED for EY and ErB.

—— P(MMA-co-MCA)

w/o PMDETA using ErB
w/o PMDETA using EY
w/o PMDETA using PPT

f d T T T T 1
7 8 9 10

Retention Time (min)

—— P(MMA-co-MCA)

—— w/o Light using EY

—— w/o Light using ErB
w/o Light using PPT

— T T T T T 1
7 8 9 10

Retention Time (min)
—— P(MMA-co-MCA)
——EY using 400 nm Light

ErB using 400 nm Light
-PPT using White LED

: : : : .
7 8 9 10
Retention Time (min)

Figure 4.4 : GPC chromatograms of control experiments using EY, ErB and PPT.

22



ERY_NEG_#4-31 RT: 005052 AV: 28 NL: 214E3
T: - GESI Q1MS [100.000-800.000]
1004

111325
904

279.90

80

i

249.06

9 -
£ o
B
3 x|
2 5
. 293.19
2 4] 317.03
g 40 521.07
i 66265
55168
520.23 593.07 708.77
33091 488 40296 45094 yoq7 sl 7825 79750
U311 ‘
‘ ‘ ‘ i
| oL | i I I Ll ik Il I ALl
100 150 20 250 300 350 40 450 500 550 600 650 700 750 800

mz
NEG #3-26 RT: 0.04-043 AV: 24 NL: 2 80E3
T: - ¢ ESI Q1MS [100.000-800.000)
100, 113:20

197.04

175.00

20 19912
E 230.17 3310 384.95
15 64356
E 25013 31116 58114 62321 679.42 785.28
109 172.02 41032 508.97 - 691.00

] ]}m.\‘IJ |L\l\ f

‘‘‘‘‘‘‘
100 150 200 280 300 350 400 450 500 550 600 850 700 7850 800

.....

Figure 4.5 : LC-MS spectra of degraded a) P(MMA-co-MCA) using PPT and b)
P(MMA-co-EBA) using ErB.
To determine the most suitable time for achieving complete degradation, the
photodegradation kinetics were examined by periodically collecting samples from the
reaction media at different time intervals. Subsequently, all samples were analyzed
using GPC. Molecular weight and dispersity changes of PPT-catalyzed degradation of
P(MMA-co-MCA) are tabulated in Table 4.3 and chromatograms can be seen in Figure
4.6a. GPC chromatograms displayed a significant decrease in molecular weight
between 6 to 9 hours, indicating substantial degradation. Within 24 hours, nearly all
polymers had transformed into oligomers.The kinetics analysis of the EY method
showed promising results, despite the fact that with a slower degradation rate
compared to PPT. The kinetics of EY-catalyzed degradation are tabulated in Table 4.3
and GPC chromatograms are observable in Figure 4.6b. Although both sets of
chromatograms indicated degradation, the PPT-catalyzed method demonstrated

greater efficiency compared to the EY-catalyzed degradation.
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Table 4.3 : Photodegradation kinetics of the copolymers using PPT,ErB and

EY.
Irradiation P(MMA-co- P(MMA- co- P(MMA-co-
Time (h) MCA) MCA) EBA)
Using PPT® Using EY® Using ErB®
Mna Mwa '\/Ina Mwa '\/Ina I\/IWa
(kg (kg (kg (kg (kg (kg
mol™ mol™ mol®  mol®  mol? mol™
0 11.4 16.0 11.4 16.0 7.6 114
0.5 2.3 10.4 1.6 10.1 2.3 10.1
1 1.8 9.0 1.9 10.1 1.8 9.0
2 1.8 8.5 1.6 94 1.9 9.1
4 2.0 104 1.8 104 14 1.7
6 2.1 8.2 1.3 10.1 15 8.3
9 1.2 6.8 19 10.1 - -
24 0.7 2.7 - - - -

& Determined by GPC.

b= [Copolymer]:[PPT]:[PMDETA]=[0.013]:[1]:[1] under 400 nm visible light
irradiation.

¢ [Copolymer]:[ErB or EY]:[PMDETA]=[0.013]:[1]:[1] under 400 nm LED
light irradiation.
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Figure 4.6 : GPC chromatograms of P(MMA-co-MCA) degradation kinetics
experiment via (2)PPT and (b)EY and calculated molecular weight decrease using

(c)PPT and (d) EY.
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Furthermore, temporal control experiments were conducted to investigate the light-
dependency of the degradation process. The initial control experiments demonstrated
that degradation does not initiate in the absence of irradiation., (Table 4.2, Figure 4.4)

temporal control experiments further confirmed that degradation cannot occur in the

absence of light.(Figure 4.7)
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Figure 4.7 : Temporal control experiments of P(MMA-co-MCA) degradation using
(@) PPT, (b) EY, (c) ErB.
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Later on, this approach was further extended to P(MMA-co-EBA) copolymer
consisting bromine at the adjacent carbon compared to P(MMA-co-MCA) to see the
effect of the regional presence of the halogens on the main chain. Since the more
unstable nature of the formed radical at the beta position to the carbonyl functionality
hinders the abstract ability of the halogen, bromine is preferred instead of chlorine to
accelerate the homolytic abstraction step. It can be seen in Figure 4.8 that the
degradation products share a similar radical character which cannot be delocalized to
increase the stability, the overall yield of degradation has been negatively affected
when P(MMA-co-EBA) polymer was employed for degradation. Also, the chirality of
the carbon which is bearing a single electron and the adjacent carbon, decreases the
possibilities for elimination arising from stereochemical and conformational positions.
For the P(MMA-co-MCA) example, four adjacent hydrogen atoms are employable to
yield degradation, on the other hand, for P(MMA-co-EBA), there are only two
adjacent hydrogens that can also more likely to be stereochemically blocked hindering
the rate of degradation. The GPC chromatograms of P(MMA-co-EBA) after 6 h of
irradiation involving PPT, EY, and ErB are depicted in Figure 4.9.
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Figure 4.8 : (a)White LED induced degradation mechanism of
poly(methylmethacrylate), methyl a-chloro acrylate copolymer, (b)
poly(methylmethacrylate), ethyl 3-bromo acrylate copolymer using organodyes as
photocatalyst.
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Figure 4.9 : (a) GPC chromatograms of prepolymer and degraded samples of
P(MMA-co-EBA) using EY, ErB and PPT and (b) overall molecular weight changes.

In Figure 4.9, the degradation experiment with P(MMA-co-EBA) and PPT yielded a
slight shift towards a higher molecular weight region arising from the rapid abstraction
of the halogens in addition to the degradation. PPT is the most efficient catalyst among
the organodyes due to its superior capability for halide abstraction.
subsequent rise in free radical concentration leads to the initiation of undesired

coupling reactions, resulting in the formation of branched structures.

The kinetic analysis of P(MMA-co-EBA) degradation using ErB was executed under

white LED irradiation increasing degradation over time was observed and the results

were depicted in Figure 4.10.
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Figure 4.10 : (a) GPC chromatograms and (b) calculated molecular weight decreases
of P(MMA-co-EBA) degradation Kinetics using ErB.

In addition, a batch of P(MMA-co-MCA) was synthesized by free radical
polymerization, and degraded by the same approaches to observe the effect of the end
group. Similar molecular weight decreases were observed by GPC chromatograms of

the obtained polymers. (Figure 4.11)
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Figure 4.11 : GPC chromatograms of degradation with organodyes using P(MMA-
co-MCA\) obtained by free radical polymerization.
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Calorimetry (DSC) and thermogravimetric analyses (TGA) were used to compare the
thermal characteristics of the copolymers and PMMA. Lower thermal resistance was
observed as expected from copolymers compared to PMMA as the halogens at the

main chain make the polymer main chain more susceptible to thermal degradation too
(Figure 4.12).
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Figure 4.12 : a) DSC thermograms of PMMA, P(MMA-co-MCA) and P(MMA-co-
EBA), b) TGA thermograms of PMMA, P(MMA-co-MCA) and P(MMA-co-EBA).
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5. CONCLUSION

In conclusion, a novel photodegradation system is developed to overcome the need for
heat and metal catalysts in degradation with broadband white LED irradiation (400
nm-800 nm) and blue LED irradiation (400 nm) in combination with EY, ErB dyes, or
PPT. In order to detect ideal conditions for the subsequent degradation process, two
variations of halogen-containing PMMA derivatives have been synthesized.
Remarkably low molecular weights were achieved through the degradation of
P(MMA-co-MCA) using visible light in the presence of organo photocatalysts.
Temporal control and the kinetics experiments of the novel degradation system were
examined by taking aliquot samples from reaction media and performing GPC
analyses. The thermal properties of the copolymers were also examined by DSC and

TGA to outline their potential as a substitute for PMMA in commercial use.
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APPENDIX A

—— P(MMA-co-MCA)
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Figure A.1 : *H-NMR spectra of P(MMA-co-MCA), P(MMA-co-EBA) and
degraded samples of P(MMA-co-MCA) using PPT, EY and ErB.
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Figure A.2 : FT-IR spectra of P(MMA-co-MCA) and P(MMA-co-EBA).
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