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INVESTIGATING UV LIGHT AND ZIRAM CATALYST AS
ALTERNATIVE ACTIVATORS FOR SULFUR-PROMOTED
BENZOXAZINE CURING

SUMMARY

Polymers have revolutionized nearly every aspect of our lives due to their remarkable
range of properties. The desired physical and chemical properties can be easily
obtained and used industrially. For example, they are used in packaging in the food
industry, automotive, aviation, textile industry, etc. There are two main types of
polymers, classified by their response to heat: thermoplastics and thermosets.
Thermoplastics can be softened and reshaped when heated, while thermosets become
permanently rigid due to their tightly linked molecular structure. This makes
thermosets strong and resistant to solvents. Phenol-formaldehyde resins, the first
synthetic thermosets, have many uses around the world. Thanks to its excellent thermal
and mechanical properties, it is used in the coating, adhesion, and wood industry.
However, in addition to these extraordinary features, it has some disadvantages, such
as limited shelf life, by-product release during polymerization, and catalyst
requirement.

The synthesis of benzoxazine was first reported by Holy and Cope in 1944,
Polybenzoxazines are also structurally similar to phenol-formaldehyde resins;
additionally, they can overcome the disadvantages that phenol-formaldehyde resins
face. Polybenzoxazines exhibit outstanding performance both thermally and
mechanically. Their thermal stability is better than phenol-formaldehyde resins, they
have high char yield, and they stand out both in industrial applications and
academically with their features such as low moisture absorption, zero volumetric
change during curing, and no toxic by-product formation, atom economy, and low
cost. In addition, thanks to its functional groups, it can be easily derivatized, and the
desired properties can be obtained. They can be easily processed and used with other
polymers. Despite the many superior properties of polybenzoxazines, their most
fundamental problem is the need for high temperatures during their polymerization.
Polybenzoxazines are obtained by cationic ring-opening polymerization of 1,3-
benzoxazine monomers. This reaction can occur with heat without requiring an extra
curing agent. The curing temperatures required for this polymerization to occur are
between 200-260 °C, depending on the structure of the monomer. However, curing at
high temperatures can initiate degradation reactions with the network formation and
ultimately destroy hydrogen bonds, which affect many properties of
polybenzoxazines. Reducing these values, which are considered to be quite high, to
more suitable temperatures will enable polybenzoxazines to be used more widely. It
will make many applications easier.

Many different catalyst systems have been tried to overcome this problem. According
to the ring-opening polymerization reaction of benzoxazine, acidic compounds can
trigger the ROP and lower the polymerization temperature. For example, Lewis acids
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PCls, PCls, POCIs, TiCls, AICI3, and MeOTTf can lower the ring opening temperature.
Although acidic compounds are successful in reducing the curing temperature, they
bring other problems. The most important of these problems are:

1. Corrosion on equipment.

2. Early ring opening, that is, ring opening can be triggered when acid is added,
but polymerization does not take place. Often, once acid is added, rapid curing
Is required. As time passes between acid addition and curing, instead of
effective polymerization, oligomers and dimers and trimers are formed within
the structure.

3. Acid catalysts, especially Lewis acids, form polyethers depending on the Lewis
acid, as well as the typical polybenzoxazine structure in the obtained
polybenzoxazines.

4. Acid catalysts cannot be placed in a same formula with benzoxazines. They
do not show a latent character (catalyst that is activated when desired, dormant
in the formulation under storage conditions). There is an increase in viscosity
during storage. The catalyst and benzoxazine should be kept separate from
each other and mixed only immediately before curing.

5. If Lewis acids would like to used, there should be little water in benzoxazine
formulations, otherwise catalyst will not work.

However, amines, amine salts, cyanuric chloride, lithium salts can be used as dormant
catalysts.

Apart from these approaches, it is also known that the ring opening temperature of
benzoxazines can be reduced with sulfur, inspired by thiol-benzoxazine chemistry. In
addition, elemental sulfur is the tenth most abundant element on Earth and is used in
many different areas. For example, it is used in pharmaceutical production, fabric
bleaching, gunpowder production and more recently in latex vulcanization. Being
cheap and easy to produce makes sulfur preferable compared to alternatives. The
largest source of sulfur production today is the refining of petroleum through
hydrodesulfurization, producing approximately 70 million tonnes of by-product sulfur
each year. Sulfur is used in many chemical reactions, but the vulcanization reaction is
the most prominent. With this reaction, rubber or elastomeric materials are obtained.
Thanks to this process, these materials return almost to their original shape after a
significant mechanically imposed deformation. In addition, sulfur and benzoxazine
also react and form copolymers. With the addition of sulfur, the ring opening
polymerization temperatures of these copolymers decrease and soluble network
structures are obtained.

It is known that sulfur reacts with benzoxazines at around 160 °C and causes ring
opening. Sulfur is an extremely cheap substance that is abundantly available. Above
160 °C, sulfur turns into polysulfide, but before it remains stable for a long time, it
returns to elemental sulfur. When reacted with benzoxazines, the polysulfide binds to
the polybenzoxazine and becomes stable. In other words, sulfur and benzoxazine
transform into structures such as poly(benzoxazine-co-sulfide). This structure is cross-
linked.

This thesis investigated methods to reduce the ring-opening temperature of 1,3-
benzoxazines. Sulfur/ziram and sulfur light systems were explored as potential
catalysts. While traditional approaches utilize significant amounts of sulfur (around
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50% by weight) to achieve a 30-40°C reduction. High sulfur content can lead to
undermine the thermal and mechanical properties of the resulting polybenzoxazines.

To address these limitations, this study utilized much lower sulfur content (1-3% by
weight) by activating sulfur via catalyst or light. Thermal analysis (TGA) was used to
evaluate the thermal properties of the cured polymers. Additionally, *H NMR analysis
confirmed the "latent catalyst” behavior of the systems at room temperature, indicating
their potential for low-temperature activation.
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KUKURT DESTEKLI BENZOKSAZIN KURLENMESI ICIN ALTERNATIF
UV ISIK VE ZIRAM KATALIZORUNUN ARASTIRILMASI

OZET

Polimerler bircok olaganiisti  6zellikleriyle insan hayatint  her alanda
kolaylastirmaktadir. Istenilen fiziksel ve kimyasal dzellikler kolaylikla elde edilip
endiistiriyel anlamda kullanilmaktadir. Ornek olarak, gida endiistrisinde paketlemede,
otomobi, havacilik, tekstil endiistisinde v.b  uygulamalarda kullanilmaktadir.
Polimerler 1siyla olan etkilesimlerine gore ikiye ayrilir; termoplastik ve termoset.
Termoplastikler isitildiklarinda tekrar sekil alirken, termosetler ise ¢apraz baglarindan
dolayr 1sitildiktan sonra tekrar sekil alamamaktadir. Termosetler, coziiciilerle
¢dziinmeyip sert yapidadirlar. Ik sentetik termoset olan fenol-formaledihit regineler
diinya ¢apinda bir ¢ok kullanim alanina sahiptirler. Miikkemel termal ve mekanik
ozellikleri sayesinde kaplama, yapistima ve odun endiistrisinde kullanilmaktadir.
Ancak bu olaganiistii 6zelliklerinin yani sira bazi kisith raf émrii, polimerizasyon
sirasinda toksik yan tiriin ¢1kis1 ve katalizor gereksinimi gibi bazi dezavantajlar1 vardir.

Benoksazinin sentezi ilk olarak 1944'te Holy ve Cope tarafindan rapor edildi.
Polibenzoksazinler de yapisal olarak fenol formaldehit reginelere benzemektedir ve
fenol formaldehit reginelerin yiizlestigi bu dezavantajlarin tstesinden gelmektedir.
Polibenzoksazinler hem termal hem de mekanik acgidan olaganiistii performans
sergilemektedir. Termal kararliliklar1 fenol formaldehit reginelerden daha iyi olup,
yiiksek kiil verimine sahiptirler, diisiikk nem absorbsiyonu, kiirlenirken sifir hacimsel
degisim ve toksik yan iiriin olusturmamasi, atom ekonomik olusu ve diisiik maliyetli
olusu gibi 6zellikleriyle hem endiistiriel uygulamalarda hem de akademik agidan 6ne
cikmaktadir. Ayrica fonksiyonel gruplari sayesinde kolaylikla tiirevlendirilip istenilen
ozellik elde edilebilir. Kolaylikla islenebilirler ve diger polimerlerle beraber
kullanilabilirler. Polibenzoksazinlerin birgok iistiin 6zelligi yaninda en temel sorunu
sentezleri sirasinda yiiksek sicakliga ihtiya¢ duyulmasidir.

Polibenzoksazinler 1,3-benzoksazin monomerlerinin  katyonik halka ac¢ilma
polimerizasyonu ile elde edilirler. Bu reaksiyon ekstra kiirleme ajani gerektirmeden
sicaklik ile gerceklesebilir. Bu polimerizasyonun gerceklesmesi i¢in gerekli kiirleme
sicakliklari monomerin yapisina bagli olarak 200-260 °C arasinda olmaktadir. Ancak
yiiksek sicakliklarda kiirleme ag yapisiyla beraber bozunma reaksiyonlarini
baslatabilir ve sonugta polibenzoksazinlerin bir¢ok 06zelligini etkileyen hidrojen
baglarin1 yok edebilir. Oldukca yiiksek oldugu kabul edilen bu degerlerin daha uygun
sicakliklara  indirilmesi  polibenzoksazinlerin  daha yaygin  kullaniimasini
saglayacaktir. Beraberinde bircok uygulama daha kolay gerceklestirecektir.

Bunun i¢in ¢ok farkli katalizor sistemleri denenmistir. Benzoksazinin halka agilma
polimerizasyon reaksiyonuna gore asitli bilesikler bu rekasiyonu tetikleyebilir ve
polimerizasyon sicakligini diistirebilir. Ornek olarak Lewis asitleri PCls, PCls, POCls,
TiCls, AICI3, and MeOTf halka agilma sicakligini diigiirebilmektedir. Her ne kadar
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asidik bilesikler kiirlenme sicakligi diisiirmede basarili olsa da beraberinde baska
sorunlar1 getirmektedir. Bu sorunlarin en énemlileri sunlardir:

1. Ekipmanlarda korozyon.

2. Erken halka a¢ilmasi yani asit eklenir eklenmez halka agilma tetiklenebilmekte
ama polimezrizasyon olusmamakta. Cogu kez, asit eklenince hizla kiirlenmeye
gecilmesi gerekmektedir. Asit ekleme ve kiirlenme arasina zaman girdikce
etkili polimerizasyon yerine oligomerler ve yapi igerisinde dimer, trimerler
olusmaktadir.

3. Asit katalaizorler, ozellikle Lewis asitleri elde edilen polibenzoksazinlerde
tipik polibenzoksazin yapist yaninda Lewis asidine bagli olarak polieterler de
olusturmaktadir.

4. Asit katalizorler benzoksazinlerle beraber bir formiil igine konulamamakta
yani gizli (Latent: Istendiginde aktive olan, saklama kosullarinda formiilasyon
icinde uyuyan katalizor) 4 karakter gdstermemektedirler. Formiilasyonda
depolama sirasinda viskozite artis1 olmaktadir. Katalizor ve benzoksazin
birbirinden ayr1 tutulmali sadece kiirlemeden hemen 6nce karistirilmalidir.

5. Lewis asitleri kullanilacaksa benzoksazin formiilasyanlarinda su az bulunmali
aksi halde katalizorii calismayacaktir.

Bunun yani sira aminler, amin tuzlari, siyaniirik kloriir ve lityum tuzlarida latent(gizli)
katalizor 6zelligi gostermektedi ve halka agilma sicakligini diisiirmektedir.

Bu yaklasimlar disinda tiyol-benzoksazin kimyasindan esinlenerek kiikiirt ile
benzoksazinlerin halka a¢ilmasi sicakliginin diistirtilebilecegi de bilinmektedir.

Bunlara ek olarak, elemental siilfiir Diinyamizda en ¢ok bulunan onuncu elementtir ve
bir ¢ok farkli alanda kullanilmaktadir. Ornek olarak ilag iiretiminde, kumas agartmada,
barut {iretiminde ve son zamanlarda lateks vulkanizasyonunda kullanilmatadir. Ucuz
olusu ve kolaylikla iiretilmesi alternatiflerine kiyasla kiikiirtii tercih edlir kilmaktadir.
Gilintimiizde kiikiirt iretiminin en biiyiik kaynagi, her yil yaklasik 70 milyon ton yan
iriin kiikiirt Gireten, petroliin hidrodesiilfiirizasyon yoluyla rafine edilmesidir. Kiik{irt
birgok kimyasel reaksiyonda kullanilmaktadir ancak vulkanizsayon reaksiyonu en ¢ok
one cikandir. Bu reaksiyon ile kauguk veya elastomerik malzemelerelde edilir. Bu
islem sayesinde, mekanik olarak zorlanan onemli bir deformasyonun ardindan bu
malzemeler, neredeyse orijinal sekillerine geri donerler. Bunlarin yani sira kiikiirt ile
benzoksazin de reaksiyona girmektedir ve kopolimer olusturmaktadir. Kiikiirt
eklenmesiyle bu kopolimerlerin halka acilma polimerizasyonu sicakliklart
diistirmektedir ve ¢6ziinebilir ag yapilar elde edilmektedir.

Kiikiirtiin benzoksazinlerle 160 °C civarinda tepkime verdigi ve halka acilma
yaptirdig bilinmektedir. Kiikiirt bolca bulunan son derece ucuz bir maddedir. 160 °C
tizerinde kiikiirt polisiilfite doniismekte fakat uzun siire kararli kalamadan tekrar
elementel kiikiirt haline geri donmektedir. Benzoksazinlerle tepkime verince polisiilfit
polibenzoksazine baglanmakta ve kararli hale gelmektedir. Yani kiikiirt ve
benzoksazin poli(benzoksazin-co-siilfit) gibi yapilara doniismektedir. Bu yap1 ¢apraz
bagli haldedir.

Bu tez ¢aligmasi, 1,3-benzoxazinlerin halka acilma sicakligini diisirmeye yonelik
stratejileri incelenmistir. Bu amacla, potansiyel katalizorler olarak kiikiirt/ziram ve
kikiirt 151k sistemleri kullanilmistir. Geleneksel yontemler, 30-40°C'lik bir sicaklik
diistisii elde etmek icin 6nemli miktarda elemental kiikiirt (%50 civarinda agirlik)
kullanmaktadir. Ancak bu yaklasim bazi1 dezavantajlara sahiptir. Asir1 kiikiirt igerigi,

XXVi



160°C'nin iizerinde yliksek miktarda polisiilfit olusumuna yol agarak ortaya ¢ikan
polibenzoksazinlerin termal ve mekanik 6zelliklerini olumsuz etkilemektedir.

Bu sinirlamalar1 agmak i¢in bu ¢alismada 6nemli 6l¢lide daha diisiik kiikiirt igerigi
(%1-3 kitlece) kullanilmistir.  Kiirlenmis  polimerlerin  termal  6zellikleri
termogravimetrik analiz (TGA) kullanilarak degerlendirilmistir. Ek olarak, *H NMR
analizi, oda sicakligindaki sistemlerin "gizli katalizor" (latent catalyst) davranisini
dogrulayarak diisiik sicaklikta aktivasyon potansiyellerini gdstermistir.
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1. INTRODUCTION

Benzoxazines become more popular in industry and academia [104] due to their great
thermal and flame retardant features of phenolics with providing mechanical
performance and molecular design flexibility [105]. The molecular structure of
polybenzoxazines provides them a great design flexibility, allowing the properties of
cured materials to be customized to a wide range of applications. These resins show
unique features, such as: a. Near-zero Volumetric Change: During curing,
polybenzoxazines experience minimal shrinkage, minimizing distortion and ensuring
dimensional stability in the final product. b. Low Water Absorption: They exhibit
excellent resistance to water uptake, making them ideal for applications requiring
hydrophobicity. c¢. High Glass Transition Temperature (Tg): For some
polybenzoxazines, the Tg can even exceed the curing temperature. This feature
provides excellent thermal stability for demanding environments. d. High Char Yield:
When exposed to high temperatures, these resins decompose with minimal
volatilization, leaving behind a significant char yield. Tin general, this property is
curicial for fire resistance. e. Curing Without Strong Acids or Addittives: Unlike many
other resins, polybenzoxazines cure efficiently without the need for harsh acidic
catalysts, simplifying processing reducing corrosion on equipments and improving
safety. f. Clean Curing Process: Limited amount of byproducts are released during the
curing stages, contributing to a more environmentally friendly manufacturing process.
[1,2]. These remarkable properties lies within the intricate structure of
polybenzoxazines. Their inner hydrogen-bonding networks which are primarily
derived from the Mannich bridge structure, play a crucial role. [3]. Accordingly
features makes polybenzoxazines as good alternative to other resins, for aviation,

electronics and the automotive industry.
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Figure 1.1 : Synthesis of benzoxazines monomers and thermal polymerization.

Polybenzoxazines are synthesized from 1,3 benzoxazine’s ring-opening
polymerization and this monomer consists of a six membered heterocyclic structure
(oxazine ring) including nitrogen and oxygen atoms (Figure 1.1) [4,5 These monomers
can be easily synthesized with derivatives of suitable phenol, formaldehyde, and
primary amine and depending on the molecules’ melting point solvent may be used or
not [8]. Various phenols and primary amines are commercially available so monomers
can be sythesized with desired purposes [9,10]. In general, the majority of
benzoxazines can be polymerized at temperatures above 230-250 °C without the use
of an additive or catalyst [11,12]. Some monomers can have higher thermal stability
thanks to their functional group [6,7]. Nevertheless, these monomers’ high stability

can be a disadvantage for polymerization of benzoxazine because this process needs



high temperature to break the bond of oxazine ring. Moreover, polymers can be
degraded or their properties changed by the inner hydrogen bonds destruction at high
temperature [13]. Mechanistic studies have shown that these problems regarding the
high cure temperature can be solved with two different approaches. The first solution
involves changing of the structure of polymers by using different functional groups on
the monomers which affects the polymerization rate and lowers the temperature [16-
21]. For example, Xu, Y et al. showed that the modification of the benzoxazines with
acetylene and aldehyde group can reduce the polymerzationn temperature [105]. The
second technique based on the usage of catalysts which can be integrated with
benzoxazine monomers. In general, catalyst approaches are classified as Lewis acids,
organic acids or molecules with a specific level of acidity, and nucleophilic chemicals.
High catalytic activity of Lewis acids such as AICls, FeClz, PCls, and POCls have been
demonstrated particularly in solutions [22,23]. Furthermore, ligated Lewis acids were
employed to successfully enhance polymerization. Transition metals of the fourth
period have been reported as a effective catalysts with acetyl-acetonato complexes and
tris(pentafluorophenyl)borane. Additionally, they can also be used in industrial
applications because of their rapid curing ability [24-26]. While these catalysts have
drawbacks due to the fast curing reactions, using these active compounds with
benzoxazines frequently causes ring-opening at ambient temperature and a serious rise
in viscosity in a short period of time, limiting their practical usage in several
applications. As an alternative, it has been effective to lower ROP temperatures for
classical benzoxazines by using latent catalysts that are inactive at room temperature
or at specific temperatures but become active by heating. Typical examples of these
catalysts are amines and thiols [28-30]. Additionally, elemental sulfur can be used as
a catalyst to decrease the ROP of benzoxazines. It is also logical to use elemental sulfur
as it is a large by-product (waste) of the coal and petroleum industries and is therefore
abundant and affordable [13]. However, the amount of sulfur to decrease the
polymerization temperature is generally high, such as 20-30%, to obtain a reduction
of around 30 °C. Higher sulfur content causes further reactions like the formation of
polysulfides (PS), which are not thermostable and degrade after 160 °C through
homolytic S-S bond cleavage [28]. As a result, significant amounts of sulfide
derivatives evaporate, leaving enormous voids in the network. This also limits the high
temperature applications of polybenzoxazines. The purpose of this thesis is to achieve

a significant reduction in curing temperature utilizing little sulfur content (1-5 wt. %).
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2. THEORETICAL PART

This section will give general information about thermoset polymers and

benzoxazines, which is the basis of the thesis.

2.1 Brief Historical Background of 1,3-Benzoxazine Chemistry

In 1944, Holly and Cope reported the synthesis of benzoxazine [41]. Burke et al. made
a substantial contribution to the basic knowledge of small molecular weight
benzoxazine chemistry in the 1950s and 1960s [32-35]. After that, many scientists
worked with benzoxazines; however, they could not report the properties of
benzoxazines until 1994 by Ning and Ishida [31]. At the begining of the
polybenzoxazine research, it was known as a appealing alternative for traditional
condensation chemistry of phenolic resins since the ring-opening method solved
practically all of the limitations about the condensation chemistry technique [93]. The
polybenzoxazines have an outstanding balance of material properties. Thanks to their
excellent mechanical, electrical, thermal, and physical properties, they are great
alternatives to current applications [94]. These qualities include near-zero shrinkage,
avery high char yield, chemical resistance rapid development of mechanical properties
as a function of conversion, glass transitions much higher than curing temperatures,
outstanding electrical properties, and negligible water uptake despite the presence of
many hydrophilic groups [106-109]. They can be synthesized from inexpensive
raw materials and this polymerization reaction can not cause any toxic byproduct
formation [110]. All these features of the polybenzoxazine can meet the specific needs

of individual applications [36-40].

2.2 Synthesis of Benzoxazine Monomers

Benzoxazine molecule consists on an oxazine ring (a heterocyclic six-membered ring
with oxygen and nitrogen atoms) with a conection of benzene ring. Different
benzoxazine structure can be obtained depending on the position of the heteroatoms
(Figure 2.1). However, only 1,3-benzoxazines are of interest for the development of
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polymeric materials because they polymerize easily by cationic ring-opening
polymerization [40].

o
L, ] LA O

CH3
(a) 1.3-Benzoxazine (b) 3.1-Benzoxazine  (c) 1.4-Benzoxazine (d) 1.3-Benzoxazine

Figure 2.1 : Different structures of benzoxazine molecules. (a) 3-methyl-2H, 4H-
benzo[e]1,3-oxazine; (b) 1-methyl-2H,4H-benzo[d]1,3-0xazine; (c) 4-methyl-2H,3H-
benzo[e]1,4-oxazine; and (d) 2H-benzo[e]1,3-0xazine.

Benzoxazines are synthesized by the Mannich reaction of formaldehydes, phenols,
and amines (Figure 2.2) [41]. However, different substituents can be used to obtain

benzoxazines with desired features.
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Tt RNH v 2, C C(j + 2H,0

R

Benzoxazine

Figure 2.2 : Synthesis of benzoxazine resins.

Different benzoxazine derivatives sythesized by Burke such as 3,4-dihydro-1,3-2H-
benzoxazines, in a single step from p-substituted phenols, formaldehyde, and primary
amine in a molar ratio of 1:2:1 (Figure 2.3) [42]. He also proposed an alternative
method for the first step where an intermediate of o-alkylaminomethyl-p-substituted
phenol was used from an equimolar of each reactant followed by adding formaldehyde
in the presence of a basic catalyst to obtain 3,4-dihydro-3,6-disubstituted-1,3-2H-

benzoxazines (Figure 2.4).
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Figure 2.3 : Mechanism of benzoxazine monomer formation.
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Figure 2.4 : Possible mechanism of benzoxazine monomer formation.

2.3 Reaction Mechanism of Ring-opening Polymerization of Benzoxazine

During the cationic ring opening polymerization process of benzoxazin, oxygen and
nitrogen on the heterocycle easily stabilize the generated cations [43-45]. At high
temperatures, the distorted semi-chair oxazine ring is opened which is result of the a
Friedel-Crafts reaction at the ortho or para position of aromatics. In fact, two different
mechanistic path occur based on cation production on oxygen or nitrogen atoms in the
oxazine ring. Polybenzoxazine is extensively synthesized via ring-opening and
Friedel-Crafts processes when cation forms on the oxygen atom of the oxazine. On the
other hand, if cation formation occurs on the nitrogen atom, it promotes ring-opening
and subsequent etherification, giving -OH blocked polybenzoxazine after that at high
temperature it rearranges to generate phenolic polybenzoxazine [46-48]. In Figure 2.5
shows that benzoxazines made from primary amines, bifunctional phenols undergo
thermally cured ring-opening which resulting in crosslinked phenolic structures [57].
However, despite the numerous methods and studies, the polymerization mechanism

of benzoxazine resins remains unclear [50].
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Figure 2.5 : Proposed simplified mechanism for ROP of 1,3-benzoxazines.

2.4 Acid-Catalyzed Polymerization of Benzoxazine

Some research about catalyst use in benzoxazine curing, reported that induction time
can decreased and reaction rate increased by the addition of catalysts [49]. However,
below 100°C of polymerization was not observed. Various acids, ranging from strong
acids to weak carboxylic acids and phenols, as catalysts for this type of polymerization
reaction were investigated by Ishida and Rodriguez [50]. Additionally, different
initiators are shown to be effective catalysts which they are PCls, PCls, POCI3, TiCla,
AIClsz, and MeOTTf and they also causes to polybenzoxazines have high Tg and char
yield [51]. It has been proposed that the ring-opening polymerization of benzoxazine
proceeds via a cationic mechanism based on the use of several cationic, anionic, and
radical initiators, [51-54]. McDonagh and Smith [55] reported that with the
protonation of 3,4-dihydro-2H-1,3-benzoxazine the proton migrates from the nitrogen
to the oxygen atom which is resulted to formation of iminium ions in the chain form.
Additionally, Dunkers and Ishida proposed a ring-opening mechanism that involves
protonation of the oxygen atom to create an iminium ion, followed by electrophilic

aromatic substitution, as illustrated in Figure 2.6 [56].
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Figure 2.6 : Ring-opening polymerization of 3,4-dihydro-2H-1,3-benzoxazines with
acit catalyst.

2.5 Photoinitiated Polymerization of Benzoxazine

Due to rapid curing time (even at room temperature), environmental concerns, and low
energy consumption photoinitiated polymerization have gained great attention. These
advantages introduce significant industrial benefits such as adhesives, coatings for
diverse materials, printing inks, and photoresists [58-60]. Kasapoglu et al. studied
onium salts such as diphenyl iodonium hexafluorophosphate and triphenyl sulfonium
hexafluorophosphate as initiators for photoinitiated ring-opening cationic
polymerization of  3-phenyl-3,4-dihydro-2H-1,3-benzoxazine  which is a
monofunctional benzoxazine(Figure 2.7). The resulting complex polymer structures
were associated with the ring-opening process of the protonated monomer at either the
nitrogen or oxygen atom. The influence of phenolic mechanism diminished when the

monomer concentration decreased [61].
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Figure 2.7 : Photochemical activation of benzoxazines.



2.6

2.6 Elemental Sulfur

Since anciente times, sulfur has been used as a valuable chemical agent with different
areas such as for medicine, fabric bleaching, lamp wick manufacturing, gunpowder
composition, and, most recently, latex vulcanization and it is also the tenth most
plentiful element on Earth [62,63]. With the use of a thermal expulsion process,
modern petroleum refining technologies remove extremely toxic hydrogen sulfide gas
from crude oil to produce elemental sulfur [64]. The largest source of sulfur production
today is refining of petroleum through hydrodesulfurization which produces
approximately 70 million tons of byproduct sulfur each year [65]. The great amount
of sulfur is used at industrial application like manufacturing of sulfuric acid, fertilizer
and rubber [66]; additionally, the unique chemistry of elemental sulfur has also been
desirable for modern synthetic chemistry [67,68]. Elemental sulfur is primarily found
in eight-membered Sgrings despite its several allotropes and melts around 120-124 °C.
The ring opening reaction of elemental sulfur occurs above 159 °C (the "floor
temperature™), resulting in linear oligomeric components with diagonal chains. The
radicals produced are reactive and can be utilized for chemical reactions [72]. Due to
their diverse and distinct characteristics, sulfur-containing polymers are a complex
group of macromolecular compounds [69]. This explains their broad spectrum of
applications in pharmaceutical preparations based on biopolymers, cathodes in
lithium-sulfur batteries, proton-conducting electrolytes, and electromembrane
processes, in addition to optoelectronic, optical, and photochemical materials usage
[70,71, 111-114]. The mechanical, electrical, optical, and thermal stability of these

polymers can be controlled by the presence of sulfur atoms [73].

2.7 Vulcanization and Inverse Vulcanization

2.7.1 Vulcanization

Vulcanization is a procedure that is frequently used for rubbery or elastomeric
materials. Thanks to this process, after a significant mechanically forced deformation,
these materials are forcibly retracted to almost their original shape. Moreover, it is a
procedure that increases retractile force while reducing the amount of persistent

deformation remaining when the deforming force is removed. It is often performed by
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forming a crosslinked molecular network and it enhances the elasticity while
decreasing plasticity (Figure 2.8) [74].

-~ /
Rubber Molecules

Sulfur

Crosslinks

Vulcanized Network

Figure 2.8 : Network formation.

In addition, crosslinks between polymer chains can lead to the formation of network
junctures. A short chain of sulfur atoms, a single sulfur atom, a polyvalent organic
radical, a carbon-carbon bond, an ionic cluster, or a polyvalent metal ion can be a
crosslinker. The method usually requires heating the rubber in a pressure mold and
mixing it with vulcanizing chemicals. To obtain extruded rubber products, the
compound rubber extrudate can be heated in a salt bath or even in hot air [74]. To
produc sulfur-containing polymers, vulcanization/sulfurization is the one of the most
basic process. The sulfur ring breaks when Sg molecule is heated above 159 °C and it
forms a  liquid chain-like free radical *S-(S)e-Se. This leads to ring-opening
polymerization (ROP) of Sgwhich is a reversible reaction, resulting in diradical chain
ends in linear polysulfides (n > 1). Polymeric sulfur with a high molecular weight can
be obtained by the reaction of «S-(S)e-Se with other Sg molecules (Figure 2.9) [75].
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Figure 2.9 : Temperature-dependent transformation behavior of elemental sulfur.

The sulfur chains are notably polymerized when the temperature rises about 190 °C,
[76], resulting in insoluble sulfur and maintaining n at 10° [77]. Moreover, the
structure of polymeric sulfur depolymerizes and produces the monomeric radicals with
reduced n values (e.g., *Sg *, *Se*) when the temperature reaches the higher values
(>200 °C) [78]. The boiling temperature of this liquid is approximately 445 °C, at this
point insoluble sulfur molecules occurs and degrades into Se, Ss4, and S2. Thus,
elemental sulfur transforms into a variety of chain-like free radicals with varying
numbers of sulfur atoms, depending on temperature, when heated to temperatures
between about 160 and 445 °C. These radicals can give reaction with reactive
structures or polymerizable groups that found in organic compounds such as C-H,
C=0, OH, C(=0)-0OH, SH, C=C, C=C, and C=N as a result, sulfur polymers containing
-S- moieties can be obtained [79-81,114].

2.7.2 Inverse vulcanization

The inverse vulcanization of 1,3-diisopropenylbenzene (DIB) with elemental sulfur is
documented by Pyun and colleagues [82] and they used the resultant materials as Li-
S battery cathodes. Subsequently, the inverse polymerization of organic monomers
derived from petrochemicals such as 1,3-diethynylbenzene [83], divinylbenzene [85],
1,4-diphenylbutadiyne [84], and styrene [86], was studied. Additionally, Pyun and
colleagues examined the reaction of Sg with different amount of DIB and the absence
of organic solvents or initiators. The Sg and DIB copolymerization is generally a bulk-
free radical copolymerisation. As mentioned before, cyclo-Sg molecules of elemental
sulfur formed into liquid chain-like free radicals when the temperature reaches 159 °C.
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During this process free radicals reackt with the double bonds of DIB and abstract

isopropenyl hydrogen atoms to form isopropenyl radicals (see Figure 2.10).

T=185°C

Ring Opening
Poylmerization

Inverse Vulcanization
T=185°C

Poly(Sulfur-random1,3-
Diisopropenylbenzene)
copolymer

Figure 2.10 : Schematic illustration of copolymerization of sulfur with DIB [82].

C-S bond with a thiyl radical is formed by the reaction of isopropenyl radical with the
elemental sulfur's S-S bond. A carbon radical can be created by adding the thiyl radical
to the alkene group of another chain in a a process like the thiolene reaction. Then, an
allylic hydrogen from a different chain can be abstracted by the carbon radical. These

addition processes are repeated to produce a cross-linked S-DIB copolymer [87,75].

2.8 Benzoxazine and Sulfur Reaction

The first report related to sulfur benzoxazine chemistry was published by Arslan et.al.
by mixing elemental sulfur with difunctional benzoxazines in different mass ratios and
cured at 160 °C to have inversed vulcanized benzoxazine resin. Arslan and colleagues
discovered that thermally reacting elemental sulfur and allyl functional benzoxazines
to form soluble copolymers with a network structure. Thus, insoluble copolymers can
be sythesized with the low Sg feed rates. The process of inverse vulcanization of
benzoxazines was completed in 30 minutes using a simple melt method. Copolymers

with high sulfur concentrations can be produced either sequentially or simultaneously
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by benzoxazine curing and inverse vulcanization [28]. As a result, they obtained
sponge-like macroporous benzoxazine copolymers with the addition of 20 % sulfur,
and the acidic medium reduced the ROP temperature of benzoxazine by around 84 °C
[28]. After this initial report, Liu and colleagues investigated the oxazine ring and
sulfur radical reaction in detail [90-91]. They reported that with the reaction of sulfur
radical transfer and coupling (SRTC), 3-phenyl-3,4-dihydro-2H-1,3-benzoxazine (Pa)
can be copolymerized by sulfur (Figure 2.11) [91]. In this reaction (SRTC), thiol group
at the end of the polysulfide chain is formed by sulfur radicals and migrated from the
polysulfide to the benzoxazine ring at above the 159 °C. The C-S bonds were formed
when. After this process, produced thiols were able to react with oxazine moieties,
causing the ROP of benzoxazine and coupling with in situ-generated polysulfide
radicals [92].

(c) Sulfur radical transfer and coupling reaction
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Figure 2.11 : Sulfur radical transfer and coupling reaction.

Thanks to this reaction, the high solubility of the copolymer with 50-90 wt% sulfur
content and the decrease at the on-set temperature of the allyl functional benzoxazines
(BA-ala) and sulfur copolymer is understood. Elemental Sg could effectively
stimulates the formation of Schiff bases from benzoxazine rings because the sulfur
radicals did not form at 120 °C, which is lower than the floor temperature of the Sg
ring opening, Ishida and colleagues demonstrated. The temperature at which
benzoxazine compounds polymerize is lowered by the phenol groups of the Schiff
bases that are produced [88,89].
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3. EXPERIMENTAL PART

3.1 Materials

Commercially available chemicals were used without further purification. These
included: paraformaldehyde (Sigma-Aldrich, 95%), diethyl ether (Honeywell,
>99.8%), sodium hydroxide (Sigma-Aldrich, >98%) Aniline (Merck, 99.5%), allyl
amine (Sigma-Aldrich, 98%) 4.,4'-isopropylidenediphenol (bisphenol A) (Aldrich,
97%), 1,4-dioxane (Merck, 99%), toluene (Sigma-Aldrich, >99.7%), acetone (Isolab,
>99.5%), p-cresol (Sigma-Aldrich, >99.0%), ethanol (Sigma-Aldrich, 95.0-100.5%),
tetrahydrofuran (THF, Sigma-Aldrich, >99.9%), chloroform (CHCls, VWR
Chemicals, 99.1%), and distilled water.

3.2 Characterization

This section details the various spectroscopic and thermal analysis techniques
employed to characterize the synthesized material(s).
3.2.1 Nuclear magnetic resonance spectroscopy (NMR)

Proton (*H) NMR spectra were acquired on an Agilent NMR System VNMRS 500
MHz spectrometer at room temperature. Samples were prepared in deuterated
chloroform (CDCls) or deuterated dimethyl sulfoxide (DMSO-ds) using
tetramethylsilane (Si(CHs)a4) as the internal standard for chemical shift referencing.

3.2.2 Infrared spectrophotometer (FT-IR)

FT-IR spectra were recorded on a Perkin-Elmer FTIR Spectrum One spectrometer.

3.2.3 Differential scanning calorimeter (DSC)

Thermal behavior was investigated using a Perkin-Elmer Diamond DSC under a
nitrogen atmosphere. Samples (2-5 mg) were encapsulated in 30 pL aluminum pans

and scanned from 30 to 320 °C at a heating rate of 10 °C/min.
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3.2.4 Thermal gravimetric analysis (TGA)

TGA measurements were performed on a Perkin-Elmer Diamond TA/TGA instrument
under a nitrogen flow. Samples were heated from ambient temperature to a designated

final temperature at a heating rate of 10 °C/min.

3.2.5 Gel permeation chromatography (GPC)

Molecular weights and their distributions were determined by GPC using a TOSOH
EcoSEC system equipped with an autosampler, a column oven, a refractive index (RI)
detector, and a TSKgel superhZ2000 column. Tetrahydrofuran (THF) was employed
as the eluent at a flow rate of 1.0 mL/min at 40 °C. Polystyrene standards with narrow
molecular weight distributions were used for calibration. Data analysis was performed

using Eco-SEC Analysis software.

3.3 Synthesis

3.3.1 Difunctional Bisphenol A Bz (BA-a)

Synthesis of bisphenol A and aniline-based benzoxazine (BA-a) Bisphenol A (17.1 g,
0.075 mol), paraformaldehyde (9 g, 0.30 mol), and aniline (7 g, 0.075 mol) were taken
in a round bottom flask and were dissolved in 250 mL of 1,4- dioxane. Then, the
reaction mixture was refluxed for 12 h. After completing the reaction, 1,4-dioxane was
completely evaporated. For extraction, the remaining sticky crude product was
dissolved in 250 mL diethyl ether and washed three times with 250 mL 1M NaOH
solution and then three times with 100 mL distilled water. After the washing process,
the solution was dried using anhydrous Na>SO4. After filtering off the drying agent,
diethyl ether was removed using the rotary evaporator. The remaining semi-solid
washed thoroughly with ethanol. It was purified by re-dissolving in the mixture
of acetone and toluene (75: 25 v/v) and filtered to remove the insoluble part, and then
stored for 2-3 days to re-crystallize the benzoxazine monomer. After evaporating the

solvent, the product was dried in a vacuum oven at 50 °C for 3 h.

3.3.2 Cresol Bz (C-a)

A typical solventless method was used. Aniline (17.2 g, 0.185 mol), p-cresol (20.0 g,
0.185 mol) (or phenol, 17.4 g, 0.185 mol), and paraformaldehyde (11.1 g, 0.370 mol)

were placed in a round-bottom flask, and the mixture was stirred at 100 °C for 2 h.
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After cooling the contents of the flask to room temperature, the sticky product was
dissolved in diethyl ether (250 mL) and extracted with 0.5 M sodium hydroxide (3 x
100 mL). Then, the diethyl ether solution was washed with distilled water (3 x 100
mL). The ether solution was dried with anhydrous MgSOa and filtered. Diethyl ether
was evaporated by using a rotary evaporator. The product was dried under vacuum at
45 °C for 24 h (yield = 56%, mp = 51 °C for C-a)

3.3.3 Allylamine Bz (B-ala)

The solution of allylamine (15.4 g, 0.270 mol) in 1,4-dioxane (100 mL) was chilled in
an ice bath in a 250 mL round-bottomed flask. During 10 min., a quantity of
paraformaldehyde (16.2 g, 0.540 mol) was added to this solution and after this step,
bisphenol A (30.8 g, 0.135 mol) was added to the solution. Then, the reaction mixture
was refluxed for 24 h. After the reaction was complete, 1,4-dioxane was completely
evaporated using a rotary evaporator. After removing the solvent, the remaining sticky
product was dissolved in 150 mL diethyl ether and washed with 0.1 N sodium
hydroxide (3 x 100 mL) to remove unreacted bisphenol A and distilled water (3 x 100
mL) to neutralize the solution, respectively. The solution was dried with anhydrous
Na2SO4 after washing. The drying agent was filtered off, and diethyl ether was
evaporated under a vacuum. MeOH was used to dissolve the residual greasy product
(15 mL). Drop by drop, water was added to the MeOH solution until it became turbid,
and then the solution was refrigerated (4 °C). Decantation of MeOH and washing with
excess water yielded the precipitated sticky substance. The product was vacuum-dried
for 24 hours at 60 °C (yield= 62 %).

3.3.4 Curing procedure

Typical catalytic and photo-catalytic curing of benzoxazines The typical curing
procedure is as follows: Bisphenol A and aniline-based benzoxazine (BA-a), cresol
and aniline-based benzoxazine (C-a Bz) were mixed with ziram (1-3 %w/w) and sulfur
(1 % w/w). Dichloromethane (2 — 3 mL) was added to this mixture, and the entire mass
was mixed for 1 — 2 min with a spatula. Then, dichloromethane was removed by
blowing air or N2 gas. The remaining mixture was placed in a Teflon mold and then
heated up to 120 °C for 15 min., 140 °C for 15 min. 160 °C for 15 min., and 180 °C
for 15 min., gradually. In the case of photocatalytic curing benzoxazine monomers

mixed with sulfur (1-3-5%w/w). Toluene (2 — 3 mL) was added to this mixture and
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stirred under N2 gas at 350 nm for 20 hours. Then, toluene was removed under hot
vacuum. The remaining mixture was placed in a Teflon mold and then gradually

heated at 120 °C for 15 minutes, 140 °C for 15 minutes, 160 °C for 15 minutes and
180 °C for 15 minutes.
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4. RESULT AND DISCUSSION

As previously indicated, elemental sulfur can cause the ring-opening reaction (ROP)
of benzoxazines at low temperatures. The sulfur-oxazine reaction is a sulfur radical
transfer and coupling reaction (SRTC). First of all, elemental sulfur dissociates
(homolytic S-S bond breakage) to generate sulfur radicals after that thanks to the
hydrogen abstraction on the oxazine ring oligosulfites forms with reactive end thiol
groups (-SH). These thiols play a crucial role in breaking open the oxazine ring by
heterolytic cleavage of the N-CH>—O bond by protonating either the nitrogen (N) or
oxygen (O) atom in the benzoxazine ring. The polymerization process promoted by
this positively charged species (cationic species) [89] . However, a significant amount
of sulfur (about 20 wt%) is needed for an effective decrease in ROP temperatures. This
amount of sulfur also cause various problem such as evopartion of sulfur can effect
the benzoxazines properties. In this thesis, we planned to use the same reaction but
with a significantly reduced sulfur amount (from 20 wt% to a mere 1-5 wt%) and a
lower ROP temperature for benzoxazines. To reduce amount of the sulfur usage,
external aid is required to enhance sulfur cleavage. As a result, the breakage of sulfur
bonds can be generated by shining UV light on elemental sulfur or by adding a catalyst
to reduce the amount of sulfur used. The two techniques are summarized in Figure 4.1.
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Figure 4.1 : The simplified mechanisms proposed for the ziram sulfide (path I) and
light-induced (path I1) for the cationic ring opening polymerization of benzoxazines.
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One of the potential catalysts system is contains usage of ziram, which is a typical
rubber vulcanization catalyst. The interplay between ziram and elemental sulfur has
been well studied in the literature, and it was discovered that the system contains three
essential stages for common vulcanization [86,94-97]. During the first step, sulfur is
interacts with the catalyst, resulting in "active sulfurating agents,” and a reaction
known as "bimolecular ziram-activated sulfur pyrolysis" occurs, which divide into
cyclic sulfur molecules. The second stage is the perthiol formation process that
involves the breakdown of sulfur and the generation of “perthiols,” which the main
players in this study. Lastly, in the third phase, ziram-activated cross-linking
mechanism takes place. Phase one and two are particularly important because they
produce active sulfur moieties and thiols from elemental sulfur. These thiols are
effective catalysts for benzoxazine curing at lower temperatures and also allow us to
utilize substantially less sulfur in the curing reaction. According to the literature,
elemental sulfur or polysulfides display homolytic breakage of S-S bonds in the
presence of particular wavelengths of light [98]. Sulfur radicals produced by this
process, which can react with double bonds or weakly abstracts hydrogen from
acceptable substrates. As a result, light promoted S-S bond cleavage provides an
alternative process to ziram for producing active sulfur species capable of removing
hydrogen from the N-CH»-O linkage in benzoxazines and eventually producing active
thiols. Employing this method, upon light irradiation can promote the sulfur-
benzoxazine mixture on the demand activation. To test the hypothesis of this study,
we first synthesized three structurally different benzoxazine monomers. Figure 4.2
shows the synthesis of bisphenol A-aniline (BA-a), cresol-aniline (C-a), and bisphenol

A-allyl amine (BA-ala)-based benzoxazines.
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Figure 4.2 : Synthesis of BA-a, C-a, BA-ala monomers.
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These monomers were selected taking into consideration the following factors: BA-a
is well-studied and widely used because of its superior thermal characteristics. C-a
introduces a cresol species into the benzoxazine structure, introducing a methyl group
in the para position of the aromatic structure, which does not allow the formation of
crosslinking during curing reaction. In this way, the oligomers generated from C-a can
be analyzed by solution NMR spectroscopy due to the solubility. BA-ala monomer has
an allyl-amine functionality, creating a double bond in the molecule. This double bond
may play a part in the activation process by reacting with the produced sulfur radicals.
The synthesized benzoxazines were characterized by *H NMR and FTIR spectroscopy
(Figures 4.3 and 4.4). For the characteristic N-CH,—O and N-CH>—Ar protons, each
'H NMR spectrum showed a distinct peak at 5.35 ppm and 4.61 ppm for C—a, 5.35
ppm and 4.60 ppm for BA—a, and 4.83 ppm and 3.94 ppm for BA-ala, respectively.
The FTIR spectra approve the successful synthesis of benzoxazines. The presence of
the oxazine ring can be understan by the C—O-C stretching vibration oxazine ring

mode band, which appeared between 920 and 950 cm™.
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Figure 4.3 : 'H NMR spectra of C-a, BA-a, and BA-ala monomers.
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Figure 4.4 : FTIR spectra of C-a, BA-a, and BA-ala monomers.

Regarding the ziram use, the catalyst was generally mixed with benzoxazine
monomers at mass ratios of ziram 1%/sulfur 1% and ziram 1%/sulfur 3%. All
components (Ziram, sulfur, and benzoxazine) were mixed in 1 mL of dichloromethane
and thoroughly stirred to make sure uniform catalyst dispersion. After that solvent was
removed by applying a vacuum (about 10 mm Hg) for 5 minutes at room temperature.
In the photoactivation method, sulfur powder was combined directly with
benzoxazines in three distinct mass ratios: 1%, 3%, and 5%. Different from the Ziram
system, 0.25 mL to 1 mL of toluene was added to ease mixing with a spatula and after
the homogenues mixture formation, the solvent was removed by a vacuum. The
mixtures were subjected to UV light (@300-350 nm) for 20 hours. As previously
stated, benzoxazine ring-opening polymerization (ROP) generally happens at high
temperatures, with maximum curing values (Tmax) above 230°C. Due to the exothermic
nature of benzoxazine ROP, this process is easily observed by differential scanning
calorimetry (DSC). As a result, DSC analysis is a useful method for evaluating the
effect of catalyst systems on the curing behavior of benzoxazines. Furthermore, DSC
can be used to measure the monomer conversion percentage vs temperature. By the
following equation (Eqg. 4.1), the ROP reaction conversion at any given temperature
(T,,) can be calculated as the ratio of the areas under the ROP exotherm at (T,) to the
total heat of the reaction.

AHr,,

= — 4.1
AHtotal ( )
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Accordingly, we studied the ROP of C-a, BA-a, and B-ala using sulfur-ziram and light-
activated sulfur systems containing ca. 1-5 wt% sulfur. The analyses were carried out
under a nitrogen atmosphere with a heating rate of 10°C/min. Figure 4.5 demonstrates
the resulting DSC thermograms and the conversion vs temperature graphs of C-a, C-a
I S19-3%-5% UV treated, (C-D) C-a, C-a/ S1-3%/ Ziramiy clearly showing a significant

decrease in ROP temperature with the addition of these catalysts.

A B
1004 -
7
Tomar® 158°C I T ) /
|
T, 166°C [
_ et T, 232°C 7 |
H T I
. 210° 5 |
H i 210°C L g |
[
3 ,'H T:82°C T, 27°C g (
x ,I | © |
S ¥ — S ﬁt"\ fr— |I
C-alS,, UV treated Tt w4 [
|—C-a/s,, UV treated / |
C-w/S,, UV treated
ca T, 267°C o

a 50 TE W0 135 10 TE 200 I 250 @S 300 160 152 08 = 240

C e Temperature ["C}
0o C-a
ﬂ/—\ 1 C-als,, Ziram,, .".
|
T, 206°C T 84 —— C-alS,J Ziram,, I.'
- ‘/ '\\ z | 'I
3 T, 199°C Lo |
3 :
$ .'r““%. ) o T..i222°C £ [
E: | T:82°C g | |
il 51 '
= ° |
N — TN — /
T..0296C || ] /
—— C-ais, (Ziram, o \ |I = /
\ /
CafS,, Ziram,, Ve Y
—cCa T 267°C o]

2 F R T M R M I P 180 180 200 220 240 260 20

Temperature (“C) Temperature "C)

Figure 4.5 : DSC thermograms and the conversion vs temperature graphs of (A-
B)C-a, C-a/ S1%-3%-5% UV treated, (C-D) C-a, C-a / S1o6-3%/ Ziramio,

Likewise, the ROP temperature reduction is evident in the case of the BA-a monomer
(Figure 4.6) and the BA-ala monomer (Figure 4.7). Higher sulfur loadings had a
substantial influence on the ROP reaction for UV-treated samples. Additionally, the
effect was more pronounced on the onset temperature compared to the peak
temperature (Tmax). Additionally, some samples showed low-temperature onsets, as
low as 150°C, as seen in the DSC curves. However, in the ziram-based system, the

effect of sulfur content was less apparent (Table 4.1).

23



Table 4.1 : DSC @ characteristic of C-a, BA-a, B-ala and their mixtures with various
amounts of sulfur/ziram.

Sample Onset (°C)  End-set(°C) Cure max.(°C)
C-aBz 261 272 267
C-a Bz/Ziramy1/Sulfures 199 248 222
C-a Bz/Ziramo/Sulfurgs 206 251 229
BA-a Bz 173 250 212
BA-a Bz/Ziramo/Sulfury: 158 225 209
BA-a Bz/Ziramy,1/Sulfurs 138 240 166
BA-ala Bz 193 228 210
BA-ala Bz/Ziramo,1/Sulfure: 188 220 201
B-ala Bz/Ziramos1/Sulfurys 182 213 197
C-a Bz/ Sep1 UV treated 210 269 237
C-a Bz/ Syp3 UV treated 166 263 232
C-a Bz/ Sys UV treated 158 263 223
BA-a Bz/ Sg1 UV treated 137 264 201
BA-a Bz/ Sys UV treated 138 240 166
BA-a Bz/ Sys UV treated 145 232 197
B-ala Bz/ Sy UV treated 190 240 204
B-ala Bz/ Sy UV treated 186 225 200
B-ala Bz/ Sgs UV treated 158 225 202

aDSC thermograms were collected under 20 mL-min~!' N flow and 10 °C-min! heating rate.

Ziram's sulfur activation requires two steps and this can cause less effectiveness of the
catalytic systems. For both systems, the conversion versus temperature plots displayed
typical "s-shaped” profiles which indicates the steady increase in conversion with
increasing temperature. This shows the ROP reaction appears to proceed in three

phases, as the fisrt stage is slow and likely contains the formation of reactive species.
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Figure 4.7 : DSC thermograms and the conversion vs temperature graphs of (A-
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The second stage shows an acceleration in conversion, indicating an autocatalytic
mechaism in which reaction products stimulate further reaction. The final stage
displays a gradual and slow rise in conversion until it reaches completion. To monit6r
the benzoxazine curing, distinctive skeletal vibration mode of cyclic oxazine can be
monitored which (ring mode) occurs between 920 and 960 cm™. In addition to DSC

investigations, the catalytic efficacy of ziram and sulfur at various curing temperatures
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was studied by FTIR analysis. Figure 4.8 displays the overlaid spectra of BA-
alZiramo,1/Sulfures and BA-a/ Sulfurys UV treated after each 15 min. and 30 min.

curing cycle from room temperature to 180 °C.
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Figure 4.8 : FTIR spectra of BA-a/Sulfur %3 / Ziram %1 (A), BA-a/Sulfur%3 UV
treated B) @room temperature (a) @120°C (b), @140°C (c), @160°C (d), and @180
(e). The curing time was 15 min. (A) 30 mi. (B) for each sample. *Peak areas were
calculated from absorbance spectra.

With the addition of catalytic system, the benzoxazine structure's prominent
absorption bands at 940 cm™ disappeared after the 180 °C [24]. According to the IR
investigation the ROP of the BA-a monomer has been finished at 180 °C. Furthermore,
when the same formulation investigated with DSC, results showed that the curing
maximum occurs at 225 °C. For the FTIR analysis, samples were cured for 15 and 30
minutes with each heating step; hence, the observed difference in the values is
expected. Apart from the DSC and FTIR investigations, comparable gel permeation
tests were conducted on both cured C-a and cured C-a/Ziramee/Sulfurg:. C-
alZiramey1/Sulfures (gradual curing was 150 °C for 30 min., 180 °C for 30 min., and
200 °C for 30 min.). As is well known, monofunctional benzoxazines with a blocked
para position on the phenol molecule may be utilized to sythesize linear and soluble
PBz. This blockage allow the synthesis of linear PBz and blocks the carbocation from
attacking the phenol moiety's para-position. As a consequence, the molecular weights
of the resulting polymers of catalyzed and uncatalyzed C-a were determined to be My
= about 2100 Da and 1460 Da. Because of the solubility of the poly(C-a), the
interaction between C-a and Zirame:/Sulfure: and C-a/Sulfurez UV treated can be
investigated by NMR spectroscopy to observe the formation of poly(C-a) or any ring-
opening of C-a. To do this, a CDCls solution of C-a/Zirame1/Sulfure: and C-a/Sulfur

%3 was prepared, and proton NMR analyses were carried out to track the fade of N-
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CH2-O (5.39 ppm) and Ar-CH>-O (4.60 ppm) signals after t = 1, 6, 24 h (C-
alZiramos1/Sulfure:) and t= 1, 2, 6, 24 (C-a/Sulfur %3 UV treated) (Figure 4.9 and
Figure 4.10). Consequently, the proton signals of N-CH>-O and Ar-CH,-O were

unchanged, indicating that C-a is stable and no premature ring-opening occurs at room

temperatu re.
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Figure 4.9 : 'H NMR spectra of the C-a and Ziramee1/Sulfure; mixture in CDCl5 for t

=0,1,6,and 24 h.
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Figure 4.10 : *H NMR spectra of the C-a/Sulfurys UV treated mixture in CDCls for t
=0,1,2,6,and 24 h.
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The kinetic characteristics of the curing reactions of benzoxazines with different
curing systems are significant for both theoretical considerations and practical
applications. For example, the activation energy (Ea) directly correlates with the
complexity of the curing process. In order to determine the parameters for thermal
reactions several non-isothermal kinetic methods have been established. These
approaches based on the relationship between heating rates and the temperatures at
which the reaction achieves its peak value. In our work, we used DSC to investigate
the kinetics of a chosen monofunctional benzoxazine's thermally induced ring-opening
polymerization (ROP) reaction with Sg (UV-assisted) and Sg/Ziram. The Kissinger-
Ozawa kinetic model was used to determine the activation energy of the sulfur-based
curing systems. The Kissinger and Ozawa methods [99,100] involve a series of
investigations where samples are heated at different heating rates. The exothermic
peak temperature (Tp) of the process is calculated for each heating rate. The Kinetic
parameters are calculated by using the Kissinger equation (Eq. 4.2) based on these
peak temperatures.

In (%) =In (2—:) - :—7‘; 4.2)

p

A Kissinger plot is produced by plotting In(p/Tp?) versus 1/T, for a set of DSC curves
with varying heating rates. The slope of this plot determines the Ea. Similar to the
Kissinger method, in the Ozawa method, the Ex is calculated from the slope of the plot
obtained using Eq. 4.3, where B is the heating rate, R is the gas constant, and Ty is the

peak temperature.

In(B) = Const — 1.052 == (4.3)

RT,

Figure 4.10 shows the plots created using the Kissinger and Ozawa methods. The
predicted Ea values were 83 kJ/mol (Kissinger) and 91 kJ/mol (Ozawa) for the
Se/Ziram system, while the UV-assisted system yielded values of 63 kJ/mol
(Kissinger) and 72 kJ/mol (Ozawa). These results indicated that a regular trend for
both methods. The corelation between benzoxazine structure and curing temperature
are depend on each other, and the connected R groups' electronic effects and steric
hindrance affect the Ea values of benzoxazine monomers. Another effect on the curing
temperature is the positioning of these functional groups. Generally, benzoxazines

having lower curing temperatures exhibit lower E, values [101]. In comparison, the Ea
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values found in this work for both curing systems are much lower than those reported
for cresol/aniline type benzoxazine (C-a) (113 kJ/mol without catalyst) [102,103]. This
shows that the Sg/UV and Sg/Ziram systems provide a more efficient curing procedure

with less energy.
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Figure 4.11 : Kissenger and Ozawa graphs for C-a/Siw/Ziramis and C-a/S10 UV
treated.

Thermogravimetric analyses (TGA) were also used to analyze the thermal stabilities
of cured C-a, B-ala, and BA-a with and without the ziram/sulfur (in ratios of 1.0%-
1.0% and 1.0%-3.0% w/w) and sulfur UV treated (in ratios of 1.0%, 3,0% and 5.0%
w/w) (Figure 4.11 and 4.12). Table 4.2 gives an overview of the initial degradation
values of Tsy and Tio% and the maximum weight loss temperature Tmax. With the
addition of a catalyst, thermal stability increased. The addition of ziram/sulfur and

sulfur (UV treated) increases the char yield at 800 °C as well.
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Figure 4.12 : TGA traces of cured C-a, C-a/Sz/UV, C-a/Szu/Ziramig.
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Figure 4.13 : TGA traces of cured B-ala, B-ala/Sz»/UV, B-ala/Sazw%/Ziramiy.

Table 4.2 : Thermogravimetric characteristics of cured C-a,C-a/Ziramio/Sulfursy ,C-
a/Sulfurzy UV treated, BA-a, , BA-a/Ziramio/Sulfursy, BA-a/Sulfursy UV treated
B-ala, B-ala/Ziramie/Sulfursy, B-ala/ Sulfursy, UV treated.

Cured sample T5%(°C)  T10%(°C) @(D:gggggi(lg ) Tmax Tmax
C-a 180 235 %21.83 211 387
C-a/Ziram1o/Sulfuray 156 211 %30.36 280 400
C-a/Sulfuray 251 275 %33.15 278 398
BA-a 222 260 %27.86 306 402
. BA- 226 244 %33.39 281 399
a/Ziramaes/Sulfursy,
BA-a/Sulfursy 195 212 %30.64 216 396
B-ala 335 362 %24.14 408
. B- 279 349 %22.34 401
ala/Ziramao/Sulfursy
B-ala/Sulfursy 308 341 %26.62 402
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5. CONCLUSION

This thesis demonstrates the successful use of cheap and readily availab sulfur as a
catalyst for benzoxazine polymerization. Ziram/sulfur and UV-treated sulfur systems
effectively reduce the ring-opening polymerization (ROP) temperature of
benzoxazines with minimal sulfur content such as 1-5% wt. Notably, the ROP onset
temperature for monofunctional benzoxazines was typically reduced by around 60°C.
Furthermore, thermogravimetric analysis (TGA) experiments revealed a positive
impact of these catalytic systems on char yield. Additionally, the systems exhibit a
desirable "latent catalyst" character, preventing premature ring-opening during

storage, a crucial feature for many formulations.
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