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SYNTHESIS OF THIOAMIDE CONTAINING POLYBENZOXAZINES BY
WILLGERODT-KINDLER REACTION

SUMMARY

Advanced polymers are used in quite wide areas to increase our daily comfort. The
processable and improvable structures of polymers have been the focus of interest for
researchers, eventually fields of application in science, technology, and industry are
increasing day by day.

The terms thermoplastic and thermoset determine by how a material can be processed
under a changed temperature. Thermoplastic polymers can be melted at elevated
temperatures and can be shaped and by heating can be reshaped according to the mold.
Thermoset polymer becomes rigid when heated and it can not be reshaped by heating.
Due to their cross-linked structure, they are insoluble in solvents. Phenol-
formaldehyde, melamine-formaldehyde, urea-formaldehyde are some examples of
thermoset materials.

Looking at the worldwide production in recent years, phenol-formaldehyde resins are
among the most produced thermoset resins. Phenolic resins can be applied in many
fields such as construction, adhesive industry, conductive polymers, aviation. The
properties of phenolic resins such as heat and flame resistance, dimensional stability,
high mechanical strength, resistance to solvents and low cost enable these resins to be
used in these application areas. Phenol-formaldehyde resins are the first synthetic and
commercially available thermoset polymer.

Benzoxazine resins termed as polybenzoxazines, have been developed to overcome
the disadvantages of phenolic resins such as high curing temperatures, short shelf life,
brittleness, by-product formation during curing and catalyst requirement.
Polybenzoxazines, have become superior to traditional phenolic resins thanks to their
near-zero volumetric changes during curing, low moisture absorption, no strong
catalyst requirement during curing, no toxic by-products, high char yield properties.
Another advantage is the easy synthesis of benzoxazine monomers using phenol,
primary amines, and formaldehyde. The formation of polybenzoxazine is carried out
by the ring-opening reaction occurring in the oxazine ring of the benzoxazine
monomer. Although there are several oxazine isomers, including 1,2-, 1,3- and 1,4-,
polybenzoxazines are synthesized from the 1,3-benzoxazine monomer. Because only
1,3-benzoxazine monomers are suitable for the ring-opening reaction.

The design flexibility of benzoxazines enables monomer synthesis with various
functional groups. Polymers which are obtained from benzoxazine monomers with
different functional groups may exhibit different physical and chemical properties,
such as high efficiency, self-healing, shape-memory, etc.

As it is well known, thioamides, which are carboxylic acid derivatives, can be
synthesized by the Willgerodt-Kindler reaction. In this study, the first examples of
thioamide-containing benzoxazines were successfully produced by using the design
flexibility of benzoxazine through the Willgerodt-Kindler reaction. In these syntheses,
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primarily phenolic mono and difunctional thioamides were obtained. Three different
benzoxazine monomers were synthesized using the obtained phenolic thioamides and
primary amines. In addition, while thioamides are obtained in these reactions, an
environmentally friendly approach has been applied by using elemental sulfur, which
is released as a by-product from the coal and petroleum industry. Then, the
difunctional benzoxazine monomer containing phenolic thioamide and the main chain
polybenzoxazine containing thioamide by Mannich type polycondensation were
successfully synthesized.

This thioamide-containing polybenzoxazine exhibited good film-forming properties
and flexible films were obtained. All starting phenolic reagents, benzoxazine
monomers and polybenzoxazines obtained in this study were characterized by ‘H-
NMR and FT-IR spectroscopy. Curing behavior and thermal stability of the
compounds were analyzed by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA).
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TIYOAMIT iCEREN POLIBENZOKSAZINLERIN WILLGERODT-
KINDLER REAKSIYONU iLE SENTEZI

OZET

Glinlimiizde gelismis polimerler, yasam konforumuzu artirmak i¢in oldukc¢a genis
alanlarda kullanilmaktadir. Polimerlerin gelistirilebilir ve modifiye edilebilir yapisi
arastirmacilar i¢in ilgi odagi olmustur. Bu sayede bilim, teknoloji ve endiistride
uygulama alanlar giin gectik¢e artmaktadir.

Polimerler 1s1 karsisindaki davraniglarina gore; eriltilip tekrar sekil verilebiliyorsa
termoplastik, eritilip tekrar sekillendirilemiyorsa termoset olarak adlandirilirlar.
Poli(etilenteraftalat), poli(vinilkloriir) termoplastik polimerlere 0Ornek olarak
verilebilir. Termosetler ¢apraz bagli yapilar1 nedeniyle yeniden sekillendirme
gosteremezken, c¢oziiciilerde ¢o6ziinmez ve sert yapihidirlar. Fenol-formaldehit,
melamin-formaldehit, tire-formaldehit termoset polimerler 6rnekleridir.

Termoset regineler sahip oldugu 6zellikler nedeniyle endiistride ve arastirmalarda 6n
plana ¢ikmistir. Son yillarda diinya ¢apinda iiretimlere bakildiginda fenol-formaldehit
regineler en ¢ok liretilen termoset regineler arasinda yer almaktadir. Fenolik recineler,
ingaat, yapistirici endiistrisi, iletken polimerler, devre kartlari, havacilik gibi bir ¢ok
alanda uygulanabilmektedir. Fenolik reginelerin; 1s1 ve alev dayanimi, boyutsal
kararlilig1 , yiikksek mekanik mukavemeti, solventlere kars1 direnci, diisiik maliyet gibi
ozellikleri bu uygulama alanlarinda kullanilmasini saglamaktadir. Fenol-formaldehit
recineleri ilk sentetik ve ticari olarak piyasaya ¢ikmis termoset polimerdir.

Fenolik recinelerin yiiksek kiirlenme sicakliklari, kisa raf omri, kirillganliklari,
kiirlenme sirarsinda yan {irlin olusturmasi, katalizor gereksinimi gibi dezavantajlarin
iistesinden gelmek i¢in (benzoksazin regineleri) polibenzoksazinler gelistirilmistir.

Polibenzoksazinler kiirleme sirasinda sifir hacimsel degisim, diisiikk nem absorpsiyonu,
kiirleme sirasinda giiclii katalizor gerektirmemeleri, toksik yan iiriin olusturmamasi,
yiiksek kiil verimi Ozellikleri sayesinde geleneksel fenolik reginelerin Oniine
gecmektedir. Benzoksazin monomerlerinin fenol, primer aminler ve formaldehit
kullanilarak kolaylikla yapilan sentezi bir diger avantajidir. Polibenzoksazin olusumu
benzoksazin monomerinin oksazin halkasinda meydana gelen halka agilma
reaksiyonuyla gerceklesir. 1,2-, 1,3- ve 1,4- olmak {izere ¢esitli oksazin izomerleri
bulunmasina ragmen, polibenzoksazinler 1,3- benzoksazin monomerinden
sentezlenmektedir. Ciinkii yalnizca 1,3-benzoksazin monomerleri halka agilma
reaksiyonu i¢in uygundur.

Benzoksazinlerin tasarim esnekligi, bize g¢esitli monomer sentezi imkani
saglamaktadir. Benzoksazin monomerlerin ¢esitlendirilmesi kiirleme sonrasi elde
edecegimiz polimerlerde farkli kimyasal, fiziksel oOzellikler, verim artis1, akill
malzemeler, kendini iyilestirebilen malzemeler iretmemizi saglayabilir.
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Bilindigi tizere, Willgerodt-Kindler reaksyionu ile karboksilik asit tiirevi olan
tiyoamidler sentezlenebilmektedir. Bu ¢alismada Willgerodt-Kindler reaksiyonu ile
benzoksazinin tasarim esnekliginden faydalanarak tiyoamid igeren benzoksazinlerin
ilk 6rnegi basariyla iiretildi. Bu sentezlerde oncelikle fenolik mono ve difonksiyonel
tiyoamidler elde edildi. Elde edilen fenolik tiyoamidler ile primer aminler kullanilarak
tic farkli benzoksazin monomeri sentezlendi. Ayrica bu reaksiyonlarda tiyoamidler
elde edilirken, petrol ve dogalgaz endiistrisinde yan iiriin (atik {iriin) olarak a¢iga ¢ikan
elementel siilfiir kullanilarak ¢evre dostu bir yaklasim uygulanmistir. Daha sonra
fenolik tiyoamid igeren difonksiyonel benzoksazin Onciisii, Mannich tipi
polikondenzasyon ile tiyoamid igeren ana-zincir polibenzoksazin basariyla
sentezlendi.

Bu tiyoamid igeren polibenzoksazin, iyi film olusturma 6zellikleri sergiledi ve esnek
filmler elde edildi. Bu ¢alismada elde edilen tiim baslangi¢c maddeleri, benzoksazin
monomerleri ve polibenzoksazinler *H-NMR ve FT-IR spektroskopileri ile karakterize
edildi. Bilesiklerin kiirlenme davraniglar1 ve termal kararliliklart diferansiyel tarama
kalorimetresi (DSC) ve termogravimetrik analiz (TGA) ile analiz edilmistir.
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1. INTRODUCTION

Polybenzoxazines as contender thermosets to classical phenolic resins gained much
interest in the past decade. These polymers exhibit unusual properties stemming from
their unique structure. A typical polybenzoxazine contains aminomethyl bridges
between phenolic moieties and therefore several intra- and intermolecular hydrogen
bonds are generated. Moreover, the phenolic nature of these materials brings about
many properties already seen in phenol-formaldehyde resins. In general, most of the
polybenzoxazines exhibit high thermal stability, char yield, glass transition
temperatures, low water absorption, flammability and limited shrinkage during
production from their corresponding monomers. Besides, low dielectric constants and
resistance against corrosive chemicals are other benefits of these materials.
Consequently, many different applications related to these properties were already put
into practice in aerospace, automotive and electronic industries. Another appealing
side of polybenzoxazines is their ease of synthesis from 1,3-benzoxazine monomers.
Since, performing a simple heating procedure for 1,3-benzoxazines would give
polybenzoxazines without using additives and/or curatives. However, the curing

characteristics and temperature depend on the monomer structure.

A typical benzoxazine monomer is synthesized from a primary amine, a phenol and 2
equivalent formaldehyde. Therefore, by varying the amine and phenolic several
different benzoxazines can be synthesized. In this line, many benzoxazines were
synthesized with diverse functional groups. Among these groups, particularly, amides
gained much interest due their hydrogen bonding ability. Thus, various amide
containing benzoxazines were reported [1-4]. Although various amide functional
benzoxazines were synthesized, thioamide based benzoxazine have never been

reported.






2. THEORETICAL PART

2.1 Phenolic Resins

A wide variety of thermoset materials are used in different fields of the industry.
Among these, phenol-formaldehyde resins, the first commercial thermosetting plastics
synthesized from completely synthetic materials, have been used since the 1900s [5].
Leo Baekeland, ‘father of the phenolic resins’, developed these resins and published

as a patent in 1907 [6,7].

Phenolic resins have applications in a broad range of industries such as aerospace,
automotive, marine, electronic, insulation and commodity goods. These type of resins
especially preferred in the aerospace industry due to their desirable properties like
excellent heat resistance and low flammability. They emit low smoke, low toxic
products during a fire. Moreover, phenolic resins are resistant against corrosion.
Besides these properties, another reasons for their popularity and wide use is their
synthesis from low cost chemicals [8].

Phenolic resins are produced through the condensation polymerization reaction of
phenol and formaldehyde under acidic or basic conditions. To comprehend the variety
of the convenient phenolic resins, it is necessary to understand how the reaction occurs
between phenol and formaldehyde under acidic or basic conditions. In addition, the
formaldehyde/phenol molar ratio has effect on the structure of final product as given
in Figure 2.1 [9].

Resole type resins so-called heat reactive resins are manufactured by reacting phenol
with a  molar excess more than equimolar amount of formaldehyde (the
phenol/formaldehyde molar ratio generally between 1/1.2 and 1/3) using a base
catalyst such as sodium carbonate, ammonia in the presence of an alkaline solution.
Since resole molecule contains reactive methylol groups, it can form easily large
molecules only by heating and does not require addition of hardener or curing agent
as shown in Figure 2.2. Therefore, they are termed/called single-step phenolic resins.
[10,11].



OH

OH Resole

Figure 2.1 : Synthesis of resole and novolac.

OH OH OH
A
Resole ——>
-H,O
LT

Figure 2.2 : Cross-linked structure of resole type phenolic resin.

In contrast to resole, novolac compounds are obtained in the presence of acid catalysts
and the higher molar ratio of phenol than formaldehyde. The most frequently used
catalysts are sulfuric, hydrochloric, toluene sulfonic acids (H2SOas, HCI, p-TSA).
Novolac resins so-called two-stage phenolics, the reason why novolacs are called two-
stage phenolics is that hardening takes place only with the addition of cross-linking
agents. Novolac resins require a hardener in order to produce a crosslinking compound
because they have no reactive methylol groups in its structure and need an additional
source of methylene bridges. These are provided by cross-linking agents like
hexamethylenetetramine (HMTA). The cross-linked structure of novolac is given in
Figure 2.3 [5,8].



Figure 2.3 : Cross-linked structure of novolac type phenolic resins.

2.2 Benzoxazines

2.2.1 History of benzoxazine chemistry

Holly and Cope published the first article on the synthesis of benzoxazines in 1944
[12]. Later, in the 1950s and 1960s, Bruke et al. made significant contributions to the
development of benzoxazine chemistry with several studies on low molecular weight

benzoxazines [13-20].

After these pioneering synthetic studies, benzoxazines were used in medicinal
chemistry researches for a decade that is completely different from polymer chemistry.
However, the synthesis of small benzoxazine oligomers for modifying epoxy resins
was patented and published by Schreiber et al. in the 1970s. Following the first
development of material by oligobenzoxazines, the first studies on cross-linked
polybenzoxazines based on multifunctional benzoxazines were performed by
Higginbottom et al. in 1980. Nevertheless, he did not state the properties of these

polybenzoxazines in his patent [21].

Riese et al. discovered that high molecular weight linear polybenzoxazines could not
be generated from monofunctional benzoxazine monomers. Because, monofunctional

benzoxazines form only oligomers [22].

In his studies with various monomers, at the end of the polymerization, it has been
indicated that the molecular weights of the polymerization are between hundreds and

thousands.

The self-curable benzoxazine functional resins formulation were published in 1988 by
Turpin and Thrane. They also defined the usage of multifunctional various phenols



and amines as reactants/reagents for benzoxazine resins with small molecular weight
[23].

Although studies on the discovery and synthesis of low molecular weight of
benzoxazines were begun in the 1940s, after a long period of development, Ning and
Ishida published the first study on defining the features of polybenzoxazines in 1994
[24].

Afterward, the potential and capabilities of polybenzoxazines have gained interest and

still many studies are ongoing today.

2.2.2 Synthesis of benzoxazines

Benzoxazine monomers are synthesized usually by the reaction of phenols, primary
amines, and formaldehyde solution or paraformaldehyde as starting reactants. This

synthetic method can be performed in either solution or solventless methods.

The possible combinations of phenols and amines with various functionalities provide
different types of benzoxazine monomers. Thus, these groups could affectthe curing

process and the properties of resulting polybenzoxazines [25].

In this part, synthesis approaches of benzoxazine monomers have been discussed.

2.2.2.1 Synthesis of mono-functional benzoxazines

For the first research of a benzoxazine monomer, Holly and Cope [12] published the
benzoxazine resulting from the reaction of primary amines with formaldehyde and

substituted phenols via a condensation reaction.

This synthesis method of benzoxazine monomer proceeded with two stages in a
solvent. First, adding an amine to formaldehyde at low temperatures resulted N,N-
dihydroxymethylamine formation. Afterward this compound reacted with the
hydroxyl group and ortho position of the phenol at high temperature, thereby oxazine
ring formed. The first stage is a kind of Mannich Reaction and formation of Mannich
base, the second stage is the reaction between phenol and Mannich base to give
benzoxazine. It is clear that the phenol should have a vacant ortho-position otherwise,

ring-closure is impossible [13,18].

The synthesis of 3,4-dihydro-2H-1,3-benzoxazine demonstrated in (Figure 2.4) and

the plausible mechanism is as follow (Figure 2.5)



-
H

R
| o
2CH,0 +RNHy; — 5 HO _N__O —>@W
N.
R

Figure 2.4 : Synthesis of of 3,4-dihydro-2H-1,3-benzoxazine.
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Figure 2.5 : Plausible mechanism of benzoxazine ring formation.

During the benzoxazine synthesis, triazines, oligobenzoxazines and aminoalkyl
phenols are also produced due to side reactions. Especially, in the existence of acidic
compounds a ring-opening reaction may occur (Figure 2.6) [16]. On the other hand,
the amount of these side products can be decreased by blocking the para position of
the used phenol and selecting non-acidic reagents. Moreover, the triazine formation
can be controlled to some extent by arranging the solvent polarity. For example,

triazine formation severely limited in the case of toluene/ethanol mixture (2:1, v/v).

As it is presented in the Figure 2.6, the ring-opening reaction of benzoxazine under

acidic conditions generates the Mannich-bridge [26].
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Figure 2.6 : Ring opening of benzoxazine in acidic medium.



The efficient solvent-free approach has been improved as a new alternative method to
classical benzoxazine synthesis[27]. Since the synthetic method in a solvent can have
some drawbacks, for instance, the requirement of a large volume of solvent, the low
solubility of the starting reactants in a solvent, slow reaction rates, uncontrolled

triazine formation.

Moreover, consuming organic solvents intensify the problems related to the
environment. In addition, solvent residues in the final benzoxazine product could
generate problems during curing stage, such as void formation in the polybenzoxazine

molds or films.

As an alternative, solventless synthesis of benzoxazines are used to cope with the
stated drawbacks. Solventless synthesis generally requires less reaction time and
formation of side-products are reduced [27,28]. However, the solventless synthesis is
limited to reagents that can be melted and miscible in each other. There are many
different phenols and amines have high melting point and not miscible with each other.

2.2.2.2 Synthesis of bifunctional and multifunctional benzoxazines

In general, the polymerization process of monofunctional benzoxazines, depending on
the structure, yield low molecular weight networks or oligomers that have molecular
weight approximately 1000Da. The thermal dissociation in the reaction dominates
chain propagation, therefore it is not possible to obtain high molecular weight

polybenzoxazines by classical mono-benzoxazines [22].

In order to overcome this restriction, difunctional or multifunctional monomers have
been dominated the practical applications. Although formation of oligomers to some
extent can be observed for multifunctional benzoxazines, the majority of the final
polybenzoxazine are large networks. There are several types of multifunctional
benzoxazine monomers [24,29]. Among them, bisphenol-A based (BA-a resin)
benzoxazines are extensively used for various application and this monomer can be
synthesized by using bisphenol-A and primary amines (mostly aniline) either aromatic
or aliphatic [30,31]. An example of this type is shown Figure 2.7.
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Figure 2.7 : Synthesis of bisphenol A- and methylamine- based benzoxazine.

Another type is diamine based bifunctional benzoxazines, which can be manufactured
by the reaction of diamines (aromatic or aliphatic) with a monofunctional phenol

having vacant ortho position. The example is given in Figure 2.8 [32].
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Figure 2.8 : Synthesis of DDM-based benzoxazine.
2.2.3 Ring opening polymerization mechanism of benzoxazines

Benzoxazines are polymerized through ring-opening polymerization with or without
catalyst. The ring-opening polymerization method is a versatile route to obtain
phenolic resins. Since, this approach requires self-polymerizable active monomers
unlike classical pheol-formaldehyde production. Thus, many shortcomings of phenolic
resin synthesis are alleviated like by-product formation, harsh acidic/basic catalyst

requirements and formaldehyde emission during curing [25].

In terms of energy minimization, the preferred conformation of the benzoxazine ring
is a distorted semi-chair structure. Although oxazine ring is a six membered chain, the
close proximity of N and O atoms generate a ring strain. Moreover, the
electronegativity of this heteroatom polarizes the N-CH>-O bridge. Thus,
benzoxazines can be polymerized through a ring-opening reaction under appropriate
conditions. Literally, the ring strain and bond polarization are sufficient for a ring
opening reaction at low temperature. Therefore, the ring-opening polymerization
requires high temperatures such as 180-250 °C. On the other hand, the N and O atoms
in the oxazine ring can be protonated by Bronsted acids or similarly Lewis acids can
bind these atoms. Consequently, the ring strain and bond polarity increases to a certain
level that even at room temperature ring opening takes place [30]. These findings
clearly reveal that ring opening polymerization can be catalyzed by Bronsted acids and
Lewis acids. These catalysts effectively reduce the ring opening polymerization
temperatures. However, the final structure may differ from the uncatalyzed



polybenzoxazines [33]. The mechanistic studies also revealed that the polymerization
benzoxazines are a type of cationic ring opening polymerization and the N, O atoms
stabilizes the cationic species during the polymerization process by their non-bonding
electron pairs. The protonation of the 1,3-benzoxazine ring by the migration of the
proton from N to O atom results formation of iminium ion intermediates [34]. Later
on, the formation of such ionic species, proceed by electrophilic aromatic substitution
as represented in Figure 2.9 [25,35,36].

The polymerization rate of benzoxazines is fast compared to condensation of phenol-
formaldehyde but slow considering epoxides, due to the requirement of high energy
to cleavage of the oxazine ring. Therefore, catalyzing the benzoxazine polymerization
via acidic compounds is beneficial to both increase the polymerization rate and reduce
the curing temperatures.Various catalysts (cationic, nucleophilic and radicalic) for the
polymerization of benzoxazine precursors have been examined to decrease the curing

temperature and time [37].
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Figure 2.9 : Simplified polymerization mechanism of benzoxazines to give
polybenzoxazines.

2.2.4 Properties of benzoxazine monomers and polybenzoxazines

The properties of polybenzoxazines differ according to the corresponding monomer,
curing procedure, catalyst use. Because, the functionilites on the monomers could alter

the final properties drastically. Moreover, curing procedure such as post curing, step-
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wise curing could have vast effect on the crosslinking density. Catalyst usage may
change the final structure by increasing the aromatic ether formation as reported
previously. Therefore, the properties of polybenzoxazine could be engineered by
selecting suitable monomers, curing procedure and catalysts. However, a list of

properties can be attributed to polybenzoxazine as general behavior of these materials.
-Forming no by-product during polymerization

-Near zero shrinkage upon polymerization process

-Good water resistance

-Heat resistance

-Low flammability

-High char-yields

-High modulus and glass transition temperature (Tg)

-Good thermal stability

-No need a strong acid catalyst or initiator for polymerization
-Wide range of raw materials with low cost

-Molecular design flexibility

-Good dielectric and mechanical properties

These characteristics render benzoxazine resins superior above conventional phenolics

and epoxy resin in many applications [25].

Meanwhile, the polymerization process, volumes of thermoplastic and thermoset
polymers tend to shrink. The shrinkage of polymers should be decreased to provide
that it is effectively suitable for applications such as high-performance adhesive,

coating, and sealant [38].

The volumetric shrinkage of thermosets range between 2% and 10%, besides
thermoplastics show much more volumetric shrinkage [39,40]. Distinctively,
benzoxazine resins with great mechanical entirety demonstrate almost zero volumetric
shrinkage upon curing. Mostly, during many polymerizations, their volumetric
changes differ about 1%. In fact; shrinkage occurs lightly in the volume of resin

isothermal curing at high temperatures. According to the measurements of before and
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after polymerization at room temperature, there is a slight change in the densities and
hence its volume changes. The advantage of the near-zero shrinkage precursors

decrease the distortions optically in addition warping of final compound [41,42].

High water absorption is one of the typical disadvantage for many resins such as
bismaleimide, epoxy, phenolic, polyester, polyimide resins. The feature of higher
water absorptions is the result of the presence of polar groups in the resin structure.
Even though polybenzoxazine resins comprise polar groups in every repeating unit,
contrarily to expectancy, they resist to the water better than other resins and so their

water absorption is lower [43-46].

While phenolic and epoxy resins provide water absorption between 3-20% of their
volumes, benzoxazines show 1.3% at room temperature. While bisphenol-A based
polymer was 1.9% in benzoxazines, aniline based polymer was 1.3%. The reason for
this is the phenolic OH groups in the benzoxazine structure and the Mannich base
effect low water absorption ensures a low dielectric constant [47].

One of the main features of benzoxazines is high char yield. When technological
developments are considered, the use of materials with low flammability is
increasingly preferred. Char reduces the diffusion of combustible gases from the
flammable surface to inner parts of the material. Epoxy resins have char yields between
5% and 15%, conventional phenolic resins have 30-55% char yield. However,
polybenzoxazines could yield 35-75% char, which could be considered as quite high,

compared to many other polymers [48].

2.2.5 Alternative benzoxazine monomers

Although there are several different benzoxazines already reported in the literature, the
scope of this thesis is limited to thioamide based systems. Therefore, this section

focuses on amide containing benzoxazines and sulfur bearing benzoxazines.

2.2.5.1 Amide containing polybenzoxazines

Polyamides are preferred products among polymers due to their flame retardant
properties, good thermal, chemical and mechanical resistance. The most common
polyamides are poly(E-caprolactam) (known as Nylon-6) and poly(hexamethylene
adipamide) (known as Nylon-6,6). Polyamides are classified as aliphatic class, semi-
aromatic and fully aromatic (Table 2.1). Among the known polyamides, aromatics,,
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are highly priced and difficult to manufacture, shows high strength, flame and heat
resistance properties and dimensional stability. Poly (m-phenylene isophthalamide)
and poly (p-phenylene terephthalamide), known as Kevlar, have high tensile strength,
high Tm value. Also, shows dimensional stability at room temperature. Their flame and
heat resistance is high based on its aromatic structure and strong hydrogen bonds
between polymer chains. Nylon-6 and Nylon-6,6, show good mechanical properties,
high tensile strength, high impact strength and resistance to many solvents, good

abrasion resistance is due to low friction factor [1].

Examples of semi-aromatic polyamides include polyptalamides (PPA), an important
part of polyamides. They demonstrate high hardness and strength at high temperatures
because their structures contain crystalline parts. They are higher in price compared to

aliphatic amides.

Table 2.1 : Classes and structure of polyamides

Polyamide Structure of Repeting Unit

Aromatic +NH4©7NH—§4®7@+

Polyamide -
Semi-Aromatic I i

Polyamide NH={CHoFNH—C cT-

Aliphatic I
Polyamide {%CH%N“_C%?

Combining thermoplastic polyamides with thermosetting benzoxazines, amide
functional benzoxazines provide better film formation, dimensional stability and
chemical resistance. As with polyamides, amide-containing polybenzoxazines provide
mechanical and thermal advantages due to hydrogen bonds between phenolics, tertiary
amine, carbonyl and amide -NH. Agag et al. synthesized primary amine-functional
benzoxazine precursors [4] . They are synthesized as shown in the Figure 2.10 and are
called poly (amide-benzoxazine), amide-linked as repeating units in the main chain.

Excellent thermomechanical properties have been reported for these materials [49].
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Figure 2.10 : Preparation of aliphatic and aromatic MCBP poly(amide-
benzoxazine).

Moreover, 3,4-Dihydrocoumarines (DHC) were used to obtain amide containing
polybenzoxazines both as in monomeric and polymeric forms. DHC was selected as
masked phenol and reacted with aniline and 3-hydroxyaniline to synthesize mono and
diphenolic amides in high yields to use in the subsequent syntheses (Figure 2.11).
Then, the intermediate phenolics were successfully converted to amide containing
benzoxazines. This study disclosed that DHC is a convenient compound to design
several different amide containing benzoxazines by altering the amines either in the

ring-opening of DHC or benzoxazine synthesis stages [1].
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Figure 2.11 : Preparation of mono and di-functional benzoxazines and main-chain
polybenzoxaine.

2.2.5.2 Sulfur containing polybenzoxazines

Sulfur is the third most abundant element in the world among waste products. Today,
although sulfur use is used in the production processes of sulfuric acid, fertilizer,
vulcanization natural synthetic rubbers, it causes deposits in the form of sulfur peaks
as a result of excess supply problem. Inverse vulcanization consists of a compound
reaction containing high amounts of sulfur and diene (Figure 2.12) . Elemental sulfur
is processed in a molten state, as well as forming a radical S with heat. Thanks to the
ability of the radical S atom to react to the double bonds, they form the C-S covalent
bond by attacking the double bonds in the benzoxazine monomer. Since it acts as a
molten sulfur reaction solvent, it eliminates the need for harmful organic solvents. At
the same time, polybenzoxazine is formed by ring opening. Thus, polysulfides form
copolymers and stabilize with polybenzoxazine bridges. Sulfur based material can be
developed by using this system for inverse vulcanization with various vinyl monomers
[50,51].
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Figure 2.12 : The mechanism of inverse vulcanization.

2.3 Thioamides

Thioamides, the type of carboxylic acid derivate are formed the replacement of the
oxygen with sulfur in the amide . Many unique properties of thioamides are related to
two active centers in their structure. These are the unshared electrons in the nitrogen
atom and the localized electrons on the thiocarbonyl group. The mesomeric effect is
observed in thioamides because of the delocalization of & electrons and instability of
unshared electrons in nitrogen and sulfur atoms. Thus, the single carbon-nitrogen bond
results barrier to the rotation [52].

In addition, the NH proton is more acidic and provides a strong hydrogen bond, the
sulfur (C=S-NH) bond weakly accept hydrogen bonds compared to the corresponding
amide [53].

Thioamides are involved as intermediates in the synthesis of five- and six-membered
heterocyclic structures. Moreover, they exhibit a wide variety of significant biological
activity for instance antithyroid, antioxidant, antibacterial, anticancer, etc. They are
still being researched in many fields such as polymer synthesis, materials science,
biochemistry. Due to their excellent functional and synthetic applicability, various

approaches are continuously improving in different industrial areas [54,55].

2.3.1 Synthesis of thioamides

Many synthetic methods have been published in the literature for the synthesis of
thioamides since the late nineteenth century [53].

The most common method to prepare thioamides is based on simple thionation of the

corresponding amides with the help of tionating reagents, tetraphosphorous
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decasulfide (P4S10), or Lawesson's reagent. The thioacylation of amines, the thiolysis
of aromatic or nitriles or iminium salts, and a Friedel Crafts type reaction of

thioacyanates are the alternative routes to produce thioamides [52].

Willgerodt-Kindler reaction is one of the earliest process to generate different types of
thioamides. Surprisingly, this reaction has not gained much attention until the end of
the 20th century.Conrad Willgerodt discovered the Willgerodt reaction in 1887. In this
reaction, the initial compound ketone, rearrange to produce amide or the ammonium
salt of the carboxylic acid (Figure 2.13a) [56].

0
v (NHa)S, NHOH o
(a) 160-200 °C
NH,
o)
Sg HNR'R2
160-200 °C N R

Figure 2.13 : The Willgerodt reaction (a), The Kindler modification (b)

Afterward, in 1923, the modification of Willgerodt reaction was introduced by Karl
Kindler.This modified reaction includes usage of a secondary amine, ketone or
aldehyde and elemental sulfur under thermal conditions to provide the thioamide
(Figure 2.13b) [57]. Consequently, it can be stated that the components of classical
Willgerodt-Kindler reaction are elemental sulfur, ketone or aldehyde, and an amine (or

ammonia).

The Willgerodt—Kindler reaction has termed as "one-pot, three-component process for
the synthesis of synthetically useful (thio)amides". With a wide variety of initial
reagents (aldehydes and primary/secondary amides), and the ease and commercial
availability of those compounds give the possibility for preparing many various
thioamide compounds. In addition, advantageously, the thioamides easily convert to
the carboxylic acids or thioesters . When the reaction is performed by using arylalkyl
ketone, can be assumed as an auto-redox process, by favour of the reduction of ketone,
and oxidation occurs at the terminal carbon [58,59]. The carbonyl migration is less
efficient in a longer carbon chain, so it results in low yield. Thus, it is estimated that

the optimum alkyl chain extent is not much than two or three carbon atom [53].
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In 1989, Carmack and co-workers indicated the plausible mechanism for the

Willgerodt—Kindler reaction (Figure 2.14) after their studies immense researches [60].
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Figure 2.14 : The mechanism of the Willgerodt-Kindler reaction [60].

The conventional Willgerodt-Kindler reaction had some drawbacks for this reason the
researchers tried to improve conditions to produce easily and safely thioamide
derivatives.

Kanbara and co-worker utilized base catalyst (sodium sulfide nonahydrate)
Na.S.9H.O to remove the drawbacks of the Willgerodt-Kindler reaction, and
improved the reaction conditions successfully (Figure 2.15). If the reaction of
benzaldehyde, aniline with sulfur occurs under conventional Willgerodt-Kindler
reaction conditions, it results in a yield of 15%, while using a Na2S.9H20 catalyst
results in a yield of 66% [61].

NaQS.9H20
Ph—NH (5 mol%) H Ph
— + Ph—CHO + S P
2 8 DMF Ph \W
115 °C, 12 h
under N,

66%
(15% without base)

Figure 2.15 : The Willgerodt-Kindler reaction with catalyst.

As presented in Table 2.2, the reactions of benzaldehyde, aniline, and elemental sulfur
easily progressed with the addition of base catalyst Na,S.9H.0 and the yield increase
[61].
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Table 2.2 : The effect of catalyst in Willgerodt-Kindler reaction of aniline with

benzaldehyde.?
Reaction time Yield®
Entry Base (h) (%)
1 Na2S.9H20,1 mol% 12 55
2 Na2S.9H20, 5 mol% 4 32
3 Naz2S.9H20, 5 mol% 12 66
4 Na2S.9H20, 10 mol% 12 83
5 Naz2S.9H20, 15 mol% 12 91
6 Na>S.9H20, 20 mol% 12 88

2Reaction conditions : aniline (6 mmol), benzaldehyde (4 mmol) and sulfur (5 mmol) in DMF (4mL)
at 115 °C.

bIsolated yield.

2.3.2 Synthesis of polythioamides

In recent years, sulfur-containing polymers have attracted attention increasingly due
to their characteristics like self-healing ability, high refractive indices, low dispersion,

electrochemical features, etc. [62].

As one kind of the sulfur containing polymeric compounds, polythioamide is a novel
class of polymer which includes —C(=S)NH— repeating unit and exhibits great
refractivity, metal coordination capability, and luminescence character. However,
characterization and synthesis of polythiamides were researched rarely compared to

polyamides [63].

Polythioamides can be produced, from the polycondensation type reaction of
dithioesters with diamines, but at the end of reaction removal of harmful side product
methanethiol is quite challenging. Consequently, this is limiting the study and

applicability of the polythioamides prepared by this method [63,64].

In 2001, Kanbara et al. reported the reaction process of polythioamides through the
Willgerodt—Kindler reaction, it occurs between dialdehydes and diamines in the
presence of sulfur at 115 °C (Figure 2.16). Since this method is applicable to a wide
variety of commercially available dialdehydes and diamines, it serves the production
of polytioamides derivatives [65].

H H s S R
NHCO-R-CHO + nR'—=N-R-N-R" — =8 GC—R—E—N—R'—I}J%
S R" n
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Figure 2.16 : Synthesis of poly(thioamide).

In recent past, some researchers have used multicomponent polymerizations (MCPs)
technique to generate sulfur containing polymeric compounds with good efficiency,
mild conditions, and high atom economy [62]. In 2015, Li et al. reported the
multicomponent polymerizations technique, to provide the polythioamide directly and
conveniently with usage of elemental sulfur, aliphatic diamines, aromatic diynes

without catalyst, in a high yields [66].
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3. EXPERIMENTAL PART

3.1 Materials

Aniline (Merck, 99.5% ), Sulfur (Sg, colloidal powder, reagent grade, Aldrich),
Paraformaldehyde (Acros, 96%), Benzylamine (Merck, >99%), Furfurylamine (Fluka,
>98%), Sodium hydroxide (Acros, >97%), Ethyl acetate (EtOAc, Merck, >99.5%),
0,0'-bis(2-aminopropyl) polypropylene glycol-block-polyethylene glycol-block-
polypropylene glycol (Sigma-Aldrich, Jeffamine® ED-900, St. Louis, MO, USA), 4-
aminophenol (p-aminophenol Merck, >99%), 4-hydroxybenzaldehyde (Merck,
>98%), 1,6-diaminohexane (Fluka), 4-Hydroxy-3-methoxybenzaldehyde (Vanillin)
(Alfa Aesar, 99%), Tetrahydrofuran (THF, VWR Chemicals, 99.7%), Ethanol (EtOH,
Aldrich, >99.5%), Toluene (Carlo Erba, 99.5%), Chloroform (CHCls, Carlo Erba,
99,9%), Sodium sulfide nonahydrate (Carlo Erba), N,N-Dimethylformamide (DMF,
Merck), Magnesium sulfate anhydrous (Aldrich, >99.5%), chloroform-d (CDCl3, 99.8

atom % D) were used as received.

3.2 Characterization

3.2.1 Nuclear magnetic resonance spectroscopy (NMR)

The H-NMR measurements were recorded at room temperature in CDCls or DMSO-
ds with Si(CH3)s as an internal standard, using a 500 MHz NMR (Agilent NMR
System VNMRYS).

3.2.2 Infrared spectrophotometer (FT-IR)

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

3.2.3 Differential scanning calorimeter (DSC)

Differential scanning calorimetry (DSC) was carried out on a Perkin EImer Diamond
DSC with a heating rate of 10 °C.min* under nitrogen flow, covering temperatures of
30-320 °C.

3.2.4 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) was performed on Perkin-Elmer Diamond

TA/TGA with a heating rate of 10 °C min ™! under nitrogen flow.
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3.2.5 Gel-permeation chromatography (GPC)

Gel permeation chromatography (GPC) measurements were taken on a TOSOH
EcoSEC GPC system equipped with an auto sampler system, a temperature controlled
pump, a column oven, a refractive index (RI) detector, a purge and degasser unit and
TSK gel superhZ2000, 4.6 mm ID % 15 cm % 2 cm column. Tetrahydrofuran was used
as an eluent at flow rate of 1.0 mL min™! at 40 °C. Refractive index detector was
calibrated with polystyrene standards having narrow molecular-weight distributions.

Data were analyzed using Eco-SEC Analysis software.

3.3 Synthesis

3.3.1 Synthesis of mono-functional thioamide (MonoHyroxythioamide)

In a 100 mL round-bottom flask, aniline (1.6763 g, 18 mmol), elemental sulfur
(0.7696 g, 24 mmol), Na,S (0.14048 g, 1.8 mmol) were mixed with 15 mL DMF.
Then 4-hydroxybenzaldehyde (1.4654 g, 12 mmol) was added into mixture under
nitrogen gas. The reaction mixture was stirred at 120 °C for 8 h under nitrogen. After
reflux, the flask was cooled to room temperature, then the solution was poured into
water. It was kept in a refrigerator for 2 days. The orange crystalline precipitate was
obtained. The obtained solid was separated by filtration. Dried in a vacuum for 2 days

at 50 °C temperature.

The purification procedure is as follows : solid was dissolved in ethyl acetate (100 mL)
to remove unreacted sulfur. Since, sulfur is not soluble in ethyl acetate. Then,
unreacted sulfur was separated by filtration. Ethyl acetate was removed by using a
rotary evaporator and the orange crystalline product was obtained (Figure A.6). Dried

in a vacuum for 2 days at 50 °C temperature. (Yield: 55 %)

3.3.2 Synthesis of di-functional thioamide (DiHydroxythioamide)

In a 100 mL round-bottom flask, 4-aminophenol (1.9643 g, 18 mmol), elemental
sulfur (0.7696 g, 24 mmol ), Na.S (0.14048 g, 1.8 mmol) were mixed with 15 mL
DMF. Then 4-hydroxybenzaldehyde (1.4654 g, 12 mmol) was added into mixture
under nitrogen gas. The reaction mixture was stirred at 120 °C for 8 h under nitrogen.
After reflux, the flask was cooled to room temperature then the solution was poured

into water. It kept in a refrigerator for 24 h .The orange crystalline precipitate was

22



obtained. The precipitate was separated by filtration. Dried in a vacuum for 2 days at
50 °C temperature. After drying, the solid was dissolved in ethyl acetate (100 mL) to
remove unreacted sulfur. Since, sulfur is not soluble in ethyl acetate. Then, unreacted
sulfur was separated by filtration. Ethyl acetate was removed by using a rotary
evaporator and the orange crystalline product was obtained. Dried in a vacuum for 2
days at 50 °C temperature. (Yield:~59 %)

3.3.3 Synthesis of thioamide based mono-benzoxazine (Th-amd-MonoBz-Bn)

Monofunctional phenolic thioamide, 4-hydroxy-N-phenylbenzothioamide (0.5458 g,
2.38 mmol), benzylamine (0.2551 g, 2.38 mmol), paraformaldehyde (0.1429g, 4.76
mmol) were dissolved in 15 mL of toluene/ethanol (2:1, v/v) in a 100 mL round-
bottom flask. The reaction mixture was refluxed at 100 °C temperature for 24 h. The
solvent was evaporated using a rotary evaporator. The resulting product was dissolved
in chloroform (50 mL) and extracted with 1 M sodium hydroxide for five times. Then,
to neutralize the solution chloroform solution was washed with distilled water (250
mL) for three times. The solution was dried with anhydrous MgSO4 and filtered.
Chloroform was evaporated under vacuum. The product was dried in a vacuum oven
at 50 °C temperature for 24 h. (Yield: 85 %)

3.3.4 Synthesis of thioamide based mono-benzoxazine (Th-amd-MonoBz-Fr)

Monofunctional phenolic thioamide, 4-hydroxy-N-phenylbenzothioamide (1.01 g, 4.4
mmol), furfurylamine (0.43 g, 4.4 mmol), paraformaldehyde (0.27 g, 8.8 mmol) were
dissolved in 30 mL toluene/ethanol mixture (2:1, v/v) in a 100 mL round-bottom
flask. The reaction mixture was refluxed at 100 °C temperature for 24 h. The solvent
was evaporated using a rotary evaporator. The resulting product was dissolved in
chloroform (50 mL) and extracted with 1 M sodium hydroxide for five times. Then, to
neutralize the solution chloroform solution was washed with distilled water (250 mL)
for three times. The solution was dried with anhydrous MgSOs4 and filtered.
Chloroform was evaporated under vacuum. The product was dried in a vacuum oven
at 50 °C temperature for 24 h. (Yield: 32%)

3.3.5 Synthesis of thioamide based di-benzoxazine (Th-amd-DiBz-Bn)

In a 100 ml round-bottom flask, difunctional phenolic thioamide, 4-hydroxy-N-(4-
hydroxyphenyl)benzothioamide (1.500 g, 6.14 mmol), benzylamine (1.3157 g,
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12.3mmol ) and paraformaldehyde (0.7374 g, 25 mmol) were dissolved with 30 mL
mixture of toluene/ethanol (2:1, v/v). The reaction mixture was refluxed at 100 °C
temperature for 24 h. The solvent was evaporated using a rotary evaporator. The
resulting product was dissolved in chloroform (50 mL) and extracted with 1 M sodium
hydroxide for five times. Then, to neutralize the solution chloroform solution was
washed with distilled water (250 mL) for three times. The solution was dried with
anhydrous MgSOs and filtered. Chloroform was evaporated under vacuum. The

product was dried in a vacuum oven at 50 ° C temperature for 24 h. (Yield: 67%)

3.3.6 Synthesis of main-chain poly(thioamide-benz-PPEQ)

Difunctional benzoxazine thioamide containing monomer (2.37 g, 9.6 mmol ),
Jeffamine ED-900 (8.68 g, 9.6 mmol ) and paraformaldehyde (1.16 g, 38 mmol) were
dissolved in 75 mL mixture of toluene/ethanol (2:1, v/v) in a 250 ml round-bottom
flask equipped with a reflux condenser and a magnet for stirring. The solution was
refluxed for 24 h at 100° C temperature. After reflux, the flask was cooled to room
temperature and, solvent was removed using a rotary evaporator under reduced
pressure. After cooling the room temperature, oily product was obtained. Mass of

obtained polymer was 11.32 g.

Film preparation; to obtain a typical polybenzoxazine film, 1 g of main-chain
polybenzoxazine precursor was dissolved in 10 mL of DCM and charged into a Teflon
mold (2 cm width, 5 cm length, 0.5 cm depth). The molds were kept at room
temperature for 72 h to remove the DCM. Then, the films were heated at 120 ° C for
10 min. for the removal of solvent residues in an ordinary oven. Then, molds were
gradually heated up to 180-200 ° C and cured for 0.5 h. After curing, a dark-orange,

transparent, and flexible crosslinked films with a smooth surface was obtained.

3.3.7 Synthesis of vanillin di-benzoxazine (Va-DiBenz)

In a 500 ml round-bottom flask, 4-Hydroxy-3-methoxybenzaldehyde (vanillin) (30g,
0.197 mol ), 1,6 diaminohexane (11.457g, 0.0986 mol ) and paraformaldehyde (11.842
0, 0.394 mol ) were dissolved in 250 ml chloroform. The mixture was magnetically
stirred under reflux at 61 ° C for 24 h. The resulting product was extracted with 0.3 M
sodium hydroxide for five times (1000 mL). Then, to neutralize the solution,
chloroform solution was washed with distilled water (500 mL) for three times. The
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solution was dried with anhydrous Na>SO4 and filtered. Chloroform was evaporated
on rotary. Then the product was dried under vacuum at 40 °C for 24 h. (Yield: 36)

3.3.8 Synthesis of main-chain polybenzoxazine precursor (1,6-diaminohexane)

1,6-diaminohexane (20 mmol, 0.2324 g), sulfur (5 mmol, 0.160 g) were dissolved with
10 mL DMACc in round bottom flask under nitrogen gas 20 min. at room temperature.
Then vanillin benzoxazine (20 mmol, 0.937g) was dissolved with 7 mL DMAc and
then added into the mixture. The mixture was magnetically stirred under nitrogen gas
and reflux at 100 °C for 6h. After reflux, the flask was cooled to room temperature.
Then solution was poured into methanol dropwise, and kept in a refrigerator for 24 h.
The solvent was filtered on the crucible and the polymer washed with cold methanol.
The polymer was dried at ambient temperature in a vacuum chamber for 24 h to obtain
an orange colored polymer. After drying, the solid was dissolved in 20 ml DMF to
remove unreacted sulfur. Since, sulfur is not soluble in DMF, but obtained polymer
soluble in DMF.Then the solution was filtered, after that the polymer changed the color
to dark reddish solid.

3.3.9 Synthesis of main-chain polybenzoxazine precursor (jeffamine ED900)

Jeffamine ED-900 (2 mmol , 1.8g), sulfur (5 mmol, 0.160g) were dissolved with 10
mL DMACc in round-bottom flask under nitrogen gas 20 min. at room temperature.
Then vanillin benzoxazine (2 mmol, 0.937g), was dissolved with 7 mL DMAc and
then added into the mixture. The mixture was magnetically stirred under nitrogen gas
and reflux at 100 °C for 6 h. After reflux, the flask was cooled to room temperature.
Then solution was poured into methanol dropwise, and kept in a refrigerator for 24 h.
The solvent was filtered on the crucible and the polymer washed with cold methanol.
The polymer was dried at ambient temperature in a vacuum chamber for 24 h to obtain
an orange colored polymer. After drying, the solid was dissolved in 20 ml DMF to
remove unreacted sulfur. Since, sulfur is not soluble in DMF, but obtained polymer
soluble in DMF. Then the solution was filtered and orange product was obtained.
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4. RESULT AND DISCUSSION

Several polybenzoxazines containing amide linkages have already been synthesized
successfully. In these studies, different synthetic approaches were used ranging from
the use of amino functional benzoxazines to amide bearing phenols [2,4,67].
Alternatively, amide functional phenols were obtained by the ring opening of
dihydrocoumarines for the synthesis of benzoxazines [1]. On the other hand, thioamide
based benzoxazines has never been reported for this class of polybenzoxazines. As
well known, thiomamides have recently become a very important functional group in
organic synthesis and polymer chemistry. Especially, in recent years, the Willgerodt—
Kindler reaction has received high interest and many applications in synthetic polymer
chemistry. Because, this reaction utilizes elemental sulfur as a reagent and sulfur is
considered as waste product. Any process that converts sulfur into useful materials are

now considered as potential sustainable chemistry.

Elemental sulfur is the by product of coal and petroleum industry, and as stated can be
used efficiently in Willgerodt-Kindler reaction. In a worldwide, more than 60 million
tons of elemental sulfur are produced annually. Hence, to use sulfur in both organic
synthesis and polymer synthesis could be an important issue for environmental
purposes. Besides, sulfur is a cheap chemical and it can even be considered as waste
product. So advanced materials from sulfur would reduce the prices of polymeric

materials definitively.

Initially, our approach was to synthesize thioamide bearing main-chain
polybenzoxazines by the Willgerodt-Kindler reaction via one-pot method. For this
attempt, difunctional vanillin benzoxazine was synthesized by the reaction of 4-
hydroxy-3-methoxybenzaldehyde (vanillin), 1,6-diaminohexane, paraformaldehyde in
chloroform. The synthesis pathway of the benzoxazine (Va-DiBenz) is demonstrated

in Figure 4.1. The obtained benzoxazine was characterized by 'H-NMR, FT-IR,

In Figure A.1, the 'H-NMR spectrum of the Va-Dibenz clearly reveals the
characteristic proton signals of oxazine ring at 5.05 ppm (N-CH2-O) and at 4.06 (Ar-
CHz2-N). Moreover, the aldehyde functionality can be observed by the signal at 9.81
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ppm, which is typical for aldehyde protons. Besides, the proton signal related to -OCHj3
appears at 3.94 ppm. The detailed proton signal assignments for the Va-DiBenz is

visible in Figure A.1.
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Figure 4.1 : Synthesis of vanillin based dibenzoxazine (Va-DiBenz)

The structure of Va-DiBenz was further supported by FT-IR analysis. In Figure A.2,
the C-O-C oxazine mode is clearly visible at 930 cm™. As reported previously, this
band is characteristic for benzoxazines and can even be used to trace the ring opening
of oxazine ring. Moreover, the carbonyl C=0 stretching vibration is detectable as a
intense band at 1680 cm evidencing the preservation of aldehyde functionality during
the synthesis of Va-DiBenz. And typical aromatic C=C stretching vibrations can be
seen between 1485-1580 cm™. Additionally, the aldehyde C-H stretching vibration

band is clearly visible at ca. 2820 cm™.

Subsequently, Va-DiBenz was used to obtain thioamide group containing main-chain
polybenzoxazine. The one-pot synthesis of main-chain polybenzoxazine was tried
through the reaction of Va-DiBenz, 1,6-diaminohexane in presence of elemental sulfur
in dimethyl acetamide (DMAC) solvent and also the same procedure was applied by

changing the amine source with jeffamine ED-900 (Figure A.3).

However, the expected product could not be obtained in both attempts, due to
extensive ring-opening of benzoxazines. The elemental sulfur acts as a reagent for the
oxazine ring to trigger the ring opening of oxazine. The major reason of the
uncontrolled ring opening is possibly due to sulfur radical transfer and coupling
(SRTC) reaction (shown Figure A.4). Alternatively, this reaction can be coined as

inverse vulcanization of benzoxazines [51,68].

Depending on the reaction conditions, insoluble products were produced because of
the crosslinking reactions of benzoxazines and sulfur. However, we still could isolated
some soluble parts and according to *H-NMR analysis benzoxazine functionalities

almost completely lost as seen in Figure A.5.
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The gel permeation chromatography (GPC) analysis of the soluble part revealed that
only oligomers could be obtained (seen Table A.1). This means this methodology is
generating somehow oligomers or low molecular weight polymer but we could not

preserve the oxazine structure.

In order to overcome the problems associated with the one-pot Willgerodt-Kindler
reaction and high reactivity of sulfur against benzoxazine, we have synthesized
thioamide-containing phenolics as reagents to be used in benzoxazine synthesis. The
phenolics were synthesized according to catalytic Willgerodt-Kindler reaction to
increase the activity of sulfur in this reaction. 4-hydroxybenzaldehyde reacted with
aniline in presence of elemental sulfur under nitrogen gas at 120 °C in DMF and
additionally Na.S was used as catalyst. Other attempts without catalyst did not yield
enough thioamides. Moreover, we have also recognized that preventing the oxidation
by inert atmosphere has vast importance to limit the amount of side reactions. Under
the reported conditions the orange crystalline solid, mono-functional thioamide (4-
hydroxy-N-phenylbenzothioamide) was obtained (seen Figure 4.2(a) and Figure A.6).
Then, with the similar procedure, di-functional thioamide (4-hydroxy-N-(4-
hydroxyphenyl)benzothioamide)  synthesis  was achieved  from  4-
hydroxybenzaldehyde and 4-aminophenol and the reaction proceed in presence of
elemental sulfur at 120 ° C in DMF (seen Figure 4.2 (b) ).

(a) o) )
NH, .
Hoo+ + Sg (10% mol) Na,S , N, gas N
DMF, 120°C , 8h H
HO HO
b
(b) o OH
OH S
Ho | /©/ . s, (10%mol)NasS Ny gas
N
HO HoN DMF, 120°C , 8h N
HO

Figure 4.2 : Synthetic pathway of Willgerodt-Kindler reactions for phenolic
thioamides.

The spectral characterizations of two different thioamides were performed using *H-
NMR spectroscopy. As the results of *H-NMR spectroscopy, the characteristic peaks
of thioamides structures were seen in Figure A.7 and Figure A.8. The proton signals

related to amide -NH appear at 11.40 ppm and the phenolic -OH is detectable at 10.08
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ppm. Similar peaks can be observed for the di-functional thioamide as -NH at 11.20
ppm, -OH at 10.03 ppm and 9.50 ppm.

Furthermore, FT-IR spectra of these compounds show stretching vibration band of N—
H and O-H bands around 3300 cm?, C-O and C=S bands at 1170-1230 cm™?,
respectively (Figure A.9).

After the successful synthesis of phenolic thioamides, we used these compounds in
classical benzoxazine syntheses and monofunctional and difunctional benzoxazine

monomers-containing thioamide groups were obtained with a relatively good yields.

For the benzoxazines syntheses, we chose benzyl amine, furfuryl amine as amine
sources (Figure 4.3). We did not prefer to use aniline because in the case of the usage
of aniline the structure could be rigid and solubility problems could be encountered,
which eventually would limit the spectral characterization. The abbreviations for the
synthesized benzoxazine monomers are as follows: Benzylamine based benzoxazine
is Th-amd-MonoBz-Bn, furfurylamine based benzoxazine is Th-amd-MonoBz-Fr and

difunctional benzylamine based is Th-amd-DiBz-Bn.

L
100 °C, 24h N N
Toluene EtOH kO H

(2:1)
Th-amd-MonoBz-Bn

(b) s /@ CH,0
o _100°C, 24h
/©)J\H \_/ 2 Toluene-E1OR k
HO (2:1)
Th-amd-MonoBz-Fr

(c)
CH,0

NH, 100°C. 24h o °C, 24h /CQW\/Q

Th-amd-DiBz-Bn

Figure 4.3 : Synthesis of Th-amd-MonoBz-Bn (a), Th-amd-MonoBz-Fr (b), Th-
amd-DiBz-Bn (c).
All there benzoxazine monomer were characterized by using NMR and FTIR
spectroscopies. In Figure 4.4, the *H-NMR spectrum of Th-amd-MonoBz-Bn clearly
exhibit the characteristic oxazine ring proton signals as 4.94 ppm (for N-CH2-0), 3.97
ppm (for Ar-CH2-N) and 3.86 ppm (benzylic -CH2-N). Besdides these peaks the
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thioamide -NH is detectable at 11.47 ppm evidencing the preservation of thioamide
functionality after the benzoxazine synthesis. Similar NMR peaks can also be observed
for both Th-amd-MonoBz-Fr and Th-amd-DiBz-Bn. In Figure 4.5, the oxazine signals
appear at 4.91 ppm, 3.99 ppm and 3.85 ppm for N-CH2-O and Ar-CH2-N, benzylic -
CH2-N respectively, which the spectrum belongs to Th-amd-MonoBz-Fr. In addition,
the thioamide —NH is visible at 11.49 ppm. In Figure 4.6, two types of oxazine signals
appear at 4.94, 4.87 ppm for N-CH2-O and 3.96, 3.90 ppm for Ar-CH2-N, respectively.
Because, the Th-amd-DiBz-Bn is an asymmetric difunctional monomer and naturally
two different magnetic environment present over oxazine rings for this monomer. The
peak related to benzylic proton emerges at 3.86 ppm. Likewise, the characteristic peak
for thioamide —NH is visible at 11.28 ppm.
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Figure 4.4 : *H-NMR spectrum of Th-amd-MonoBz-Bn.

The overlaid FT-IR spectra of the resulting benzoxazines are presented in Figure 4.7.
In the IR spectra, the characteristic absorption bands of the benzoxazines ring emerg
at 920-940 cm™. These bands are related to both oxazine ring bending mode and out
of plane bending vibration of the benzene ring that is attached to the oxazine ring. The
aromatic C-H stretching vibrations are visible at ca. (3001-3118 cm™) and aromatic
C=C at ca. (1441-1600 cm™), CH, wagging at ca. (1360 cm™ ) N-H stretching
vibrations of thioamide group is visible at ca. (3300 cm™).

Accordingly, these results further support the successful syntheses of thioamide

containing benzoxazines.
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Figure 4.5 : *H-NMR spectrum of Th-amd-MonoBz-Fr.
2,2 '
3 , 3,3 -~ |4
NH,,
o
3' 51 48 42
” 4
©/ E | H o1 1 DMSO
2' M
| ! .
I I
12 10 8 6 4 2 0
ppm

Figure 4.6 : 'H-NMR spectrum Th-amd-DiBz-Bn.

Typically ring-opening polymerization temperature range of 1,3-benzoxazines state
between 180-260 °C based on the functionalities present on the benzoxazines.
Furthermore, these thioamide-containing benzoxazine monomers are thermally
curable. This thermal curing was traced by using DSC under nitrogen gas and using a

heating rate of 10 °C min™’. The exotherms related to the ring-opening polymerization

reactions are clearly visible in DSC analysis (Figure 4.8).
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Figure 4.7 : FT-IR spectra of benzoxazines Th-amd-MonoBz-Bn (a) Th-amd-
MonoBz-Fr (b), Th-amd-DiBz-Bn (c).
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Figure 4.8 : DSC thermogram of thioamide based benzoxazine monomers Th-amd-
MonoBz-Bn (a), Th-amd-MonoBz-Fr (b), Th-amd-DiBz-Bn (c).

The data collected from DSC are tabulated in Table 4.1. Th-amd-MonoBz-Bn displays
a curing exotherm that have an onset at 172°C and the curing maximum at 193 °C with
88.01 j/g exotherm enthalpy. The curing exotherm of Th-amd-MonoBz-Fr

benzoxazine has an onset at 165 °C and a maximum at 188 °C with 65.77 j/g exotherm
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enthalpy. The curing exotherm of Th-amd-DiBz-Bn show an onset at 186 °C and a

maximum at 204°C with 57.07 j/g exotherm enthalpy in Figure 4.8.

Table 4.1 : DSC characteristics of benzoxazines under N2 environment

Benzoxazine Curing Curing Curing Curing
Monomer on-set (°C) end-set (°C) maximum exotherm (J/g)
O
Thio-BnBz 172 238 193 -88.01
Thio-FurBz 165 220 188 -65.77
Thio-DiBnBz 180 241 204 -57.07

DSC analyses were performed under nitrogen stream (20 mL/min.) with a 10 °C/min. heating rate.

As seen in the DSC results three of these monomers have relatively low ring-opening
temperatures when compared to classical benzoxazines. Many classical benzoxazines
have curing temperatures more than 220 °C. The reason for such cure temperature
decrease can be explained by the labile C=S bond. In the literature, there are reports
that C=S bond can be broken under harsh conditions to generate —SH. As well known,
thiols can even trigger ring opening of oxazines at room temperature and even below.
Therefore, the possible in-situ generation of thiols over thioamides effectively
catalyzes the ring opening polymerization of these monomers. This effect was also
tested by designing a DSC experiment. In this experiment, the thioamide based
benzoxazine was used as catalyst for the classical monofunctional benzoxazine and it
was demonstrated that the maximum curing temperature of monofunctional

benzoxazine dropped down by 28 °C (as seen Figure 4.9).
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Figure 4.9 : DSC thermogram of mixture of Th-amd-MonoBz-Bn and
monofunctional classic benzoxazine monomer.
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Although the thiol formation proposal requires further support, at this stage the
explanation of cure temperature is accordance with many papers related to catalytic

polymerization of benzoxazines [69-72].

The thermostability of cured benzoxazine specimens were measured with the
thermogravimetric analysis (TGA) under N2 flow (20 mL/min.). TGA analysis and the
important points of thermal properties are presented in Figure 4.10 and Table 4.2
correspondingly. All the obtained benzoxazines are comparable with classical mono
and difunctional benzoxazines. Generally monofunctional benzoxazines have char

yield around 30-40 % difunctional have char yield around 50 %.

The thermal behavior differences between these monomers can explained by
attributing their structures. There is a vast thermal stability divergence when Th-amd-
MonoBz-Bn and Th-amd-MonoBz-Fr are compared. The major reason is related to the
furan functionality. As reported in the literature, during the curing of benzoxazines
furan groups also participate these curing reactions and generate extra crosslinking. A
monofunctional but furan containing benzoxazine can even act, as a difunctional
benzoxazine. In the related TGA thermogram (Figure 4.10) similar phenomenon is
observed and the thermal stability of Th-amd-MonoBz-Fr is close to Th-amd-DiBz-
Bn.

(a):Th-amd-DiBz-Bn

(b): Th-amd-MonoBz-Fr
(c):Th-amd-MonoBz-Bn
(d):Poly(Thioamide-Benz-PPEQ)
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Figure 4.10 : TGA traces of cured Th-amd-DiBz-Bn (a),Th-amd-MonoBz-Fr (b),
Th-amd-MonoBz-Bn (c), Poly(Thioamide-Benz-PPEO) (d).
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Figure 4.11 : Derivative TGA of cured Th-amd-DiBz-Bn (a), Th-amd-MonoBz-Fr
(b), Th-amd-MonoBz-Bn (c), Poly(Thioamide-Benz-PPEQ) (d).

Table 4.2 : Thermal properties of the cured benzoxazines Th-amd-DiBz-Bn (a), Th-
amd-MonoBz-Fr (b), Th-amd-MonoBz-Bn (c), Poly(Thioamide-Benz-PPEO) (d).

T5% TlO% Tmax Tc

Sample o o o
P (°C) (°C) (°C) (%)
Thio-DiBnBz 236 259 265 43
Thio-FurBz 208 225 225 41
Thio-BnBz 212 228 247 27
Poly(Thioamide- 290 343 395 23

Benz-PPEQ)
Tsw : The temperature for which the weight loss is 5% .

T1ow% : The temperature for which the weight loss is 10% .
Tc : The char yield at 800 °C under nitrogen atmosphere.

Tmax : The temperature for maximum weight loss extracted from derivative TGA graph in the Figure
4.11.

The synthesis of main-chain polybenzoxazines can be performed via Mannich reaction
through diphenol and diamines. The condensation reaction eventually yields oligo or
polybenzoxazine precursor ready to cure. These polymeric benzoxazines have high
film forming ability and processability unlike monomeric benzoxazines. Therefore, we
used diphenolic thioamide as a reagent to obtain main-chain thioamide containing
polybenzoxazines. Besides thioamide 1,6-diaminohexane and jeffamineED900 were
selected as diamine reagents for the synthesis. As known, these type of Mannich

polymerization could generate too much triazine during the synthesis that lead to
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gelation. Therefore, controlling the reaction condition is crucial for this type of
polymerization. It was found that toluene:ethanol mixture in 2:1 (v/v) reduce the
triazine formation drastically. Hence, we selected this solvent couple in our synthesis.

The overall process is given in Figure 4.12.

S OH CHs CH,
0 0
N/©/ + H2N<)\/ %/\OK\( t)\NHQ + CH,0
H * Y CH,
HO
100 C°, 24h | Toluen-EtOH
(2:1, viv)
0
Ne oW SN,
N
¥ \ Ao~ g oA
k H X y z H/n
o CHs

Poly(Thioamide-Benz-PPEO)

Figure 4.12 : Synthesis of thioamide containing main-chain Poly(Thioamide-Benz-
PPEO) .

Two different main-chain polybenzoxazines were obtained. However, the solubility of
the polymer synthesized from 1,6-diaminohexane was limited and due to uncontrolled
gelation the characterization of this polymer is omitted. On the other hand, the
polymers obtained from jeffamine ED-900 were soluble and spectral characterization
could be performed. Accordingly, the H-NMR spectrum of the Poly(Thioamide-
Benz-PPEO) is digitized as Figure 4.13. The characteristic peaks related to oxazine
ring is clearly detectable at 4.97 and 4.90 ppm for N-CH2-O and 4.08 and 4.01 for Ar-
CH2-N. Notably, in the main-chain structure two different types of benzoxazine occurs
during the synthesis due to the asymmetry of the used thioamide. Moreover, the
preservation of thioamide structure can be supported by the peak belongs to thioamide
—NH proton at 11.25 ppm.

Similarly, the structure can be further supported by FT-IR in Figure 4.14. The typical
C-O-C oxazine bending is detected at 940 cm™. The band stemming from C-O
stretching vibration of ether bonds is evidencing the incorporation of jeffamine in the
polymer. Apart from these two major bands, the thioamide —NH stretching vibration
band can be observed at ca. 3300 cm™.
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Figure 4.13 : 'H-NMR spectrum of main-chain Poly(Thioamide-Benz-PPEOQ)
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Figure 4.14 : FT-IR spectrum of main-chain Poly(Thioamide-Benz-PPEO).

Besides spectral characterization of the polymeric precursor, a GPC analysis was also
performed in order to quantify the molecular weight of the polymer. Accordingly, the
GPC analysis revealed that the My is 2299 Da and My is 5218 Da.(Table 4.3). Here,
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it should be noted that the jeffamine ED-900 has a molecular weight of ca. 900 Da,
however according the GPC used for this study the molecular weight is found as ca.
600 Da. Therefore, it can be concluded that the molecular weight of Poly(Thioamide-
Benz-PPEO) is probably much larger than 2299 Da.

Table 4.3 : Molecular weight of Poly(Thioamide-Benz-PPEO).
Mhn Mw Mw/Mn
2299 5218 2.27

Polymer
precursor

As stated, the main-chain polybenzoxazines has high film abilities according to the
previous studies. Thus, we also prepared films of Poly(Thioamide-Benz-PPEO) by
using solvent casting method. A concentrated solution (a fluid like honey) of the
precursor was poured into Teflon molds. After evaporating the solvent at room
temperature, the remaining solvent residues were removed under vacuum. Then, the
films were cured in an ordinary oven with a stepwise curing procedure. Flexible

thermosetting films were easily removed from the molds (Figure 4.15).

- & K-

Figure 4.15 : The visual images of cured Poly(Thioamide-Benz-PPEQ).

The presence of the oxazine ring can also be supported by DSC analysis since
benzoxazine are curable and exhibit an exotherm during ring opening. Hence, a DSC
analysis (Figure 4.16) of Poly(Thioamide-Benz-PPEO) was performed and a clear
exotherm is detected as a broad band starting from ca. 175 °C with a maximum at
211°C. As stated previously, the thioamide functionality has a sort of catalytic effect

on curing of benzoxazines and this effect is again visible for the main-chain polymer.
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Figure 4.16 : DSC thermogram of Poly(Thioamide-Benz-PPEO).

Table 4.4 : DSC characteristic of Poly(Thioamide-Benz-PPEO).

Curing Curing Curing Curing
on-set (°C)  end-set (°C) maximum exotherm (J/g)
O
Polybenzoxazine 178 239 211 -74.40

DSC analyses were performed under nitrogen stream (20 mL/min.) with a 10 °C/min. heating rate.

Apart from DSC analysis, to provide a better thermal behavior profile for the
Poly(Thioamide-Benz-PPEO) a TGA analysis was also performed. Accordingly, the
cured polymer exhibited better thermal stability compared to monomeric thioamide
benzoxazines especially in terms of initial degradation and maximum weight loss
temperatures (Figure 4.10). This behavior is due to the presence of jeffamine moiety
and reported previously in other studies. It is known that the incorporation of
jeffamines in benzoxazine structure ameliorates the initial degradation temperatures
but does not increase the char yield. Conversely, in general, jeffamines cause reduction
in char yield for many benzoxazine samples. Our results are in accordance with the
previous studies [1,73-75]. The results of TGA and derivative TGA (Figure 11) is
tabulated in Table 4.2.
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5. CONCLUSION

In this thesis, the first example of thioamide based benzoxazines by combining
Willgerodt-Kindler reaction with benzoxazine chemistry is achieved. Interestingly, the
thioamide group behaves as a self-catalytic system to reduce the ring opening
polymerization of benzoxazines. It is anticipated that this catalaytic behavior stems
from the cleavage of n-bond of thiocarbonyl group thus generating thiols. It is well
known that thiols are considered as effective catalysts for benzoxazine curing.
Moreover, in this thesis, we managed to use elemental sulfur in the syntheses. By this
way, the sulfur as a waste product of petroleum industry and coal industry has found
another application. In this study, three different types of novel thioamide containing
benzoxazines were synthesized and characterized. The thermal characterization of
their cured product also revealed that thermal stabilities of the polybenzoxazines
derived from these monomers are comparable with classical polybenzoxazines from
mono- and di-functional benzoxazines. Besides monomeric benzoxazines, main chain
polybenzoxazines bearing thioamide moieties were also obtained by using classical
Mannich type polyconsensation. The polybenzoxazine precursors exhibited excellent
film properties. Cured films of these main chain polybenzoxazines are highly flexible
and self-standing. The advantage of this strategy is the simplicity of the process and
use of low cost of the chemicals. Consequently, a novel type of polybenzoxazines is
now reported with this thesis. The studies detailed in this thesis could open new routes
and inspire strategies for the development of polybenzoxazine with further beneficial

properties.
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APPENDIX A
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Figure A.1 : *H-NMR spectrum of vanillin di-benzoxazine monomer (Va-DiBenz).
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Figure A.2 : FT-IR spectrum of vanillin di-benzoxazine monomer (Va-DiBenz).
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give polysulfide-co-benzoxazines.
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Figure A.6 : The image of the product mono-functional thioamide.
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Figure A.8 : *H-NMR spectrum of di-functional thioamide.

54



Transmittance (a.u.)

i 5@
OH

¥ I ' I b I : | i 1 3 |
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure A.9 : FT-IR spectra of thioamides.

Table A.1 : Molecular weight of expected product.

Mn MW Mn/MW

Soluble precursor 1284 2521 1.963

Determined by GPC according to polystyrene standards.
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