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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF METAL FUNCTIONAL
POLYBENZOXAZINES

Orhan Lekesiz, Tugba
Ph.D., Department of Chemistry
Supervisor: Prof. Dr. Jale Hacaloglu
Co-Supervisor: Prof. Dr. H. Ceyhan Kayran
September 2014, 185 pages

Polybenzoxazines possessing excellent mechanical and physical properties has been
developed to overcome the shortcomings associated with the use of traditional
phenolics. Various approaches for performance improvement of polybenzoxazine
were examined. These approaches include alloying with other high performance
polymers, hybridization with inorganics, and designing of novel monomers as well as

high molecular weight polymeric precursors.

In the first part of this work, benzoxazines based on phenol and aniline or aniline
derivatives namely aminopyridine, aminobenzonitrile and nitroaniline are synthesized
and polymerized by curing the monomers systematically. In the second part of the
work metal or metal ions are incorporated to benzoxazine monomers based on
aminopyridine, aminobenzonitrile and nitroaniline. The structural and thermal
characteristics of the polybenzoxazines and metal or metal ion functional
polybenzoxazines are analyzed via FTIR, NMR, DSC, TGA and DP-MS techniques.
The effects of curing program used and incorporation of metal and/or metal ion on

structural and thermal characteristics of the polybenzoxazines are investigated.

In general, the benzoxazines based on aniline or aniline derivatives are polymerized
via ring opening of oxazine ring followed by attack of NCH> groups to mainly para
positions of phenol and aniline ring. The char yield and presence of chains that can

only decompose at elevated temperatures mainly depend on extent of crosslinking and



unsaturated linkages. Coordination of metal and/or metal ion to pyridine in case of
aminopyridine based benzoxazine, to CN groups in case of aminobenzonitrile and
finally to NO> groups in case of nitroaniline cause drastic changes in structural and
thermal characteristics of the polybenzoxazines produced. The coordination of metal
or metal ion to the aromatic ring of the benzoxazine monomer promotes the evolution
of'amine or substituted amine groups which in turn causes an increase in the formation

of unsaturated linkages but a decrease in the extent of crosslinking.

Keywords: polybenzoxazine, thermal characterization, DP-MS, metal coordination
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METAL FONKSIiYONLU POLIBENZOKSAZINLERIN SENTEZI VE
KARAKTERIZASYONU

Orhan Lekesiz, Tugba
Doktora, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Jale Hacaloglu
Ortak Tez Yoneticisi: Prof. Dr. H. Ceyhan Kayran
Eyliil 2014, 185 sayfa

Polybenzoksazinler  geleneksel fenoliklerin  eksikliklerini  kapatmak i¢in
gelistirilmistir. Polibenzoksazinlerin performansini artirmak i¢in bir ¢ok uygulama
denenmistir. Yiiksek performansli polimerlerle alasimlama, anorganik maddelerle
hibrit olusumu ya da yiiksek molekiiler agirlikli polimer baslaticilarin yaninda yeni

monomer dizayni kullanilan yontemlerden birkacidir.

Bu calismanin birinci kisminda fenol ve anilin yada anilin tiirevleri olarak
aminopiridin, aminobenzonitril ve nitroanilin esasl benzoksazinler sentezlenmis ve
sistematik kiirleme programi kullanilarak polimerlestirilmistir. Calismanin ikinci
kisminda metal ve/veya metal iyonlarinin aminopiridin, aminobenzonitril ve
nitroaniline esasli benzoksazin monomerlere inkorporasyonu gerceklestirilmistir.
Polibenzoksazinlerin yapisal ve 1s1l karakteristikleri FTIR, NMR, DSC, TGA ve DP-
MS teknikleri kullanilarak analiz edilmistir. Kiirleme programi ve metal ve/veya
metal iyon inkorporasyonunun polibenzoksazinlerin yapisal ve 1s1l karakteristiklerine

etkisi aragtirilmistir.

Genelde, anilin ve anilin tlirevleri esasli benzoksazinler oksazin halkasinin agilmasini
takiben NCH> grubunun fenol ve anilin halkasina saldiris1 ile polimerlesmektedir.

Komiir verimi ve sadece yiiksek sicakliklarda bozunan zincirlerin olusumu ¢apraz

vil



baglanma derecesi ve doymamis polimer zincirlerine baghdir. Aminopiridin esasl
benzoksazinlerde piridin halkasina, aminobenzonitril esasli benzoksazinlerde nitril
grubuna ve son olarak nitroanilin esaslt benzoksazinlerde nitro grubuna metal ve/veya
metal iyon koordinasyonu polibenzoksazinlerin yapisal ve 1s1l karakterisklirinde
siddetli degisikliklere sebep olmustur. Metal ve/veya metal iyonunun benzoksazin
monomerinin aromatik halkasina koordinasyonu amin ve amin substitiitif gruplarinin

evoliisyonununda artisa fakat ¢capraz baglanma derecesinde azalmaya sebep olmustur.

Anahtar kelimeler: polibenzoksazin, 1s1l karakterizasyon, DP-MS, metal koordinasyonu
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CHAPTER 1

INTRODUCTION

Traditional phenolic resins are widely used in electronics, aerospace and other
industries due to their good heat resistance, low flammability, electrical insulation and
dimensional stability. Among these attractive properties, they have a number of
shortcomings such as brittleness, necessity of use of acid or base catalysts and
generation of by-products during curing causing some environmental problems.
Polybenzoxazines are a class of thermosetting phenolic resins that are connected by a
Mannich bridge (-CH2-N(R)-CH:-) instead of methylene (-CH>-) bridge associated
with the traditional phenolics. Polybenzoxazines have been developed to overcome
the shortcomings of traditional phenolic resins such as releasing condensation by-
products and using acid or base catalysts for polymerization. The polybenzoxazine
monomer can easily be obtained from the reaction of a phenol, an amine and
formaldehyde or paraformaldehyde and variations of the raw materials provide wide
molecular design flexibility. Polymerization is achieved simply curing the monomer
and proceeds through ring opening of the cyclic monomer. They provide additional
characteristics that are not found in traditional phenolics such as; excellent
dimensional stability, low water absorption and stable dielectric properties.
Nevertheless, polybenzoxazines are also brittle as all thermosets and are cured at
relatively high temperature for the ring-opening polymerization. Various approaches
for performance improvement of polybenzoxazine were examined. These approaches
include alloying with other high performance polymers, hybridization with
inorganics, and designing of novel monomers as well as high molecular weight
polymeric precursors. By these approaches, lowering of the cure temperature,
improvement of toughness, and enhancement of thermal and mechanical properties
were achieved. Incorporation of metal/metal ion into polymers is also used to

improve the thermal stability of polymers.



1.1. Benzoxazine Chemistry in Solution and Melt

Benzoxazine is a molecule involving an oxazine ring (a heterocyclic six-membered
ring with oxygen and nitrogen atom). Benzoxazine monomers are usually prepared
through the Mannich reaction between a phenol (RCsH4OH), an amine (RNH2) and

formaldehyde or paraformaldehyde either in solution or melt state.

Synthesis of benzoxazine in solution system has some disadvantages such as slow
reaction rate, large amount of solvent required and poor solubility of the precursors.
The use of organic solvent increases the cost and causes environmental problems and
solvent residue leads to problems during processing. Hopefully, Ishida [1] proposed

the solventless synthesis in the melt state to overcome these disadvantages.

The choice of the phenol and amine partners permits the design of monomers
exhibiting flexibility and tailoring of the polymer properties. The quantity of
oligomers mainly depends on the basicity of the oxygen and nitrogen atoms on the
oxazine ring, which influences the possibility of ring opening and, thus, the formation
of oligomers[2,3]. Several studies were focused on the choice of phenols, amines and

reactive functional groups to improve thermal stability and char yield [4-10].

1.1.1. Monofunctional benzoxazine monomers

In 1944, Holly and Cope synthesized the first aromatic oxazine in a solution as a two-
step synthesis as shown in Fig. 1.1[11]. In 1950s, Burke found that condensation
reaction of phenol with formaldehyde and methylamine in a mole ratio of 1:2:1
resulted in high yield and more rapid polymerization. This study also reported that
phenolic compound reacts prudentially with the free ortho and para-positions of the

phenolic compound.
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Figure 1.1 The synthetic method of benzoxazines adopted by Holy and Cope.

A series of monofunctional benzoxazine resins were developed as shown in Fig. 1.2
by using unsubstituted phenol, formaldehyde and primary aromatic amines as starting
materials and polymerization behavior of these resins were also studied[12]. The
objective of this study was to develop monofunctional benzoxazine resins that were
liquid at room temperature. The low viscosity benzoxazines can potentially be
developed into high-performance polybenzoxazines that were of interest for some
applications and the polymerization of liquid benzoxazines can possibly be faster than
their solid counterparts. It was reported that the aliphatic amine-based benzoxazines
showed lower viscosities than the aromatic amine-based counterparts and in the
aliphatic or aromatic category; the viscosity of the benzoxazine monomer was

increased with the increase in the size of the amine moiety.

QOH +  2(CH,0) + H,N-R

|
)

Figure 1.2 Monomer synthesis based on various amines.



It has been showed that the reaction site of the ring opening polymerization in
monofunctional aromatic amine-based benzoxazines is the ortho position to the
hydroxyl group. High temperature and/or long cure times are needed for the reaction
at meta position of the aromatic ring. The regioselectivity of various arylamines
reacted with formaldehyde and various secondary aliphatic amines are also studied
The Mannich reaction took place at the para position when N,N-dimethyl aniline was
used . It has been determined that when there is a labile hydrogen on the nitrogen,
reaction at the nitrogen is preferred under weakly acidic conditions while the reaction

at para position dominates under strongly acidic conditions.

The effect of addition of a weakly activating group on the regioselectivity was
examined for various secondary and tertiary toluidines. The aminoalkylation at the
ring position took place under much less acidic conditions when the ring was activated
through electrophilic aromatic substitution by the presence of additional methyl

substituent.

The regioselectivity of Mannich reaction was studied for various benzoxazines having
both phenolic and arylamine ring sites available. For this purpose, different types of
alkylated phenols and aryl amines were selected as shown in Fig. 1.3. The results
showed that electron-donating alkyl substituent groups at one or both meta positions

on the arylamine ring facilitate ring opening/degradation at lower temperatures.

We
3

24DMP-a 4TBUPH-a

o N

Figure 1.3 Nomenclature of benzoxazine compounds



1.1.2. Difunctional and multifunctional benzoxazine monomers

Despite their high performance, the crosslinking densities of benzoxazine-based
resins are lower than those of traditional thermosetting resins[13]. Studies showed
that introducing bifunctional or multifunctional benzoxazine precursors can increase
the crosslinked network structures. This approach also eliminated the release of
condensation of by-products and prevented the use of toxic phenols [1]. Additionally,
curing of monofunctinal benzoxazine monomers yielded only oligomeric phenolic
structures with average molecular weight around 1000 Da. Thus, high molecular
weight linear structures cannot be obtained as the thermo-dissociation of the monomer
competed with the chain propagation reaction. In 1994, Ning and Ishida reported the
first study on bisphenol-A based polybenzoxazines and concluded that benzoxazine
ring structures were obtained at both ends of bisphenol-A producing crosslinked

structures upon curing [14].

The polyfunctionality required to form an infinite network structure upon
polymerization may be achieved by using a multifunctional phenolic resin with a
monoamine or with a multifunctional amine with a mono-phenol. Rigid bisphenol
backbone upon which polymerization took place results in a brittle nature that limits
the potential applications. A series of linear aliphatic diamine-based benzoxazines
was developed to improve the inherent flexibility as shown in Fig. 1.4. Investigation
of the kinetics of polymerization by infrared spectroscopy revealed that the
polymerization rate increases with decrease in aliphatic diamine chain length. The
aliphatic-diamine based polybenzoxazines have high glass transition temperatures.
Melting points of these benzoxazines increase as a function of diamine chain length

[15].
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Figure 1.4 Structures of linear aliphatic diamine-based benzoxazine monomers.

It was determined that the polymerization rate of a series of aliphatic diamine-based
benzoxazines with different phenolic substitution, decreased with the phenol
substitution. The highest rate was recorded for unsubstituted benzoxazines, followed

by para substitution and slowest for ortho substitution [16].

1.1.3. Reactive functional benzoxazine monomers

The amine substituent in the benzoxazine monomer exists as a dangling group and
this dangling group is easily evaporated upon thermal cleavage and decrease the
thermal stability of polybenzoxazines[17]. Further improvement of thermal properties
of polybenzoxazines can be achieved by using reactive functional groups in the
monomer synthesis which polymerizes into three dimensional void-free networks
with increased cross-linked density and high solvent resistance and moisture
resistance [ 18]. The char yield can also be improved if the evaporation of these groups

is delayed.



1.1.3.1. Allyl functional benzoxazine monomers

Allyl group is an effective crosslinkable site for benzoxazines. The allyl-containing
monomers from monofunctional (P-ala) and bifunctional phenol (B-ala) were
prepared. (Fig. 1.5). Two separate exotherms were present in the DSC thermogram of
P-ala corresponding to the polymerization of allyl group and ring opening
polymerization of benzoxazine monomer[19]. The thermosets obtained exhibited
higher thermal stability and mechanical property with constant storage moduli up to

high temperatures.

O

NH2 P-ala
A+ hewo /=

N
e San
|—|o OH \/N

B-ala

Figure 1.5 Preparation of P-ala and B-ala

1.1.3.2. Acetylene functional monomers

Acetylene functional benzoxazine monomers were synthesized from 3-
aminophenylacetylene and various phenolic derivatives such as bisphenol-A, 2,2°-
biphenol, hydroquinone and 4,4’-dihydroxybenzophenone (Fig. 1.6). The effect of
reactive amine groups on the degradation of different types of phenolic
polybenzoxazines was investigated. It was found that the type of the phenolic
compound had no effect on the thermal stability, as the char yield of the

polybenzoxazines with different phenolic moieties were almost identical.



Additionally, the initial thermal degradation of polybenzoxazines was improved

significantly when compared with nonreactive amine-based polybenzoxazines[17].
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Figure 1.6 Structures of 3-Aminophenylacetylene-based benzoxazine monomers

1.1.3.3. Propargyl functional monomers

The propargyl group was also used to improve thermal and mechanical properties of
polybenzoxazines as it is a possible crosslink site for benzoxazine [20].
Polybenzoxazines were obtained from novel monomers such as propargyl ether-based
monofunctional (P-appe) and bifunctional benzoxazine (B-appe) as shown in Fig. 1.7.
In addition to improvement of thermal properties such as higher Tg, higher 5% and
10% weight loss temperature and high char yield, storage modulus was also

maintained constant up to 300 C.
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Figure 1.7 Preparation of P-appe and B-appe

1.1.3.4. Nitrile functional monomers

Phenylnitrile and phththalonitrile functional polybenzoxazines are another type of
reactive benzoxazine monomers developed for higher thermal stability. Two types of
phenylnitrile functional benzoxazines were synthesized by using aniline ad 4,4’-
diamino diphenylether and 4-cyanophenol as shown in Fig. 1.8. FTIR and DSC
results revealed that the cure temperatures of phenylnitrile benzoxazines were lower
and the polybenzoxazines derived from phenylnitrile functional monomers had higher

Tg, higher thermal stability and better mechanical properties[18].
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Figure 1.8 Preparation of phenylnitrile benzoxazines

In general, processibility of phenylnitrile-functional benzoxazines are easy due to
their low melt viscosity, but their thermal stability need to be enhanced. Brunovska
and Ishida [5], studied the copolymers of phenylnitrile and phthalonitrile functional
polybenzoxazines to combine the high thermal stability of phthalonitrile and easy
processibility of phenylnitrile groups (Fig.1.9). The copolymers prepared by using
various mole percentages exhibited the best performance among phenylnitrile

functional polybenzoxazines with high Tg, low melt viscosity and high char yield.
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Figure 1.9 Synthesized benzoxazine monomers

1.1.3.5. Methylol functional monomers

Traditional phenolic resins exhibit an additional condensation reaction and methylol
functional benzoxazines can be considered as the combination of traditional phenolics
and benzoxazines which may provide higher crosslinking density. The methylol
functional benzoxazine prevents the condensation byproducts and void formation.
Methylol-functional phenols and aromatic amines including methylenedianiline
(4,4’ -diaminodiphenylmethane) and oxydianiline (4,4’-diaminodiphenyl ether) were
used to synthesize the benzoxazine monomers and the effect of position of metylene

group was also studied.
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In oxydianiline (ODA) series, the ring-opening temperature was lower for para
position, whereas meta position had the lower temperature in
methylenedianiline(DDM). Furthermore, the polybenzoxazines with higher thermal
properties were developed as a consequence of the higher degree of crosslinking by

the presence of the methylol functional group[21].

1.1.3.6. Maleimide and norbornene functional monomers

Imide functionality was also used for the synthesis of benzoxazines to improve
thermal properties. Monofunctional polybenzoxazines with maleimide and
norbornene functionality exhibited a high char yield and Tg without increasing the

viscosity of the monomer[22].
0
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Figure 1.10 Synthesis of MIB and NOB benzoxazine monomers

Nitrile functionality was also added to the maleimide functional benzoxazine
monomers to achieve a higher thermal stability and good processibility. For this
purpose, a maleimide and 2-aminobenzonitrile (Mlan) based benzoxazine was
prepared and the crosslinking density of polymer was increased as the maleimide and

nitrile groups were also polymerized. The resulting polybenzoxazine provided good

12



processibility with an increased shear viscosity in addition to excellent mechanical

and thermal properties [23].

0
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Figure 1.11 Structure of maleimide and 2-aminobenzobitrile functionalized benzoxazine

1.2. Polybenzoxazine Composites, Hybrid materials and Nanocomposites

1.2.1. Polybenzoxazine/Fiber Composites

Carbon Fiber (CF)-reinforced phenolic composites provide excellent mechanical
property, ablation resistance, good flame retardancy and low smoke generation. Fiber
diameter, fiber length, volume fraction of fibers and orientation of fibers are main
variables that affect the properties of the fibrous composites. The effect of variation
of fiber length was studied and results showed that flexural strength increased with
increasing fiber length and optimized at about 17 mm fiber length as the fiber length
is directly proportional to the contact area of a given fiber with the matrix[24]. The
result of this study revealed that composites of PBz with good strength, ductility and
modulus could be successfully developed using CFs of appropriate length and

composition.
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1.2.2. Polybenzoxazine/Clay Nanocomposites

Polymer-clay nanocomposite, prepared through the dispersion of clay as layered
silicates at nanometer scale in polymer matrix, is a new class of composite material.
Montmorillonite, MMT, has a hydrophilic character and surface modification is
required to increase the diffusion of a nonpolar monomer or polymer into clay
galleries and to achieve nano-size dispersion of clay into a polymer matrix. Three
types of nanocomposites can be prepared depending on the interaction between the

clay and the polymer such as immiscible, intercalated or exfoliated.

Due to the nanoscale dispersion in the polymer matrix, a small amount of well-
dispersed clay layers can improve the mechanical and thermal properties of the
polymer. Solution mixing and melt blending are two common methods to prepare

polymer-clay nanocomposites.

Agag et al. reported the first polybenzoxazine-MMT nanocomposites by melt
blending method for bisphenol A/aniline type benzoxazine monomer (BA-a)[25]. The
exothermic polymerization peak was shifted to lower temperatures for various types
of organically modified montmorillonites, OMMT’s, indicating the catalyst effect on

ring-opening polymerization.

1.2.3. Polybenzoxazine/CNT Nanocomposites

Carbon nanotubes (CNTs) have attracted great attention for the preparation of high
performance materials through formation of polymer-CNT nanocomposites.
However, the preparation of polybenzoxazine/CNT composites is limited due to the
poor dispersion of CNTs in polybenzoxazine matrix. The key point for the high
performance PBz/CNT nanocomposites is to enhance the dispersion and control the
de-aggregation of CNTs in the matrix. Therefore, the most effective approach to
overcome the dispersion problem is the functionalization of CNTs with benzoxazine

moieties. Wang et. al. studied for the first time preparation of Bz-functionalized multi-
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walled CNTs (MWCNTs) nanohybrids and their applications in generation of high
performance PBz/CNT nanocomposites. Benzoxazine functionalized MWCNTs have
multiple Bz groups that can copolymerize with benzoxazine monomer and effectively
enhance the adhesion between PBz matrix and MWCNTs and the dispersion in the
polymer matrix. The polybenzoxazine/CNT nanocomposites showed a great electrical
conductivity and provide the opportunity to improve electrical and mechanical

property of polybenzoxazines[26].

1.2.4. Polybenzoxazine/POSS Nanocomposites

Polyhedral oligomeric silsesquioxane, POSS, is an inorganic core and up to eight
functional groups can be added that are polimerizable and crosslinkable. Even
distributions of these inorganic POSS particles in the polymer matrix at nanometer
scale provide a significant improvement in thermal and mechanical properties of the
polymers[27-32]. Inorganic POSS particles offer the advantages such as
monodispersity, low density, stability at high temperatures, lack of trace metal and
interfacial interaction between composite and polymer segments. The POSS can be

introduced into the matrix with polimerizable groups.

Incorporation of monofunctional benzoxazine-substituted POSS (MBz-POSS) into
polybenzoxazine matrix by ring-opening polymerization improved the thermal
properties relative to those of neat polybenzoxazine[33]. Later, eight benzoxazine
groups were introduced into the POSS and multifunctional POSS was copolymerized
with other benzoxazine monomers based on phenol and bisphenol-A. The dispersion
at a nanometer scale was obtained for low POSS content and higher MBz-POSS
content improved the glass transition temperature and thermal decomposition

temperatures[34].
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1.2.5. Polybenzoxazine/Magnetic Nanocomposites

Magnetic nanocomposites have attracted great interest due to their potential use in
electronic devices, magnetic data storage, biotechnology/biomedicine, rechargeable
batteries, etc. [35] Magnetite (Fe3O4) nanoparticles can be well dispersed into the
polymer matrix by using functional groups such as carboxylic acids, phosphates and

sulfates that can bind to the surface of nanomagnetite.

Kiskan et. al. reported the synthesis of carboxylic acid functional benzoxazine that
can be easily coated on the magnetite and polybenzoxazine-nanomagnetite

nanocomposites were successfully prepared[23]

NH, o

COOH

COOH

Figure 1.14 Synthesis of benzoxazine-benzoic acid (Pa-t)

The nanocomposites maintained their magnetic character after curing and the thermal
stability of polybenzoxazine-magnetite nanocomposites increased with increasing

nanomagnetite content.

1.2.6. Polybenzoxazine/Metal or Metal oxide Hybrid system

Low and co-workers[36] studied the effects of metal salts on the thermal stability of
polybenzoxazines. It is shown that the transition metal salts initiate the ring opening
but do not catalyze the polymerization of benzoxazines. Furthermore, metal salts were
found to promote the formation of carbonyl groups during the polymerization of

benzoxazines. It is proposed that the flammability of polybenzoxazines is reduced by
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the presence of metal salts as a higher concentration of CO> is observed upon thermal
degradation. It is also shown that the mechanism of degradation is not significantly

affected by the presence of metals, except that the rate of weight loss is lower.

Moreover, Chirachanchai et.al focuses on an investigation of ortho-substituted group
in phenol wunit belonging to HBA in macrocyclization. N,N-bis(2-
hydroxyalkylbenzyl)alkylamine (HBA) is a derivative obtained from a single time
ring opening of benzoxazines. A series of HBA were chosen with and without methyl
group at ortho position and the inclusion phenomena of these macrocycles with alkali
ions.as representative compounds. The results showed that all macrocycles derived

from HBA showed the inclusion phenomena with alkali ions[37].

1.3. Polymerization Mechanisms

The basic method of obtaining polybenzoxazines is to polymerize the monomers at
elevated temperatures without catalysts. However, studies on catalyst-assisted
benzoxazine curing showed that the curing time can be reduced and polymerization

rate can be increased by adding addition of a catalyst.

The benzoxazine ring is a six-membered heterocyclic ring consisting N and O on the
oxazine ring. The ring strain due to this molecular conformation makes this molecule
undergo ring-opening polymerization under certain conditions via a cationic
mechanism. Possible polymerization initiation site in benzoxazine molecule can be N
or O due to their high basicity by Lewis definition. It has been proposed that oxygen
on the oxazine ring will act as the initiation site due to its high negative charge
distribution. When the polymerization starts from oxygen site, upon attack of a
cationic initiator, a cyclic tertiary oxonium ion is formed which further react with
additional monomers to yield a Mannich base phenoxy-type (Type I)

polybenzoxazine structure [38].
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Scheme 1.1 Polymerization mechanism A

An alternative polymerization route is similar to this mechanism but the initiation and
propagation site is nitrogen which can also lead to the formation of a Mannich base

phenoxy-type (Type I) polybenzoxazine structure.

Scheme 1.2 Alternative of polymerization mechanism A
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In addition to electron-rich oxygen and nitrogen, the benzene ring in the benzoxazine
molecule has high reactivity toward thermal polymerization with or without catalyst.
Therefore, the propagation can also proceed through the attack to the benzene ring
upon initiation by a cationic initiator, producing a Mannich base phenolic-type (Type
IT) polymer. In this case, the propagation will occur via more stable carbocations,

stabilized by intramolecular hydrogen bonding leading to high molecular weight

polymer.

Scheme 1.3 Polymerization mechanism B
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Burke et. al. reported that benzoxazine rings prefentially react with the ortho position
to the hydroxyl group of free phenolic compound[39]. McDonagh and Smith reported
the ring/chain tautomerism of benzoxazine molecule when protonated by migration
of proton to the nitrogen atom, yielding iminium ions in the chain form. Riess et. al.
showed the high reactivity of the ortho position and suggested that protonation at the

oxygen atom of the ozaxine ring should occur at the initial step of polymerization to



form an iminium ion and then electrophilic aromatic substitution, as shown in Scheme

1.4.

Scheme 1.4 Formation of iminium ion

R
o N OH

HR ":‘40"&
R4

R Ra

OH

R, R,

- Ri

OH 6" N
@/\N/\Q) + H'R"
- )
R4
R, Ry

The structure of the resulting reactive intermediate is controlled by the pKa of the acid
and in 1999, Dunkers and Ishida studied the effect of acidity on the polymerization of
benzoxazine and concluded that as pKa value was increased, the formation of iminium
1on was reduced. Trifluoro- and trichloroacetic acid provided a stable counter ion for
the iminium ion. When p-cresol was used as a catalyst, the benzoxazine ring
consumption was fast and complete but the benzene ring conversion was lower than

the benzoxazine catalyzed with a strong acid[40].

Another type of linkage, N,O-acetal type, formed under limited conditions was
reported. Polymerization of benzoxazine having two or three methyl groups yielded
the N,O-aetal-type structure as the ortho position of the benzene ring is blocked or

sterically hindered to prevent Mannich bridge formation[38].
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Scheme 1.5 Formation of N,O-acetal-type structure
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The formation of N,O-acetal type linkages in addition to Mannich-type structures has
been reported using PCls at low temperatures for the cationic polymerization of

benzoxazine monomer.

Scheme 1.6 Cationic polymerization of benzoxazine monomer
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In a recent study, the catalytic activities of various catalyst and their effects on the
structure of the final product were established. It is well-known that polymerization
of benzoxazine includes three main ring-opening patterns, as 0-attack, N-attack and
aryl-attack, resulting in various phenoxy CHz and phenolic CH> units. Phenoxy CH»
units finally rearrange into relatively stable phenolic CH> units. The ring-opening and
electrophilic reactions are fast, while the rearrangement proceeds in a relatively slow

rate [41].
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The results showed that no ring-opening was observed without catalyst and the
catalytic activity of lithium cation was affected by the anion partner. The
polymerization was improved with high nucleophilicity and good leaving group
ability of the anion and the trend was decreased in the order I' > Br > CI". The
structure of the catalyst is also important; the relatively free lithium cation showed
higher activity as observed for LiClO4. Basic catalysts were also tested and no

efficiency was seen for the polymerization of benzoxazine.

The effect of catalyst on the final structure of polybenzoxazine was also studied and
p-toluenesulfonic acid, PTS, showed high percentage of true phenolic CH: structure.
2-athyl-4-methylimidazole, EMI yielded a more complex polymer including a
significant amount of phenoxy CH:> units due to the lower activity in the
rearrangement step. Lil showed very high activity in the rearrangement step and
produced almost only phenolic CH> units. These results showed that the structure of
the final polymer can be specified by using appropriate catalyst to obtain the desired

properties.

Recently, the polymerization mechanism of polybenzoxazines was studied in our
group by Direct Pyrolysis Mass Spectrometry (DP-MS) technique in detail and results
showed that polymerization of benzoxazine monomer may proceed through various
reaction paths; the heterocyclic ring opening may be followed by attack of -NCH>
groups to ortho and para positions of phenol and pyridine rings as shown in Scheme
2, generating P1 and P2 respectively [42,43]. In addition, the dimer generated by the
coupling of -NCH> groups may polymerize via attack of -NCH> groups to phenol
and/or pyridine rings or through vinyl polymerization yielding P31, P32 and P4 as
presented in Scheme 3. As a consequence of these competing reaction pathways,
generation of a cross-linked structure is expected. Thus, the trends in TGA and TIC
curves, and the very high char yield are in accordance with the expectations

confirming the heterogeneous and cross-linked polymer structures[42,43].
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Scheme 1.7 Ring-opening polymerization of benzoxazines

a) by attack to phenyl ring

a) by attack to pyridyl ring

Scheme 1.8. a) Generation of the dimer by coupling of -NCH; groups
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b) polymerization of the dimer

1) by attack of NCH> groups
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1.4. Unique Properties of Benzoxazines and Polybenzoxazines

Benzoxazines are the precursors for cross-linked polybenzoxazines and these cross-

linked polymer exhibits a number of unique properties [44—54].

One of common problem of resins is their relatively high water uptake as much as 3-
20% by weight upon saturation. Presence of polar groups in the resin is main reason
for this high water absorption. Polybenzoxazines with the polar groups in its chemical
structure exhibits low water absorption contrary to the general expectation. For
example, a bisphenol-A and aniline based polybenzoxazine has 1.9% water uptake by
weight and bisphenol-A and methyl amine based polymer has 1.3% water uptake at
saturation[44]. This is an important property in terms of actual applications.
Benzoxazines resins have near-zero shrinkage with high mechanical integrity [55] and
their volumes change within 1% upon polymerization. Polybenzoxazines are cross-
linked resins and show high glass transition temperatures ranging from 160 to 400 C.
The char yield of polybenzoxazines is one of the highest among the other processable
polymers. Thermal properties of polybenzoxazines prepared from different

benzoxazine monomers are listed below in Table 1.
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Table 1.1 Unique properties of benzoxazine monomers

Char
Ty Tse  Ti0% ]
Monomers ©) ©) ©) Yield Reference
(%)
s
o N 146 342 369 44 [19,44]
AN
<
0N
PN
\l)'
H;C—C-CH;,4 150 310 327 32 [19,44]
|\
( =
N_O
Acetylene functional benzoxazine
CH
I
N
O N 329 491 592 81 [56]
/ l)
NS
Allyl functional benzoxazine
T
374 44 [19]

O/\N 285 348
AN
S
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Nitrile functional benzoxazine

()/A\}J-*<::j5 175 332 371 60 [4]
N

Maleimide functional benzoxazine

(0]
—_—
\N (0]
5 N> 252 375 392 56 [57]

1.5. Characterization of Benzoxazines

There are several characterization techniques used to identify the benzoxazine

structure and its open Mannich base.

1.5.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is one of the most common

methods to verify the structure of the benzoxazine monomer[58-61].

General frequency ranges for the characteristic 'H resonances of oxazine CH, groups,
Ph-CH>-N(R) and O-CH2-N(R)-, are 3.8-4.8 ppm and 4.7-5.7 ppm with the seperation
about 0.8-0.9 ppm. These two resonances are easily recognized and are very useful

for the identification of the structure.
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The characteristic '*C resonances of oxazine ring are seen in the range of 79-84 ppm

for Ph-CH>-N(R) and 49-59 ppm for O-CH>-N(R)- groups.

Information on the monomeric (78 ppm) and open Mannich base structure (71 ppm)

can be directly obtained from "'N-NMR.

Solid-state NMR is a useful technique for the characterization of the cross-linked

polybenzoxazine as the polymer is insoluble in most of the common solvents.

1.5.2. Fourier Transform Infrared Spectroscopy

There are various bands for the benzene ring modes that are associated with the
oxazine ring attached to benzene ring. However, these modes are not readily
recognized due to heavy overlapping bands. The band assignments for the monomers
and dimers have been reported. The band at around 1500 cm! is characteristic mode
of trisubstituted benzene and this band shifts to 1490 ¢cm™ upon benzoxazine
polymerization forming tetrasubstituted benzene structure. The band in the range of
960-910 cm™! is attributed to the benzene ring with the ozaxine ring structure and the
disappearance of this band is associated with the ring-opening of the oxazine ring. In
addition to this band, the decrease in the intensity of bands such as; asymmetric
stretching vibration band of C-O-C of oxazine ring at around 1232 cm’, the
symmetric stretching vibration band of C-O-C at around 1028 cm’!, the characteristic
bands of benzene ring with an oxazine ring at around 974 and 959 cm™!, symmetric
vibration band of C-N-C of the oxazine ring at 823 ¢m™ and benzoxazine ring
breathing band at 750 cm™ are evidences for the ring-opening of the benzoxazine

ring.[62-65].
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1.5.3. Thermal Characterization

1.5.3.1. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is used to determine the ring-opening
polymerization exotherms of the benzoxazines. Benzoxazines show a symmetric
exotherms in the range of 200-250C if the sample is pure. This exotherms shifts to
the lower temperatures with an asymmetric shape in the presence of impurities, such
as phenolic compound and amines used as raw materials for the synthesis of the

monomer, acting as initiators and/or catalysts.

1.5.3.2.Thermogravimetric Analysis (TGA)

Thermal stability and degradation mechanism of the polybenzoxazines is widely
studied by thermogravimetry analysis (TGA) technique as the rate of degradation,
degradation process and char yield can be determined. Char yield of the
polybenzoxazines is in the range of 35% and 80% and three stages of decomposition
are seen at 300, 400 and 500 C, attributed to the decomposition of the chain ends,

evolution of amine and decomposition of the phenolic component, respectively.

1.5.3.3.Mass Spectrometry

Among several thermal analysis methods, thermal gravimetry-FTIR (TG-FTIR),
thermal gravimetry-mass spectrometry (TG-MS) and pyrolysis mass spectrometry
(py-MS) are the ones that give information not only on thermal stability but also on
thermal degradation products that can be used to investigate thermal degradation

mechanism.

Pyrolysis is thermal degradation of materials by cleavage at their weakest point to
produce smaller volatile fragments in an inert atmosphere or vacuum. Pyrolysis is
widely applied to investigate thermal characteristics of a compound such as, thermal

stability, degradation products and decomposition mechanism. It is also used as a pre-
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processing step to convert large molecules into lower mass molecules that are easily
detectable. For instance, when polymers are pyrolyzed, smaller fragments, oligomers,

are produced and analysis of these fragments aids in the identification of the polymers.

Pyrolysis technique can be coupled with FT-IR, GC (Py-GC), GC/MS (Py-GC/MS)
or MS (DP-MS). Among these various analytical pyrolysis techniques, pyrolysis gas
chromatography mass spectrometry, Py-GC-MS and direct pyrolysis mass
spectrometry, DP-MS, have several advantages such as sensitivity, reproducibility,

minimal sample preparation and consumption and speed of analysis [66-69].

Although py-GC-MS technique is significantly sensitive, only stable thermal
degradation products can be detected with the use of this technique. On the other hand,
DP-MS technique offers several advantages. The high vacuum inside the mass
spectrometer favors vaporization and thus, allows the analysis of higher molar mass
pyrolyzates. As the high vacuum system rapidly removes the degradation products
from the heating zone, secondary reactions and condensation reactions are almost
totally avoided. Furthermore, because of the rapid detection system of the mass

spectrometers, unstable thermal degradation products can also be detected.

1.6. Thermal Degradation of Polybenzoxazines

Few studies on thermal degradation products of polybenzoxazines involved pyrolysis
GC-MS, TGA-FTIR and DP-MS analyses. Yet, with the use of GC-MS and TGA-
FTIR techniques secondary reactions during heating cannot be eliminated and only
stable degradation products can be detected. Thus, the data obtained cannot be used

to investigate thermal degradation mechanism [70-73].

Direct pyrolysis mass spectrometry analyses [42,43] revealed that thermal
degradation of polybenzoxazines starts by the loss of alkyl amines and diamines in
the case of polybenzoxazine based on phenol and methyl amine, poly(Ph-m) and
bisphenol A and methylamine, poly(BA-m) and by the evolution of aniline in the case

of polybenzoxazine based on phenol and aniline, poly(Ph-a) at around 280 °C.
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Evolutions profiles of fragments involving aromatic units showed several peaks and
shoulders revealing the presence of units with different thermal stabilities and hence,

presence of linkages with different structures along the polymer chains.

1.7. Aim of the study

The aim of this study is to investigate the thermal and structural characteristics of
polybenzoxazines based on various amines namely, aniline, aminopyridine,
aminobenzonitrile and nitroaniline. In the first part of this work, benzoxazines based
on phenol and aniline or aniline derivatives namely aminopyridine, aminobenzonitrile
and nitroaniline are synthesized and polymerized by curing the monomers
systematically to investigate the effect of curing conditions on polymerization and
thermal degradation of polybenzoxazines. In the second part of the work metal or
metal ions are incorporated to benzoxazine monomers based on aminopyridine,
aminobenzonitrile and nitroaniline. The structural and thermal characteristics of the
polybenzoxazines and metal or metal ion functional polybenzoxazines are analyzed
via FTIR, NMR, DSC, TGA and DP-MS techniques. The effects of curing program
used and incorporation of metal and/or metal ion on structural and thermal

characteristics of the polybenzoxazines are investigated.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

Phenol (99.5%), paraformaldehyde, anhydrous cobalt(Il) chloride, sodium hydroxide
and chloroform were purchased from Sigma Aldrich Co. 2-aminopyridine (99.5%)
Cr(CO)¢ and CrCls, aniline, nitroaniline, aminobenzonitrile, hexane, ethyl acetate,
MgS04 were supplied by Merck. All chemicals were used as received without further

purification.
2.2. Characterization Techniques

2.2.1.  Nuclear magnetic resonance spectroscopy (NMR)

Proton NMR spectra were acquired with a Bruker AC250 (250.133 MHz)
spectrometer using CDCI; as the solvent and tetramethylsilane (TMS) as the internal

standard.

2.2.2. Infrared spectrophotometer (ATR-FT-IR)

ATR-FT-IR analysis of the samples was performed by directly insertion of solid

sample using Bruker Vertex 70 Spectrophotometer with 0.4 cm™ resolution.

2.2.3. Scanning Electron Microscope (SEM)

SEM studies of the samples in powder form, fixed on an aluminum stab using carbon
tape, were conducted using a scanning electron microscope Quanta 400 F Field

Emission SEM instrument.
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2.2.4. Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC)

TGA and DSC analyses were performed on a Perkin Elmer Instrument STA6000

under nitrogen atmosphere at a flow rate of 20 mL/min and a heating rate of 10 ‘C/min.

2.2.5. Direct pyrolysis mass spectrometry (DP-MS)

Direct pyrolysis mass spectrometry (DP-MS) analyses of the samples (0.010 mg) in
flared quartz sample vials were performed on a Waters Micromass Quattro Micro GC
Mass Spectrometer with a mass range of 15-1500 Da coupled to a direct insertion
probe. The samples were heated to 650 C at a rate of 10 °C/min while recording 70 eV
EI mass spectra, at a rate of 1 scan/s. The step-wise curing of the monomers and the
pyrolysis of the polymers, if generated any, during the curing process were also
utilized inside the mass spectrometer while recording the mass spectra continuously
at a rate of 1 scan/s. All the analyses were repeated at least twice to ensure

reproducibility.

Collision induced dissociation experiments were conducted using argon as the
collision gas and 40, 30 and 20 eV El ionization. The daughter spectra of the precursor
ions were recorded at the temperatures at which the yield of the selected precursor ion
was maximized. Interpretation of the pyrolysis mass spectra was achieved by analyses

of the trends in single ion evolution profiles and precursor-ion spectra.

2.3. Synthesis

2.3.1. Synthesis of benzoxazine based on aniline, Ph-a

Synthesis of benzoxazine monomer, Ph-a

Benzoxazine monomer was prepared according to the literature methods. The mixture

of phenol (5 mmol), aniline (5 mmol), and paraformaldehyde (10 mmol) was stirred

34



at 110°C for 60 min. Subsequently, the viscous liquid was cooled to about 50 C, and
about 30 mL chloroform was gradually introduced into the flask. Then, the
chloroform solution was poured into a separatory funnel and washed several times
with NaOH aqueous solution (3 mol/L) and deionized water, respectively. The
chloroform solution was dried over anhydrous MgSQO4 and the solvent was removed
under reduced pressure. The residue was fractionated by silica gel column
chromatography using hexane/ethyl acetate mixture as an eluent to obtain crude

benzoxazine as a yellow solid.
Synthesis of benzoxazine polymer, PPh-a

Benzoxazine monomers based on phenol and aniline cured step by step

systematically.

2.3.2. Synthesis of benzoxazine based on p-nitroaniline, Ph-na

Synthesis of benzoxazine monomer, Ph-na

Benzoxazine monomer was prepared according to the literature methods. The mixture
of phenol (5 mmol), p-nitroaniline (5 mmol), and paraformaldehyde (10 mmol) was
stirred at 140 C for 60 min. Subsequently, the viscous liquid was cooled to about 50°C,
and about 30 mL chloroform was gradually introduced into the flask. Then, the
chloroform solution was poured into a separatory funnel and washed several times
with NaOH aqueous solution (3 mol/L) and deionized water, respectively. The
chloroform solution was dried over anhydrous MgSO4 and the solvent was removed
under reduced pressure. The residue was fractionated by silica gel column
chromatography using hexane/ethyl acetate mixture as an eluent to obtain crude

benzoxazine as a yellow-orange solid.
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Preparation of metal functional benzoxazine monomers M-Ph-na

For the coordination of Co?" or Cr, Ph-na and metal salt, CoCl, or Cr(CO)s, in 1:1
mole ratio, were mixed in chloroform and refluxed for 6 hours. Evaporation of the

solvent yielded metal and/or metal ion functional benzoxazine monomers.
Synthesis of benzoxazine polymer, PPh-na

Benzoxazine monomers based on phenol and p-nitroaniline cured step by step

systematically.

Synthesis of metal and/or metal ion functional benzoxazine polymers, M-PPh-

na

Polymerizations of the metal and/or metal ion coordinated benzoxazine monomers
based on phenol and p-nitroaniline were achieved by stepwise curing of the monomers

for 3 hours at 180 and 2 hours at 200°C in an oven.
2.3.3. Synthesis of benzoxazine based on 3-aminobenzonitrile, Ph-abn
Synthesis of benzoxazine monomer, Ph-abn

Benzoxazine monomer was prepared according to the literature methods. The mixture
of phenol (5 mmol), 3-aminobenzonitrile (5 mmol), and paraformaldehyde (10 mmol)
was stirred at 110 C for 60 min. Subsequently, the viscous liquid was cooled to about
50, and about 30 mL chloroform was gradually introduced into the flask. Then, the
chloroform solution was poured into a separatory funnel and washed several times
with NaOH aqueous solution (3 mol/L) and deionized water, respectively. The
chloroform solution was dried over anhydrous MgSQO4 and the solvent was removed
under reduced pressure. The residue was fractionated by silica gel column
chromatography using hexane/ethyl acetate mixture as an eluent to obtain crude

benzoxazine as a light yellow solid.
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Preparation of metal functional benzoxazine monomers, M-Ph-abn

For the coordination of Co?* or Cr, Ph-abn and metal salt, CoCl, or Cr(CO)s, in 1:1
mole ratio, were mixed in chloroform and refluxed for 6 hours. Evaporation of the

solvent yielded metal and/or metal ion functional benzoxazine monomers.
Synthesis of benzoxazine polymer, PPh-abn

Benzoxazine monomers based on phenol and 3-aminobenzonitrile cured step by step

systematically.

Synthesis of metal and/or metal ion functional benzoxazine polymers, M-PPh-

abn

Polymerizations of the metal and/or metal ion coordinated benzoxazine monomers based on
phenol and 3-aminobenzonitrile cured step by step systematically.

2.3.4.Synthesis of benzoxazine based on 2-aminopyridine, Ph-ap
Synthesis of benzoxazine monomer, Ph-ap

Benzoxazine monomer was prepared according to the literature methods. The mixture
of phenol (5 mmol), 2-aminopyridine (5 mmol), and paraformaldehyde (10 mmol)
was stirred at 110 °C for 60 min. Subsequently, the viscous liquid was cooled to about
50°C, and about 30 mL chloroform was gradually introduced into the flask. Then, the
chloroform solution was poured into a separatory funnel and washed several times
with NaOH aqueous solution (3 mol/L) and deionized water, respectively. The
chloroform solution was dried over anhydrous MgSO4 and the solvent was removed
under reduced pressure. The residue was fractionated by silica gel column
chromatography using hexane/ethyl acetate mixture as an eluent to obtain crude
benzoxazine as a yellow solid. Contrary to the general applications, purification of
the monomer to separate any side product generated by the condensation reaction of
formaldehyde with the aromatic units that would inhibit the coordination of metal ion,

was highly curicial.
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Preparation of metal functional benzoxazine monomer, M-Ph-ap

For the coordination of Co*" ion, the purified benzoxazine monomer, Ph-ap and metal
salt, CoCly, in 2:1, 1:0.75, 1:1, 1:1.5 and 1:2 mol ratios, were mixed in chloroform
and refluxed for 6 h according to the literature methods [23]. Evaporation of the

solvent yielded greenish yellow solid.

For the coordination of Cr or Cr**, Ph-ap and metal salt, CoCl, or CrCls, in 1:1 mole
ratio, were mixed in chloroform and refluxed for 6 hours. Evaporation of the solvent

yielded metal and/or metal ion functional benzoxazine monomers.

Synthesis of the neat and metal and/or metal ion functional benzoxazine
polymers, PPh-ap and M-PPh-ap

Polymerizations of the neat and metal and/or metal ion coordinated benzoxazine
monomers were achieved by stepwise curing of the monomers at 170 and 200°C for
60 min each and 210 °C for 120 min in an oven. The temperatures at which
evaporation and/or degradation of monomer take place were determined by gradual
heating of the monomer inside the mass spectrometer. The temperatures of the steps
of the curing cycle were selected as few centigrates lower than these values. The
curing of the monomers was also performed inside the mass spectrometer while

recording mass spectra continuously.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Polymerization of benzoxazines

Polymerization of benzoxazine monomers based on phenol and aniline and aniline
derivatives, namely, nitroaniline, aminobenzonitrile and aminopyridine are achieved
by curing the monomers systematically. The effect curring on structural and thermal

characteristics are investigated.

3.1.1. Benzoxazine monomer based on aniline

Benzoxazine monomer was synthesized from phenol, 2-aminopyridine and paraformaldehyde

via solventless method (Scheme 3.1).

Scheme 3.1 Synthesis of benzoxazine monomer based on aniline and phenol

OH NH,

N
Q- O ~
+ + 2CH,0 —» ©}

39



2 y 12
14
11
1 P 3
10
a) 0] N
- s 1
6 4
10, 14 p
11,13 i u Ei-a-?
10 g 8 7 6 5 4 3 2 1 0
11,13 10,14
b)
312 |7 2
4 1
B |5
| ‘
el | ST —
150 130 110 an 70 50 30
ppm

Figure 3.1 a) Proton-NMR and b)13C-NMR spectra of benzoxazine monomer.

The resonances at 4.88 and 5.60 ppm correspond to the methylene protons (H1 and
H2) of Ar-CH»-N and O-CH>-N of the oxazine ring, respectively. The chemical shifts
(ppm) at 6.71 (1H, H12), 6.84 (1H, H6), 6.86 (1H, H7), 6.91 (1H, H5) 7.08 (2H, H10
and H14), 7.52 (1H, H4), and 8.24 (2H, H11 and H13) are assigned to the aromatic
protons. The resonances at 50.45 and 79.51 ppm correspond to the methylene carbons
(C1 and C2) of Ar-CH»>-N and O-CH»-N of the oxazine ring, respectively. Other
chemical shifts (ppm) are assigned to the resonances of the carbons: 117.08 (C7),
118.31 (C10, C14), 120.85 (C5), 120.95 (C12), 121.48 (C3), 126.78 (C6), 127.91
(C4), 129.36 (C11, C13), 148.45 (C9), 154.45 (C8). Anal. calcd. for C14H13NO: C,
79.62; H, 6.16; N, 6.64; 0,7.58%. Found: C, 79.16; H, 6.14; N, 6.71; O0,7.99%.

The FTIR spectrum of the benzoxazine monomer is shown in Fig.3.2a. The typical
absorption bands for the benzoxazine are observed at 1484, 1374, 1230, 1030 and 948
cm’!, corresponding to the di-substituted benzene rings, CH, wagging, Ar-O-C anti-

symmetric stretching, C-O-C symmetric stretching of oxazine ring and vibration
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modes of benzene ring with an oxazine ring, respectively. The band at 823 cm™!
corresponds to the symmetric stretching vibration of C-N-C of the oxazine ring and
the C-H out-of-plane bending of the aromatic ring, whereas the band at 750 cm™' is

ascribed to the benzoxazine ring breathing.

In general, the peaks in the region 1600-1585 and 1500-1400 cm™ are assigned to C-
C stretching vibrations in aromatic compounds. The ring C-C stretching vibrations
occur in the region 1600-1350 cm™. The peaks at 1595, 1576 and 1434 cm! are related
to C-C stretching vibrations. The aromatic C-H in plane bending and out-of-plane
deformation modes of benzene and its derivatives are observed in the region 1300-
1000 cm™!, and 1000-600 cm™ regions respectively. Thus, several peaks present in
these regions are associated with both of the di-substituted benzene rings present in

the structure.

Pb3c3
Pb3

Pa3

monomer

1600 1400 1200 1000 800
wavenumber, crm’

Figure 3.2 FT-IR spectrum of a)Ph-a monomer, b)Pa3, c)Pb3, d)Pb3c3, ¢)Pb3d3

Polymerization of the aniline based benzoxazine monomer was achieved by applying
different curing programs involving systematic changes in the temperature, period

and number of steps of curing, in order to determine the effects of these variables on
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the structure and thus on thermal characteristics of polybenzoxazines generated.

Abbreviations used for the products are given according to DSC results and the

temperature and the period applied during the curing process; if DSC data indicated

incomplete polymerization, then the samples are symbolized by letter M, if complete

polymerization was achieved according to DSC data, then the samples are symbolized

by P. The curing temperatures are denoted by letters a, b, ¢ and d for 150, 175, 200

and 225°C respectively, and the duration of the curing in hours are also stated in the

symbols. The curing programs applied and the abbreviations used for the products

are summarized in Table 3.1.

Table 3.1 The temperature (°C) and period (h) of each step of the curing process and the
abbreviations used for the products obtained
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Figure 3.3 The mass spectra for a)aniline, b)phenol and c)benzoxazine monomer based on

aniline and phenol

Polymerization of the benzoxazine monomers cured with different curing programs

systematically is controlled by DSC analyses. The exothermic ring opening

polymerization peak in the temperature range of 220-230°C is observed for the sample

Ma3 which was cured at 150 C for 3 hours, indicating that the polymerization was not

completed for these samples (Fig. 3.4). The disappearance of this peak in the DSC

curves of the rest of the samples confirms polymerization of the Ph-a monomer by the

applied curing programs. As representative examples DSC profiles for Pb1.5, Pc1.5

and Pd1.5 cured at 175, 200 and 225 °C for 1.5 hours, respectively are also depicted

in Fig.3.4.
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Figure 3.4 DSC profiles of benzoxazines Pa3 and Pa65 cured at 150°C for 3 and 6 h
respectively and Pb1.5, Pc1.5 and Pd1 cured at 175, 200 and 225°C for 1.5h.

Polymerization of the monomer is also confirmed by FTIR analyses as shown in
Fig.3.2b,c,d and e. The polymer spectrum exhibits disappearance of the characteristic
peaks of oxazine and di-substitute benzene rings at 1487, 1366, 1227, 1039 and 959
cm’! indicating complete polymerization via ring opening of oxazine ring. The peaks
in the region 1600-1550 and 1500-1400 cm™ assigned to C-C stretching vibrations
are also diminished significantly. This behavior may be related to crosslinked
structure of the polymer generated. The aromatic C-H in plane bending and out-of-
plane deformation modes of aromatic rings are detected again in the range 1250-1050

and 900-700 cm’'.
Thermal degradation of polybenzoxazines

To investigate the thermal characteristics of the polymers generated, the samples for
which complete polymerization was indicated by DSC findings, were analyzed by
TGA and DP-MS techniques. The TGA curves of these polymers are shown in Fig.
3.5 and the results are tabulated in Table 3.2.
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Figure 3.5 TGA curves of polybenzoxazines prepared by a) one-step, b) two-step and c) three-
step curing process

TGA results reveal that thermal degradation of polybenzoxazine based on aniline
occurs in two or three steps in the temperature regions 200-280, 300-400 and 480-
530°C, and yields 40-60% char yield that increases as the temperature and duration
of curing is increased. This behavior may either be due to a multi-step thermal
degradation or a polymer sample involving chains with different structures, thus,

different thermal stabilities.

In general, as the temperature and/or the duration of one-step curing process are
increased, the initial degradation step of the polymer shifts to high temperatures
slightly. For the sample cured at 225°C, the degradation step below 300°C disappears.
The second and third steps of degradation shifts to lower temperatures for the

polymers cured for longer periods.

Thermal degradation behaviors of the samples cured in two or three steps show
noticeable differences. The first step of the degradation is only observed for the
polymers cured at 200°C after pre-heating at 175°C for 1.5 or 3 h at each step and for
the polymer cured at 225°C after preheating at 175 and 200°C for 1.5 h at each step.

Furthermore, in general, the second step decomposition slightly shifts to lower
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temperatures for the polymers cured at higher temperatures and/or for longer periods.
The third step of the degradation is not observed for the samples cured at 225°C after
pre-heating at 200°C. Thus, TGA results indicate that thermal behavior of the
polymers depends on the curing program applied; the number of steps of curing, the

temperature and duration at each step, affect the thermal characteristics.

The TIC curves of the samples cured at 150°C for 3 or 6h, at 175, 200 and 225°C for
1.5 or 3 h, (Pa3, Pa6, Pbl.5, Pb3, Pcl.5, Pc3, Pd1.5 and Pd3) and the pyrolysis mass
spectra recorded at the maxima of the peaks present in the TIC curves are shown in
Fig.3.6. In general, three peaks are present in the TIC curves in accordance with TGA

data.
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Table 3.2 TGA data for polybenzoxazines prepared by different curing programs

T max % char
Sample* Ts% yield,
Step 1 Step 2 Step 3 at 600 °C

Pa3 179.8 210.1 265.8 389.9 37.2
Pa6 237.8 268.2 387.8 485.6 43.0
Pbl.5 2224 258.7 392.3 490.5 41.9
Pb3 245.7 270.6 389.1 482.8 47.1
Pcl.5 252.7 276.1 410.2 523.5 58.2
Pc3 257.6 278.8 398.1 520.9 62.7
Pd1.5 285.8 281.3 396.3 527.4 63.9
Pd3 242.1 370.6 522.9 63.8
Pbl1.5c1.5 254.6 269.7 408.5 504.3 46.5
Pb3c3 256.3 274.8 402.8 490.1 57.1
Pbl1.5d1.5 | 321.9 402.3 500.8 64.8
Pb3d3 365.9 401.5 481.8 59.2
Pcl.5d1.5 361.9 382.3 57.2
Pc3d3 264.2 399.7 57.1
Pblcldl 242.5 276.8 383.6 508.9 60.1
Pb3c3d3 284.6 396.5 479.5 59.4
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Figure 3.6 TIC curves and the mass spectra recorded during the pyrolysis of
polybenzoxazines, PPh-a, cured at 150 °C for 3h (Pa3) and 6 h (Pa6), at 175°C for 1.5h
(Pb1.5) and 3h (Pb3), at 200 °C for 1.5h (Pc1.5) and 3h (Pc3) and at 225 °C for 1.5h (Pd1.5)
and 3h (Pd3)

The presence of an intense peak at significantly low temperature regions, at around
147°C, in the TIC curve of the sample Ma3 can be attributed to evolution of unreacted
monomer and/or decomposition of low molecular weight oligomers in accordance
with DSC results. The pyrolysis mass spectrum at the maximum of the peak in the
TIC curve is dominated with the diagnostic peaks of the Ph-a monomer. For this

sample, the relative intensities of the high temperature overlapping peaks associated

48



with degradation of thermally stable polymer chains, are noticeably low, pointing out
that the amount of polymer chains with desirable thermal stability is almost negligible.
Thus, it can be concluded that the curing of the monomer at 150 C for 3 h (Pa3) was
not sufficient for generation of thermally stable high molecular weight polymer
chains. The TIC curve of the sample Pa6, prepared by curing for longer periods, for
6 h, indicates a high temperature shift for the initial step of thermal degradation. In
addition, its intensity is decreased noticeably while those of the high temperature
peaks are increased drastically, indicating complete polymerization in accordance
with the disappearance of the exothermic peak associated with ring opening
polymerization in the DSC curve. The diagnostic peaks of the monomer and the
fragment ions that can also be generated during ionization of the monomer inside the
mass spectrometer such as M-H (210 Da), CsHsNCH> (105 Da) and C¢Hs (77 Da) still
detected in the pyrolysis mass spectra at around 256°C, can then be related to
decomposition of low molar mass oligomers during pyrolysis and/or ionization inside
the mass spectrometer. The mass spectra recorded at the maxima of the high

temperature peaks are almost identical for both samples.

Increasing the duration of curing from 1.5 to 3 h at 175 °C shifts the initial thermal
degradation step of the polymer generated to high temperature regions; the evolutions
of thermal degradation products are maximized at around 240 to 280 °C during the
pyrolysis of the samples cured for 1.5 and 3 h respectively. However, thermal
degradation is still occurred at low temperature regions and the pyrolysis mass spectra
consist of diagnostic peaks of the monomer. As DSC curves indicated complete
polymerization, it can be thought that the monomer and the low mass fragments are
generated by the degradation of low mass oligomers, or chains that do not involve
crosslinking units. The products lost at elevated temperatures become predominant
during the pyrolysis of the polymer cured for 3h, but, thermal degradation of the
polymer is completed at lower temperature regions indicating generation of a
thermally more homogenous polymer decomposing in a narrower temperature range.
Again, the mass spectra recorded at the maxima of the high temperature peaks are

almost identical for both of the samples.
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Overlapping peaks with maxima 305, 354, 429 and 557°C are detected in the TIC
curve of the sample cured at 200°C for 1.5 h. For the sample cured for 3 h the peak at
354°C is disappeared. The diagnostic peaks of the monomer are either totally
disappeared or diminished significantly in the spectra and the relative yields of the
products lost at elevated temperatures are enhanced. The pyrolysis mass spectra
recorded at the maxima of the peak corresponding to last step of thermal degradation

show significant differences.

During the pyrolysis of the samples cured at 225°C for 1.5 and 3 h, Pd1.5 and Pd3
respectively, it has been determined that the initial step of thermal degradation is
independent of the duration of curing. Yet, the relative yields of the products lost at
initial stages of pyrolysis are decreased while those evolved at elevated temperatures
are increased, as recorded for the samples cured at lower temperatures. Furthermore,
the high temperature peaks associated with degradation of thermally more stable
polymer chains are slightly shifted to lower temperature regions. In addition, the
pyrolysis mass spectra at the maxima of the peaks present in the TIC curves recorded

during the pyrolysis of the samples cured for 1.5 and 3 h, show noticeable differences.

Thus, it can be concluded that as the curing temperature or duration of curing at a
given temperature was increased, the initial step of thermal degradation of the
polymer generated shifts to high temperatures, whereas, the second and third steps of
decomposition shift to low temperature regions. Furthermore, noticeable increases in
the relative yields of the products evolved in the second and third steps of degradation
occur during the pyrolysis of the polymers cured at higher temperatures. On the other
hand, increase in the duration of curing at a given temperature causes significant
decrease in the relative yields of the products lost at initial and final steps of thermal

degradation.

The TIC curves and the pyrolysis mass spectra at the maximum of the peaks present
in the TIC curves recorded during the pyrolysis of the samples cured at 200 °C after
preheating at 175°C for 1.5h (Pb1.5¢c1.5), or 3 h (Pb3c3), at 225 °C after preheating
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at 175°C for 1.5h (Pb1.5d1.5), or 3 h (Pb3d3) and at 225 °C after preheating at 200°C
for 1.5h (Pc1.5d1.5), or 3 h (Pc3d3), are shown in Fig.3.7.
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Figure 3.7 TIC curves of PPh-a cured at 200 °C after preheating at175°C for 1.5h (Pb1.5¢1.5)
or 3 h (Pb3c3), 225 °C after preheating at 175°C for 1.5h (Pb1.5d1.5), or 3 h (Pb3d3)and at
225 °C after preheating at 200°C for 1.5h (Pc1.5d1.5), or 3 h (Pc3d3).

For all of the samples Pb1.5c1.5 and Pb3c3, cured at 200 °C after pre-heating at 175°C
for 1.5 and 3 h at each step, the initial thermal degradation peak is maximized at

around 280°C as in case of the sample Pb3 cured at 175 °C for 3h. This value is lower
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than the corresponding values recorded during the pyrolysis of the samples cured at
200°C for 1.5 or 3 h. The overlapping high temperature peaks show maxima at around
432 and 505°C almost similar to the corresponding ones for Pb3, but lower than the
corresponding values for Pcl.5 and Pc3. Contrary to what was observed for the
samples cured in a single step either at 175 or 200 °C for 1.5 or 3h, the relative
intensities of the three peaks present in the TIC curve are almost identical.
Furthermore, unlike the general trends observed for the samples cured in a single step,
the relative intensities of the high temperature peaks are decreased during the

pyrolysis of the samples cured for longer period.

Curing the monomer at 225 °C, after pre-treatment at 175 or 200°C for 1.5 or 3h at
each step, yielded polymers that decompose mainly at elevated temperatures. The
relative intensity of the low temperature peaks present in the TIC curves is decreased
noticeably, and shifted to high temperature regions during the pyrolysis of Pb1.5d1.5
and Pc1.5d1.5. 1t is totally disappeared for the samples cured for 3 h cured at 225°C
after pre-heating at 175 or 200°C for 3h at each step. In addition, the partially
separated overlapping high temperature peaks detected in the TIC curves of the
polymers cured at 200°C, cannot be resolved anymore except for Pc1.5d1.5, and
broad peaks with shoulders at low temperature side and maxima at 532, 505 and

539°C are recorded in the TIC curves of Pb1.5d1.5, Pb3d3 and Pc3d3 respectively.

The pyrolysis mass spectra of the samples prepared by two-step curing process,
recorded at the maxima of the peaks present in the TIC curve show identical peaks
with the corresponding ones cured at different temperatures for 1.5 or 3 h. Yet,
significant changes in the relative intensities are noted indicating that structure and

thermal stabilities of the chains depend on both curing temperature and period.

In Fig. 3.8., the TIC curves and the pyrolysis mass spectra recorded at the maximum
of the peaks present recorded during the pyrolysis of the polymers cured stepwise at

175, 200 and 225 °C for 1.5 or 3 h at each step are given.
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Figure 3.8 TIC curves and the mass spectra recorded at the maxima of the peaks present in
the TIC curve recorded during the pyrolysis of PPh-a cured at 225 °C after preheating at 175
and 200 °C for 1 (Pblcldl) and 3 h (Pb3¢3d3) (----)

Again four overlapping peaks with maxima at 250, 280, 390 and 550°C are present in
the TIC curve recorded during the pyrolysis of the sample cured for 1.5 h as in case
of the sample cured at 200 °C for 1.5 h. The polymer generated upon increasing the
duration of curing decomposes mainly at around 420 C, the low and elevated
temperature evolutions are diminished not noticeably. The mass spectra revealed that
the evolution of high mass fragments at low temperature for Pblcldl are diminished

for Pb3c3d3.

The presence of more than one peak in the TGA and TIC curves may be due to a
multi-step thermal degradation mechanism or presence of chains with different
thermal stability and/or structure. Actually, polymerization of aniline based
benzoxazine monomer may proceed through various reaction paths; the heterocyclic
ring opening may be followed by attack of -NCH: groups to mainly para positions of
phenol and pyridine rings as shown in Scheme 3.2, generating P1 and P2 respectively
as with a bulky o, p- director and/or a bulky electrophile, para substitution
predominates [24]. In addition, the dimer generated by the coupling of -NCH> groups
may polymerize via attack of -NCH2z groups to phenol and/or pyridine rings or through
vinyl polymerization yielding P31, P32 and P4 as presented in Scheme 3.3.

Scheme 3.2 Ring-opening polymerizations of benzoxazines.
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b) polymerization of the dimer
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In order to get a better insight for the degradation processes of the polymers which
will also supply valuable information for the polymerization routes during the curing
process single ion evolution profiles of intense and/or characteristic products are
analyzed. In Fig.3.9 single ion evolution profiles of some selected products recorded
during the pyrolysis of Pb3c3 are given as representative examples. The single ion

profiles are grouped considering the similarities in the trends observed.
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Products Ce¢HsNHC,HoNHCgHs and/or CsHsNHCH2CsHsNHCH> (210 Da),
HOCsH4CH>NH(CsHs)CH2 (213 Da) and HOCsH4CH>NHCgHs (199 Da) are evolved
at early stages of pyrolysis at around 260°C. Yet, different trends in their single ion
pyrograms exit at moderate and elevated temperatures. The 210 Da fragment shows
broad overlapping peaks at around 388 and 526°C, whereas, 199 and 213 Da
fragments shows a relatively sharp peak at around 388°C. Although loss of 199 and
213 Da fragments occur in the same temperature regions, the relative yields observed
at each region show opposite behaviors. Elimination of HOCsH4CH>NH(CsHs)CH>
1s more extensive at initial stages of pyrolysis whereas, that of HOCsH4CH>NHC¢H35

is more pronounced at around 388°C.

The major thermal decomposition product aniline, CsHsNHz (93 Da) is detected at
slightly higher temperatures at around 270°C. A weak peak at around 270°C is also
present in the evolution profile of fragment with m/z value 91 Da that can be attributed
to CcHsCHz. The evolution of aniline is detected over a broad temperature range,
reaching maximum yield at around 390 °C as do 213, 210 and 199 Da fragments and
is completed just above 450°C. The loss of 91 Da fragment is also observed at
elevated temperatures, two overlapping peaks with maxima at around 415 and 555°C

are present in its pyrogram.

56



HOC:H.CH-NH and/or
NH;CH;CgH.NH, 122 Da

CcHsOH, 94 Da

N, 91Da

CeH

CHCcH.CH, 192 Da

CgHgMH2, and/or
CeH:OH, 93 Da

CoH.CH

CH, 223 Da

=CHCgH.,CH5N and/or
HOCgH,CHNCgH,CH=

HOCH.CH

HOCH.CH,NHCH: 199 Da
CH,N(CeHs)C,HNHC Hs and/or
HOCH.CH,NH(CoH.)CH, 213 Da
CeHsNHCHoNHCeHs and/or

. CoH.NHCH,C.H.NHCH,, 210 Da

HOC.H<CH., 107 Da

500

°C

?

Temperature

300

Figure 3.9 Single ion evolution profiles of selected products detected during the pyrolysis of

Pb3c3.
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The evolution profiles of phenol, CcHsOH (94 Da) and the 122 Da fragment assigned
to NH>CH>CsH4NH> and/or HOCsH4sCH>,NH involve a low temperature peak
maximizing at around 280°C. Among these, loss of phenol is also detected at elevated
temperatures at around 415 and 525°C. On the other hand, extensive evolution of 122

Da fragment is observed over a broad temperature region at around 465°C as does

Ce¢HsNH>CH.

Taking into consideration all the possible polymeric structures, the low-temperature
evolutions at around 260, 270 and 280°C can be attributed decomposition of chains
due to elimination of aniline wunits. It may be proposed that loss of
CsHsNHCH=CHNHCsHs (210 Da) occurs at around 260°C, due to the degradation
of the chains generated by the coupling of C¢HsNCH> groups, P3 while that of aniline
takes place at around 270°C as a consequence of decompositions of the chains
generated by attack of C¢HsNCH: groups to phenol and/or aniline rings, P1 and P2
respectively. On the other hand,  The products C¢HsOH (94 Da) and
NH2CH>C¢H4NH:2 and/or HOCsH4CH2NH (122 Da) evolving at around 280°C may

be attributed to further cleavages of P1 and P2 chains after elimination of aniline.

The decomposition of P1 and P2 chains may also proceed via random cleavages at
the f-carbon to phenol or nitrogen atom yielding fragments such as HOCsH4 (93 Da),
HOCsHs (94 Da), HOCsHsCHoNHC6Hs (199 Da), CsHsNHCH2CsHsNHCH? (210
Da) and HOCsH4CH>NH(CsHs)CH> (213 Da) as in the case of the EI dissociation of
the monomer and dimer. The peaks at around 390, 400 or 415 °C in their evolution

profiles may be associated with random chain cleavages of P1, P2, P31 and P32.

In addition, the low-mass products such as HOCsH4CH> (107 Da) and
HOCsH4CH2NH (122 Da) evolved in a broad temperature region at around 465°C
may also be related to the decomposition of these units. The broad peak in their
evolution profiles may be associated with extensive loss of these fragments from

chains involving some crosslinking.
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It may be proposed that the radicals generated upon loss of aniline and substituted
aniline dimers from P1, P2, P31 and P32 at initial stages of pyrolysis and/or during
curing may couple to produce an unsaturated polymer backbone (Scheme 3.4). The
detection of fragments presumably assigned to HOC¢HsCH=CHCsH4CHNH and/or
HOCsH4CHN(C¢H4CH=N) (223 Da), CcdH4CH=CHCcH4CH: (192 Da) and CsHsOH
(94 Da) at around 525 °C supports this proposal.

Scheme 3.4 Elimination of aniline
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And finally, the evolution of CsHsCH> at slightly higher temperatures, at around 555
°C may be associated with chains with highly crosslinked structures that dissociate

with loss of CO.

To investigate the effects of curing conditions on polymerization and/or thermal
degradation characteristics of polybenzoxazines, single ion evolution pyrograms of
characteristic thermal degradation products of each polymer synthesized by different
curing programs are analyzed in detail. In Fig.3.10, single ion evolution of profiles of
aniline (93 Da), CsHsNHC>H2NHC¢Hs and/or CsHsNHCH2CsH4sNHCH> (210 Da)
and HOCsH4CH2NHCsHs (199 Da) detected during the pyrolysis of the samples

prepared by different curing programs are shown.
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Evolution of the major decomposition product, aniline (93 Da) is detected in two
distinct temperature regions, at around 300 and 400 °C. Detection of aniline below
250 °C may be regarded as an evidence for the presence of unreacted monomer and/or
low molecular weight oligomers as polymerization was not completed due to the
inefficient curing process. In general, the loss of aniline shifts to high temperature
regions during the pyrolysis of the polymers cured at higher temperatures or for longer
periods at a given temperature. Two overlapping peaks are detected in the evolution
profile of aniline evolved during the pyrolysis of Pb1.5 and Pc1.5 at around 240 and
255 °C, for Pbl.5 and 290 and 310°C for Pcl.5. Whereas, a single peak at around
340°C is present in its single ion pyrogram when generated during the pyrolysis of
Pd1.5. Low temperature loss of aniline is detected at around 240 and 295, and 340
°C for Pb3, Pc3 and Pd3 respectively. In addition, the relative yield of aniline evolved
at initial stages of pyrolysis is decreased for the samples cured for longer periods. The
decrease is more pronounced for the samples cured at higher temperatures. For Pd3,
low temperature evolution of aniline is almost totally disappeared. On the other hand,
during the pyrolysis of all the samples cured in one step, the evolution aniline is also
detected at around 415°C, independent of the duration and temperature of the curing

process used for polymerization.

Evolution of CsHsNHC,H>NHCsHs and/or CsHsNHCH2CsH4sNHCH> (210 Da) is
detected in three temperature regions, at around 270, 400 and above 500°C. The
evolutions at low and moderate temperatures are almost independent of the
temperature and the duration of curing used for polymerization, whereas, the high
temperature evolutions shift to high temperature regions as the curing temperature
was increased. On the other hand, the relative yields are affected by both the
temperature and duration of curing; the low temperature evolutions are diminished,
whereas the evolutions at around 400°C are enhanced during the pyrolysis of the
samples cured at higher temperatures and for longer periods at a given temperature.

The loss of HOC¢H4CH2NHC¢Hs (199 Da) is detected in two regions at around 270

and 415°C almost independent of the temperature and duration of curing used for
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polymerization. Yet, the amount lost at initial stages of pyrolysis diminishes

significantly during the pyrolysis of the polymers cured at higher temperatures.

Single ion evolution profiles of some representative pyrolysis products evolved
mainly at moderate and/or elevated temperature, such as phenol (94 Da), CH2C¢Hs

and/or C¢H4N (91 Da) and CsH4CH=CHCsH4CH:> (192 Da) are depicted in Fig.3.11.

Phenol is one of the common thermal degradation products of all the chains with
different structures. Thus, overlapping peaks that can be used to determine the thermal
behavior of these chains are present in its evolution profiles. As the curing was
performed at higher temperature or for prolonged periods, the evolution of phenol is
reduced noticeably below 300 °C. On the other hand, the extensive loss of phenol at
around 425°C is independent of the curing conditions of the polymer pyrolyzed. The
evolution of phenol at elevated temperatures at around 520°C is also independent of
temperature of curing. However, when the curing was performed for short periods at

200 and 225°C, the loss of phenol is shifted to high temperature regions.

The evolution of CH>CsH3CHNCsHs and/or CsH4CH=CHCsH4CH> (192 Da) is
predominantly detected at elevated temperatures above 500°C during the pyrolysis of
all the polymers cured in single step and is independent of the temperature of curing.
However, as the duration of curing was increased, its single ion pyrogram shifts to
lower temperature regions. The weak shoulders in its evolution profiles at around
400°C are attributed to CH2C¢H3CHNCsH4 that may be generated by degradation of
P1, P31 and P32.
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Figure 3.10 Single ion evolution profiles of aniline (93 Da), CsHsNHC,H.NHC¢Hs and/or
C¢HsNHCH,CsH4sNHCH> (210 Da) and HOCsH4CH>,NHC¢Hs (199 Da) detected during the
pyrolysis of PPh-a prepared by applying one-step curing programs.
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Figure 3.11 Single ion evolution profiles of phenol (94 Da), CsHsCH, (91 Da) and

CsHsC2H2CsHs (192 Da) detected during the pyrolysis of PPh-a prepared by applying one-

step curing programs
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The fragment with m/z value 91 Da is directly associated with CsHsCH>, a common
ion detected in the mass spectra of molecules involving alkyl substituted benzene
rings and may be generated during the ionization and/or decomposition of segments
with different structures. Again, three broad overlapping peaks maximizing at distinct
temperature regions are present in its evolution profile. The low temperature
evolutions shifting slightly to higher temperature region as the duration of curing
increased, are maximized in the temperature region 240-312°C. Loss of C¢HsCH> is
diminished significantly at low temperatures as the polymer pyrolyzed was cured at
higher temperatures. The evolutions at around 440 and 565 °C are increased as the
temperature and duration of curing were increased. However, its evolution is shifted

to low temperatures slightly when the duration of curing was increased.

The normalized ion yields at the maxima of the peaks present in the single ion
evolution profiles of aniline (93 Da), CsHsNHC:HNHC¢Hs and/or
CsH4sNHCH2CsH4NHCH: (210 Da), phenol (94 Da), CH>CsHs and/or C¢HaN (91 Da)
and Ce¢HsCH=CHC¢H4CH> (192 Da) detected during the pyrolysis of the
polybenzoxazines based on aniline prepared by curing in one step are collected in Table

3.3 for a better comparison.

Table 3.3 Normalized ion yields of aniline (93 Da), CsHsNHC,H,NHC¢Hs and/or
CsHsNHCH>CsH4sNHCH, (210 Da), phenol (94 Da), CH.CsHs and/or CsHsN (91 Da) and
CsH4sCH=CHCsH4+CH: (192 Da) detected during the pyrolysis of the PPha prepared by curing
in one step.

93 Da 210 Da 199 Da 94 Da 91 Da 192 Da

T1 T2 T1 T2 T3 T1 T2 T1 T2 T3 T1 T2 T3 T1
a6 844 : 1000 52 32 7 74 83 | 103 : 277 : 234 65 111 95 43
bl | 1000 i 784 60 21 15 72 78 [ 601 ;i 275: 206 | 226 i 125 : 151 44
b3 595 : 1000 | 408 : 367 8| 392 65 68 : 216 : 217 47 : 103 79 39
cl | 1000 i 828 12 7 10 2 14 119 183 ¢ 177 85 108 i 130 8
c3 722 i 1000 [ 278 i 428 i 131 23 71 80 i 325 211 48 133 33
dil 857 i 1000 2 9 13 10 30 87 i 450 i 415 50 98 i 243 29
d3 253 : 1000 7 36 6 1 64 29 i 210 : 139 17 99 64 2
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The trends in the single ion pyrograms of diagnostic products reveal that thermal
degradation of polybenzoxazines cured in a single step based on aniline starts by
elimination of C¢HsNHC2H>2NHCgsHs (210 Da) and aniline (93 Da). This step of
decomposition highly depends on the temperature and duration of the curing process
used for the polymerization of the benzoxazine monomer. For the samples cured at
higher temperatures and/or for longer periods, loss of aniline and substituted aniline

dimer does not observed at initial stages of pyrolysis.

The products reaching maximum yield in the temperature region 400- 425°C are
related to degradation via random cleavages. Considering the bond energies, it may
be thought that the polymer chains generated by attack of CsHsNCHo to ortho or para
positions of aniline rings, P2 and P32 degrade mainly at around 400 °C, whereas the
chains produced by attack of C¢HsNCH> to ortho or para positions of phenol rings,
P1 and P31 degrade mainly at around 415°C. The 210 Da fragment that can also be
associated with CeHsNHCH>CsHsNCH: evolves at around 400 °C due the
degradation of chains generated by attack of CsHsNCHo> to ortho or para positions of
aniline rings P2 and P32. Whereas, evolutions of HOCsH4CH>NHCsHs (199 Da) and
aniline (93 Da) at around 415 °C, are attributed to decomposition of chains generated
by attack of CsHsNCHa to ortho or para positions of phenol rings, P1 and P31. Losses
of CsHsCHz (91) and phenol (94 Da) at around 420 and 425 °C respectively, seem to
be maximizing at slightly higher temperatures most probably due to the overlap of
high temperature evolutions, are also associated with degradation of polymer chains
P1, P2, P31 and P32. The trends in the single ion pyrograms reveal that the thermal
degradations of the chains P1 and P2 are not affected by the temperature and duration
of the curing process used for polymerization, are detected in the same temperature

region.

Evolutions of phenol (94 Da) and C¢HsCH> (91 Da) at elevated temperatures are
associated with degradation of crosslinked units or segments involving unsaturation.
As the extent of crosslinking increases, the char yield is increased. It may be thought

that elimination of CO takes place yielding only unsaturated carbon residue, the
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limited amount of 192 Da fragment, CsH4CoH2CsH4CH> may be correlated with this

possible process.

On the other hand, elimination of the products at elevated temperatures associated
with chains involving unsaturated segments and/or crosslinking is affected mainly by
the duration of curing process performed. As the duration of curing at a given
temperature was increased, the evolution of these products during the pyrolysis of the

polymer generated is shifted to lower temperatures.

Thus, it can be concluded that elimination of aniline and substituted dimer during the
curing process most probably, mainly due to the decomposition of low mass
oligomers generated, yields chains involving unsaturation and thus, having higher
thermal stabilities, As a consequence of the coupling of the chains generated, polymer
segments involving unsaturation are formed (Scheme 3.3). As the curing process was
performed for longer periods, mainly high molar mass products with higher thermal
stabilities were produced. However, as unsaturated segments cannot be produced
during the curing process, a thermally more homogenous polymer that decomposes

in a narrower temperature region is generated.

In Fig.3.12, single ion evolution of profiles of aniline (93 Da), CsHsNHC,H>NHC¢H3s
and/or CeH4NHCH,CsH4sNHCH> (210 Da) and HOCsH4CH>2NHCgsHs (199 Da)
detected during the pyrolysis of the samples prepared by two or three step curing

programs are shown.
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pyrolysis of PPh-a prepared by applying two or three-step curing programs
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Extensive evolutions of aniline (94 Da) and CsHsNHC,H>NHCsHs (210 Da) below
300°C are only detected during the pyrolysis of the samples cured at 200 °C after pre-
heating at 175 °C for 1.5 and 3 h. A shoulder at around 320°C is present in the
evolution profile of aniline during the pyrolysis of all the samples cured for 1.5 h at
each step independent of the temperature and the steps of curing. However, its relative
yield is decreased as the polymer pyrolyzed was prepared at high curing temperatures.
The evolution of aniline is again observed at around 410°C during the pyrolysis of the
samples cured for 1.5 h at each step independent of the temperature and the steps of
curing, as in case of the samples cured in a single step. However, during the pyrolysis
of the samples cured at 225°C after preheating at 175 or 200°C for 3h at each step,
the high temperature loss of aniline shifts to high temperature regions. On the other
hand, the elimination of 210 Da fragment is not observed at low and moderate
temperature regions and diminishes drastically at elevated temperature regions,
during the pyrolysis of the polymers cured at 225°C, without preheating at least for 3

h at lower temperatures,

Almost a similar behavior is observed for the evolution of HOCsH4CH>NHCsHs (199
Da). During the pyrolysis of the samples cured at 225°C, without preheating at least
for 3 h at lower temperatures, the evolution of 199 Da fragment totally disappears at
low temperature regions and diminishes drastically at high temperatures. On the
other, the pyrolysis of the samples cured at 200°C after preheating at 175°C and those
cured at 225°C after preheating at both 175 and 200 °C, yields 199 Da fragment in
two distinct regions at around 265 and 415°C. In general its relative yield is higher at
around 415 °C and its low temperature evolutions during the pyrolysis of the samples
cured in three steps diminishes noticeably, being more pronounced when the duration

of curing was increased.

Single ion evolution profiles of phenol (94 Da), CH2CsHs and/or CsHaN (91 Da) and
CsH4CH=CHCsH4CH> (192 Da) detected during the pyrolysis of the polymers cured

stepwise in two or three steps are depicted in Fig.3.13.
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Figure 3.13 Single ion evolution profiles of phenol (94 Da), CsHsCH, (91 Da) and
CsHsC2H2CgHs (192 Da) detected during the pyrolysis of PPh-a prepared by applying two or
three-step curing programs.

Evolution of phenol at initial stages of pyrolysis is only detected for the samples cured
at 200°C after preheating at 175 °C. For the samples preheated at 175 °C loss of
phenol is detected at around 410 and 520 °C. Its evolution is slightly shifted to high
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temperatures during the pyrolysis of the sample cured at 225°C after preheating at
200°C. However a low temperature shift is detected during the pyrolysis of the
samples cured in three steps. Furthermore, contrary to what was observed for the
polymers cured in two-steps the relative yield of phenol lost at around 410°C is more

pronounced during the pyrolysis of the samples cured in three steps.

Almost exactly the same behavior is observed for evolution of CsHsCHz (91 Da)
fragment. Low temperature evolutions are only detected during the pyrolysis of the
samples cured at 200°C after preheating at 175 °C. Its evolution is slightly shifted to
high temperatures during the pyrolysis of the samples cured at 225°C after preheating
at 200°C, reaching maximum yield at around 575°C. However a low temperature
shift is detected during the pyrolysis of the samples cured in three steps. In addition,
the evolutions at around 415 °C are significantly decreased for the samples cured at
225°C after preheating at 175 or 200°C. Evolutions at around 415°C are enhanced
during the pyrolysis of the samples cured at 175 and 200°C in two steps or cured at
225°C after preheating at both 175 and 200°C.

The 192 Da fragment associated with CsHsC2H2CsHs mainly eliminated at around
535 and 550 °C. Again its evolution shifts slightly to high temperature regions during
the pyrolysis of the sample cured at 225 °C after pre-heating at 200 °C and shifts to
lower temperatures during the pyrolysis of the sample cured in three steps. For these
samples evolutions at around 400°C are also noted and associated with loss of
CH:2C¢H3CHNCsH4 (192 Da) that may be generated by degradation of P1, P31 and
P32.

The normalized ion yields at the maxima of the peaks present in the single ion
evolution profiles of aniline (93 Da), CsHsNHC:HNHCsHs and/or
CsHsNHCH>2CsH4NHCH> (210 Da), phenol (94 Da), CH2CsHs and/or C¢HaN (91 Da)
and CeH4CH=CHCsH4CH> (192 Da) detected during the pyrolysis of the
polybenzoxazines based on aniline prepared by curing in two or three steps are collected

in Table 3.4 for comparison.
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Table 0.4 Normalized ion yields at the maxima of the peaks present in the single ion evolution
profiles of aniline (93 Da), CsHsNHC,H,NHC¢H;s and/or CsHsNHCH,CsH4sNHCH: (210 Da),
phenol (94 Da), CH>CsHs and/or CsHaN (91 Da) and CsHsCH=CHCsH4CH (192 Da) detected
during the pyrolysis of the polybenzoxazines based on aniline prepared by curing in two or three

steps.

93 Da 210 Da 199 Da 94 Da 91 Da 182

T1 T2 TW (T2 T3 |T1 T2 |T1 T2 T3 |T1 T2 T3 |T1
blcl 157 ¢ 1000| 39 11 15 2. 48 16 456 606| 154 176 367| 53
b3c3 1000 859| 366 71 119| 144 286 157 358 351 92 91 205| 57
bldl 866 . 1000 3 3 14 5| 81 463 554| 56 179 365| 37
b3d3 1000 6 19 28 380 639 219 319 82
cld1l 690 1000 2 9 1 62 416 671 50, 131 388| 42
c3d3 1000 0 3 303 420 66 163 16
blcidl | 808 i 1000| 25 67 25| 37 120 87 551 474 5. 162 277 62
b3c3d3 | 177 1000 15 76 8 12. 87| 23 282 160| 14 108 91 32

The trends in the single ion pyrograms of these diagnostic products indicate that
thermal degradation of polybenzoxazines based on aniline cured in two or three single
step again starts by elimination of CéHsNHC>H>NHCgsHs (210 Da) and aniline (93
Da). The early stage evolutions highly depends on the temperature and duration of the
curing process used for the polymerization of the benzoxazine monomer. For the
samples cured at 225 °C after pre-heating at 175 or 200°C, especially for the samples
cured for longer periods, loss of aniline and substituted aniline dimer are either

diminished or totally disappeared at initial stages of pyrolysis.

In general, the evolution of diagnostic products at moderate temperatures occurs
almost in the same temperature range, almost in dependent of the curing program
applied. Loss of CsHsNHC>H>NHCsHs (210 Da) occurs at around 400°C, those of
aniline (93 Da) and HOCsH4CH2NHCg¢Hs (199 Da) are observed at around 410°C and
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those of phenol (94 Da) and CsHsCH> (91 Da) are eliminated at around 415 °C.
However, for the samples cured at 225°C after pre-heating at 175 or 200°C, the
relative yields of C¢HsNHC2H>2NHCsHs and/or CsHsNHCH2CsHsNHCH> (210 Da)
and HOCsH4CH>NHC¢Hs (199 Da) evolved at around 400 °C diminished drastically.
Thus, the proposed process for the loss of 199 Da fragment, degradation of chains with
P31 and P32 structures is supported. On the other hand for these samples, the relative
yields of C¢HsCH> (91 Da), phenol (94 Da) and CsHsCH=CHCsH4CH> (192 Da) are
increased significantly. It can further be suggested that upon curing at 225°C, without
pre-heating for sufficiently long periods, vinyl polymerization takes place yielding P4
that can eliminate mainly phenol and aniline readily at elevated temperatures, leaving

an unsaturated polymer backbone that decomposes at higher temperatures.

It may be thought that the pre-heating process at low temperatures allows
polymerization of the dimers generated by coupling of CsHsNCH:> groups via attack
of C¢HsNCH> groups to ortho and para positions of phenol and/or aniline rings,
generating P31 and P32 segments. Furthermore, the polymers produced involves un-
crosslinked segments that can eliminate aniline and CsHsNHC2H2NHCsHs during the
pyrolysis process. The increase in the temperature and/or duration of curing at low
temperatures yielded highly crosslinked structures. Under this condition vinyl

polymerization was inhibited.

3.1.2.Benzoxazine monomer based on 4-nitroaniline, Ph-na

Benzoxazine monomer was synthesized from phenol, 4-nitroaniline and

paraformaldehyde via solventless method (Scheme 3.5).
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Scheme 3.5 Synthesis of benzoxazine monomer based on 4-nitroaniline and phenol

o
OH NH,
0" >N
A
+ + 2CH,0 —» @)
NO,

The proton NMR spectrum of the monomer shows strong resonances at 4.75 and 5.42
ppm corresponding to the methylene protons (C1 and C2) of Ar-CH»>-N and O-CH>-
N of the oxazine ring, respectively (Fig.3.5). The strong resonances at 4.88 and 5.61
ppm correspond to the methylene protons (H1 and H2) of Ar-CH»-N and O-CH>-N of
the oxazine ring, respectively. The resonance signals in the range of 6.88—7.08 ppm
are typical region for the phenyl ring; the chemical shifts (ppm) at 6.88 ppm (2H, H5
and H6), 6.96 ppm (1H, H7), 7.06 ppm (2H, H10 and H14), 7.08 ppm (1H, H4) are
assigned to the aromatic protons. The signals at 8.15 ppm (2H, H11 and H13) are
assigned to the aromatic protons next to nitro group. The resonances at 49.49 and
77.02 ppm correspond to the methylene carbons (C1 and C2) of Ar-CH»>-N and O-
CHa>-N of the oxazine ring, respectively. Other chemical shifts (ppm) are assigned to
the resonances of the carbons: 115.08 (C7), 117.31 (C10, C14), 120.07 (C5), 121.62
(C3), 125.84 (C11, C13), 126.76 (C4), 128.36 (C6), 140.48 (C12), 152.94 (C9),
154.05 (C8). Anal. caled. for C14H12N203: C, 65.62; H, 4.72; N, 10.93; 0,18.73%.
Found: C, 65.43; H, 4.60; N, 10.99; O,18.98%.
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Figure 3.14 a) Proton-NMR and b)13C-NMR spectra of benzoxazine monomer.

The FTIR spectrum of the benzoxazine monomer is shown in Fig. 3.15a. The typical
absorption bands for the benzoxazine are observed at 1487, 1366, 1227, 1039 and 959
cm’!, corresponding to the di-substituted benzene rings, CH, wagging, Ar-O-C anti-
symmetric stretching, C-O-C symmetric stretching and vibration modes of cyclic
substituted benzene rings, respectively. The peak at 1447 cm! is associated with di-

substituted benzene of 4-nitroaniline.
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Figure 3.15 FTIR spectra of a) benzoxazine monomer and b) polybenzoxazine

In general, the peaks in the region 1600-1585 and 1500-1400 cm™! are assigned to C-
C stretching vibrations in aromatic compounds. The ring C-C stretching vibrations
occur in the region 1600-1350. The peaks at 1603, 1584 and 1402 cm™ are related to
C-C stretching vibrations. The aromatic C-H in plane bending and out-of-plane
deformation modes of benzene and its derivatives are observed in the region 1300-
1000 cm™, and 1000-600 cm! regions respectively. Thus, several peaks present in
these regions are associated with both of the di-substituted benzene rings present in

the structure.

Aromatic nitro compounds show peaks in the region 1550-1500 and 1360-1290 cm!
due to symmetric and symmetric stretching vibrations. Thus, the absorption at 1510
cm’! is assigned to the asymmetric vibration of NO>. But the peak due to symmetric
stretching vibration of NO; cannot be differentiated because of the overlaps of
absorptions of C-H in plane bending mode of aromatic ring, yielding a broad peak at

around 1329 cm.

In Fig. 3.16 the mass spectrum of the benzoxazine monomer, Ph-na, is depicted. For
comparison those of the reactants p-nitroaniline and phenol are also included. The
mass spectrum of Ph-na shows the base peak at 78 Da due to C¢Hg, the molecular ion
peak at 256 Da, and moderate peaks at 150, 120 and 52 that can be associated with
02NCsHsNCH2, OC¢H4sNCH> and C4H4 respectively. The weak peaks at 106, 104,
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92, 66 and 65 Da can be attributed to OCsH4CH> and/or OCsHsN, CsHsNCHa,
CsH4NCH; and/or OCsHs4, C;HNCH_, CsHg, CsHs fragment ions respectively. Hence,
the fragmentation pattern observed is in accordance with the general expected

fragmentation pattern for a molecule involving aromatic nitro group.
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Figure 3.16 Mass spectra of a) p-nitroaniline, b)phenol and c) benzoxazine based on p-
nitroaniline and phenol, Ph-na

Thus, the NMR, FTIR and MS spectra for the monomer are in good agreement with

the expected chemical structure.

Polymerization of p-nitroaniline based benzoxazine monomer may be expected to
proceed through various reaction paths. It is known that with a bulky ortho — para
director, para substitution predominates. Thus, the heterocyclic ring opening is
followed by the attack of NO2C¢H4NCH> groups to mainly para positions of phenol
ring as shown in Scheme 3.6, generating P1 [25, 26]. On the other hand, the attack of
NO2CsH4sNCH: groups to aniline rings is almost impossible contrary to aniline based
benzoxazine. It is expected that being also a bulky directing group, substitution to
para positions should almost exclusively predominate. However, as para position of
aniline ring is already occupied by the NO» group, polymerization via attack of NCH»

groups to aniline ring should be negligible.
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On the other hand, the dimer generated by the coupling of -NCH> groups may
polymerize via attack of -NCHz groups to phenol rings (P31) or through vinyl
polymerization (P4) (Scheme 3.7). As a consequence of these competing reaction
pathways, generation of chains with various structures involving also cross-linking is

also expected.

Scheme 3.6 Ring-opening polymerizations of benzoxazines by attack to phenyl ring
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Scheme 3.7

a) Generation of the dimer by coupling of -NCH> groups
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b) polymerization of the dimer

1) by attack of NCH, groups to phenol ring

OH OH
N N)-NO, _CH=CH
0" NN . N N

NO, NO,

OH OH OH
CH=CH
S5
n

i1) by vinyl polymerization

It is known that as the electron withdrawing character of the group at the para position
to the N of the aniline group increases, the imine group is destabilized and the

polymerization temperature of benzoxazine is increased [58]. Thus, as a consequence
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of the highly electron withdrawing character of the nitro group, the curing temperature
of' benzoxazine based on p-nitroaniline, Ph-na is relatively high and significantly close

to its degradation temperature. Hence, the curing program applied is very crucial.

The exothermic ring opening polymerization peak in the temperature range of 230-
270°C is observed for the samples Mal to Ma8 which were cured at 160 C for 1 to 8
hours, indicating that the polymerization was not completed for these samples (Fig.
3.17). The disappearance of this peak in the DSC curves of the rest of the samples
confirmed polymerization of the Ph-na monomer by the applied curing programs. As
representative examples DSC profiles for Pal0 and Pal2 cured at 160°C for 10 and
12 hours, respectively, Pb3 cured at 180°C for 3 hours and Pc1 cured at 200°C for 1

hour are also shown.
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Figure 3.17 DSC profiles of benzoxazines Mal to Ma8 cured at 160°C for 1 to 8 h, Pal0 and
Pal2 cured at 160°C for 10 to 12 h and Pb3 cured at 180°C for 3 h.
Polymerization of the monomer is also confirmed by FTIR analyses. As an example,

the FTIR spectrum of the polymer prepared by curing at 200 °C for 2 h after
preheating at 180°C for 3 h is shown in Fig.3.15b. The polymer spectrum exhibits
disappearance of the characteristic peaks of oxazine and di-substitute benzene rings
at 1487, 1366, 1227, 1039 and 959 cm™! indicating complete polymerization via ring
opening of oxazine ring. The peaks in the region 1600-1550 and 1500-1400 cm!
assigned to C-C stretching vibrations are also diminished significantly. This behavior
may be related to crosslinked structure of the polymer generated. The characteristic
asymmetric streching peak of NO, group is detected at 1506 cm™!. The aromatic C-H
in plane bending and out-of-plane deformation modes of aromatic rings are detected
again in the range 1250-1050 and 900-700 cm™'. In addition, a new peak at 1772 cm
U'in the region of C=0 absorptions, is appeared in the spectrum. Low and his
coworkers also detected generation of various carbonyl derivatives due to oxidation
at the methylenes of Mannich base and tentatively assigned the band at 1754 cm! to
an imide structure. Another possibility for this absorption is the presence of a COOH
group bonded to an aromatic ring. It may be thought that, under the curing conditions,
the NO» radicals may be eliminated and being strong oxidizing agent may oxidize the

methylenes of Mannich base to COOH as shown in Scheme 3.8.

Scheme 3.8 Generation of COOH end groups
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It may be thought that certain polymerization routes may be predominant under
certain curing conditions. As thermal degradation mechanism depends on the
structure of the polymer, investigation of thermal characteristics, especially thermal
degradation products and mechanism of polybenzoxazines prepared by different

curing programs, also gives valuable hints for polymerization mechanism.

Thus, thermal analyses of the samples, for which complete polymerization was
indicated by DSC findings by different curing programs, were performed
systematically via TGA and DP-MS techniques not only to determine thermal
behavior but also to elucidate the predominant polymerization routes under certain

curing condition.

The TGA curves of these polymers are shown in Fig. 3.18 and the results are tabulated
in Table 3.5.
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Figure 3.18 TGA curves of polybenzoxazines cured a) in one step and b) at 200°C after
preheating at 160 and 180°C (a=160°C, b=180°C and c=200°C for given durations in hours).

For all the samples, the TGA curves show two or three step decompositions,
indicating presence of chains with different structures and/or thermal stabilities and/or
a multi-step thermal degradation mechanism. It can be noted from Fig.3.18 that as the
curing was performed at higher temperatures or continued for prolonged periods, the
char yields of the polymers produced are increased and the temperature at which 5%
weight losses occurred, Tsy, and the temperature at which maximum weight loss
detected, Tmax,1 are shifted to higher temperatures. The char yield of the samples cured
at 200°C after pretreatment at 160 or 180 °C are somewhat higher than the ones cured
without preheating. In addition, the increase in the duration of curing at 200°C
provides an increase in the ultimate char yield. On the other hand, when the duration
of pre-treatment at 180°C is increased from 3 h to 6 h, a lower char yield is obtained.
In general, a high temperature shift for the initial weight loss step is also recorded in

the same sequence.

Table 3.5 TGA data for polybenzoxazines

T5% Tmax
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Sample* Step 1 Step2 | Step3 %aﬁrgaoroyi%d,
Pal0 247.5 258.6 476.4 61.5
Pal2 244.2 273.5 470.0 59.5
Pb3 238.5 248.5 476.3 57.4
Pb6 255.8 270.9 462.5 66.2
Pcl 242.6 261,3 460.3 56.5
Pc2 273.5 279.6 459.3 68.8
Pa3cl 2711 268.2 459.9 67.5
Pa3c2 279.2 275.9 4593 71.0
Pb3c1 249.3 261.9 472.9 64.7
Pb3c2 274.8 282.4 454.7 536.9 70.4
Pb3c3 274.5 287.2 455.4 533.3 70.6
Pb6cl 258.9 275.8 463.4 64.0
*  Samples prepared by curing at a=160°C, b=180°C and ¢=200°C for given periods in
hours.

The TIC curves of the polybenzoxazines prepared by applying one step curing
program is shown in Fig. 3.19. The mass spectra of the samples detected at the
maxima of the peaks present in the TIC curves are given in the figures. For all the
samples, the TIC curves show an intense peak in the temperature region 200-350°C
and two overlapping weak peaks at around 400-650°C revealing a multi-step thermal
degradation process and/or presence of chains with different thermal stabilities in
accordance with TGA results. The trends indicated that the curing program used
affected both the thermal stability and the yields of the products lost at different

temperature regions.

In general, the initial step of thermal degradation of polybenzoxazines shifts to high
temperatures as the temperature or the duration of curing used for polymerization is
increased. Similarly, a high temperature shift for the overlapping peaks present in the
TIC curves at elevated temperatures is observed in the same sequence. In addition,

the relative yields of the products lost at elevated temperatures are increased during
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the pyrolysis of the samples cured at higher temperatures. However, as the curing
period at a given temperature is increased, the relative yields of high temperature

pyrolysis products eliminated in the final step of degradation are decreased.

The pyrolysis mass spectra of all the samples at the maximum of the low temperature
peak in the corresponding TIC curves are dominated with diagnostic peaks of p-
nitroaniline, molecular ion (M) peak at 138 Da, and peaks due to its diagnostic
fragment ions [M-NO]J" (108 Da), [M-NO:2]" (92 Da), [M-NO-CO]" (80 Da) and
CsHs" (65 Da) (Fig.3.19) confirming the elimination of nitroaniline during the
pyrolysis and/or ionization inside the ion source. For the samples Pal0, Pal2, Pb3,
Pb6 and Pc1 moderate or weak peaks at 256 and 242 Da that can directly be associated
with HOCsH4CHoN(CsH4NO2)CH2 and HOCsH4CH2NCsH4NO; respectively are also
observed. Upon expansion the spectrum, weak peaks at 514 and 648 Da that can be
attributed to di-protonated dimer and NO>CsH4sNCH>MCsH4(OH)CH2NCsH4NO>
(648 Da) are recorded. As the exothermic ring opening polymerization peak in the
temperature region of 230-270°C in the DSC curves is not detected for these samples
it may be thought that these fragments are generated by degradation of low mass
oligomers (Fig. 3.19). For the samples cured for longer periods and at higher

temperatures, these peaks are either totally disappeared or diminished significantly.
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Figure 3.19 TIC curves of PPh-na cured at 160°C for 10h (Pal10) and 12 h (Pal2), at 180°C
for 3h (Pb3) and 6 h (Pb6) and 200 °C for 1h (Pc1) and 2h (Pc2)

The pyrolysis mass spectra of the samples recorded at elevated temperatures are
dominated with identical peaks. Yet, significant variations in the relative intensities
of the peaks that can be associated with products involving phenyl ring or their
fragments generated mostly during ionization, such as CsHs and/or NC4H3 (66 Da),
CsHgs and/or NCsHs (78 Da), CsH7; and/or NCeHs (91 Da), HOCsHs (94 Da),
HOCsH4CH> (107 Da) and HOCegH3C>H> and/or CH2NCsH4CH> (118 Da) are
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detected. The base peak is at 108 Da (OC¢HsNH> and/or HOCsH4CH3) for the samples
cured at 160 °C, for the samples cured at 180°C, for rest of the samples, it is at 44 Da
that can be associated with loss of CO». The decrease in the relative intensities of the
peaks at 108 and 118 Da is followed by the increase in the relative intensities of the
peaks at 93 and 94 Da in the pyrolysis mass spectra of the samples cured at higher

temperatures and/or for longer periods.

The initial decomposition of the polymer samples Pal0, Pal2, Pb3 and Pcl in the
temperature region 225-250°C corresponding to the region where ring opening
polymerization of Ph-na takes place and the presence of monomer peak in their
pyrolysis mass spectra indicate elimination of monomer and decomposition of low
molar mass oligomers. For these samples, char yields are relatively low, less than 60%
except that of Pal0, and the relative intensity of the high temperature peak associated
with degradation of thermally more stable polymer chains, is noticeably low. Thus, it
can be concluded that the curing of the monomer at low temperatures, even for
prolonged periods or curing at elevated temperatures for short periods, is not sufficient
for complete polymerization and low molar mass oligomers exit in the product. When
DP-MS and TGA results are analyzed together, it can be noticed that the increase in
the char yield and the decrease in the relative yields of the products eliminated in the

final stages of thermal decomposition occur subsequently.

The TIC curves of the samples cured at 200°C for 1 or 2 h, after preheating for 3 h at
160°C (Pa3cl, and Pa3c2) and 3 or 6 h at 180°C (Pb3cl, Pb3c2 and Pb6cl) and the
pyrolysis mass spectra recorded at the maximum of the peaks present in the TIC
curves are shown in Fig. 3.20. The thermal decomposition of all these samples occurs
above the temperature regions where polymerization of Ph-na takes place. In addition,
for these samples, the weak overlapping peaks at elevated temperatures present in the
TIC curves are shifted to higher temperature regions, and their relative intensities are
increased revealing presence of chains with significantly high thermal stabilities. For
the samples cured at 200 °C for one hour, as the temperature of pre-treatment or

duration of preheating is increased, the evolution of thermal degradation products
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both at initial and final stages of pyrolysis shifts to high temperatures. A similar
behavior is observed when the duration at 200°C is increased from one hour to two
hours. However, when the duration at 200°C is increased to three hours, the thermal
degradation products evolve at lower temperature regions indicating a decrease in
thermal stability of the polymer generated. Thus, it can be concluded that curing the
monomer at 200 °C for 3 h after pre-heating at 180°C for 3 h initiate the degradation

of the polymer chains during the curing process to a certain extent.

The pyrolysis mass spectra recorded at the peak maximum of the low temperature
peak present in the TIC curves are almost identical and dominated with diagnostic
peaks of p-nitroaniline indicating elimination of p-nitroaniline during the initial stages
of pyrolysis. For these pre-heated samples, elimination of the monomer or any higher
mass fragments is not detected. The pyrolysis mass spectra recorded at elevated
temperatures are also almost similar showing small variations in the relative

intensities of the peaks.

Among all the samples prepared, the thermally most stable polybenzoxazine with
highest char yield is the one produced by curing at 200°C for 2 h after pre-heating at
180°C for 3 h. The sample Pb6c1 also shows desirable thermal behavior. But, further
curing of this sample at 200°C was not tried considering the significantly long curing

period.
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Figure 3.20 TIC curves of PPh-na cured at 200°C after curing at 160 and 180°C for 3 h (Pa3cl
and Pb3cl) and at 180°C for 6 h (Pa6c1)

The trends detected in the TIC curves reveal that thermal decomposition of the
polybenzoxazines based on nitroaniline takes place in two distinct temperature
regions. The yield of monomer and nitro aniline maximizes in the temperature region
225-300 depending on the temperature and duration of curing used for
polymerization. Evolution of products such as phenol and CO; are detected in a broad

temperature region above 500°C. Thus, contrary to what was observed for
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polybenzoxazines based on aniline, loss of degradation products at around 400°C is

not observed for polybenzoxazines based on nitroaniline.

Unfortunately, further dissociation of thermal degradation products in the mass
spectrometer during ionization and contribution of all the fragments that are structural
isomers and the products involving different combinations of C, N, O and H, with the
same m/z values, to the intensity of the same m/z peak in the mass spectrum, the
interpretation of pyrolysis mass spectra of polymers is usually very difficult. Thus, in
order to minimize dissociation during ionization low energy DP-MS analysis were
also performed. Furthermore, the variation of the intensity of almost all products as
a function of temperature were analyzed and grouped according to the similarities in
their evolution profiles, to determine the source of the related product, or the
mechanism of thermal degradation which also supplies valuable information for the

polymerization routes during the curing process.

In order to minimize dissociation of thermal degradation products during ionizations,
the pyrolysis analyses were also utilized at electron energies of 20 eV. As expected,
reproducibility decreased noticeably. In addition, the ion yields are diminished
drastically and few product peaks can be detected in the 20 eV pyrolysis mass spectra.
Thus, only limited information can be obtained. In Fig. 3.21, as a representative
example, the TIC curves and the pyrolysis mass spectra at selected temperatures
recorded during the pyrolysis of Pb3c2 at 70 and 20 eV ionization energies are shown.
Although, almost identical peaks are detected, significant variations in the relative
intensities exist. The significant increase in the relative intensities of the peaks at 138
and 108 Da at around 310 C, and those at 94, 93 and 78 Da confirm elimination of
nitroaniline, NH>C¢H4O and/or HOC¢H4CH3 (108 Da), HOC¢Hs (94 Da), HoONCeHs
(93 Da), CsHs (78 Da) and CO: (44 Da) directly during the thermal decomposition

process.

&9



d) 500:C

65
65
s 138
a0 ’ 138 \gn 92
b) 310°C
L\IJ JJI A A JHL ]

1

300 400 500 300 400 500
Temperature, *C Temperature, *C

Figure 3.21 a) The TIC curves and b to e) mass spectra recorded during the pyrolysis of Pb3¢2
at . 70eV and II. 20 eV ionization energies.

In Fig. 3.22, single ion evolution profiles of some selected products recorded during
the pyrolysis of Pal0 and Pb3c2 are given for comparison. The single ion profiles are
grouped considering the similarities in the trends observed especially in the high
temperature regions. As can be noticed from Fig. 9, the relative yields of products
evolved at around 225°C during the pyrolysis of Pal0, are significantly high.
Evolutions of monomer (256 Da) and high mass products such as
NO2CsHsNCH2MCsH4(OH)CH2NCH4NO2 (648 Da), di-protonated dimer (514 Da)
p-nitroaniline (138 Da) and low mass fragments that can be associated with

dissociation of these products mainly during ionization inside the mass spectrometer,
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such as CeHsNHC,H,NHC¢Hs (210 Da), HOCH4C>H>C¢Hs  and/or
HNCsH4CH2NCeH4 (195 Da), CH2CsH4CH2NCgH4 and/or HOCsH4C2H2CsHa (184
Da), CsH4CHNC¢Hs and/or CeHsCoHoCsHs (179 Da), H2NCeHsO and/or
HOCsH4CH3 (108 Da), HOC¢Hs (94 Da), H:NC¢H4 and/or OCgHs4 (92 Da), CsHsCH>
and/or NHCsH4 (91 Da), C¢He (78 Da) and CsHs (65 Da) are recorded. Evolutions of
high mass products (648, 514, 195 Da), monomer and p-nitroaniline are only detected
at around 225°C. Loss of COx is detected at moderate temperatures, two overlapping
intense peaks with maxima at around 362 and 449°C are present in its single ion
pyrogram. CO> elimination usually occurs during the ionization processes of
molecules involving ester linkages or acid end-groups inside the mass spectrometer.
The fragments with m/z values 184, 179, 108, 91 and 78 Da are lost at high
temperature regions. A broad, relatively weak peak at around 475, 550 and 570 °C
are present in the evolution profiles of fragments with m/z values 108, 210 and 179
Da respectively. On the other hand, the fragments with m/z value 91 Da and 78 Da
show two overlapping weak peaks with maxima at around 475 and 570°C in their
single ion pyrograms. On the other hand, evolutions of HOC¢H3C>H> and/or
CH2NCsH4CH: (118 Da) and HOCsHs (94 Da) mainly occur at elevated temperatures,

and are maximized at around 475 and 530°C respectively.
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Figure 3.22 Single ion evolution profiles of selected products detected during the pyrolysis
of a) Pal0 and b) Pb3c2.
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A high temperature shift is detected in the evolution profiles of almost all the products
generated during the pyrolysis of Pb3c2 cured at 200 °C after pre-heating at 180°C
for 3h. No monomer or high mass fragment that can be associated with degradation
of oligomers is detected. Yet, evolution of nitroaniline is again extensive at initial
stages of pyrolysis. Diagnostic fragments of nitroaniline, Ho2NCsH4O (108 Da),
OCsH4 (92 Da) and CsHs (65 Da) show similar trends in their evolution profiles in
the low temperature regions, reaching maximum yield at around 310°C confirming
that thermal degradation of polybenzoxazine is initiated by elimination of
nitroaniline. The evolutions of fragments such as CsH4CHNC¢HsO (179 Da),
CH>NCsH3CH:z (118 Da) and HOCsHs (94 Da) are almost exclusively detected only
at elevated temperatures. Again, loss of fragments with m/z values 91 and 78 Da are
detected in two temperature regions. Yet, their relative yields are increased
significantly at high temperatures. Similarly, the low temperature evolutions of

fragments with m/z values 118 and 94 Da, diminish noticeably.

The single ion pyrograms of the abundant degradation products show broad
overlapping peaks with maxima at different temperatures indicating either a multi-
step complex thermal degradation process and/or presence of chains with different

thermal stabilities and structures.

In Fig. 3.23, the pyrograms of nitroaniline (m/z=138 Da) and HOCcH4+C2H2CsH4
and/or C¢HsCH2NC¢H4CH> (m/z=195 Da), that mainly evolved at initial stages of
pyrolysis of the samples prepared by different curing programs are shown. The
evolution of nitroaniline below 250 C may be associated with the decomposition of
monomer and low molecular weight oligomers as polymerization cannot be
completed due to the inefficient curing process. In general, the evolution of
nitroaniline is suppressed and is shifted to higher temperature regions during the

pyrolysis of the samples cured at higher temperatures or cured for longer periods.

93



Unlike nitroaniline, evolution of fragment with m/z value 195 Da is also observed at
elevated temperatures. This fragment may be associated with degradation of chains
with different structures. In general, its single ion pyrograms follow almost identical
trends with that of nitroaniline at low temperatures. The low temperature evolutions
may be related with loss of fragments C¢HsCH2NCHCsHs and/or
H>NCsH3CH2NCsHa, whereas, those at elevated temperatures may be associated with
elimination of HOCsH4C2H2CsHa. The relative yield of the fragment lost at elevated
temperatures increases for the samples polymerized by curing at higher temperatures

or for longer periods.

The single ion evolution profiles of some representative pyrolysis products, CH2C¢Hjs
and/or HNCeHas, (91 Da), C¢HsOH (94 Da), HOCsH3C>H2 and/or CHoNCgH4CH>
(118 Da) and CsHsC2H2CeH4 and/or CéHsCHNCgHa4 (179 Da) evolved predominantly
at elevated temperatures are depicted in Fig. 3.24. Among these, losses of 91 and 179
Da fragments are also detected in low temperature regions. On the other hand, losses
of C¢HsOH (94 Da), HOCsH3C,H> and/or CHoNCsH4CH2 (118 Da) are mainly

observed at elevated temperatures.
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Figure 3.23 Single ion evolution profiles of nitroaniline (138 Da) and CsHsCH>N(CsH4)CH>
and/or HOC¢H4C,H>CsH4 (m/z=195 Da) detected during the pyrolysis of PPh-na prepared by
different curing programs

95



CH, NH OH CHo=N | oH ) i
CH; ‘ cH=CH o @
andior andior . DrEH—CH
91Da g ~e00c
i 179 Da @ '

Pb3c2

Pa3c2

Pbéc1
Pb3c1

Paici

Pc2
Pcil

Pb6
Pb3

Pal2

x13.2 x40.8 Pal0

300 400 500 600 300 400 500 600 300 400 500 600 300 400 500 600
Temperature, °C Temperature, °C Temperature, °C Temperature, °C

Figure 3.24 Single ion evolution profiles of some selected products detected during the
pyrolysis of PPh-na prepared by different curing programs

A relatively sharp peak in the temperature region 200-350°C and two overlapping
peaks at elevated temperatures are present in the single ion profile of fragment with
m/z value 91 Da evolved during the pyrolysis of all the polymers prepared by different
curing programs. This fragment can be associated with CH>CgHs which is a diagnostic
fragment generated during the ionization of methylene substituted phenyl compounds.
The presence of three peaks in its evolution profile indicates that it is generated from
units of different structures and/or thermal stabilities. The loss of 91 Da fragment is
diminished and shifted to high temperature regions during the pyrolysis of the
polymers cured at higher temperature regions or for longer periods. The low
temperature peak in its evolution profile maximizes in the temperature region 225-
310°C, whereas, the two overlapping peaks show maxima in the temperature region

475-530 and 530-600°C respectively.

96



Elimination of 179 Da fragment, CeH4CHNC¢Ha4, is also extensive at initial stages of
pyrolysis for the samples cured in one step. The evolution of 179 Da fragment,
diminishes drastically for the samples cured at higher temperatures, especially at
initial stages of pyrolysis. For the samples cured in two steps, loss of CeH4CHNCsH4
at low temperatures is almost disappeared while those at high temperature regions are

relatively enhanced.

On the other hand, the loss of CsHsOH (94 Da), predominantly occurs only at elevated
temperatures and its yield is maximized in the temperature region 530-565°C.
Similarly, evolution of HOCsH3C>H> and/or CH2NCeH4sCH> (118 Da) is also
observed mainly at elevated temperatures, reaching maximum yield in the

temperature region 475-525°C.

Among these representative fragments the ones with m/z values 195 and 179 Da are
maximized at temperatures corresponding to the high temperature peak in the

evolution profile of 91 Da fragment.

The fragmentation patterns detected in the pyrolysis mass spectra and the trends in
the evolution profiles reveal that thermal degradation of polybenzoxazines based on
nitroaniline starts by evolution of nitroaniline, similar to loss of aniline in case of
polybenzoxazines based on aniline in the temperature region 225 to 310°C. However,
for this case, elimination NO>CsH4sNHCHCHNHCsH4NO: corresponding to
CsHsNHCHCHNHCsHs analogue or any other product that can be associated with
decomposition of segments involving coupling of NO.CsH4NCH> groups (Scheme
3.a) is not detected. During the pyrolysis of PPh-a, thermal degradation products
attributed to degradation of P2 via random cleavages were detected at around 400 °C,
independent of the temperature and the duration of curing process used for preparation
of the polymer. However, for PPh-na, no product that can be associated with
decomposition of such chains is recorded as expected. For the samples cured at high
temperatures for prolonged periods, evolution of CO; during the pyrolysis is also
enhanced and shifted to high temperature regions, indicating oxidation of methylene

units. The oxidation methylenes most probably affects the generation of dimer via
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Scheme 3.a more than the attack of NCH» groups to para positions of the phenol rings
as two NCH; groups are involved in the coupling process. Thus, the probability of the
existence of segments involving unsaturated dimer is reduced. Thus, the generations
of P3 structure is not very likely. Hence, it may be concluded that polymerization of
nitroaniline based benzoxazine mainly proceed via attack of NCH> groups to para

positions of the phenol ring.

The very high char yield indicates that the radicals generated by the elimination of
nitroaniline combined to form unsaturated linkages as shown in Scheme 3.9, that

decompose at elevated temperatures.

Scheme 3.9 Generation of unsaturated linkages during curing and/or pyrolysis
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It may further be thought that if the loss of nitroaniline during the curing process is
very extensive then the polymer sample does not involve chains with P1 structure

degrading via random cleavages.

The presence of peaks in the single ion evolution profiles of the fragments with m/z
values 195, 179, 94 and 91 Da, that may be presumably associated with
HOCsH4CoH2C6Ha, CeHsC2H2CesHs, HOCsHsand CsHsCH> respectively, in the
temperature region 500-600°C supports this proposal. In order to investigate the
extent of loss of nitroaniline during the curing process, the monomer was cured while
performing TGA analyses continuously. At the end of the process a weight loss of
about 40% was detected. The TGA curve recorded during the process is given in Fig.
3.25. Considering the weight percent of nitroaniline -54%) in the monomer, it can be

concluded that about 75% of the nitroaniline groups are lost during the curing process.
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The char yield for the polymer produced is about 70 % supporting the coupling of the

radicals generated as shown in Scheme 3.9.
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Figure 3.25 TGA curve recorded during the curing process

As the temperature and/or duration of curing is increased, evolution of aniline, phenol,
CH2C¢Hs and products involving cross-linked and/or unsaturated linkages during the
pyrolysis of the polymer produced shifts to high temperatures. However, although the
relative yield of aniline is increased in the same sequence, decrease in relative yields
of CH>CeHs and CsHsCoHoCgHs 1s recorded. The increase in the relative yield of
nitroaniline lost during pyrolysis indicates, decrease in the amount of nitroaniline
eliminated during the curing process, which in turn leads to reduction in extend of
unsaturated linkages formed via Scheme 3.9. On the other hand, as the temperature
and duration of preheating is increased for the samples cured at 200 °C, the ultimate
char yield is also increased. Then, it may be suggested that crosslinking reactions that
inhibits loss of nitroaniline groups predominates under these conditions increasing the

char yield.
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3.1.3. Benzoxazine monomer based on 3-aminobenzonitrilei Ph-abn

Benzoxazine monomer was synthesized from phenol, 3-aminobenzonitrile and

paraformaldehyde via solventless method (Scheme 3.10).

Scheme 3.10 Synthesis of benzoxazine monomer based on 3-aminobenzonitrile and phenol
OH NH;
A 0" N
+ + 2CH,O —>
CN

The resonances at 4.62 and 5.33 ppm correspond to the methylene protons (HI and
H2) of Ar-CH>-N and O-CHaz-N of the oxazine ring, respectively. The chemical shifts
(ppm) at 6.80 (3H, H6, H7 and H14), 6.90 (1H, H5), 7.00 (1H, H4), 7.13 (2H, H10
and H12) and 7.30 (H, H11) are assigned to the aromatic protons. The resonances at
50.43 and 77.43 ppm correspond to the methylene carbons (C1 and C2) of Ar-CHz-N
and O-CHz-N of the oxazine ring, respectively. Other chemical shifts (ppm) are
assigned to the resonances of the carbons: 113.20 (C7), 117.15 (C13), 118.98 (C14),
120.13 (C10, C15), 120.89 (C5), 121.30 (C3), 122.30 (C12), 124.61 (C6), 126.80
(C4),128.30 (C11), 148.90 (C9), 154.0 (C8). Anal. calcd. for CISH12N20: C, 76.27;
H, 5.09; N, 11.86; O, 6.77%. Found: C, 76.31; H, 4.96; N, 12.02; 0,6.71%.
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Figure 3.26 a) Proton-NMR and b)13C-NMR spectra of benzoxazine monomer.
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Figure 3.27 FTIR spectra of a) benzoxazine monomer and b) polybenzoxazine
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The FTIR spectrum of the benzoxazine monomer is shown in Fig.3.27a. The typical
absorption bands for the benzoxazine are observed at 1484, 1374, 1230, 1030 and 948
cm’!, corresponding to the di-substituted benzene rings, CH, wagging, Ar-O-C anti-
symmetric stretching, C-O-C symmetric stretching of oxazine ring and vibration
modes of benzene ring with an oxazine ring, respectively. The band at 823 cm™!
corresponds to the symmetric stretching vibration of C-N-C of the oxazine ring and
the C-H out-of-plane bending of the aromatic ring, whereas the band at 750 cm™' is
ascribed to the benzoxazine ring breathing. The absorptions at 2224 cm ™' are belong

to the stretching vibrations of C=N.

In general, the peaks in the region 1600-1585 and 1500-1400 cm™! are assigned to C-
C stretching vibrations in aromatic compounds. The ring C-C stretching vibrations
occur in the region 1600-1350 cm™!. The peaks at 1595, 1576 and 1434 cm™! are related
to C-C stretching vibrations. The aromatic C-H in plane bending and out-of-plane
deformation modes of benzene and its derivatives are observed in the region 1300-
1000 cm™!, and 1000-600 cm™' regions respectively. Thus, several peaks present in
these regions are associated with both of the di-substituted benzene rings present in

the structure.
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Figure 3.28 Mass spectra of a)aminobenzonitrile, b)phenol and c)benzoxazine based on
aminobenzonitrile and phenol, Ph-abn

Phenol and 3-aminobenzonitrile based benzoxazine polymer was prepared by

applying the curing conditions given in the literature[4][5][59,60].
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The exothermic ring opening polymerization peak in the temperature range of 230-
250 °C is observed for the samples prepared by curing at 160°C for 6h, Pa6 and at
180°C for 3 h, Pb3, indicating that the polymerization was not completed for these
samples (Fig. 3.29). The disappearance of this peak in the DSC curves of the sample
prepared by curing the monomer at 200 °C for 2h after preheating at 180 °C for 3 h
confirmed polymerization of Ph-abn monomer. This polymer is abbreviated by

Pb3c2.

Heat Flow, Endi Up
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Figure 3.29 DSC profiles of DSC profiles of benzoxazines Pa6 and Pb3cured at 150 °C for 6
hand 180 ° C for 3h, respectively and Pb3c2 cured at 200 °C for 2h after preheating at 180
°C for 3h.

Polymerization of the monomer is also confirmed by FTIR analyses. As an example,
the FTIR spectrum of the polymer prepared by curing at 200 °C for 2 h after
preheating at 180°C for 3 h is shown in Fig.3.27b. The absorption intensity of the
characteristic peaks at 1374, 1230, 1030, 948, 856, and 750 cm' decreased
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significantly, indicating that the oxazine ring opening reaction is complete. At the
same time, the peak at 2224 cm™! the stretching vibrations of C=N does not change.
The peaks in the region 1600-1550 and 1500-1400 cm-1 assigned to C-C stretching
vibrations are also diminished significantly. This behavior may be related to

crosslinked structure of the polymer generated.

To determine the thermal characteristics of the polymers generated were analyzed by
TGA and DP-MS techniques. The TGA curves of these polymers are shown in
Fig.3.30 and the results are tabulated in Table 3.6.
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Figure 3.30 TGA curves of polybenzoxazines Pa6 and Pb3cured at 150°C for 6 h and 180° C
for 3h, respectively and Pb3c2 cured at 200 °C for 2h after preheating at 180 °C for 3h.

TGA results reveal that the thermal degradation of polybenzoxazine based on 3-
aminobenzonitrile occurs in two or three steps in the temperature regions 200-280,
300-400 and 480-530°C. This behavior may either be due to a multi-step thermal
degradation or a polymer sample involving chains with different structures, thus,

different thermal stabilities. The char yield of Pa6 and Pb3 are almost identical and
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relatively lower than that of Pb3c2. As the temperature of curing process is increased,

the initial degradation step of the polymer shifts to high temperatures slightly.

Table 3.6 TGA data for polybenzoxazines prepared by different curing programs

Sample Ts% Tmex %C}é%%};iéld at
Step 1 Step 2
Pa6 213.8 250.5 397.0 47.6
Pb3 237.0 269.1 398.9 48.4
Pb3c2 268.4 274.6 399.9 60.9

The TIC curves and mass spectra at each peak maxima present in the TIC curve are
shown in Fig.3.31. Pa3 and Pb3 exhibits an intense peak at around 226 °C and a weak
peak at 425 °C. The high temperature peaks that can be associated with the
degradation of thermally stable polymer chains are quite weak, pointing out the
polymerization cannot be completed due to the inefficient curing programs used.
Evolution of monomer and the characteristic fragments of the monomer can be seen
in the mass spectrum of Pa3 at 226 °C. The monomer evolution at 226 °C was
diminished for Pb3; however, the diagnostic peaks of the monomer and the fragment
ions that can also be generated during ionization of the monomer inside the mass
spectrometer such as HOsHsCHoNCsH4CN (222 Da), CsH4CN (102 Da) and
NH2CsHsCNCH: (130 Da) are still present in the mass spectrum.

The initial thermal degradation temperature is shifted to 296 °C during the pyrolysis
of the polymer prepared by curing for 2h at 200 °C after preheating at 180 °C for 3h.
The relative intensities of the high temperature peaks associated with the degradation
of thermally more stable polymer chains are increased. Thus, it can be concluded that

the polymerization of the benzoxazine monomer was completed during the curing
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process involving post-heating at 200°C. When the TIC curves are compared, it can
be said that the curing program applied did not affect the thermal characteristics of
the polymer produced, in other words, degradation in three distinct temperature
regions, but affected the amount of products evolved at each stage, indicating

variations in degree of polymerization generating different structures.

Pb3c2

Pb3

Pa6

200 400 €00
Temperature, *C

Figure 3.31 The TIC curves and mass spectra at each peak maxima present for Pa6, Pb3 and
Pb3c2

In order to get a better insight for the degradation processes of the polymers which
will also supply valuable information for the polymerization routes during the curing
process single ion evolution profiles of intense and/or characteristic products are
analyzed. In Fig.3.32, single ion evolution profiles of some selected products recorded

during the pyrolysis of Pb3c2 are given. The single ion profiles are grouped
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considering the similarities in the trends observed especially in the high temperature

regions.

294°C 19 °C

418 °C

C¢H;CH=CHCH,CH,, 193 Da

C¢HsCH=CHC:H4, 179 Da

C¢H;OH. 94 Da

HCN, 27 Da

NHCH;CH-CHNH, , 132 Da

HOCH;CH;NC:H;.195Da

HOCH:CH,, 107 Da

NH,CH,C¢H,NH, 122 Da

HO4H;CH,NC¢H,CN, 222 Da

NH,CH,CNCH,NH, 146 Da

N=CH,C¢H,CN, 130 Da

NH,C¢H; and/or
C-H, 91Da

Aminobenzonitrile, 118 Da

Figure 3.32 Single ion evolution profiles of selected products detected during the pyrolysis
of Pb3c2.
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Polymerization of benzoxazine monomers based on aniline may proceed through
various reaction paths; the heterocyclic ring opening followed by attack of -NCH>
groups to ortho and para positions of phenol and aniline rings is accepted as the main
polymerization path in the literature [24]. In case of benzoxazine based on
aminobenzonitrile, being a bulky o, p- director and a bulky electrophile, para
substitution predominates. Actually, presence of nitrile at meta position to N atom
deactivates substitution to both ortho and para positions of the aniline ring. However,
the activating effect of amine group predominates the deactivating effect of nitrile
group and thus polymerization may proceed as shown in Scheme 3.11 to a certain
extent. In addition, the dimer generated by the coupling of -NCH2 groups may
polymerize via attack of -NCH: groups to phenol and/or benzonitrile rings or through

vinyl polymerization yielding P31, P32 and P4 as presented in Scheme 3.12.

Scheme 3.11 Ring-opening polymerizations of benzoxazines.
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Scheme 3.12

a) Generation of the dimer by coupling of -NCH, groups

b) polymerization of the dimer

1) by attack of NCH> groups
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The detection of HOsHsCH2NCsH4CN (222 Da) in the mass spectra of Pa3 and Pb3
at low temperature regions, can be related to evolution of monomer in accordance
with the incomplete polymerization indicated by DSC analyses. It may also be due to
the decomposition of the low mass oligomers or chains that do not involve

crosslinking units.

Generally, thermal degradation of polybenzoxazines starts with the evolution of
amine groups. The evolution of major thermal decomposition product
aminobenzonitrile, CNCsH4NH> (118 Da) is detected at around 294°C. Its evolution
is detected over a broad temperature range, reaching maximum yield also at around
418 °C as do 91 Da and is completed just above 450°C. The fragments evolve at
around 294 °C are mainly the characteristic fragments of aminobenzonitrile and
substituted aminobenzonitriles such as NH2C¢H4CN (118 Da), NH2CsH3 and/or C7H7
(91 Da), NCH2CsH4CN (130 Da) and NH2C¢H4CNCH2NH (146 Da). In contrast, the
loss of 91 Da fragment is also observed at elevated temperatures; two overlapping

peaks with maxima at around 418 and 576 °C are present in its pyrogram.

The decomposition of P1 and P2 chains may also proceed via random cleavages at
the p-carbon to phenol or nitrogen atom yielding low-mass fragments such as
HOCsH4 (93 Da), HOC¢Hs (94 Da), NH2CH2CsHaNH; (122 Da) and C¢HsOHCH:
(107 Da) as in the case of the EI dissociation of the monomer and dimer [R]. The
peaks at around 420, 440, 550 and 576 °C in the evolution profiles of these species
may be associated with random chain cleavages of P1, P2, P31 and P32. The broad
peak in their evolution profiles may be associated with extensive loss of these

fragments from chains involving different extents of crosslinking.

HCN evolution starts at above 400 °C, reaches maximum yield at around 450 °C. The
fragments showing maximum at this temperature region in their evolution profiles such as

NHC H,CH=CHNH, and/or Ho2N(C¢H;CN)CH; (132 Da) and HOCsH3CH2NCsHs3 and/or

HOCsH4CH=CHC¢H4 (195 Da) are mainly the ones that can be generated by elimination of
HCN from the polymer chains P1, P2, P31 and P32.
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It may be proposed that the radicals generated upon loss of aniline and substituted aniline
dimers from P1, P2, P31 and P32 at initial stages of pyrolysis and/or during curing may couple
to produce an unsaturated polymer backbone (Scheme 3.12). The detection of fragments
presumably assigned to C¢HsCH=CHC¢H4 (179 Da), CsHsCH=CHC¢H4+CH, (193 Da),
HOCsHsCH=CHCsH4 and/or CsHsCH>NHCsH4CH» (195 Da) and CsHsOH (94 Da) at around
550 °C supports this proposal.

And finally, the evolution of CsHsCHo at slightly higher temperatures, at around 576 °C may

be associated with chains with highly crosslinked structures.

In Fig.3.33, the pyrograms of aminobenzonitrile (118 Da), NCH.C¢H4CN (130 Da) and
NH>CsH4sCNCH>NH (146 Da) and NH>CeH3 and/or C7H7 (91 Da) that mainly evolved at

initial stages of pyrolysis of the samples prepared by different curing programs are shown.

NH; N=CH, NH;
. CTH;
NH
TN CM N
118 Da 130 Da 146 Da 91 Da

Pb3

*45.8

Pab

200 400 500 200 400 800 200 400 800 200 400 G600
Temperature, *C Temperature, "C Temperature, *C Temperature, *C

Figure 3.33 Single ion evolution profiles of some selected products detected during the
pyrolysis of PPh-abn prepared by different curing programs
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As the curing temperature was increased, the low temperature peaks with a maximum
at around 226°C in the single ion evolution profiles of aminobenzonitrile and
methyleneaminobenzonitrile (130 Da) which are characteristic fragments of the
monomer generated during ionization inside the mass spectrometer, are disappeared
detected during the pyrolysis of the polymer. On the other hand, the evolution of
aminobenzonitrile is increased significantly at around 300 and 420 °C, in the
temperature regions where no monomer evolution is detected, pointing out that it is
mainly produced during the thermal decomposition of the polymer chains formed.
The limited amount of aminobenzonitrile and methyleneaminobenzonitrile (130 Da)
lost at moderate and high temperature regions during the pyrolysis of Pa6 and Pb3,
reveals generation of negligible amounts of polymer chains with higher thermal
stability by the curing programs applied for these samples. Unlike aminobenzonitrile,
the relative yield of methyleneaminobenzonitrile (130 Da) lost at moderate and
elevated temperatures is quite low, for Pb3c2 indicating that it is mainly produced
during the ionization of the monomer inside the mass spectrometer not by degradation
of the polymer. On the contrary, the evolution of NH2CsH4CNCH2NH (146 Da) due
to the thermal degradation of polymer chains P2 at around 300 °C was increased. The
evolution of C¢HsCHz (91 Da), is detected in three regions, at around 300, 420 and
580 °C. CsHsCH> (91 Da) is a common fragment detected at elevated temperatures
during the pyrolysis of polybenzoxazines with crosslink structure. Its relative
intensity at around 420 and 580 °C is increased noticeably for Pb3c2, pointing out the

increase in crosslink structure.

In Fig.3.34, the pyrograms of phenol (94 Da), CsHsOHCH, (107 Da), H,N(CsH3CN)CHj3
and/or NHC¢H;CH=CHNH, (132 Da) and C¢HsCH=CHCsH4 and/or C¢H4CH=NC¢H4 (179

Da) that mainly evolved at final stages of pyrolysis of the samples prepared by different curing

programs are shown.
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Figure 3.34 Single ion evolution profiles of some selected products detected during the
pyrolysis of PPh-abn prepared by different curing programs

Phenol is one of the common fragments that can be generated through all polymeric
structures. The evolutions of CsHsOH (94 Da) and CsHsOHCH: (107 Da) also occur
during the ionization of the monomer. The high intensity of these fragments for Pa6
is due to the ionization of the unreacted monomer inside the mass spectrometer. The
evolution of 94 and 107 Da are reduced noticeably below 400 °C during the pyrolysis
of Pb3c2, whereas, its relative yield at around 440 °C is increased significantly. Yet,
the evolution of phenol at elevated temperatures at around 570 °C is shifted to 550 °C

for Pb3c2.

The evolution of CeHsCH=CHCe¢Hs and/or CsH4CH=NCe¢Hs (179 Da) is
predominantly detected at elevated temperatures above 500°C during the pyrolysis of
all polymers. The low temperature peak for Pa6 and Pb3 can be related to the

unreacted monomer and low mass oligomers. As the temperature and duration of
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curing was increased, the relative yield is increased noticeably and its single ion

pyrogram shifts to lower temperature regions.

The fragment with m/z value 132 Da tentatively assigned to methyl substituted
aminobenzonitrile NHCsH3CH=CHNH, and/or HoN(C¢H3CN)CH3 is also lost mainly

at around 450°C as does 107 Da fragment.

Thus, it can be concluded that thermal degradation of polybenzoxazine based on
aminobenzonitrile also starts by elimination of amino groups as in case of
polybenzoxazines based on aniline and nitroaniline at around 300°C. Coupling of the
radicals generated yields thermally stable polymer chains involving unsaturated
linkages that decompose at elevated temperatures (Scheme 3.12). No evidence for
polymerization via coupling of NCH> groups, (P31 and P32) is detected as in case of
polybenzoxazine based on nitroaniline. On the other hand, as deactivating effect of
CN group is less than that of -NO», and as the para position is available in meta-
aminobenzonitrile, unlike para-nitroaniline, polymerization via attack of NCH»
groups to aniline ring, P2 also takes place, that decomposes mainly by random
cleavages yielding products such as HoN(CsH3CN)CH3 and HOCsH4CHa at around

450 °C, as loss of aminobenzonitrile is not possible.

3.1.4. Benzoxazine monomer based on 2-aminopyridine, Ph-ap

Benzoxazine monomer was synthesized from phenol, 2-aminopyridine and
paraformaldehyde via solventless method (Scheme 3.13).

Scheme 3.13 Synthesis of benzoxazine monomer based on phenol and 2-aminopyridine

N
OH NH, O/\NO
+ + 2CH,0 —»
=
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The proton NMR spectrum of the neat benzoxazine is presented in Fig.3.35. The
strong resonances at 4.88 and 5.61 ppm correspond to the methylene protons (C1 and
C2) of Ar-CH>-N and O-CH»-N of the oxazine ring, respectively. The resonance
signals (labeled 3 and 4) in the range of 6.90—7.54 ppm are typical region for the
phenyl ring. In addition, the signals at around 6.71, 7.53 and 8.35 ppm (labeled 5, 6
and 7 respectively) are attributed to the protons of the pyridyl ring. The resonances at
46.24 and 75.25 ppm correspond to the methylene carbons (C1 and C2) of Ar-CH»-N
and O-CH2-N of the oxazine ring, respectively. Other chemical shifts (ppm) are
assigned to the resonances of the carbons: 108.0 (C10), 115.0 (C7), 117.22 (C12),
121.0 (C5, C3), 126.69 (C6), 127.78 (C4), 137.95 (C11), 148.21(C13), 154.52 (C9),
157.58 (C8). Anal. calcd. for C13H12N20: C, 73.58; H, 5.66; N, 13.21; O,7.67%.
Found: C, 72.46; H, 5.85; N, 13.29%.
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Figure 3.35 a) 13C NMR and b) proton NMR spectra of benzoxazine monomer.
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The DSC profiles of the monomer and polybenzoxazine are shown in Fig.3.36a and
b. The pure monomer mainly exhibits a single exothermic peak with an onset at 225
°C and a maximum at 262 °C, corresponding to ring-opening polymerization. The
disappearance of this peak in the DSC curves of the sample prepared by curing

confirmed polymerization of Ph-ap monomer.

b) polymer

a) monomer

50 100 150 250 300 350

200
Temperature, °C

Figure 3.36 DSC profiles of monomer and polymer based on aminopyridine.

The FTIR spectra of the benzoxazine monomer and the polymer are shown in
Fig.3.37. Typical absorption bands for the benzoxazine monomer are observed at
1480, 1380, 1230, 1033 and 946 cm™', corresponding to the di-substituted benzene
rings, CHz wagging, Ar-O-C antisymmetric stretching, C-O-C symmetric stretching
and vibration modes of cyclic substituted benzene rings, respectively. The absorptions
at 1597, 1584 and 1564 cm™ are assigned to the C-H stretching vibrations and the
ones at 1436 and 947 cm™! are associated to C=N and C-N stretching vibrations of the
pyridine ring. The absorption bands of the oxazine ring at 1380, and 946 cm™ are
totally vanished in the FTIR spectrum of polybenzoxazine (Fig.3.37b). Furthermore,
bands due to di-substituted benzene and pyridine rings are decreased or totally
disappeared, indicating that polymerization is proceeded via ring opening of the

benzoxazine ring followed by attack of NCH: groups to both phenyl and pyridyl rings.
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Significant broadening of the absorption bands is in accordance with the cross-linked

structure generated due to competing and parallel polymerization processes.

a)
1600 1400 1200 1000 BOO ] 400

Wavenumbes, cmr!

Figure 3.37 FTIR spectra of a) benzoxazine monomer and b) polybenzoxazine

To determine the thermal characteristics of the polymers generated were analyzed by

TGA and DP-MS techniques. The TGA curve of the polymer is shown in Fig.3.38
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Figure 3.38 TGA curve of polybenzoxazine based on aminopyridine
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TGA curve indicates multi-step weight loses. This behavior may either be due to a multi-step
thermal degradation or a polymer sample involving chains with different structures, thus,
different thermal stabilities. The char yield is %63.2 at 600 °C.

TIC curve and the spectra at the peak maxima at around 307, 469 and 547°C recorded
during the pyrolysis pf PPh-2ap are shown in Fig.3.39.
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Figure 3.39 TIC curve and the spectra at the maxima recorded during the pyrolysis of PPh-
2ap

The pyrolysis mass spectra recorded just above 300 °C of the neat polybenzoxazine
show only few peaks. The presence of more than one peak in the TGA and TIC curves
may be due to a multi-step thermal degradation mechanism or presence of chains with

different thermal stability and/or structure. Actually, polymerization of 2-
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aminopyridine based benzoxazine monomer may proceed through various reaction
paths; the heterocyclic ring opening may be followed by attack of -NCH> groups to
ortho and para positions of phenol and pyridine rings as shown in Scheme 3.14,
generating P1 and P2 respectively [24]. In addition, the dimer generated by the
coupling of -NCH> groups may polymerize via attack of -NCH» groups to phenol
and/or pyridine rings or through vinyl polymerization yielding P31, P32 and P4 as
presented in Scheme 3.15. As a consequence of these competing reaction pathways,

generation of a cross-linked structure is expected.

Scheme 3.14 Ring-opening polymerizations of benzoxazines.
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Scheme 3.15

a) Generation of the dimer by coupling of -NCH, groups
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b) polymerization of the dimer
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ii) by vinyl polymerization
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In Fig.3.40, the single ion pyrograms of dominant fragment ions grouped according
to the trends in their evolution profiles are given. The most abundant product is the
one with m/z value 94 Da that may be associated with elimination of aminopyridine
and/or phenol. The fragmentation patterns recorded in the low temperature pyrolysis
mass spectra reveal that the first steps of thermal degradation involve loss of
aminopyridine, HoNCsH4N. Its evolution is continued at elevated temperatures,
however, elimination of phenol at least at elevated temperatures cannot be totally

excluded.

Losses of several fragments are detected in the temperature region of 400-500°C
during the pyrolysis of the neat polybenzoxazine. The peak maxima in their single ion
pyrograms show slight differences and either a high temperature peak or a shoulder
is also present in their evolution profiles. These products can be grouped according to
the trends in their evolution profiles. Fragments with m/z values 79, 107 and 122 Da,
show a broad peak with a maximum at 472°C and a shoulder at around 557°C. The
evolution profiles of second group of products with m/z values 225, 197, 210 and 181
Da, show a peak at around 462°C and either a shoulder or a peak at around 557°C.
The yield of products with m/z values 120 and 44 Da also show overlapping peaks
with maxima at 462 and 557 °C, but, for these fragments the relative intensity of the
high temperature is higher. The last group of products involves 91 and 92 Da

fragments which show two overlapping peaks with maxima at 462 and 574°C.
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In order to elucidate the structures of these products, collision induced dissociation,
CID, experiments were acquired at different collision energies to provide
fragmentation pathways to generate informative, structurally significant daughter
ions. For most of the fragments evolved in the temperature range 400-500°C during
the pyrolysis of neat polybenzoxazine, daughter spectra cannot be recorded even at

low energies, due to the low abundances.

Taking into account the trends in the evolution profiles, it may be suggested that the
polymer segments generated by attack of NCH> groups to phenol ring decomposes by
elimination of aminopyridine at initial stages of pyrolysis (Scheme 3.14a). The
radicals generated may combine to form unsaturated linkages as shown in Scheme
3.16. These units are expected to decompose at elevated temperatures at around 573
°C. On the other hand the evolution of fragments at around 518 °C are related to
decomposition of units generated via attack of NCH: groups to pyridine rings

(Scheme 3.14b).
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Figure 3.40 Single ion pyrograms of selected products recorded during the pyrolysis of PPh-
2ap
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Scheme 3.16 Loss of 2-aminopyridine during the pyrolysis of polybenzoxazine
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3.2. Metal functional polybenzoxazines
3.2.1. Benzoxazine based on aminopyridine, Ph-ap

3.2.1.1. Co**-functional PPh-ap

In Fig.3.41 the FTIR spectra of benzoxazine monomer, Ph-ap, and Co?" functional
benzoxazine monomer, Co?’-Ph-ap are depicted. The intensities of the peaks due to
pyridine stretching and bending modes at 1597, 1436 and 947 cm™ are decreased
relative to the absorption bands of phenyl ring in the FTIR spectra of Co®" functional
benzoxazines supporting the coordination of the metal ion to the electron-rich
segment of the benzoxazine monomers, the nitrogen atom in the pyridine rings (Fig.
3.41b) i and ii). The decrease becomes more significant as the Co?>*/monomer mole
ratio increases. Apparently, peak broadening as a consequence of coordination to

metal ion is noted.
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Figure 3.41 FTIR Spectra of a) benzoxazine monomer based on aminopyridine, PPh-ap and
b) Co*" functional polybenzoxazine based on aminopyridine, Co’"PPh-ap

Curing of Co?* functional Benzoxazine Monomers

Preliminary curing of the neat and Co?* functional monomers were achieved inside
the mass spectrometer in order to gain better insight on the processes taking place. In
Fig.3.42, total ion current, (TIC) curve, the variation of total ion yield as a function
of time, and the mass spectrum at the maximum of the peak present in the TIC curve

recorded during the curing of neat benzoxazine monomer is presented.
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IIl. Curing and pyrolysis of Co®* coordinated benzoxazine
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Figure 3.42 a) TIC curves and b) the mass spectra recorded during the curing and pyrolysis
of L. neat and II. Co*" functional benzoxazines.

Almost all the monomer was lost under the high vacuum conditions of the mass
spectrometer, due to extensive evaporation at around 170°C. The extent of
evaporation of the monomer was reduced noticeably during the curing of the Co*"
functional monomers suggesting that incorporation of metal ions successfully
stabilize the monomer.  As an example, the TIC curve for Co?" functional
benzoxazine prepared by using equal moles of Co?* and monomer is given in Fig.3.42.
Indeed, though diminished, the mass spectra recorded up to 200°C, reveal the
evaporation of the monomer for this sample also. Furthermore, strong evidences for
eliminations of pyridine and aminopyridine at around 200 and 210°C are detected in
the mass spectra. It is worth nothing that, upon further heating the sample to 650°C

after the curing cycle was completed, release of fragments indicating the degradation

126



of the polymer was detected. Thus, it may be concluded that polymerization of Co**
functional benzoxazine was achieved even under the high vacuum conditions of the

mass spectrometer.

Unfortunately, the FTIR spectrum of Co?* functional polymer is not informative due
to the significant broadening of the peaks as a result of metal ion coordination.
However, SEM images of Co*" functional polybenzoxazine confirm presence of

composite particles as shown in Fig.3.43.

Figure 3.43 SEM images of Co®" functional polybenzoxazine (Co**M=1:1)

The TGA curve of Co**-functional PPh-ap shows almost identical trends with the neat
PPh-ap (Fig.3.44). Tmax is at 276°C and the % char yield at 600°C is 62.4, almost same
with PPh-ap. However, as the sample contains 17.2% Co?", it is clear that % char

yield is reduced upon coordination to metal ion.
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Figure 3.44 TGA curve for neat PPh-ap and Co*"functional PPh-ap

The TIC curves of Co** (Co?":M=1.0) coordinated polybenzoxazines are shown in
Fig.3.45. Two peaks with maxima at around 306 and 525°C are present in the TIC
curve of the metal ion coordinated sample. The trends in the TGA curves are similar,
indicating three and two step-weight loses for neat and metal ion functional polymers
respectively. The trends in TGA and TIC curves, and the very high char yield are in
accordance with the expectations confirming the heterogeneous and cross-linked

polymer structures.
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Figure 3.45 a)TIC curve and pyrolysis mass spectra at b)318, ¢) 469 and d) 547°C of Co**
functional polybenzoxazines

The pyrolysis mass spectra recorded just above 300 °C of Co?" functional polymer are
more crowded and contain also high mass peaks. The high temperature pyrolysis mass
spectra of metal ion functional polymer involve similar peaks with the neat polymer.

Yet, noticeable differences in their relative intensities are recorded.

In Fig.3.46, the single ion pyrograms of dominant fragment ions of Co** functional
PPh-ap grouped according to the trends in their evolution profiles are given. The
corresponding ones recorded during the pyrolysis of neat polymer are also included

for comparison.
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Figure 3.46 Single ion pyrograms of selected products recorded during the pyrolysis of a)
neat and b)Co** functional polybenzoxazines
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The peaks in the temperature range of 400-500°C are totally disappeared during the
pyrolysis of the polymer coordinated to Co**. The products with m/z values 44, 79,
92, 120, 197 and 225 Da evolved almost exclusively at initial stages of pyrolysis, and
their relative yields are increased drastically. In contrast, only limited amounts of
products with m/z values 91, 107, 122, 107, 181 and 210 Da, are lost at initial stages.
Their evolution profiles show a broad and intense peak above 500 °C and a weak peak
at around 306°C. Among these products 44, 79 and 91 Da fragments can readily be
assigned to CoH4NH», CsH4N and CsHsCH; respectively. On the other hand, for the

rest of the products at least two different structures can be assigned.

Some of the fragments lost at initial stages of pyrolysis of Co*" functional analogue,
are quite abundant, contrary due the ones recorded during the pyrolysis of neat
polymer. However, it may be thought that these fragments have the same structure
with those evolved during the pyrolysis of neat polymer. Eventually, CID experiments
were performed at the temperatures where precursor ions are generated with sufficient
abundances, during the pyrolysis of either from the neat polymer or Co** coordinated
analogue. In Fig.3.47, the daughter spectra of the precursor ion with m/z value 107
Da, generated at 470°C during the pyrolysis of the neat polymer, and those of the ions
with m/z values 225, 170, 120, and 94 Da generated at 300 °C during the pyrolysis of
Co*" functional polybenzoxazine are given. The assignments done considering the
pyrolysis mass spectra, the trends in the evolution profiles and CID spectra indicate
that thermal degradation of aminopyridine based polybenzoxazine starts with
extensive loss of aminopyridine. However, elimination of phenol ring in this region
cannot be justified. Thus, it may be thought that upon loss of aminopyridine polymer
chains with unsaturated linkages are generated as shown in Scheme 3.16. Thermal
degradation of the unsaturated and/or cross-linked polymer backbone should produce
various fragments involving H deficiency at relatively high temperatures. The
products released at elevated temperatures such as C;sH; and HOC¢H3 can be
correlated with decomposition of the polymer chains generated upon loss of
aminopyridine. Evolution of products that can be associated with decomposition of

chains generated by attack of NCH:z groups to phenol and pyridine rings (P1 and P2)
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are detected in the temperature range of 400-500°C. The slight variations in the peak
maxima can be attributed to extent of crosslinking. In this region, the main products

are HOC¢H4CH> and CsH4N indicating degradation of the polymer backbone.
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Figure 3.47 CID spectra of a) the precursor ion with m/z value 107 Da, generated at 470°C
during the pyrolysis of the neat polymer and b) the precursor ions with m/z values 225, 170,
120, and 94 Da generated at 300 °C during the pyrolysis of Co?" functional polybenzoxazines

It may be thought that upon coordination to metal ion, the side chains become bulkier

and the reaction pathways involving loss of side chains become energetically
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favorable. Eventually, pyridine ring and/or segments involving pyridine ring are lost
at initial stages of pyrolysis and unsaturated units along the main chain can be formed
(Scheme 3.17). On the other hand, it may further be thought that coordination of Co**
to pyridine ring inhibits the attack of NCH» groups to pyridine ring due to steric

hindrance. This in turn should decrease the extent of crosslinking.

Scheme 3.17 Loss of aminopyridine and pyridine during the pyrolysis of Co*" functional
polybenzoxazine

OH OH OH OH
=
\)
N—M*
& N
X

OH OH NH,
l—A—> — + l SN
=
X

where X=H or CH;N- OR CH=N- group

Single ion evolution profiles of pyridine, aminopyridine and monomer recorded
during the curing of the neat and Co®" functional benzoxazine monomers (Co*':
monomer mole ratios were 0.5, 1.0 and 2.0) are given in Fig. 3.48. It is clear that the
increase in the amount of Co®" present in the sample reduces the relative yield of the
monomer evolved and enhances that of the pyridine during the curing process.
Actually, the decrease in the extent of monomer evaporation may be associated with
the decrease in the amount of uncoordinated monomer left in the sample and the
increase in the boiling point of the monomer upon coordination to Co**. On the other
hand, it may be thought that as a consequence of coordination of Co** to nitrogen
atom of the pyridine ring, the side chains being bulkier can be eliminated more

readily.
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Figure 3.48 Single ion pyrograms of selected species evolved during the curing and pyrolysis
of L. neat and II. Co*" functional benzoxazine monomers

Further heating of the samples, after the curing cycles were completed, indicated
decomposition of the polymers generated during the curing process. The polymer
formed during the curing of the neat monomer was almost negligible. In contrast, for
the Co?" functional samples, the relative yields of degradation products were almost
comparable to those of the evolved species during the curing process. The single ion
pyrograms of the abundant degradation products show broad overlapping peaks with
maxima at different temperatures suggesting either a multi-step thermal degradation

process or presence of chains with different thermal stabilities and structures. When
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the amount of metal ion used in the preparation was low, the degradation of the
polymer generated was completed before the temperature was reached to 500 °C. As
the amount of Co®" was increased, the eliminations of pyridine and aminopyridine
were shifted slightly to lower temperatures. On the other hand, for the sample
prepared using equal amounts of Co?" ion and monomer, the relative yields of
fragments indicating unsaturated units, such as CsHsCH>, were increased at relatively

high temperature ranges, at around 521°C.
3.2.1.2. Cr functional PPh-ap

FT-IR spectra of neat PPh-ap and Cr functional PPh-ap are shown in Fig.3.49. Further

broadening of the peaks may be attributed to the coordination of metal.
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Figure 3.49 FTIR Spectra of a) polybenzoxazine based on aminobenzonitrile, PPh-ap and b)
Cr functional polybenzoxazine based on aminobenzonitrile, Cr-PPh-ap
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The TGA curve of Cr functional PPh-ap indicates faster weight loss at initial stages
of heating. Tmax is at 230 and 402 °C and the % char yield at 600°C is only 63.0. As,
the sample contains about 12 %Cr metal, it may be thought that the char yield due to

organic part is only about 51 %.
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Figure 3.50 TGA curve for neat PPh-ap and Cr-functional PPh-ap

Preliminary curing of the Cr functional monomer was also achieved inside the mass
spectrometer in order to gain better insight on the processes taking place. In Fig.3.51,
total ion current, (TIC) curve, the variation of total ion yield as a function of time, and
the mass spectrum at the maximum of the peak present in the TIC curve recorded

during the curing of Cr functional benzoxazine monomer is presented.

Extensive loss of monomer took place again under the high vacuum conditions of the
mass spectrometer, due to extensive evaporation at around 170°C. Again eliminations
of pyridine and aminopyridine at around 170 and 200°C are detected in the mass
spectra. Upon further heating the sample to 650°C after the curing cycle was

completed, release of fragments indicating the degradation of the polymer was
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detected. Thus, it may be concluded that polymerization of Cr functional benzoxazine

was achieved even under the high vacuum conditions of the mass spectrometer.
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Figure 3.51 a) TIC curves and b) the mass spectra recorded during the curing and pyrolysis
of Cr-functional benzoxazines

The TIC curves and mass spectra at the peak maxima recorded during the pyrolysis
of Cr-functional polybenzoxazines are shown in Fig.3.52. Two peaks with maxima at
around 312 and 489°C are present in the TIC curve of the metal ion coordinated

sample. The low temperature mass spectrum shows the evolution of aminopyridine.
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Figure 3.52 a)TIC curve and pyrolysis mass spectra at b)312 and ¢)489°C of Cr-functional

polybenzoxazines
Single ion evolution profiles of diagnostic products selected also for neat polymer are
shown in Fig.3.53. The corresponding ones recorded during the pyrolysis of neat

polymer are also included for comparison.
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Figure 3.53 Single ion evolution profiles of selected products detected during the pyrolysis
of a)Cr-PPh-ap and b) PPh-ap
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The peaks in the temperature range of 400-500°C are almost disappeared during the
pyrolysis of the polymer coordinated to Cr metal. The products with m/z values 92,
120 and 225 Da evolved almost exclusively at initial stages of pyrolysis, and their
relative yields are increased drastically. The low temperature evolution of 79 Da is
increased in intensity and high temperature evolution shifted to higher values
significantly. In contrast, only limited amounts of products with m/z values 91 and
107 Da, are lost at initial stages. The evolution of 91 Da at elevated temperatures due
to the decomposition of unsaturated chains are shifted to lower temperatures,

indicating a lower thermal stability for Cr-functional PPh-ap.
3.2.1.3.  Cr® functional PPh-ap

FT-IR spectra of neat PPh-ap and Cr’" functional PPh-ap are shown in Fig3.54.

Further broadening of the peaks may be attributed to the coordination of metal.
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Figure 3.54 FTIR Spectra of a) polybenzoxazine based on aminobenzonitrile, PPh-ap and b)
Cr’" functional polybenzoxazine based on aminobenzonitrile, Cr**-PPh-ap
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The TGA curve of Cr** functional PPh-ap indicates significant weight loss at initial
stages of heating (Fig.3.55). Tmax is at 251.5°C and the % char yield at 600°C is
decreased from 63.2 to 58.1. As the sample contains 10.9% Cr**, it is clear that %
char yield is reduced almost three-folds upon coordination to metal ion. Thus, the

decrease in % char yield is greatest for Cr>* functional polymer.
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Figure 3.55 TGA curve for neat PPh-ap and Cr**-functional PPh-ap

In Fig.3.56, total ion current, (TIC) curve, the variation of total ion yield as a function
of time, and the mass spectrum at the maximum of the peak present in the TIC curve
recorded during the curing of Cr functional benzoxazine monomer inside the mass
spectrometer are presented. Again loss of monomer is recorded under the high
vacuum conditions of the mass spectrometer. Nevertheless, when the heating process
was continued after the curing program was completed, evolution of diagnostic
thermal degradation products of the polymer was detected confirming the

polymerization even under the high vacuum conditions of the mass spectrometer.
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Figure 3.56 a) TIC curves and b) the mass spectra recorded during the curing and pyrolysis
Cr**-functional benzoxazines

The TIC curves and mass spectra at the peak maxima recorded during the pyrolysis
of Cr-functional polybenzoxazines are shown in Fig.3.57. Two peaks with maxima at
around 312 and 489°C are present in the TIC curve of the metal ion coordinated
sample. Extensive evolution of HCI (36 Da) is recorded in all temperatures in the

mass spectra.
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The TIC curves and mass spectra at the peak maxima recorded during the pyrolysis
of Cr-functional polybenzoxazines are shown in Fig. 3.57. Two peaks with maxima
at around 392 and 502 °C are present in the TIC curve of the metal ion coordinated
sample. The low temperature mass spectrum shows the evolution of aminopyridine.
But the base peak is at 36 Da that can directly be attributed to evolution of HCI. The
significantly high temperature indicates generation of HCI during the pyrolysis

process.
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Figure 3.57 . a) TIC curve and mass spectra at b) 392 °C and ¢) 502 °C for Cr**-PPh-ap
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The single ion evolution profiles of characteristic products are depicted in Fig.3.58.
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Figure 3.58 Single ion evolution profiles of selected products detected during the pyrolysis
of a)Cr**-PPh-ap and b) PPh-ap
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Contrary to what were observed for Co?>" and Cr functional analogues, low
temperature evolutions, mainly aminopyridine is not detected for this sample. The
initial degradation temperature at 307 °C is shifted to 385 °C but the decomposition
of polymer is completed at around 500 °C and the evolution of the high mass
fragments are disappeared and/or decreased drastically. It can be thought that the

incorporation of Cr*" inhibits the loss of aminopyridine during the pyrolysis.

Extensive loss of HCI is recorded during the pyrolysis of Cr**-functional PPh-ap at
around 410 and 600 °C. Although, products associated with produced by coupling of
radicals formed are not detected (Scheme 2b and Scheme 4), elimination of HCI at
around 600 °C, indicates chains with relatively high stabilities. It may be thought that
the chloride present in the medium reacts with the unsaturated linkages formed during
the curing process. The segments also involving crosslinking decomposes at

significantly elevated temperatures at around 600 °C by eliminating HCI.

To compare the effect of metal type, all the metal functional benzoxazine monomers
were cured inside the mass spectrometer. Single ion evolution profiles of pyridine,
aminopyridine and monomer recorded during the curing of the neat and metal

functional benzoxazine monomers (metal: Co?’, Cr and Cr*?) are given in Fig.3.59.

Actually elimination of aminopyridine and pyridine are detected at initial stages of
pyrolysis when the pyrolysis of the samples achieved following the curing process
inside the mass spectrometer. In Fig.3.59, single ion evolution profiles of some
diagnostic products detected during the pyrolysis of the samples cured in the mass

spectrometer are shown.
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Figure 3.59 Single ion pyrograms of selected species evolved during the curing and pyrolysis
of a) neat. b) Co?*. ¢) Cr. d) Cr** functional benzoxazine monomers

The degradation of polymer generated is completed before the temperature is reached
to 550°C for all the samples. Cr and Cr* functional polybenzoxazines show almost
the same thermal stability. The evolution of Co?" functional polybenzoxazines is
completed at slightly lower temperature regions. The relative yields of the fragment
related to unsaturated units, such as CsHsCH> for Co** functional polybenzoxazine
are highest and the evolution of unreacted monomer left in the sample at initial stages
of curing is lowest for Co?*-functional polybenzoxazine among the other metal and
metal ion functional polybenzoxazines. It can be assumed that Co** ion is more
effectively coordinated to the N atom of the pyridine ring, promoting the loss of

pyridine and aminopyridine and so the formation of unsaturated polymer chains.
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3.2.2. Benzoxazine based on aminobenzonitrile, Ph-abn
3.2.2.1. Co**-functional PPh-abn

FT-IR spectra of neat PPh-abn and Co*" functional PPh-abn are shown in Fig.3.60.
Further broadening of the peaks and disappearance of the nitrile peak at around 2200

cm’! may be attributed to the coordination of metal.
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Figure 3.60 FTIR Spectra of a) polybenzoxazine based on aminobenzonitrile, PPh-abn and b)
Co?" functional polybenzoxazine based on aminobenzonitrile, Co?*"PPh-abn

The TGA curve of Co®" functional PPh-abn indicates significant weight loss. Tmax is
at 309°C and the % chat yield at 600°C is only 47.6. As the sample contains 16.1%
Co**, it is clear that % char yield is reduced almost three-folds upon coordination to

metal ion.
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Figure 3.61 TGA curve for neat PPh-abn and Co**functional PPh-abn

The TIC curve and mass spectrum at the peak maxima recorded during the pyrolysis
of Co?"functional PPh-abn are given in Fig.3.62. A single broad peak with a

maximum at around 350°C is detected in the TIC curve.
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Figure 3.62 a) TIC curve and b) the mass spectrum at 407 °C recorded during the pyrolysis
of Co*" functional polybenzoxazines, Co**-PPh-abn
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The single ion evolution profiles of some selected products of neat PPh-abn and Co**
functional-PPh-abn are shown in Fig.3.63. The base peak in the pyrolysis mass
spectra of Co®" functional polybenzoxazine recorded at around at around 350°C, is at
44 Da indicating elimination of CH>CH>NH». In addition, extensive loss of HCI at
around 467 °C is confirmed by the presence of peaks at 36 (H**Cl) and 38 Da (H*’Cl)

with intensity ratios about 3:1.

The evolution of aminobenzonitrile at around 295 °C is shifted to 345 °C upon
coordination of metal ion to the nitrile group. Again the evolution of HCN is
increased as coordination to metal ion weakens Ar-CN bond. At the same time the
relative yield of aniline (93 Da) evolution is increased about four-folds as in the case

of Cr-functional analogue.

The relative yields of the products attributed to substituted aminobenzonitrile such as
130 and 146 Da are decreased significantly. In addition, the evolution fragments with
m/z values 179 and 195 Da, associated with decomposition of unsaturated polymer
chains at elevated temperatures are almost disappeared. These fragments may be also
due to units generated via attack of NCH: groups to benzonitrile rings,
CsH4CH2NHCsH4CH2 (195 Da) and C¢H4CH=NCsH4 (179 Da). Thus, it may be
proposed that polymerization via attack of NCH> groups to benzonitrile rings are
inhibited upon coordination to metal which in turn causes decrease in the extent of

crosslinking.

The evolution of the fragments that were observed mainly at elevated temperatures
for neat polybenzoxazine was almost disappeared after the evolution of HCI starts at

460 °C.
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Figure 3.63 Single ion evolution profiles of selected products detected during the pyrolysis

of a) Co**-PPh-abn and b) PPh-abn.
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The normalized ion yields at the maxima of the peaks present in the single ion
evolution profiles of the some selected fragments detected during the pyrolysis of the
polybenzoxazines based on aminobenzonitrile are collected in Table 3.7 for a better

comparison.

Table 3.7 Normalized ion yields at the maxima of the peaks present in the single ion evolution
profiles the some selected fragments

Fragment Co-PPh-abn PPh-abn
B50°C |67 °C R94°C HU50°C
HCN, 27 Da 126 35 400
HCI, 36 Da 157 | 1000
CH>CH2NH3, 44 Da 244 | 199 160
CH>CsHs, 91 Da 169 35 | 777
HoNCeHs, 93 Da 16 1 20
HOC¢Hs, 94 Da 78 35 399
HOCsHsCH2,107 Da 33 13 611
HoNCgH4CN, 118 Da 175 20 | 1000
HOCsH4CH2NH, 122 Da 10 7 156
CHoNC6H4CN, 130 Da 12
H>N(CsH3CN)CH3,NHCsH3CH=CHNH,,132Da 14 4 151
NH2CsH4(CN)CH2NH, 146 Da 0.2 47
CsHsCH=CHCsHs, CsH4CH=NCsH4, 179 Da 2 28
HOC¢H4CH=CHC¢H4,CsH4«CH2NHCsH4CHa, 195Da 1 19
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It is clear that the yields of unsaturated fragments are reduced drastically. During the
pyrolysis of Co-PPh-abn, the base peak is at 36 Da which due to the evolution of HCI.
It may be thought that the anions of the CoCla. It may be thought that under the curing
conditions, the chlorides present in the medium react with the unsaturated segments

generated upon loss of aniline groups that decompose by elimination of HCI.

In general, the relative yield of all the fragments were decreased compared to neat
polybenzoxazine. It can be thought that the presence of HCI during curing and

pyrolysis cause the decomposition of polymer chains

3.2.2.2. Cr functional PPh-abn

FT-IR spectra of neat PPh-abn and Cr functional PPh-abn are shown in Fig.3.64.
Further broadening of the peaks and decrease in the intensity of the nitrile peak at

around 2200 cm™! may be attributed to the coordination of metal.
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Figure 3.64 FTIR Spectra of a) polybenzoxazine based on aminobenzonitrile, PPh-abn and b)
Cr functional polybenzoxazine based on aminobenzonitrile, Cr-PPh-abn
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Figure 3.65 TGA curve for neat PPh-abn and Cr-functional PPh-abn

TGA analyses indicated that upon coordination to Cr atom, thermal stability of the
polybenzoxazine produced decreased significantly. Maximum %weight loss is observed at
around 272°C, significantly lower than the corresponding value detected for uncoordinated
analogue. Furthermore, char yield is also decreased to 46.5%. Actually, Cr metal should also
be present in the char. As the metal/monomer mole ratio was selected as 1, the polymer
sample involves at least 11.4 % Cr metal. Thus, it can be concluded that the organic char yield
is reduced more than 50 %.

The TIC curve and the pyrolysis mass spectra recorded at the maximum of the peaks
present in the TIC curve recorded during the pyrolysis of Cr functional PPh-abn are

given in Fig.3.66.
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Figure 3.66. The TIC curve and the pyrolysis mass spectra recorded at the maximum of the
peaks present in the TIC curve recorded during the pyrolysis of Cr functional PPh-abn.

The single ion evolution profiles of some selected products of neat PPh-abn and Cr
functional-PPh-abn are shown in Fig.3.67. The thermal stability of the polymer chains

is not affected significantly upon coordination to metal but the relative yields of the
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products are changed. The major change occurs in the evolution of HCN. It may be
thought that the coordination of metal to the nitrile group can promote the cleavage
of Ar-CN bond. The evolution of HCN in a narrower temperature region and more
than two-fold increase in its relative yield is in accordance to expectations. On the
other hand, the increase in the relative yield of NH>C¢Hs (93 Da), being almost eight-
folds, is more than the expected. It may be thought that when the nitrile group
coordinates to metal, the interaction between the nitrile group and aniline ring is
weakened. Thus, it may be suggested that aniline generation is promoted as a
consequence of coordination of nitrile group to Cr metal. In contrast, the relative
yields of the products attributed to substituted aminobenzonitrile such as
CHoNCgH4CN (130 Da) and NH>CsH3(CN)CH:NH (146 Da) are decreased
significantly.

The fragments reaching maximum yield at around 450 °C such as 132 that can be
generated after loss of HCN are increased in intensity due to the promoted HCN loss.
In addition, the evolution of fragments with m/z values 179 and 195 Da, associated
with decomposition of unsaturated polymer chains at elevated temperatures are also
diminished. These fragments may also be due to units generated via attack of NCH»
groups to benzonitrile rings, CeH4CH2NHCsH4CH> (195 Da) and CsH4sCH=NCsH4
(179 Da). Thus, it may be suggested that polymerization via attack of NCH> groups
to benzonitrile rings are inhibited upon coordination to metal which in turn causes
decrease in the extent of crosslinking. The increase in the relative yield of aniline

supports this proposal.
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Figure 3.67 Single ion evolution profiles of selected products detected during the pyrolysis

of a) Cr-PPh-abn and b) PPh-abn.
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3.2.3. Benzoxazine based on 4-nitroaniline, Ph-na

3.2.3.1. Co?* functional PPh-na

FT-IR spectra of neat PPh-na and Co**-functional PPh-na are shown in Fig.3.68.
Further broadening of the peaks is again associated with the coordination of metal
ion. The band at around 1750 cm™ attributed to C=0 stretching due to the oxidation
of methylene groups by the NO; radicals to the carboxylic acid is again disappeared

as in case of Cr functional polymer.

2000 1800 1600 1400 1200 1000 goo 600
wavenumber, cr’

Figure 3.68 FT-IR spectrum of a)PPh-na and b)Co**-PPh-na

The thermal characteristic of the Co?*-PPh-na was also studied and TGA curve for
neat PPh-na and Co?*-PPh-na are given below. The Tmax is recorded at 297 °C for
Co?"-PPh-na and the char yield is 55.6% at 600 °C. Taking into account, the presence
of about 15.3 % by mass Co?" in the sample, the organic char yield may be regarded

as almost 40 %.
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Figure 3.69 TGA curve for neat PPh-na and Co**-functional PPh-na

TIC curve and the mass spectra at the peak maxima are given in the Fig.3.70. Two
distinct peaks at 294 and 467 °C are present in the TIC curve. The base peak is 36 Da
(HC1) for both mass spectra. The mass spectra recorded at low temperature regions
consists of diagnostic peaks for the nitroaniline. The relative yields of the fragments
due to the decomposition of nitroaniline and HCI are comparable in this temperature
region. However, only limited amount of fragments due to the decomposition of

polymer chains are detected in the high temperature mass spectra.
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Figure 3.70 a) TIC curve and mass spectra at b) 294 °C and c) 474 °C for Co*'-PPh-na

The single ion evolution profiles some selected products of neat PPh-na and Co?*-
PPh-na are shown in Fig.3.71. The initial degradation temperature is shifted to lower
temperature for the metal ion coordinated polybenzoxazines and the high temperature
peaks are disappeared for Co**-functional PPh-na, indicating a lower stability. The
relative yields of nitroaniline and characteristic products of nitroaniline such as 130
and 108 Da are increased. The coordination of metal ion to the nitro group diminished
the formation of thermally stable polymer chains as the relative yields of 91, 78 and
94 Da which can be generated at high temperatures from decomposition unsaturated

and crosslinked polymer chains, were decreased significantly, which is in accordance
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with the decrease in the char yield from 70 to 40 % upon coordination to Co** The
normalized ion yields at the maxima of the peaks present in the single ion evolution
profiles of some selected products detected during the pyrolysis of Co?*-PPh-na and

PPh-na for a better comparison.
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Figure 3.71 Single ion evolution profiles of selected products detected during the pyrolysis
of a)Co*"-PPh-na and b) PPh-na
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Table 3.8 Normalized ion yields at the maxima of the peaks present in the single ion evolution
profiles of some selected products detected during the pyrolysis of Co?*-PPh-na and PPh-na.

Co?*-PPh-na Ph-na
Fragment

P73 °C 474 °C PB13°C 522°C | 560 °C |593 °C
HCI, 36 Da 152 | 1000
C;H4NH,, 44Da 12 | 50.9 13 909 560 412
CsHs, 65 Da 151 2 | 1000 336
CeHs, 78 Da 2.7 1 161 194
CH,CsHs, 91 Da 20 195 206 213
CH,C6Hs, 92 Da 58 142 116
HOCsHs, 94 Da 2.2 2 475
HOCeH4CH;. NH>CsH4 O, 108 Da 85 191 339 168 73
HOCsH3C,H,, CHoNCsH4CH>, 118 Da 194 105 33
NH2CsHa NO», 138 Da 42 127 2 2

3.2.3.2. Cr functional PPh-na

FT-IR spectra of neat PPh-na and Cr functional PPh-na are shown in Fig.3.72. Further
broadening of the peaks may be attributed to the coordination of metal. The
characteristic CO stretching peak at around 1750 cm™ due the oxidation of methylene

groups by the NO; radicals to the carboxylic acid is disappeared.
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Figure 3.72 FT-IR spectrum of a)PPh-na and b) Cr-functional PPh-na

The thermal characteristic of the Cr-PPh-na was also studied and TGA curve for neat
PPh-na and Cr-PPh-na are given below. The instant weight loss for Cr-PPh-na can be
assumed as the evolution of HCI at low temperatures. The Tmax is seen at 279 °C for
Cr-PPh-na and the char yield is %51.7 at 600 °C. Actually, the sample heated
involves 11.9 % Cr by mass. Thus, the organic char yield is less than 40%, noticeably

lower than what was observed for the neat polymer.
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Figure 3.73 TGA curve for neat PPh-na and Cr-functional PPh-na

TIC curve and the mass spectra at the peak maxima are given in the Fig.3.74. Two

distinct peaks at 337 and 497 °C are present in the TIC curve.
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Figure 3.74 a) TIC curve and mass spectra at b) 337 °C and c) 492 °C for Cr-PPh-na
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The single ion evolution profiles some selected products of neat PPh-na and Cr-PPh-
na are shown in Fig.3.75. The initial thermal degradation shifts slightly to higher
temperatures for the Cr coordinated polybenzoxazine. The relative yields of
diagnostic products are increased, indicating a decrease in extent of crosslinking. The
relative yields of fragments with m/z values 91, 78 and 94 Da generated at high
temperatures due to decomposition of unsaturated and crosslinked polymer chains,
are decreased significantly, in accordance with the decrease in the char yield from 70
to about 40 % for Cr-PPh-na at 600 °C. Thus, it can be concluded that the coordination
of Cr metal to nitro groups inhibits the formation of thermally stable polymer

linkages.

Table 3.9 Normalized ion yields at the maxima of the peaks present in the single ion evolution
profiles of some selected products detected during the pyrolysis of Cr-PPh-na and PPh-na.

Cr-PPh-na Ph-na

337°C | 492°C | 313°C | 522°C | 560°C | 593 °C
C,HsNH», 44Da 485 652 13 909 560 412
CsHs, 65 Da 1000 100 1000 336
CsHe, 78 Da 62 10 161 194
CH»CsHs, 91 Da 105 79 20 195 206 213
CH>CsHs, 92 Da 350 35 142 116
HOC¢Hs, 94 Da 30 106 475
HOCsH4CH3. NH2CsH4 O, 108 Da 620 28 191 339 169 73
HOCsH;C,H,, CH:NCsH4CH,, 118 Da 2 57 194 105 33
NH2CsH4 NO», 138 Da 15 6 126
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Figure 3.75 Single ion evolution profiles of selected products detected during the pyrolysis
of a)Cr-PPh-na and b) PPh-na
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CHAPTER 4

CONCLUSIONS

In the first part of this work, benzoxazines based on phenol and aniline or aniline
derivatives namely aminopyridine, aminobenzonitrile and nitroaniline are synthesized
and polymerized by curing the monomers systematically. In the second part of the
work metal or metal ions are incorporated to benzoxazine monomers based on
aminopyridine, aminobenzonitrile and nitroaniline. The structural and thermal
characteristics of the polybenzoxazines and metal or metal ion functional
polybenzoxazines are analyzed via FTIR, NMR, DSC, TGA and DP-MS techniques.
The effects of curing program used and incorporation of metal and/or metal ion on

structural and thermal characteristics of the polybenzoxazines are investigated.

It has been determined that the structure and thermal characteristics of the polymers

depend not only on the aromatic amine used but also on the curing program applied.

In terms of the structure of the polymers:

e In general, the benzoxazines based on aniline or aniline derivatives are
polymerized via ring opening of oxazine ring followed by attack of NCH> groups
to mainly para positions of phenol and aniline ring. In addition coupling of the
dimers generated upon ring opening process takes place to a certain extend. As
a consequence of elimination of aniline or aniline derivatives taking place during
the curing process to a certain extent, unsaturated linkages are generated. The
char yield and presence of chains that can only decompose at elevated

temperatures mainly depend on extent of crosslinking and unsaturated linkages.

e The position of substituents on aniline ring affects the attack of NCH» groups to
aniline rings, and coupling of the dimers generated upon ring opening process.

As a consequence the extent of crosslinking decreases.
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Curing at elevated temperatures promotes the evolution of aniline or its
derivatives during the polymerization process. Eventually, the polymerization

mainly proceeds via coupling of the radicals generated.

In terms of thermal characteristics of the polymers:

Thermal stability of the polymer chains generated depends on the structure but

not on the aromatic amine used.

The polymer chains generated via attack of NCH; groups to phenol rings
decomposes in two steps; loss of aromatic amine being the first step at early
stages of pyrolysis at around 300°C and the decomposition of the unsaturated
chains produced by coupling of the radicals formed in the first step at around

500°C.

The chains generated via attack of NCH2 groups to aniline rings decompose at
around 400 °C by random chain cleavages without the elimination of aromatic
amines. In general, these segments involving crosslinking degrade at elevated

temperatures and cause increase in char yield.

Coordination of metal and/or metal ion to pyridine in case of aminopyridine based

benzoxazine, to CN groups in case of aminobenzonitrile and finally to NO> groups in

case of nitroaniline cause drastic changes in structural and thermal characteristics of

the polybenzoxazines produced. The interactions depend on type of the metal or

metal ion used, the functional group acting as ligand and mole ratio of the metal or

metal ion and the monomer. Considering also the complex polymerization and

thermal degradation processes of polybenzoxazines to understand the effect of each

variable on structural and thermal characteristics of polybenzoxazines is almost

impossible. Thus, only general trends are stated.
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The effects of incorporation of metal and/or metal ion on structural and thermal

characteristics of the polybenzoxazines:

The most effective coordination of metal or metal ion was seen for
benzoxazine based on aminopyridine, having a lone pair on the N atom that

can coordinate to metal or metal ion easily.

For the aniline derivatives, aminobenzonitrile and nitroaniline, the
polymerization of metal functional benzoxazine monomer is achieved only to

a limited extent.

The coordination of metal or metal ion to the aromatic ring of the benzoxazine
monomer promotes the evolution of amine or substituted amine groups which
in turn causes an increase in the formation of unsaturated linkages but a
decrease in the extent of crosslinking. The thermal stability is decreased due

to the low degree of crosslinking, upon coordination to the metal or metal ion.
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