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NEW SYNTHETIC METHODOLOGIES FOR BENZOXAZINE
THERMOSETS
SUMMARY
The phenolic resins took up an important space in industrial and commercial
thermoset applications especially after the invention of mechanically and thermally
stable polybenzoxazines. The attractive features of polybenzoxazines like chemical
and water resistance, long shelf life, preparation without catalyst and by-products,
and zero volumetric shrinkage upon curing have been realized in last decade.
Essentially, the flexible design property of benzoxazine monomer provides
functionalization opportunity by changing the substitution of commercially available
starting materials, phenol and amine. Although expanding the thermosetting resin
family, pure polybenzoxazines still have some limitations, which obstruct the usage
in industrial applications. In order to decrease curing temperature (~200 ºC or higher)
and brittleness as well as simplify processing, many chemists are interested in
generation of different strategies. Some of them focused on the functionalization of
benzoxazine monomer followed by thermal treatment, which forms crosslinked
thermosetting resins. The other part of these studies attached the benzoxazine
monomer to a new polymerizable unit or polymer chain end. Blending of
benzoxazine units with inorganic materials to produce tough polybenzoxazine
composites was also applied in many researches. In the present study, a
polybenzoxazine/clay nanocomposite was prepared in situ firstly by thermal
polymerization of benzoxazine monomer in the presence of benzoxazine modified
clay. Moreover, the preparation of polymeric precursor with benzoxazine ring in the
main chain or side chain offers many advantages like flexibility, thermal and
mechanical resistance to resultant cured polybenzoxazine. Main chain benzoxazine
prepolymer preparation is an expanding strategy due to serving high crosslinkable
potential. Although there exist different polymeric benzoxazine precursors, the use of
coupling reactions for synthesis of benzoxazine prepolymers have been investigated
for the first time.
Propargyl containing thermally curable benzoxazine precursors in the main chain
have been synthesized from iodo functional bisbenzoxazine and diacetylenes by
Sonogashira coupling reaction. For this purpose, 4,4’-isopropylidenediphenol
(Bisphenol A) was reacted with formaldehyde and iodoaniline to form
diiodobisbenzoxazine (DIBB). Sonogashira coupling reaction between DIBB and
diacetylenebisether (DABE) or diacetylenebisbenzoxazine (DABB) catalyzed by
palladium tetrakistriphenylphosphine yielded the corresponding main chain
polybenzoxazine precursors with the molecular weights around 2300-3500 Da. The
structures of the monomers and the resulting polymers were confirmed by FT-IR and
1
H-NMR spectral analysis. Curing behaviors of both the monomer and polymers
xix

were studied by differential scanning calorimetry (DSC). Thermal properties of the
cured polymers were also investigated by thermo gravimetric analysis (TGA).
Fluorinated main chain benzoxazine polyethers were prepared by Ulmann Coupling
of fluorinated benzoxazines in the presence of nano-copperoxide catalyst. Various
parameters such monomer structure, temperature, and the effect of catalyst on the
polymerization were studied. The benzoxazine groups present in the polyether
structure were shown to readily undergo thermally activated ring-opening reaction in
the absence of an added catalyst forming cross-linked networks. The thermal stability
of the cured polymers was investigated and compared to that of classical
polybenzoxazines. The lower surface energy of the fluorinated polymers made
ultrathin films (~20 nm thick) stable against dewetting at curing temperatures and
resulted in thermally cured smooth coatings on solid substrates.
A new class of polybenzoxazine/montmorillonite (PBz/MMT) nanocomposites have
been prepared by the in situ polymerization of the typical fluid benzoxazine
monomer, 3-pentyl-5-ol-3,4-dihydro-1,3-benzoxazine, with intercalated benzoxazine
montmorillonite clay. A pyridine substituted benzoxazine was first synthesized and
quaternized by 11-bromo-1-undecanol and then used for ion exchange reaction with
sodium ions in montmorillonite to obtain intercalated benzoxazine clay. Finally, this
organomodified clay was dispersed in the fluid benzoxazine monomers at different
loading degrees to conduct the in situ thermal ring-opening polymerization.
Polymerization through the interlayer galleries of the clay led to the PBz/MMT
nanocomposite formation. The morphologies of the nanocomposites were
investigated by both XRD and TEM techniques, which suggested the partially
exfoliated/intercalated structures in the polybenzoxazine matrix. Thermogravimetric
analysis results confirmed that the thermal stability and char yield of
polybenzoxazine nanocomposites increased with the increase of clay content.
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BENZOKSAZİN TERMOSETLERİ İÇİN YENİ SENTEZ YÖNTEMLERİ
ÖZET
Özellikle mekanik ve ısısal olarak dayanıklı polibenzoksazinlerin keşfedilmesinden
sonra fenolik reçineler endüstriyel ve ticari termoset uygulamalarında önemli bir yer
tuttu. Polibenzoksazinlerin kimyasallara ve suya dayanıklılık, uzun raf ömrü, katalize
ihtiyaç duymadan ve yan ürün oluşturmadan hazırlanabilmesi, kürleme esnasında
hacimsel büzülme olmayışı gibi çekici özellikleri son yıllarda keşfedilmiştir. Esasen,
benzoksazin monomerlerinin esnek dizayn özelliği, ticari olarak elde edilebilen
başlangıç malzemeleri olan fenol ve aminin subsitüsyonlarını değiştirerek
fonksiyonlandırma seçeneği sunar. Saf polibenzoksazinler termosetik reçine ailesini
genişletmesine rağmen, bu termosetlerin endüstriyel uygulamalarda kullanımını
daraltan bazı sınırlamaları hala vardır. Kürlenme sıcaklığını (~200 ºC ve üstü) ve
kırılganlığı azaltmak ve işlemesini kolaylaştırmak için birçok kimyager farklı
stratejiler geliştirmeye çalışmıştır. Bir kısmı ısısal işlem ile çapraz bağlı termosetik
reçineler oluşturan benzoksazin monomerinin fonksiyonlandırılmasına yoğunlaşır.
Diğer bazı çalışmalar benzoksazin monomerini başka bir polimerleşebilen üniteye
veya polimer zincirinin ucuna bağlar. Dayanıklı polibenzoksazin kompozitleri
üretmek için benzoksazin ünitelerini inorganik maddelerle harmanlamak da birçok
araştırmada uygulanır. Bu çalışmada, bir polibenzoksazin/kil nanokompoziti ilk defa
benzoksazin monomerinin bezoksazin ile modifiye edilmiş kil varlığında ısısal
polimerleşmesi ile in situ yöntemi takip edilerek hazırlanmıştır. Bunlara ek olarak,
ana zincirde veya yan zincirde benzoksazin halkası bulunduran öncü polimerlerin
hazırlanması stratejisi de, kürlenmiş polibenzoksazine esneklik, ısısal ve mekanik
direnç gibi birçok avantajlar sağlamıştır. Çapraz bağlanabilme potensiyelinin
yüksekliği nedeniyle, ana zinciri benzoksazin olan öncü polimerlerin hazırlanması
gelişen bir yöntemdir. Bu öncü polimerlerin elde edilmesi için benimsenen genel
strateji bisfenol ve bisaminlerin formaldehit varlığında Mannich kondenzasyonu ile
benzoksazin halkası oluşturmasıdır. Poliester, poliamide, poliüretan oluşumu ile
hidrosilasyon, Diels-Alder ve çıt-çıt reaksiyonları da bu lineer polimerlerin elde
edilmesinde kullanılan diğer kondenzasyon yöntemleridir. Ana zincirinde
benzoksazin halkası içeren öncü polimerlerin üretimi için sunulan birçok farklı yol
arasında, iki fonksiyonlu benzoksazinlerin kenetlenme reaksiyonları ilk kez bu
çalışmada sunulmuştur.
Bu tezin ilk bölümünde ana zincirinde farklı sayılarda ısısal olarak kürlenebilen
benzoksazin ve asetilen grupları bulunduran öncü polimerler sentezlenmiş ve daha
sonra yüksek sıcaklıklarda polimerleştirilerek polibenzoksazinler elde edilmiştir. İki
ucu iyotlu iki fonksiyonlu benzoksazin ve iki fonksiyonlu asetilen Sonogashira
kenetlenmesi ile lineer polimerlere dönüştürülmüştür. Bunun için öncelikle BisfenolA, formaldehit ve iyodoanilin reaksiyona sokularak iki ucu iyotlu iki fonksiyonlu
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benzoksazin (DIBB) elde edilmiştir. Bu monomer ile iki fonksiyonlu asetilenin
(DABE) veya iki fonksiyonlu asetobenzoksazinin (DABB) Sonogashira
kenetlenmesi, paladyumtetrakis trifenilfosfin katalizörlüğünde ana zincirde
benzoksazin bulunduran 2300-3500 Da molekül ağırlıklı öncü polimerleri
oluşturmuştur. Monomerlerin ve öncü polimerlerin yapıları FT-IR ve 1H-NMR
analizleri ile doğrulandı. Monomerlerin ve polimerlerin kürlenme davranışları
difransiyel taramalı kalorimetri (DSC) cihazı ile incelenmiştir. Öncü polimerlerde
bulunan asetilen grubunun benzoksazin ünitesinden daha erken kürlendiği yapılan
aşamalı kürleme ve IR analizleri sayesinde kanıtlanmıştır. Kürlenmiş polimerlerin
ısısal özellikleri de termogravimetrik analizler (TGA) ile incelenmiştir. Bu
analizlerde benzoksazin halkası yoğunluğunun ısısal kararlılığa katkısı elde edilen
farklı lineer polimerler karşılaştırılarak kanıtlanmıştır.
Kenetlenme reaksiyonları ile hazırlanan bir diğer öncü polimer ise yapısında
benzoksazin halkasının yanı sıra eterik bağ ve farklı sayılarda flor grupları
bulundurmaktadır. Ana zincirinde benzoksazin bulunduran florlu öncü polieterler
Ullmann kenetlenmesi yöntemi ile sentezlenmiştir. Polimerleşmeye sunulacak
monomerik iki fonksiyonlu benzoksazinler Bisfenol-A, formaldehit ve farklı sayıda
flor grubu içeren floroaminlerin tipik benzoksazin oluşum reaksiyonu olan Mannich
kondenzasyonu sonucu elde edilmiştir. Oluşan iki ucu florlu iki fonksiyonlu
benzoksazinler, iki fonksiyonlu fenoller ile nano-bakıroksit ve sezyumkarbonat
varlığında reaksiyona sokularak 830-3500 Da molekül ağırlıklı lineer polimerlere
dönüştürülmüştür. Monomer yapısı, sıcaklık, katalizör etkisi gibi değişik
parametrelerin polimerizasyona etkileri incelenmiştir. Elde edilen lineer polimerlerin
molekül ağırlıklarının flor gruplarının sayısından ve bu grupların bulundukları
bölgeden etkilendiği molekül ağırlığı analizleri ile gözlenmiştir. Öncü polieter
yapısında bulunan benzoksazin grupları katalizör eklenmeden ısısal halka açılma
reaksiyonuna girerek çapraz bağlı networklere dönüşmüştür. Kürlenmiş polimerlerin
ısısal kararlılıkları klasik polibenzoksazinlerle karşılaştırılarak TGA ile incelenmiştir.
Flor grubu sayısının ve bulunduğu bölgenin ısısal polimerleşmeye de etki ettiği bu
analizlerle kanıtlanmıştır. Florlu benzoksazinlerin ince filmleri (~20 nm kalınlığında)
kürleme ile hazırlandığında düşük yüzey enerjilerinden dolayı ıslanmaya karşı
dayanıklılık sağlamış ve katı yüzeylerde pürüzsüz bir kaplama oluşturmuştur.
Yeni bir polibenzoksazin/montmorillonit (PBz/MMT) nanokompoziti tipik bir
akışkan benzoksazin monomeri olan 3-pentil-5-ol-3,4-dihidro-1,3-benzoksazin’in
benzoksazin fonksiyonlu montmorillonit kili varlığında in situ polimerizasyonu ile
hazırlanmıştır. Öncelikle piridin sübstitüsyonlu bir benzoksazin 11-bromo-1undekanol ile quaternize edilmiştrir. Daha sonra kili modifiye ederek katmanların
arasını açmak için, bu quaternize benzoksazin montmorillonit’deki sodyum
iyonlarının iyon değişimi reaksiyonunda kullanılmıştır. Sonunda organik olarak
modifiye edilmiş kil, in situ ısısal halka açılma polimerizasyonu yapmak için akışkan
benzoksazin monomerinde farklı yükleme derecelerinde dağıtılmış ve ısıtılmıştır.
Açılmış kil galerileri arasında modifikasyon için tutturulan monomerik quaternize
benzoksazinin ve akışkan benzoksazin monomerinin ısısal halka açılma
polimerizasyonu
PBz/MMT
nanokompoziti
oluşumunu
sağlamıştır.
Nanokompozitlerin kimyasal yapısı IR spektroskopisi ile kanıtlanmıştır. Ayrıca
benzoksazin monomerlerin kürlenme özellikleri % 1-10 arasında değişen kil yükleme
derecelerinde ve farklı kürlenme sıcaklıklarında incelenmiş ve artan kil miktarının
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polimerleşmeyi hızlandırdığı kanıtlanmıştır. Nanokompozitlerin morfolojileri hem
XRD hemde TEM teknikleri ile incelenmi ve polibenzoksazin matrisinde kısmen
açılmış/dağılmış yapılar ortaya çıkmıştır. Kil varlığının in situ yöntemi ile
sentezlenen polibenzoksazin/montmorillonit nanokompozitlerinde ısısal kararlılığı
nasıl etkilediği de TGA analizlerinde gözlemlenmiştir. Bu analizler kil miktarı
arttıkça polibenzoksazin nanokompozitlerinin ısısal dayanıklılığının da arttığını
kanıtlamıştır. Özellikle % 60’lık kütle kaybının olduğu sıcaklıklar karşılaştırıldığında
fazla miktarda kil bulunduran nanokompozitlerin ısısal dayanıklılıkları daha çok
meydana çıkmıştır.
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1.

INTRODUCTION

Polybenzoxazines are addition-cure phenolic systems, having a wide range of
fascinating features, which overcome several shortcomings of conventional novolac
and resole type phenolic resins. Accordingly, they have a good combination of
attractive properties, can be useful for a wide range of applications from composite
materials [1] to printed circuit boards etc., such as (i) no strong acid catalysts
required for curing, (ii) high char yield, (iii) high glass transition temperatures, in
some cases higher than cure temperature, (iv) low water absorption, (v) near zero
volumetric change upon curing, and (vi) release of no or limited by-product during
curing, which can be important for environmental issues. The cured materials also
possess thermal and flame retarding properties of phenolics along with improved
mechanical performance [2]. The dimensional stability during polymerization is a
noteworthy feature stemming from the ring opening polymerization of their
monomers [3]. And this polymerization is a thermally induced self-polymerization
taking place without any initiator or curative [4, 5]. Moreover, it was shown that
benzoxazines can also be polymerized by photochemical means. The structures of
the polymers prepared by photoinitiated cationic polymerization were complex and
related to the ring-opening process of the protonated monomer either at the oxygen
or nitrogen atoms [6]. Even though benzoxazines were first synthesized by Cope and
Holly in 1940s [7], the potency of polybenzoxazines has been recognized much later
and the interest in this area has gained attention and increasing number of researches
are being involved in polybenzoxazine chemistry [8, 9]. Accordingly, there has been
a massive work on new monomers to improve thermal and mechanical performance
of polybenzoxazines and also develop new application fields by taking advantage of
design flexibility of benzoxazine monomers coming from simple preparation by
using inexpensive and commercially available phenols, primary amines, and
formaldehyde [10-17].
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2.
2.1

THEORETICAL PART
Synthesis of Benzoxazine Monomers

The first benzoxazine was synthesized by Holly and Cope in 1944 [7], and small
oligomers of benzoxazines as a modifier for epoxy resins were obtained up to 1980s
[18-20]. In 1988, Turpin and Thrane reported a patent about the self-curable
benzoxazine functional cathodic electrocoat resin formulation using both
multifunctional phenols and multifunctional amines as the raw materials [21]. The
study on polybenzoxazine properties was firstly reported in 1994 by Ning and Ishida
[8] and this novel resin received much attention afterwards. In the early days of its
development the ring opening approach, which is eliminating almost all the
shortcomings associated with the condensation chemistry, represented this new class
of polymer as an attractive candidate for replacing the traditional condensation
chemistry phenolic resins. But, recent studies shows that with a wide range of
mechanical and physical properties, polybenzoxazines are a class of materials that
goes far beyond traditional materials such as phenolics epoxides, and bismaleimides.
The material property balance of polybenzoxazine is excellent and make them
attractive alternatives to existing applications.
Benzoxazines are formed from an oxazine ring, which is a six-membered
heterocyclic ring containing oxygen and nitrogen atom, bonded to a benzene ring.
Between the several benzoxazine structures, 1,3-benzoxazines (3,4-dihydro-3methyl-2H-1,3-benzoxazine) is the subject of the interest for development of
polymeric materials due to its readily polimerizable property via cationic ringopening

polymerization.

Monofunctional

1,3-benzoxazines

can

be

readily

synthesized via Mannich reaction of a phenol, amine and formaldehyde as illustrated
in reaction 2.1. The preparation of 3,4-dihydro-1,3-2H-benzoxazine was proposed by
Burke in a single step from p-substituted phenol, formaldehyde and primary amine in
a molar ratio of 1:2:1, respectively [18]. The probable mechanism is shown in
reaction 2.2.
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(2.1)

(2.2)

Alternatively, the mechanism of 3,4-dihydro-3,6-disubstituted-1,3-2H-benzoxazine
formation was also proposed in reaction 2.3. In the first step, o-alkylaminomethyl-psubstituted phenol is formed as intermediate by an equimolar reaction of each
reactant. Later, the intermediate are converted to 1,3-benzoxazine by addition of
formaldehyde in the presence of a basic catalyst.
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(2.3)

In the case of using bisphenol or bisamine, bifunctional benzoxazine structures are
formed as represented in Figure 2.1where X is a group, such as –CH2, C(CH3)2,
C(CF3)2, C=O, or SO2, and R is an aliphatic group or aromatic ring. Multifunctional
benzoxazines can also be synthesized from multifunctional amines and phenolic
derivatives.

Figure 2.1 : Bifunctional benzoxazines
In order to get the desired properties on these polybenzoxazines, a wide variety of
benzoxazine monomers can be synthesized by using appropriate chosen phenol an
amine. Differentiating the substituents on phenol and primary amine used in
benzoxazine ring formation, expands the application to various fields. And also these
substituting groups can provide additional various polymerizable sites affecting the
curing process.
The monomer synthesis generally shows yields of nearly 70-90 % depending on the
component, solvent, temperature, time, and procedure. Therefore, developing a
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proper synthetic condition is a key to a successful benzoxazine monomer synthesis in
high yield and with minimum amount of byproduct. Various types of benzoxazine
monomers can be synthesized by employing solution method or solventless method.
2.1.1

Preparation in solvent

In order to prepare 1,3-benzoxazine, Mannich type condensation takes place between
a p-substituted phenol, primary amine and formaldehyde in a molar ratio of 1:1:2,
respectively, as shown in reaction 2.4. Firstly, primary amine is condensed with
formaldehyde to form the N,N-dimethylolamine R-N(-CH2-OH)2, which later reacts
with the labile hydrogen of the hydroxyl group and ortho position of the phenol at
reflux temperature. It is also a way for benzoxazine formation, to allow the reaction
of phenol, amine and formaldehyde in a molar ratio of 1:1:1 yielding a Mannich
base, and converting it further to benzoxazine in the presence of formaldehyde and a
base catalyst. Difunctional benzoxazines were prepared from either difunctional
primary amine and monofunctional phenols [19, 22] or difunctional phenols and
monofunctional primary amines [8, 23]. In the case of naphthol using instead of
phenol, 1,3-naphthoxazines are obtained [24, 25].

(2.4)

The formation of Mannich bases derived from amine are strongly influenced by
different reaction conditions. Depending on the reactants and condensation
conditions, some by-products such as bis(2-hydroxybenzyl)amine and free Mannich
bases may be formed (Figure 2.2) [18].
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Figure 2.2 : By-products of benzoxazine synthesis
For some benzoxazines, if there are any compounds with active hydrogen (HY), such
as naphthol, indole, imide, carbazole or even phenol (one of the starting materials), it
possibly opens the ring resulting small oligomers as by-products [24]. The Mannich
bridge formation as a result of the ring opening of benzoxazine in acidic medium
(HY) is shown in reaction 2.5.
(2.5)

Substitutions of the benzoxazine structure influenced the stability of the ring. If there
is more than one reactive ortho position in the starting material, another
aminoalkylation reaction may take place [26]. It means the benzoxazines, derived
from phenol carrying ortho substituents, were obtained in higher yields. The various
ortho substitutions of the phenolic hydroxyl group highly affect the type of the
resultant reaction products. If the low electrophilic ortho substituent is used in the
phenolic compound, the N-methylol Mannich base intermediate goes to ring closure
with the phenolic hydroxyl forming benzoxazine structure. In the case of higher
electrophilic character on the ortho position of the phenol, the intermediate tends to
attack electrophilically on the ortho position of another molecule of the phenol to
yield a bis-(hydroxybenzyl)amine.
The product type of the Mannich condensation of phenol, amine and formaldehyde is
also influenced by the basicity of the primary amine [27]. Generally strong amines,
such

as

methylamine,

forms

corresponding

Mannich

base

and

bis(hydroxybenzyl)amine. The mild amines, like cyclohexylamine, favored only the
isolation of Mannich base whereas the weak amines, such as benzylamine, generates
the Mannich base in high yield. The benzoxazine monomers obtained from strong
amines and weakly acidic phenol are more stable in hot alcohols [28]. Additionally
bulkiness of the substituents on the nitrogen would be discourage intermolecular
hydrogen bonding or Mannich base addition [29].
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The temperature and solvent influence the course of benzoxazine formation and
effect the yield of the reaction. An increment in the dielectric constant of the solvent
lowers the yield. Hydrophobic solvents, such as dioxane, chloroform, and
dichloromethane are good solvents for benzoxazine dissolution and synthesis. On the
other hand, if open Mannich bases are desired products, hydrophilic solvents, like
water or alcohol, are useful.
2.1.2

Solventless method

Sometimes synthesis in solution is kinetically inefficient although homogeneity of a
solution is easier to control than the melt system. The slow reaction rate, necessity to
large amount of solvent, and the poor solubility of the some precursors are also the
major disadvantages associated with preparation in solvent. Moreover solvent
removal is an environmentally undesirable process as well as usage of an organic
solvent increases the cost of the products. In such cases the melt method is useful to
synthesize benzoxazines from the starting materials which melt at a moderate
temperature or from a system where at least one component is liquid at room
temperature [30].
Typically to produce the desired benzoxazine, phenol, primary amine, and
paraformaldehyde precursors are physically mixed together and heated to a
maintained temperature, which is a temperature sufficient to complete the interaction
of the reactants. As reaction condition, high temperature and long reaction times are
unfavorable for this method because the oligomerization competes with the oxazine
ring closure reaction. The melt method is heterogeneous system due to different
phases interactions [31]. This narrows the temperature range for an optimum
condition.
Formaldehyde precursor is not generally used as it evaporates easily and lose
stoichiometry quickly. Instead, paraformaldehyde is used as the source of
formaldehyde, therefore the reaction temperature will be allowed to be near 100 ºC
that is the typical temperature for the melt method. In this solventless synthesis,
paraformaldehyde decomposition plays a very important role for determination of
benzoxazine formation and side products.
The mechanism proposed for the formation of 3,4-dihydro-3-(4-methyl)phenyl-1,3benzoxazine at 100 ºC in melt state was shown in reaction 2.6. The controlling step is
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the decomposition of the paraformaldehyde, which affects the overall reaction rate at
low temperature of 59 ºC. After formaldehyde formation, several possible
intermadiate starts to form as a result of the reactions of amine (here toluidine) and
formaldehyde (reaction 2.7). In the early stage of the reaction at low temperature, the
major intermediate to form benzoxazine is the perhydrotriazine instead of the
Mannich base for the solventless synthesis. At 75 ºC, toluidine and formaldehyde
reaction becomes the rate-determining step. In the later reaction stage at 100 ºC,
while triazine decreases the amount of Mannich base and its reactions increases
which acting as overall reaction rate controller. Benzoxazine structures are
constructed via the further reactions of the intermediates (reaction 2.8).

(2.6)

(2.7)

(2.8)
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The main advantages of the melt method are decreasing the reaction time compared
with the preparation in solvent and minimizing unwanted intermediates and byproducts. The reaction rate depends on chemical nature of the phases in reaction
mixture and their physical state, on the diffusion coefficients of all the substances
present, and on the exact nature of the physical contact [31].
The melt method can be modified by the addition of a small amount of a solvent.
Therefore, it would be possible to employ this method in a wide selection of
compounds. If an azeotrope forming solvent with water, such as toluene, is added,
this facilitates the purification of the crude reaction mixture because water is a byproduct in benzoxazine synthesis.
2.1.3

Functionality on benzoxazine monomers

Monofunctional benzoxazine monomer results only oligomeric structures with low
molecular weights under thermal curing. The competition of the thermal dissociation
and chain propagation reactions hinder the formation of high molecular weight linear
polybenzoxazines [20]. Moreover, the hydrogen bonding formation reduced the
reactivity [32]. Therefore, new high performance materials cannot be prepared from
monobenzoxazines.
A new class of benzoxazine monomer with more than one functionality overcomes
this limitation. A difunctional monomer are obtained from bisphenol or bisamine as
synthetic precursors and their thermal decomposition into phenolic materials with the
ring opening reactions is initiated by dimers and higher oligomers in the resin
composition [33]. A mixture of dimers and oligomers, composed of benzoxazine
rings and phenolic structures, forms as minor products besides the monomer with
difunctional benzoxazine rings at both ends of the bisphenol or bisamine. The
composition of the reaction products depends largely on the polarity of the solvent.
By this method, consisting of a few steps, wide varieties of phenolic structures are
obtained.
One of the well known difunctional benzoxazine is obtained from Bisphenol-A and
aniline [34, 35] referring as BA-a. The overall reaction and products, BA-a and
oligomers as minor products, are represented in reaction 2.9. It was indicated by
DSC studies that the thermal ring opening of the benzoxazine monomer is an auto-
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catalyzed reaction until virtification is occurred, and the curing process begins to be
controlled by diffusion afterwards.

(2.9)

A series of difunctional benzoxazine was successfully synthesized by also melt
method [29, 35-38]. This method was employed for the preparation of BA-a using
1,3,5-triphenyl(alkyl)hexahydro-1,3,5-triazine, paraformaldehyde and Bispehol-A
[29].
2.2

Polybenzoxazine Formation by ROP

In thermosetting polymers, polymerization starts with the formation of the linear
chain followed by branching and then crosslinking [39]. As the molecular weight
increases, polymeric chains link together into networks with infinite molecular
weight. Polybenzoxazines, which are novel type of thermosets, are generated from a
self-polymerizable crosslinking system. Benzoxazine precursors undergo ring
opening polymerization without any curing agent at elevated temperature and norelease of condensation by-product.
The benzoxazine molecule, composed of six-membered heterocyclic ring, has an
irregular chair structure with ring strain, which drives ring-opening polymerization at
high temperatures. As compared with epoxides, rising the temperature is needed for
cleavage of the heterocyclic bond, because the ring strain is not substantial. The
monofunctional benzoxazines generally leads linear (or perhaps branched) polymers
with low molecular weights except carrying sufficiently reactive benzene rings for
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crosslinked polybenzoxazine formation [20]. On the other hand, difunctional and
multifunctional monomers convert into crosslinked polybenzoxazines [5].
The thermally accelarated ring-opening reaction of monomeric benzoxazine takes
place by cationic mechanism with or without initiator. A labile proton initiator, such
as phenol, leads a phenolic structure in polybenzoxazine whereas a nonlabile proton
initiator, like Lewis acid, forms arylether. Because the arylether is thermally
unstable, it transforms to the phenolic-type at elevated temperatures (reaction 2.10).

(2.10)

As the benzoxazine monomer conventionally contains cationic initiator traces, such
as phenolic starting materials or oligomeric benzoxazine structures, the
polymerization is accomplished easily by heating the benzoxazine monomer.
Moreover, the newly produced phenolic structures have a role on initiation resulting
in a auotcatalyzed polymerization [40]. Through ionic propagation, the terminal end
of a polymer acts as a reactive center that joins to cyclic monomers resulting larger
polymer chain. The heating process increases the polymerization rate typically in the
range between 160-220 °C [5]. In the absence of any initiator or catalyst, the gelation
occurs at these temperatures in a few minutes.
In polymer chemistry, a unique place is provided to ring opening polymerization
reactions due to their methodology for resin processing. These polymerizations are
highly influenced by the functionality of the cyclic precursors and the ring size [41].
Benzoxazine rings can provide either linear or cross-linked polymers depending on
the reaction proceeding at the ortho and additional para positions. The ortho position
to the hydroxyl functionality on the aromatic ring is the most reactive site for the
attachments during polymerization. However, para and meta positions have a
potential also to react though with lower reactivities. These multiple reactive sites
obstruct the pure linear polymer development from monofunctional bezoxazines.
12

The purity of monomer highly influences the polymerization rate and temperature. If
degree of purity is high, the temperature, needed for ring opening polymerization,
rises. Additionally, higher temperatures shortens the polybenzoxazine formation time
[4]. Besides the purity of monomer, steric hindrance and electronic properties of its
surrounding groups also affect the rate of ring-opening polymerization [42].
Despite the usage of formaldehyde, phenol and amine derivatives is contrary to the
environmental desire, their release as byproduct during ring opening polymerization
of benzoxazine is substantially lower than that of the traditional phenolic resins.
Moreover, benzoxazine polymerization process does not generate any water
molecule whereas ordinary phenolic resins produce water as a condensation
polymerization product.
2.2.1

ROP mechanisms

There are many attempts reporting the mechanism of ring-opening polymerization of
benzoxazine [20, 43-48] and some of them are shown in reaction 2.11. The formation
of the by-product is quite complex and because of that an accurate mechanistic
explanation for polybenzoxazine formation is elusive. Phenolic-type Mannich
polymer and nonphenolic arylether-type Mannich base polymer can be generated
from same monomer depending on the initiation mode [46]. As mentioned above
under thermal curing, the arylether polymer converts into the phenolic
polybenzoxazine with Mannich base in traditional polymers of benzoxazines [47].
For termination step, it is still unclear that why it takes place early on
monosubstituted benzoxazines exactly.
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(2.11)

Benzoxazine molecule carries out reverse Mannich reaction (reaction 2.12). The
reaction initiated by approaching of phenol to benzoxazines forming intermolecular
hydrogen bonded intermediary complex [28]. In this complex, electrons of nitrogen
atom migrates to hydroxyl group of phenol.

(2.12)
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During curing of benzoxazine, chain propagation and intra-molecular six-membered
ring hydrogen bonding compete each other [49, 50]. Because of this difficulty,
monofunctional benzoxazines form short linear polybenzoxazine chains with low
molecular weight. So that using a blend partner polymer, which forms hydrogen
bond, presents synergism in polybenzoxazine preparation and increases the Tg
comparing to pure components.
The active sites on the benzene ring of benzoxazine behave in varying degrees of
reactivity. Although this rich reactivity complicates the polymerization mechanism, it
causes regioselectively improvement of mechanical and thermal properties. For
example, a methyl substitution on aniline in benzoxazine synthesis increases the Tg
value for 75 ºC [51, 52].
2.3

Main Chain Polymeric Benzoxazine Precursors by Polycondensation

In practical applications some limitations emerged from the use of monomer
precursors, since fabrication of films from monomers is rather difficult and most of
the monomers are in powder form. Apparently, there are only few examples for
liquid monomers. Additionally, the formed polymers from especially monofunctional benzoxazines are brittle as a consequence of the low molecular weight of
the network structure. To overcome these problems, new strategies involving
synthesis of linear main chain benzoxazine polymers as curable precursors have been
developed (Figure 2.3).
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Figure 2.3 : Synthesis of benzoxazine prepolymers (a) polycondensates from
difunctional benzoxazines (b) polycondensates from Mannich route
Prepolymers with benzoxazine backbone partially improved some properties of
polymeric structures such as processibility, flexibility, high crosslink density after
cure, reductions in the vapor pressure during process and fragility for cured endstructures. In a way, polymeric benzoxazines behave like a processable and
crosslinkable thermoplastic polymer, and able to yield thermosets after thermally
activated ring opening polymerization just simply by heating up to around 200 °C.
Thus, the resultant resin may present properties that are the combination of
thermoplastic and thermosetting polymers. A wide range of chemistries such as
polyesterification, Mannich type condensation using difunctional phenols or amines,
coupling reactions, Huisgen type click reaction can be utilized for the synthesis of
new curable precursors. Obviously, each route would reflect the characteristics of the
polymer formed and modify the properties of the resulting polybenzoxazines for
specific applications. The above mentioned chemistries can be classified as
polycondensation route, which are commonly used in polymer chemistry from
research laboratories to industrial mass productions of polymers.
2.3.1

Polycondensates from Mannich route

Liu and Ishida had shown the concept of oligomeric benzoxazine resins first where
oxazine rings are in the main chain by using difunctional amine and phenols in Liu’s
Ph. D. thesis in 1995 [31]. Later, this concept was independently reported by
Takeichi [33] and Ishida [53] as a simple route for obtaining polymers containing
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benzoxazine moieties in the main chain (reaction 2.13). In recent studies, this
strategy has been further expanded by differentiating diphenols and diamines for
various application purposes [54, 55]. The choice of the right conditions for the
Mannich route is critical for attaining polymers with high yields and high numberaverage molecular weights (Mn) with a minimum byproduct formation.For example,
polybenzoxazine precursors with Mn in the range of 2200–2600 gmol-1 were obtained
using CHCl3 as solvent medium. However, in the case of toluene and 1,4-dioxane
instead of soluble polybenzoxazine precursors only gels were formed. Moreover,
using toluene/ethanol mixtures as solvent resulted in soluble polymers in high yields
with molecular weights as high as 24000 Da [11]. Notably, the cross-linked
polybenzoxazine films from the high molecular weight precursors obtained by using
this method exhibited much higher toughness compared to the cured film from
typical low molecular weight monomeric benzoxazines. Additionally, the
viscoelastic analyses showed that the glass-transition temperature of the
polybenzoxazines derived from the high-molecular weight precursors were
significantly high, i.e., 238–260 °C. Besides, these novel polybenzoxazine thermosets
showed excellent thermal stability [54, 55].

(2.13)
2.3.1.1 Aromatic and aliphatic main chain polycondensates
The first linear prepolymer with oxazine ring in the main chain was synthesized from
a 4,4’-methylene-bis-(2,6-dimethylaniline), bisphenol-A and formaldehyde by
Mannich condensation. But usage of aromatic diamine gave rigid polymers with low
molecular weights and broad polydispersity. In order to increase solubility by using
more flexible segments, a novel benzoxazine precursor with molecular weight of
approximately 10,000 Da was prepared. The detailed spectroscopic analysis showed
that linear polymeric chain ends contained phenol and methylol hydroxyl groups.
Notably, the molecular distribution of the synthesized prepolymer was unexpectedly
high. The determined polydispersity index (PDI=3.0) was higher than the theoretical
value of 2 for condensation polymers. This broadening on distribution was attributed
to side reactions or Mannich bridge opening caused by the reaction of aminomethylol
species with benzene ring in polymer chain. A low temperature exotherm (161 ºC)
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recorded on thermal curing of this thermoplastic polymer is ascribed to the
crosslinking of the methylol end groups [53].
In an independent study, aromatic or aliphatic diamines were used in conjunction
with bisphenol-A giving linear polymeric precursors with cyclic benzoxazines in the
main chain which are converted into flexible polymeric films under curing. The
Mannich reaction produced a white powder polymer with 87% yield and relatively
low molecular weight. In these polymer chains, ring-closed and ring-opened
structures coexist randomly. After curing, the flexible, colorless, and transparent
polymeric benzoxazine precursor films showed improved toughness compared with
the PB-a film and even 150 µm thick films could be easily bent. The preformed long
precursor backbone provided high tensile strength and Tg values and as expected
more aromatic group in the chain increased the modulus and thermal stability [56].
The main chain benzoxazine precursors were used to develop a new resin, namely
transfer molding (RTM) resin offering desirable dimensional, physical and
mechanical properties. The shortcomings of prepolymeric benzoxazines was
attempted to overcome by using a flexible and thus more soluble segment like
Bisphenol-F in the synthesis. Thus, an oligomer resin was prepared from isomeric
mixture of more soluble segment Bisphenol-F, aniline and aromatic diamine by
Mannich condensation (Mn = 1527 g mol-1, PDI=1.70). The viscosity of the resin
which is a key factor for developing a new RTM material was measured by blending
of oligomer with monomer to control the viscosity of the mixture. The viscosity was
obtained as low as 1 Pa.s at 120 ºC for 50 % monomer-oligomer mixture. On the
other hand, Tg of the thermoset polymerized from oligobenzoxazine was as high as
213 ºC. Besides mechanical stability, the char yield of the cross-linked oligomer was
55 % at 800 ºC which is a 10 % higher than that of the polymer equivalency [57].
A study on the preparation of main chain benzoxazine polymer was performed by
using fluorinated diamines and diphenols and their properties were compared with
hydrogenated analogous. The chemical structures of the polymeric benzoxazines
were confirmed by spectral analysis and some methylol and phenolic groups were
detected. The molecular weight of the polymers were around 6400 - 7300 Da with a
broad distribution caused by incomplete conversion of the reaction. Two distinct
exothermic peaks on the DSC thermograms of the aliphatic diamine based
prepolymers were observed. The detected low temperature cross-linking was favored
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by the traces of methylol groups on the polymer, which reacted with the oxazine ring
during thermal treatment. On the other hand such hydroxyl by-products were not
observed on the analysis of aromatic diamine based polymers[58].
There was a variation also in the form or type of hydrogen bonding of each polymer
network.

While

aliphatic

diamine

based

prepolymers

generates

OH···N

intramolecular hydrogen bonding as evidenced by the strongest hydroxyl absorbance,
the corresponding aromatic diamine based systems exhibit OH···O intermolecular
hydrogen bonding. This bonding difference expressed itself in the dynamic
mechanical properties of benzoxazines. In the transition zone, the storage modulus
for the densely aromatic polymers was higher than that of the corresponding aliphatic
counterpart. The glass transition temperature (Tg) and the storage modulus of the
polymers at room temperature observed was close to the values of the most
commonly studied polybenzoxazine, BA-a (Bisphenol-A and aniline) and P-ad6
(phenol and hexanediamine). Tg was 20 ºC higher in the aliphatic amine based
polybenzoxazine than the aromatic based ones. Contrarily, as calculated from
dynamic mechanical studies, the number of cross-links per chemical repeat unit was
found to be higher for aromatic based polybenzoxazine due to the further attaching of
the open oxazine rings to additional site by increasing the cross-linking of the
material [59].
The important role of fluorine in the polymer chain was discerned during degradation
process. The weight loss of the hydrogenated amine based polymers is faster than the
fluoro substituted ones. Expectedly, the polymerization condition affects the
fluorinated polybenzoxazines more than hydrogenated equivalencies. The thermal
curing of prepolymers under nitrogen increased the Tg of the fluorinated materials
around 40 ºC compare to under air curing, whereas this difference was around 20 ºC
for hydrogenated diamine based polymers. Additionally, the high hydrophobicity,
which is an important factor for the low dielectric constant materials, is another
outstanding property of the highly fluorinated benzoxazine main chain prepolymers.
The reduced dielectric constant is due to the strong electron-withdrawing inductive
effect of the fluorine atom [59].
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2.3.1.2 Polyetherdiamine based main chain polycondensates
The brittleness of polybenzoxazines was intended to be overcome by the
incorporation of toughening agents like a long polyether backbone in the structure of
the prepolymer. For this purpose, a series of highly viscous polyether-based mainchain benzoxazine polymers have been prepared from bisphenol-A and primary
amine terminated Jeffamines, ED-600, ED-900, ED-2003. All synthesized polymers
were soluble in common organic solvents such as toluene and chloroform. Moreover,
a slight water and alcohol solubility was also achieved with increasing molecular
weight of the poly(ethylene glycol) backbone. These prepolymers were viscous
liquids at room temperature with increasing viscosity proportional to polyetheramine
molecular weight [57].
The tough and flexible thermosetting materials could be produced from these
polymeric benzoxazine precursors by thermal crosslinking. The length of the etheric
chain in the polymeric benzoxazine affected the thermal ring opening polymerization
characteristics. While the onset and maxima of the crosslinking increased by
increasing poly(ether diamine) length in the polymer, the total enthalpies decreased
due to the dilution effect of the oxazine ring in the polymeric precursor. Besides, the
longer polyether diamine based benzoxazine main chain prepolymers showed lower
Tg than that of the short chain precursors with a complex transition behavior because
of the repressing of the extra-long polyether character on the benzoxazine structure.
As the length of the polyether chain increased in these main chain benzoxazine
prepolymers, the onset temperature of the degradation increased unexpectedly. It was
explained in terms of thermally weak link arising from the higher concentration of CN bond at the shorter polyether chain/benzoxazine linkage. However conversely, the
char yield at 800 ºC increased as the chain length decreased as a result of the high
benzoxazine crosslinking density in the main chain. Additionally, the char yields of
these polyether diamine based polybenzoxazines were found to be around 7-18%
which is a rather low value compared to simple polybenzoxazines. Nevertheless, it is
still remarkably high for elastomeric materials as the majority of the elastomers show
near 0 % char yield [57].
Multifunctional thermoplastic main-chain benzoxazine prepolymers were utilized as
high performance toughener additives to obtain covalently bonded chemically
induced phase separation (CIPS) morphologies in an adjustable manner. Thermally
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curable polymeric precursors were prepared by polycondensation of bisphenol-A
with poly(propylene oxide) (PPO, Jeffamine D-2000) as aliphatic diamine and
poly(tetramethylene oxide) (PTMO, Versalink P-1000) as aromatic diamine in the
presence of paraformaldehyde. In this study, Taden et al. named these precursor
series as TBox0 – Tbox100 (Thermoplastic main-chain Benzoxazine prepolymers)
with a systematic variation in the PTMO/PPO ratio that allows the control of the
micro-phase separation and morphology of polybenzoxazines. In the set of TBox, the
polyethers were considered as soft segments whereas the benzoxazine units were
hard segments since they covalently bonded to the network [13].
The viscosity of TBox prepolymers, with a molecular weight of around 15000 Da
and PDIs of around 3, was apparently influenced by the chain length of the
polyetheric segment because of changing on the H-bonding and π-π interactions
between the benzoxazine units. The open oxazine ring structures were detected on
NMR analysis of these high molecular weight polymeric benzoxazines. The increase
on the PTMO/PPO ratio increases also the hard/soft segment ratio due to the benzene
rings coming from PTMO end functionalities, yielding a higher Tg value for the
prepolymers. The same trend was also observed for thermally cured TBox
homopolymers. The cured films of 2.5 mm in thickness were transparent and
remarkably flexible. For morphological and mechanical investigations, the films
composed of 3,3′-(methylene-di-4,1-phenylene)bis[3,4-dihydro-2H-1,3-benzoxazine]
(P-mda)/N-phenyl-3,4-dihydro-2H-1,3-benzoxazine(P-a) mixture as benzoxazine
resin and TBox as a thermoplastic toughener in 20 % weight ratio were prepared and
cured. The transparencies of polybenzoxazine mixture thermosets were decreased by
increasing PPO content on the used TBox due to the incompatibility of the toughener
in the cured matrix forming a gross micro-phase separation. In parallel, it was
inferred from TEM and AFM images that densely PPO presence on the toughening
samples resulted an increment on number and size of the domains in matrixes.
Therefore, a clear morphological situation during the curing process was observed as
the toughener TBox separates out in a controlled manner and covalently bonds from
benzoxazines in the main chain to the surrounding matrix. Inversely to the TBox
thermoplastics and their cured polybenzoxazines, toughened thermoset composites
presented a higher Tg value with increasing PPO content.
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The versatility of multifunctional main chain benzoxazine prepolymers were showed
by fusing them with water-based emulsion field. Their covalent incorporation into
multifunctional surface active agents might minimize the negative side effects
typically observed in dispersion systems. Benzoxazine protective colloids (PC)
consist of thermally curable prepolymers with hydrophilic polymeric blocks (PEO,
Jeffamine ED-2003) and benzoxazine moieties in the main chain. Two different
types of benzoxazine prepolymers were synthesized with 10% of ring-opened
structures, the poly(bisphenolbenzoxazine-jeffamines) (PC-A) was from hydrophilic
diamine on the backbone with hydrophobic diamine (PTMO-based XTJ-542) end
functionality and poly(bisphenolbenzoxazine-jeffamine) (PC-B) was from only one
type of hydrophilic diamine. Expectedly, PC-B thermally polymerizes at slightly
lower temperatures than PC-A due to better flexibility caused by longer aliphatic
segment between the hard benzoxazine units. Their abilities used on the stabilization
of benzoxazine mini-emulsions. The incorporation of the dispersed colloids with
resin (B-Hex) which is used on the preparation of o/w emulsions was proved by DSC
thermograms of their mixtures. Moreover, the morphological behaviors of the cured
films were investigated. The PC-B was compatible with the resin, whereas PC-A
formed large domains within the network causing reduction on transparency. This
behavior was also observed in the TEM images by domain sizes of up to 100 nm in
PC-A & B-Hex (Bisbenzoxazine derived from bisphenol-A and hexylamine)
mixture where the PC-B & B-Hex mixture with sizes of around 10 nm [12].
2.3.1.3 Polysiloxane based main chain benzoxazine polycondensates
The development of flexible thermosetting resins was achieved by including siloxane
units in the main chain of the polymeric precursors. For this purpose, benzoxazine
prepolymers containing polymethylsiloxane unit with high molecular weight have
been synthesized by typical benzoxazine ring formation reaction. Mannich
condensation

of

bisphenol-A

with

α,ω-bis(aminopropyl)polydimethylsiloxane

(PDMS) with different molecular weights formed benzoxazine main chain
prepolymers. Ring opened structures with 12-42 % were detected on the spectral
analysis and they lowered the curing temperatures which monitored by DSC
analysis.

22

Effects of PDMS content and its molecular weight on thermal and mechanical
properties of the resultant thermosets were investigated. Remarkably, improved
tough and highly flexible transparent Polybenzoxazine-PDMS films presented
increased elongation at break with proportional to molecular weight of PDMS used
for prepolymer synthesis. In viscoelastic analysis of the polybenzoxazines, the lower
storage modulus (E') by the introduction of longer siloxane unit was detected. The
beneficial effect of the long backbone restricting the chain movement was also
proved by higher Tg value of the poly(bisphenolbenzoxazine-dimethylsiloxane) in
comparison with pristine PB-a [60].
The idea of thermoset preparation with improved properties by utilizing the diversity
of multi-block copolymer morphological structures was carried out by two step
Mannich polycondensation. The multi-block copolymer consists from main chain
benzoxazine prepolymer and chemically incorporated polydimethylsiloxane (PDMS)
unit that provides micro-phase separation acting as nano-phase by improving
thermally and mechanically. These copolymers were prepared by two consecutive
Mannich reaction: firstly, synthesis of hydroxyl terminated PBaDDM prepolymer
from bisphenol-A and DDM (4,4’-diaminodiphenylmethane) and secondly,
formation of PBaDDM-b-PDMS from the PBaDDM and variable amount of PDMS
[61].
The molecular weights of these highly soluble copolymers were between 4560-7730
with a broad polydispersity. In contrast to the PBaDDM and PDMS blends [62] the
homogeneity and transparency of these covalently bonded copolymers implies the
absence of macro-phase separation. This comment was further proved by AFM
images of cured polymers exhibiting nanostructured morphologies. Moreover, the
scattering peak at 0.1-0.3 nm-1 indicated that the PBaDDM-PDMS multi-block
copolymers were indeed micro-phase separated according to SAXS profiles. This
morphology is a result of the immiscibility of PBaDDM and PDMS blocks resulting
from their solubility difference. DSC profiles of the multi-block copolymer which
was taken at different curing rates ensured an opportunity to calculate the curing
activation energy (Ea) of the plain PBaDDM and PBaDDM-PDMS copolymer based
on the Kissinger approach [63]. Ea of the ring opening polymerization of copolymer
was higher than that of the plain PBaDDM because it contains inert and flexible
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polysiloxane block micro-domains exerting a dilution effect during curing of
prepolymer matrices [61].
In the thermogravimetric analysis, it was observed that the initial temperature of the
weight loss (5%) was significantly decreased by inclusion of the PDMS blocks as a
result of the thermally labile aliphatic group increment. The PDMS content up to
50% or higher caused also lower residue of degradation than that of the plain
PBaDDM. However, the micro-phase separation and insulation effect of the PDMS
micro-domains induced higher char yield at 800 ºC when the polysiloxane group is
46% or less. Expectedly, the surface hydrophobicity of these multi-block copolymers
were improved by content of the highly non-polar group distributed PDMS increased
in terms of the measurement of static contact angle.
2.3.1.4 Benzoxazine-sulfone copolymers
Polysulfones (PSU), another high-performance polymer family, are known to have
good toughness and stability at high temperatures. They show high strength and
stiffness, high continuous use and heat deflection temperatures, excellent resistance
to hydrolysis by acids and bases, good dimensional stability, and the highest service
temperature among all melt-processable thermoplastics [64]. Combination of
benzoxazines with PSUs was reported earlier by using phenol terminated PSU to
incorporate benzoxazine moieties to extent the properties of these thermosets for
further applications. The free standing films of the reactive macromonomers was
easily obtained and further cross-linked by thermal activation to produce tough films
with good thermal stability [15, 65]. In order to obtain highly cross-linked structures,
additional benzoxazine monomers were required in the curing process since
benzoxazine moieties were present only at the chain ends. Alternative approach to
increase crosslink density comprises the preparation of oligomers containing
benzoxazine moieties as repeat units. Thus, Mannich condensation of Bisphenol-A
with sulfonylbisoxydianiline in the presence of formaldehyde resulted in the
formation of oligo(benzoxazine-co-sulfone) with a molecular weight of 2600 Da.
The ring opening polymerization of the obtained precursor showed two maxima at
258 and 276 ºC. Thermal stability analysis of the cured oligomers revealed that
although the cleavage of Mannich base lowered the first degradation temperatures,
the overall char yield was higher [16].
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2.3.2

Polycondensates from difunctional benzoxazines

Mannich polycondensation is a versatile approach for the synthesis of main-chain
benzoxazine containing polymers as mentioned above in detail. However, the
molecular weights of resultant polymers are rather low due to the branching and
some side reactions arising from the nature of the reaction type. These limitations
can be particularly important for the synthesis of polymeric products from monomers
that are functionalized inadequately. Hence, a general need emerges to use other
chemistries and convert benzoxazine monomers to suitable derivatives prior to
polymerization in order to increase molecular weights and bring in various desired
properties for corresponding polycondensates. Typical reported examples based on
antagonist functionalities of benzoxazines and scaffolds are presented in Figure 2.4
and discussed in detail below.

Figure 2.4 : Synthesis of polycondensates from difunctional benzoxazines
2.3.2.1 Esterification reaction
Polyesterification has recently become a popular strategy for designing versatile
thermoset elastomers. Polyester based thermosets can be fabricated either in situ
manner using monomers with an average functionality greater or post-reactions of
the polymer chains. This strategy has recently received interest due to several factors
including ease and flexibility of the synthesis and possibility to obtain cross-linked
polyesters [66, 67]. In our own laboratory, we have synthesized high molecular
weight poly(etherester)s (PEE) containing benzoxazine units in the main chain by
esterification (reaction 2.15). Initially, diol functional benzoxazine monomer (Betherdiol) was synthesized using bisphenol A, formaldehyde and 2-(2-aminoethoxy)
ethanol. Polycondensation of the resulting B-etherdiol with adipoyl chloride and
terephthaloyl dichloride in the presence of triethylamine resulted in corresponding
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PEE with molecular weight of 34.000 Da. The polymers were further cross-linked
thermally leading to a network exhibiting properties of both polybenzoxazine and
polyester. Transparent flexible thin films were prepared by the solvent casting
method. The cured polymers exhibited remarkable thermal stability and toughness
induced by the soft etherester structure [68].

(2.15)

For further extending the concept, we have also described the synthesis of some
other types of polyesters containing benzoxazine moieties in the main chain from
diacid anhydrides and diol functional benzoxazine. Pyromellitic dianhydride and 44’-(hexzafluoroisopropylidene) diphatalic anhydride were used as the dianhydride
components to obtain desired carboxylic acid containing polyesters (reaction 2.16).
The molecular weights of polymers were found to be between 5800-7000 Da. The
film forming properties of corresponding polyesters were investigated and compared
with conventional P-a (monofunctional benzoxazine from phenol and aniline) and
carboxylic acid containing benzoxazine. The cured films showed enhanced thermal
stability with respect to low molar mass analogous and a good flexibility possibly
due to the presence of pentyl and ester groups in linear chain segments. Furthermore,
hydroxyl and carboxylic acid groups promoted the adhesion of molecules to metals
[69].
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(2.16)

2.3.2.2 Polyurethane formation
The availability of the alcohol functional benzoxazine [68, 70] and naphthoxazine
[71] monomers has led to the development of new polybenzoxazine precursors. The
initial application of the alcohol functionality concerned its use as initiator for the
ring opening polymerization of -caprolactones in the presence of tinoctaate [71].
The potency of these type liquid monomers in various polycondensation reactions
gave rise to a number of other main-chain polybenzoxazine precursors. For example,
segmented polyurethanes consisting (PU) can readily be obtained from polyols and
isocyanates. Even though, there have been some studies on the combination of
polyurethanes and traditional phenolic resins, the procedures involved in situ
addition of isocyanates during curing of the benzoxazine monomers. The first main
chain type uretane linkage containing polynaphthoxazine precursors were
synthesized by Yeganeh et al. by using NCO-terminal polyurethane prepolymers and
a diol functional naphthoxazine. According to dynamic mechanical thermal analysis
(DMTA) phase separation was observed, since two distinct Tg values for soft
polyurethane and hard polynaphthoxazine segments were monitored. Moreover,
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mechanical analysis showed a considerable improvement in elongation property in
comparison to neat polynaphthoxazine [72]. In another study, Baqar et al. made a
contribution to poly(benzoxazine-co-uratene) concept by synthesizing diol functional
bisbenzoxazine and using it with 4,4’-methylenediphenyldiisocyanate (MDI) to
produce polyurethanes. The formation of urethane linkages was confirmed by model
reactions (reaction 2.17). Superior thermal stability was observed compared to
previous approaches. Excellent mechanical integrity stemming from high tensile
modulus and tensile strength due to the presence of polybenzoxazine as part of the
main-chain was noted [14].

(2.17)

2.3.2.3 Polyamide formation
Polyamides are a unique family of thermoplastics with their natural flame retardancy,
thermal and chemical resistances and excellent mechanical properties. Agag et al.
have recently reported a synthetic approach for the preparation of poly(amidebenzoxazine) polymers in order to combine the thermoplastic and thermosetting
natures of polyamide and polybenzoxazine, respectively. They synthesized a primary
amine-bifunctional benzoxazine (P-ddm-NH2) and reacted with adipoyl and
isophthaloyl dichloride in dimethylacetamide as solvent in the presence of
triethylamine to prepare both aliphatic and aromatic poly(amide-benzoxazine)s. The
thermally activated crosslinking behavior of these main chain polymers was studied
by DSC and FT-IR. The aliphatic (poly(diphenylmethanebenzoxazine-adipamide))
showed

slightly

lower

exothermic

peak

compared

to

aromatic

poly(diphenylmethanebenzoxazine-phtalamide) due to the flexible aliphatic chains.
The cured polymers exhibited good thermal stability indicating the applicability of
poly(amide-benzoxazine)s as high performance materials [17].
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2.3.2.4 Hydrosilation reaction
Recently, we have demonstrated that polysiloxanes containing benzoxazine moieties
in the main chain can be prepared by Pt-catalyzed hydrosilylation reaction between
tetramethyldisiloxane and diallyl functional benzoxazines reaction 2.18. Although
moderate yields were attained, the chain growth was limited and only oligomers were
formed probably due to inhibition or poisoning of some catalyst by amino groups on
benzoxazine structure. Nevertheless, the process was found to be highly selective as
ring opened oxazine structures were not detected which is a common problem
encountered in the synthesis of main-chain polybenzoxazine precursor using
Mannich type polycondensation. Moreover, the products exhibited the properties of
both siloxane and benzoxazine segments where benzoxazine units were used for
creating crosslinked network and siloxane segments introduced flexibility. The
transparent thin precursor films were easily obtained by solvent casting method and
then cross-linked by thermal treatment. Final cured polymers exhibited much more
thermal stability than those of the structurally similar low-molecular weight
analogous. The enhanced thermal stability was attributed to the presence of siloxane
units [73].

(2.18)

Similar improvement in the thermal stability was also reported polyhedral oligomeric
silsesquioxane (POSS) and polybenzoxazine composites [73-76]. In a following
study, we have described the chain extension of main chain benzoxazine-siloxane
oligomers by cyclic siloxanes in the presence of tetrabutylammonium hydroxide
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(TBAH) as catalyst through the anionic polymerization route. By such chain
extension, the thermal stability of poly(bisbenzoxazine-dimethylsiloxane)s (PBDMS)
were increased due to the increasing fraction of siloxane units in the main chain [77].
2.3.2.5 Click reaction
The Diels-Alder (DA) reaction, one of the most useful reactions in modern
chemistry, is an efficient [4+2] cycloaddition reaction, in which an unsaturated
group, a dienophile combines with a 1,3-diene in a concerted fashion to form a sixmembered ring [78, 79]. It has been successfully and widely adapted to
macromolecular chemistry for the construction of different kinds of polymers [80].
Also, DA chemistry has been used as an alternative click chemistry to Huisgen Type
1,3-cycloadditions [81]. Recently, Chou and Liu applied this strategy for the
synthesis of a high-molecular-weight polymer containing reactive benzoxazine
groups in the main chain using bis(3-furfuryl-3,4-dihydro-2H-1,3-benzoxazinyl)
isopropane and bismaleimide reaction 2.19. They reported that the crosslinking of the
final polymer is moderately complex due to the simultaneous retro Diels-Alder
reaction and ring-opening polymerization. Therefore, decrease in molecular weight
and increase in polydispersity was observed during thermal curing. However, the
resultant polymer showed comparatively good thermal and mechanical properties
[82].

(2.19)

Another beneficial approach for the preparation of main-chain benzoxazine
containing polymers is [3+2] Huisgen type click reaction [83]. The usage of this type
click reaction in polybenzoxazine chemistry was first reported from the authors’
laboratory for the synthesis of benzoxazine functional polystyrenes [84]. Commonly
used commercial polymers such as polyvinylchloride [85] and polybutadiene
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[86]were also modified with side chain benzoxazine groups through this click
reaction. Endo and co-workers used this approach to prepare main-chain
polybenzoxazine precursors having 1,2,3-triazole junctions and high-molecular
weights by using diacetylene functional benzoxazines to couple with diazido
monomers [87] (reaction 2.20).

(2.20)

This strategy has attracted attention because of the important features of click
reaction including high yields, selectivity, and high atom economy bringing about
high efficiency. Chernykh et al. also reported other examples of high molecular
weight main-chain benzoxazine prepolymers having different structural motifs [88].
For instance, they synthesized an azido and a propargyl functional benzoxazines
separately in order to incorporate benzoxazines in every repeat unit of the
corresponding polymer. The molecular weights of the polymers were found to be
between 20.000 and 40.000 Da indicating effectiveness of the click reaction in
preparation high molecular weight main chain benzoxazine polymers. Reportedly,
the resultant polymers exhibited typical benzoxazine polymerization exothermic
peak with maximums ranging from 230°C to 250°C and high thermal stabilities.
Additionally, a low temperature exotherm was observed and it was attributed as the
thermal coupling of the residual propargyl and azide end groups as evidenced by
model reactions [88].
2.4

Polymer Nanocomposites

The combination of inorganic components, organic components, or both types of
components is called as hybrid materials according to IUPAC definition [89].
Organic/inorganic composites incorporate their advantages [90, 91] individually to
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these materials. Generally, inorganic materials have high thermal stability, good
electrical properties, and high modulus, but they also tend to have high density and
be very brittle. On the other hand, organic polymers have elastic properties, dielectric
coefficient, and low density but lack of thermal stability and high strength. To
overcome these shortcomings of organic polymeric materials, the hybridization with
inorganic materials has been studied forming a polymer composite that combines the
best attributes of the two components [1]. These hybrid materials can also be named
as Polymer Matrix Composites (PMC) which is a type of Advanced Composite
Materials (ACM) with wide and faster development speed [92]. Today, PMC is used
in many fields such as aerospace, aviation, electrical appliances, automobiles,
extreme sports, and etc.
In designation of the mechanical properties of a polymer composite, the interfacial
adhesion of the reinforced polymer matrix and the reinforcing filling material plays
an important role [93]. Conventionally, microcomposites are formed by combination
of the reinforcing material and polymer on a macroscopic scale with poor adhesion
between the matrix and the reinforcing materials [1]. These composites, possesing
length to diameter ratios (aspect ratio) of over 100 nm, have many advantages like
longer life without corrosion, lower manufacturing costs, and excellent thermal or
electrical conductivity. Better properties such as interlaminar shear strength,
delamination resistance, fatigue, and corrosion resistance can be imparted to a
polymer composite by a better interfacial bonding.
But to improve the performance of materials in high-tech applications, matrix resins
that have high strength, high modulus, and good high-temperature performance as
well as good process ability are needed for the preparation of advanced polymer
matrix composites [92]. Some of deficiencies of polymer composites such as (i) large
volume shrinkage during the curing process causing formation of internal stress; (ii)
volatile evaluation of phenol resins during the curing process leading an increase in
porosity; (iii) high water absorption of the composites limiting their use in electronic
applications; (iv) additional flame retardants declining the mechanical and heatresistant properties need to be improved further. Many researchers try to modify
polymer matrixes such as unsaturated polyester, epoxy resin, phenolic resin, and
bismaleimide resin systems by different methods to obtain excellent performance.
Some achievements have been made but by modification of conventional matrixes,
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the processing and performance deficiencies of these resin systems resulting from
their chemical structural characteristics can hardly be compensated.
Because the fillers are commonly inactive particles there is a poor adhesion between
the filler and the polymer, therefore the surface of the filler plays a minor role in
controlling the properties [1]. The fillers in the polymer composites dilutes the
polymer matrix and hence reduce the amount of the polymer in the final structure,
thereby lowering thecost without enhancing the properties. Moreover, large amount
of fillers (in the range of 30-60%), used to gain a significant reinforcing effect, leads
an increase in the density of the final product, which cause the deterioration of the
advantages of polymer composite. In modifying the properties of the polymers, the
efficiency of the mineral is highly depend on degree of mineral dispersion in the
polymer matrix, which in turn depends on the particle size, size distribution, and
shape of the fillers.
In the course of time, material scientists have developed reinforcements in
microscobic scales to get a better mechanical performance than is seen with
traditional fillers [90]. When the reinforcement is reduced to nanoscale, many
excellent properties emerge because of the nano-size effect. A significant increase in
interfacial area leads to a dramatic improvement on the unique features of the
composite even at low loadings.
Nanocomposites has at least one phase domains with at least one dimension of the
order of less than 100 nm [1]. In designing nanocomposites as new and unique high
performance materials, nanoparticles used as reinforcing agent. Nanoscale particles
can be classified dimensionally as one-dimensional (such as nanotubes and
nanofibers), two-dimensional (such as clays as layered silicates), or threedimensional (such as spherical particles). When they are dispersed in a polymer
matrix, polymer nanocomposites are formed with superior properties than the
conventional microcomposites due to maximizing the interfacial adhesion. Thus,
many types of polymers have been used with various types of nanoparticles to
produce attractive nanocomposites with a high potential for using in successful
commercial applications.
Consequently, polymer nanocomposites usually present better physical as well as
mechanical properties than conventional composites and the bulk matrix. They
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exhibit a significant improvement in mechanical, thermal, optical properties, besides
fire retardancy.
2.4.1

Polybenzoxazine/clay nanocomposites

Newly developed benzoxazine family as a low shrinkage high performance resin
provides an overcoming to shortcomings of traditional used polymer matrixes[2, 8,
94-99]. With the near-zero volume shrinkage of polybenzoxazines during the curing
process, composites gain a high dimensional accuracy. The porosity generation
problem of the composite product also has been lowered by polybenzoxazine usage
because it gives no by-product during polymerization process. The thermal and
mechanical resistance of the resulting nanocomposites can be enhanced by these kind
of crosslinking resins which have hydrogen bonding interaction and molecular chain
rigidity. The molecular structure of polybenzoxazines containing nitrogen atom make
them suitable for the fabrication of flame-retardant composites. Besides, in the
electrical insulation industry, the composites with benzoxazine resins as matrix can
be useful due to their good electrical insulation properties. Consequently, in order to
bring into commercial applications, the unique properties of polybenzoxazines as a
new thermosetting polymer has attracted many efforts by studying their use as a
polymer matrix in production of polybenzoxazine/clay nanocomposites.
In

academical

researches

and

industrial

applications

polybenzoxazine

nanocomposites have attracted considerable interests owing to their contribution to
thermal and mechanical performance with only a small amount of nanoparticle. In
recent years, polybenzoxazine composites [2] and nanocomposites with various types
of nanoparticle such as polyhedral oligomeric silsesquioxane (POSS) [90], fiber [92],
clay [1] have been prepared and analyzed. In order to develop high performance
fiber-reinforced polybenzoxazine composites, silica and glass fibers [100, 101],
carbon fiber [102-108], and natural fiber were used. As a green additive wood flour
has been used providing a synergistic effect to polybenzoxazine-wood flour
composites [109, 110]. Calciumcarbonate [111] and boron nitride [112-114] has also
incorporated into polybenzoxazine matrix giving high thermally and mechanically
stable properties. Preparation of polybenzoxazine carbon nanotube (CNT)
nanocomposites have attracted researchers due to their remarkable physical and
mechanical properties. Thus, they were prepared by in situ polymerization of a
benzoxazine monomer in the presence of modified CNTs [115, 116]. Sol-gel process
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were applied to obtain polybenzoxazine-SiO2 nanocomposites with excellent thermal
stability[117]. Polybenzoxazine-titania hybrids were also prepared by the sol-gel
process using titania and benzoxazine precursors followed by thermal polymerization
[118, 119].
Montmorillonite (MMT), which is a layered silicate, is the most commonly used clay
in the polybenzoxazine/clay nanocomposite family [1]. It is ubiquitous in nature and
able to get in mineralogically pure form at low cost. Moreover, MMT is very suitable
for intercalating by chemically modifying to be compatible with organic polymers
for

homogeneous

dispersion.

Its

chemical

composition

is

(Na,Ca)0.3(Al,Mg)2Si4O10(OH)2.nH2O and varied according to the source and
locality. It composed of octahedral alumna sheet units sandwiched between two
tetrahedral silica sheets sharing the oxygen ions. There are hydrated inorganic
cations, typically Na or Ca, between the silicate layers of MMT that balance the
oxide layers charge and are readily ion exchanged with a wide variety of positively
charged particles. The basal spacing between the layers follows changes of the
interlayer structure. The average distance between charge centers (1~1.5 nm) is
determined by cation dimensions arranged in monolayers.
A nonpolar monomer or polymer cannot be diffused into clay galleries due to
hydrophilic nature of the MMT. Therefore, it is necessary to modify hydrophilic clay
to achieve nanosize-dispersion of clay into a polymer matrix [120]. The surface
chemistry of silicate layers of clay is modified by organic moieties by an ionexchange reaction promoting the interaction (physical and chemical) between the
monomers or polymers and MMT layers. This modification ability varies according
to ion exchange capacity of the clay, polarities of the medium, and chemical nature
of the cation. As a result, organically modified MMT (OMMT) is formed providing a
hydrophobic (organophilic) environment within the interlayer spacing of the clay.
The length of the onium salt and functional groups on it plays an essential role in the
homogeneous dispersion of organic MMT in the polymer matrix as well as
improvement the interfacial strength between the organoclay and polymer.
Polybenzoxazine/clay nanocomposite field has a potential to create a large number of
new materials with useful combinations of properties [1]. The dispersion degree of
the clay particle on into the polybenzoxazine matrix depends on many factors.
Firstly, the size and convenience of the intercalating agent are important to achieve a
sufficient nonpolar environment in the interlayer volume of clay to accommodate
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benzoxazine monomers. Secondly, the compatibility of OMMT with benzoxazine is
controlled by the polarity of the intercalating agent of clay, and allows more
monomers to enter into interlayer spacing of clay. This compatibility offers an
effective swelling process leading to the expansion of the interlayer spacing and
delamination of OMMT. Moreover, the solvent choice is also important for the
formation of intercalated or exfoliated silicate layers. It is essential to avoid the
degradation of the intercalating agent that having an agent with higher thermal
stability than the maximum temperature required for the polymerization of
benzoxazine.
2.4.2

Synthesis of polybenzoxazine/clay nanocomposites

The polybenzoxazine/clay nanocomposites composed of multilayers in which
polybenzoxazine is sandwiched between the ultrathin MMT silicate sheets. Each
individual layer can differentiate in chemistry and crystal structure, because the
nanosized gaps, between the clay layers, are infused with polymer chains. According
to the interaction between the clay and the polymer immiscible, intercalated or
exfoliated (delaminated) nanocomposites are produced. According to morphological
analysis, the dispersion of clay in the polybenzoxazine matrix is influenced by the
nanocomposite formation method [121]. The blending method and the polarity of the
solvent play a significant role in the dispersion [122].
There are many ways to incorporate OMMT into polybenzoxazine. The synthesis of
polybenzoxazine/MMT nanocomposites was firstly reported by Agag et al. by using
bisphenol A/aniline type benzoxazine monomer (BA-a) [93]. The melt method was
applied by heating the monomer followed by addition of various OMMTs to achieve
complete dispersion of clay into BA-a melt. This blend was thermally treated to
initiate polymerization to make poly(BA-a)-OMMT nanocomposite materials. The
diglycidylether of Bisphenol A was used as the standard epoxy resin in order to
improve processibility of nanocomposite formation owing to its low viscosity [123,
124]. When the benzoxazine starts to ring opening polymerization, epoxy resin reacts
with the resultant phenolic groups to form AB crosslinked type network structure. By
using melt method BA-a was incorporated into clay also in the presence of
bisoxazoline as a crosslinking agent [125].
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Allyl bifuctional benzoxazine (BA-ala), which is a low viscous monomer, was used
as a matrix to prepare high performance novel polybenzoxazine/clay nanocomposites
[126]. Again, the melting method was proper to prepare BA-ala nanocomposites due
to its low melting temperature. The interaction between the polybenzoxazine matrix
and organoclay through covalent bonding increased with allyl group presence on the
intercalating agent.
Another way to incorporate organoclay with benzoxazine resin is solvent method.
For example, immiscible polybenzoxazine/clay nanocomposites was prepared from
Bisphenol-A/n-butylamine type benzoxazine monomer and different organically
modified clays by this method [127]. In a different study [122], modification of
MMT with a quaternary ammonium functional benzoxazine monomer yield a new
type of OMMT as presented in reaction 2.21. The solvent method using THF was
employed to convert the BA-a/benzoxazine functionalized MMT mixture into
nanocomposite.

(2.21)

In order to synthesize tough polybenzoxazine nanocomposites in situ method was
applied by blending monobenzoxazine with OMMT in the presence of polyurethane
prepolymer as a toughening agent [128]. The film form of these hybrid materials had
a properties of ranging from elastomer to plastomer. Another flexible type of
polybenzoxazine-MMT

nanocomposites

composed

of

flexible

benzoxazine

monomers obtained from monoamine terminated polyetheramines have been
reported in the literature [129]. Such low viscose benzoxazine usage facilitates the
thin film formation by increasing the compatibility between the clay and polymer
matrix.
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2.5

Properties of Polybenzoxazines

Thermoset polymers, epoxides, polyimides, cyanate esters, formaldehyde-urea, and
phenolic resins are used in commercial and industrial applications, which require
high strength and thermal stability [130-133]. Polybenzoxazines, with excellent
properties, such as high char yield, near zero volumetric shrinkage on curing, low
water up-take, high transition temperature, as well as excellent chemical and
mechanical resistance, surpass those of many other thermosets. Additionally to being
a replacement polymer for the existing thermosets, unique applications would be
developed utilizing these properties.
A possible explanation for the surprising characteristics of polybenzoxazines is their
structure with extensive hydrogen-bonding networks [38]. Nearly all types of
hydrogen bonds are possible, inter and intramolecular OH···OH, intramolecular
OH···N heterocyclic hydrogen bonds, and OH···π interactions. The nature of the
amine, used for the benzoxazine synthesis, decides the hydrogen bonding types. For
example high pKa amines, like methylamine, generate more intramolecular hydrogen
bond fraction than lower pKa amines, such as aniline. Phenolic precursors generally
intramolecularly hydrogen bonded to the nitrogen atom in the Mannich base. This
hydrogen bond can resistance to thermal treatment even above 300 °C [38].
Additionally, very stable six-membered hydrogen bond formation explains the
hydrophobicity, low dielectric constant, high char yield, and high modulus of
polybenzoxazines [134-141].
Despite these materials are not semi-crystalline polymers, analyses point to a
tendency of local helical structure formation [134]. In order to understand the
structure-property relationships, this local structure should be considered well. The
strength of the hydrogen bonding on polybenzoxazines is strongly influenced by
electronegativity of the side groups attaching to nitrogen atom (Figure 2.5) [137]. In
the case of the methylamine-based structures, electron cloud density around the
nitrogen is higher than that of the aniline-based benzoxazines. The reason for this
behavior is the electron delocalization by the benzene ring of the aniline.
Furthermore, the hydrogen-bonding strength is also affected by the acidity of the
phenol which differentiate according to electron withdrawing or donating
substituents [138, 142].
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Figure 2.5 : Difference of electronegativity around the nitrogen atom in Mannich
bridge: (a) methylamine based structure, and (b) aniline-based structure
2.5.1

Thermal properties

Thermal stability of polymers are generally investigated by thermogravimetric
analysis (TGA). This technique interprets materials’ masses with respect to
temperature increasing at a specific rate or with respect to time at a constant
temperature. TGA measurements give two pieces of information: one is initial
decomposition temperature, and the other is char yield. The initial decomposition
temperature is the temperature at which 5 % or 10 % of the material has evaporated
and denoted Td5 and Td10, respectively. The char yield is usually defined as the
residual weight remained at 800 °C. An additional information which is obtained
from TGA is derivative curve of pattern which reveals separate stages of degradation
[143].
In order to increase the thermal stability of polybenzoxazine thermosets, thermal
degradation mechanism should be understood. Generally, polybenzoxazines,
consisting of bisphenol and monoamine, exhibit three-stage mechanism. Firstly,
aliphatic amine segments are evaporated up to 300 °C. Then, Schiff bases are cleaved
at 300-400 °C followed by evaporation of phenol above 400 °C [144-147].
Usual Mannich bridge –CH2-N(R)-CH2- of small molecules degradates or shows a
reverse Mannich reaction at moderate temperatures. The Mannich base linkage is the
thermally weak link also in the polybenzoxazine matrix [144-147]. However, in
thermal analysis of polybenzoxazine Mannich base, no degradation was observed at
low temperatures. Difunctional polybenzoxazines degradate after 260 °C with
different rates varied by phenol types used during monomeric benzoxazine synthesis
[145]. The thermal resistance of this type of Mannich bridges is derived from very
stable intramolecular hydrogen bonding between the phenolic hydroxy and nitrogen
atom of the Mannich bridge [38]. A mechanistic explanation for the influence of the
hydrogen bond on Mannich base cleavage is shown in reaction 2.22.
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(2.22)

2.5.1.1 High char yield
Char yield of a thermoset is important factor to arrange the flammability which is a
feature regulated by federations. Burning of a material starts with thermal initiation
followed by thermo-oxidative degradation of the combustible fragments. In order to
reduce burning on designation of flame resistant thermoset, high char-forming
property of polymers should be developed. The char yield of many polymers under
nitrogen at 800 ºC is not high enough for industrial applications. For example,
phenolic resins which have one of the highest char yields among processable
polymers, have a char yield of 30-55 % as well as epoxy resins have 5-15 % [9].
Generally, the char yield of polymers increases with benzene group content, despite
there is no straight forward relationship between the benzene content and charyield.
Although higher content of aliphatic groups in polybenzoxazines, their char
formations are around 35-75% which are higher than traditional phenolic resins.
In order to compare flammability characteristics theoretically, the heat release
capacity for which molar group contribution can be used to calculate, is an important
property [148]. When evaluated with this strategy, polybenzoxazine resins can be
inherently flame-retardant materials as molar group contribution of hydroxyl groups,
tertiary amine, and benzene groups are high.
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Because the degradation starts with the evaporation of the amine group, decreasing
the evaporation by addition of a reactive group on the dangling amine side-chain
improves the char formation. For example, acetylene, allyl, nitrile, maleimide and
phtalonitrile groups provide very high char yield to polybenzoxazine thermosets
[149-156]. Additionally, naphthoxazines exhibit also high char yield despite of the
some exceptions [157, 158].
Another factor affecting the char yield and rate of weight loss is the phenolic
component of benzoxazine [145]. The first stage of degradation by Mannich base
cleavage is still present, so that early amine degradation is not affected by phenol
structure.
2.5.1.2 High glass transition temperature
Beside thermal stability, glass transition temperature (Tg) is also another important
parameter to consider the thermal properties of thermosetting resins. Especially in
the case of thermally stressful environment desire, Tg becomes a critical parameter.
Generally, thermosets with high Tg values exhibit higher thermal stability. Tg can be
determined from the maxima of the loss modulus or tan δ curve obtained from
dynamic mechanical analysis (DMA) [143].
Increment on the cross-linking density of the polymer resins generates higher Tg
value as well as increases rigidity. For example, the incorporation of additional
polymerizable groups into the benzoxazine monomer shifts Tg to a higher
temperature.
Polybenzoxazine resins present high Tg values ranging approximately from 160 to
400 ºC by means of crosslinked polymer structure. Moreover, sub-zero Tg values can
also be acquired by a molecular design in polybenzoxazine structure. One of the
reason for increasing Tg values in polymers is their polymerization mechanism which
polymer chain continue further reactions and structural rearrangements after
polymerization temperature. It is the case for polybenzoxazines which carrying many
active sites and benzene rings to react. Another reason may be the chain
polymerization mechanism of benzoxaazine resins rather than the condensation
polymerization. The large difference between Tg and polymerization temperature is
an advantageous property in applications as many thermosetting resins have high
curing temperatures around 300-400 ºC [9].
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2.5.2

Physical and mechanical properties

Dynamic mechanical analysis (DMA) of polybenzoxazines showed their cross-linked
thermosetting properties. They exhibit higher tensile moduli and high Tg values than
phenolics and epoxides besides maintaining adequate tensile strength and impact
resistance. Comparing to typical crosslinked epoxides, polybenzoxazines have higher
Tgs although they have significantly lower concentration of network chains. The
reason of the low crosslink density on polybenzoxazine is the hydrogen bonding in
the network [137]. These strong hydrogen bondings suffer enough segmental
mobility and rigidity in the glassy state. For example in the glassy region, the cured
polymers of BA-a (obtained from bisphenol-A and aniline) and BA-m, (obtained
from bisphenol-A and methyleneamine) have storage modulus of 2.2 and 1.8 GPa
respectively [96]. The prevalent hydrogen bonding in the polymer of BA-a (PB-a) is
responsible from this higher glassy modulus. The hydrogen bonding, at the same
time, reduces the flexibility as hindering the rotational isomeric configurational
changes and other segmental motion of chain. The segmental motion is also
influenced by the crosslinking thus more crosslinked material behaves in a more
brittle manner.
The PB-m has a Tg value of 180 ºC which is significantly higher than that of the
cured PB-a material (150 ºC). The presence of high free volumes decreases the Tg
value in the aromatic amine based benzoxazine. The cured PB-a shows a crosslinking
density of about 1.1 × 10-3 mol/cm3.
Condensation polymers develop their physical and mechanical properties slowly at
low conversion and need a high degree of polymerization to obtain high
performance. So, a small difference in degree of conversion near the end of
polymerization cause more improvement in mechanical properties than 10-20 %
increase in conversion around 50% degree of polymerization. In contrast, addition
polymers acquire high molecular weight quickly as the polymerization proceeds.
Polybenzoxazine thermosets develop their mechanical properties at early stage of the
polymerization. For example at 50 % of the conversion, BA-a reaches 80 % of its Tg
development [9].
The phenol and amine choice of the benzoxazine resins changes the physical and
mechanical properties of resulting polymer. Normal performance resins like
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bisphenol-A-based polybenzoxazines are comparable to phenolic and advanced
epoxy resins, while high performance ones are comparable to bismaleimides and
polyimides [9].
2.5.2.1 Low shrinkage
During polymerization process, volumes of thermoplastic and thermosetting resins
change. Even low shrinkage materials exhibit a change about 2-10 % [159, 160]. In
order to make them ideally suited for high performance adhesive, sealant, and
coating applications, this volumetric shrinkage should be reduced. Low shrinking
materials eliminate optical distortion besides warping of composite.
Benzoxazine resins exhibit near-zero volumetric shrinkage with high mechanical
integrity [95, 161]. Usually upon curing, their volume changes about ±1 %. Actually
during isothermal curing at an elevated temperature, shrinkage appears slightly.
Despite at room temperature, the difference in densities and volume of the
benzoxazine resin before and after curing are very little. The combining the
properties of small volume difference during isothermal curing and near-zero
shrinkage at room temperature is advantageous for demolding and minimizing the
residual stress.
2.5.2.2 Low water absorption
In the application of the thermosetting resins, water absorption is an important
property because of many reasons. The difference between the dry and wet Tg is
small in the case of low water up-take materials. Also, reduced water up-take
materials are advantageous in the case of low dielectric constant polymers are
desired. Because just 1 % of water absorption contributes to the dielectric constant of
the material roughly by 1 [9].
High water absorption is one of the main problems of phenolic, epoxy, vinyl ester,
polyester, bismaleimide and polyimide resins. Upon saturation, they absorb water as
much as 3-20 % by weight [162, 163] by means of polar groups in these resins.
Although polybenzoxazines also have a number of polar groups, such as phenolic
hydroxy or Mannich base, -CH2NCH2-, they up-take water less than other resins.
The polymer resin of BA-a is saturated in water at 1.9 % by weight and polymer of
BA-m at 1.3 % at room temperature [96]. Even after 10 years, no more water
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absorption takes place. In order to decrease the water up-take further, the phenols and
amine with more hydrophobic radicals can be useful.
2.5.3

Optimizing polybenzoxazines properties for technological applications

The high performance properties of polybenzoxazines make them advantageous over
polyesters, vinyl esters, epoxides, polyimides, and phenolics in the applications. The
superior characteristics of the polybenzoxazines can be further improved by utilizing
their rich molecular design flexibility. They are obvious choice for aerospace
industries by means of their high performance thermal, mechanical, and physical
properties. The combination of low viscosity, high Tg, low water absorption and
gorgeous electrical properties is very useful for electronic packaging materials [164].
In the composite material manufacturing, perfect processibility and mechanical
properties and no volatile residue formation are attractive features. Moreover, the
applications of polybenzoxazine resins as adhesives use their amphoteric nature for
both acidic and basic surfaces [165]. They are also useful when nonflammable
material is desired because of high char yield formation, no dark smoke generation,
low heat release and release rate as well as self extinguishing properties.
Additionally, thermally accelerated polymerization in melt state make them attractive
candidate for powder coating.
2.5.3.1 Viscosity modification
Low viscosity is an important property for processibility of materials. In order to
develop processibility on polybenzoxazines, intrinsically low viscose benzoxazine
monomer synthesis [33] or blending with low viscosity resins [166, 167] are
effective methods. These modified benzoxazines can be used for resin transfer
molding (RTM) of composites [168-170] which requires many satisfied conditions.
Blending with a few low viscosity resin, such as epoxy resin which is also a crosslink density enhancer, is useful as an active diluent preparation.
2.5.3.2 Polymerization rate increment
Conventional benzoxazine resins are polymerized in the range of 160-220 ºC that is
very high for many applications. The aim of decreasing the polymerization
temperature has been achieved by different approaches, activation with an initiator or
catalyst [43, 44, 171], or a forceful intermolecular relationship [172, 173].
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Modification of benzoxazine monomer is also another effective way when initiator or
catalyst addition is undesirable to accelerate polymerization process. In the case of
these approaches, the usual exotherm peak temperature, 250 ºC, shifts to 150-200 ºC.
Despite incomprehensible high reactivity on polymerization by intermolecular
interactions, intramolecular acceleration methods have been well understood [10]. In
a study it is shown that the hydroxyl substituent on the amine precursor provides a
significant acceleration effect through a zwitterionic intermediate [10] on thermal
curing. Additionally, intramolecular hydrogen bonding of oxazine ring also
facilitates the ring opening polymerization.
2.5.3.3 Toughness modification
Like conventional thermosetting polymers, polybenzoxazines are brittle despite
carrying many advantages like high thermal, mechanical, and chemical stability.
Improvement attempts on toughness characteristic generally cause sacrificing the
stability and strength of polybenzoxazine resins. In order to develop tough
benzoxazine thermosets, a flexible component can be a raw material for
monobenzoxazine synthesis or physically blended or a flexibliging agent can be
copolymerized with benzoxazine monomer, forming interpenetrating networks.
Many studies in toughening concept include blending with rubber [174], or
copolymerizing with urethane or siloxane [62, 175, 176].
Anti-flammability property of polybenzoxazine thermosets is diluted by addition of
large amount of toughening agent whose the mechanical strength is low. However,
semimiscible toughening agents improve toughness by protecting the inherent
advantages of polybenzoxazines. Designing a convenient morphology of the
toughening agent optimizes the toughness of the polybenzoxazine resins [177, 178].
Generally, aromatic components exhibit thermal and mechanical stability to
thermosets. On the other hand, short aliphatic chains increase flexibility thus
mechanical property more than aromatic groups. By arranging the chain length of the
aliphatic component, it is possible to balance the characteristics of polybenzoxazines.
[179-181]. Suitable length of the aliphatic chain provides property choices as well as
saving the advantages of polybenzoxazines.
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2.5.3.4 Flammability modification
Flammability of polymeric materials decreases in the phosphorous component
presence.

Benzoxazine and phosphorous

compound blend preparation or

phosphorous atom incorporation into the benzoxazine structure reduce the
flammability and increase the char yield. Phosphorous group shields the diffusion of
flammable components from the bulk to the surface. This enhances the char
formation [182-184].
Improvement of flame retardancy is also possible by bromination of benzoxazine
resin [185]. Because mobile polymers are generally flammable materials, the
approaches

which

developing

toughness

reduce

the

flammability

of

polybenzoxazines. But polysiloxanes, such as polydimethylsiloxane or polyhedral
oligomeric silsesquioxane (POSS), provides thermal stability as well as lowers the
flammability.
2.6

Coupling reactions

Carbon-carbon bond forming reactions play an important role in the evolution of
organic chemistry [186]. Up to last quarter of 20th century, Grignard, Diels-Alder,
and Wittig reactions were prominent examples of such processes [187]. Today, there
are many synthetic protocols for mild organometallic compounds aware of harsh
Grignard or organolithium reagents [188]. Generally, the reactions which two
hydrocarbon fragments are coupled by a new carbon-carbon or carbon-heteroatom
bond formation with the aid of a metal catalyst are called coupling reactions. The
term of cross-coupling denotes a σ-bond metathesis reaction between a nucleophilic
and electrophilic reagent that generally taking place only in the presence of catalyst.
Homocouplings union two identical partners like the conversion of iodobenzene (PhI) to biphenyl (Ph-Ph). On the other hand, crosscouplings form new bonds between
two different partners, for example bromobenzene (Ph-Br) and vinyl chloride to give
styrene. By organometallic cross-coupling reactions, many significant products
(drugs, materials, optical devices, etc.) possessing aromatic carbon-carbon or
aromatic carbon-heteroatom bonds can be assembled.
One of the main factors rendering the transition metal catalysts useful is their ability
to provide effective frontier orbitals, namely HOMO and LUMO, for concerted and
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synergetic interactions leading to low energy-barrier transformations [189]. They
also undergo simultaneously and reversibly both oxidation and reduction under
reaction conditions. Moreover, small amounts of catalysts are enough for coupling
reactions and thus workup and purification steps are simplified. The transition metalcomplexes, modulated by ligands, leads increased selectivity, high yields and
efficiency besides single products rather than by-product mixtures [190].
A large number of transition metals have been used in various coupling reactions
[191]. Among these, palladium has achieved the prominent status of the art organic
synthesis [192-194]. In many respects, it displays high stereo-, regio-, and chemoselectivity besides wide range of reactivity. The complexes of palladium are stable
enough to be used as recyclable reagents and intermediates in catalytic processes.
The most used zero-valent palladium complexes, such as Pd(PPh3)4, are
commercially accessible and can be prepared in situ by the reaction of Pd(II) salts,
such as Pd(OAc)2, PdCl2, etc., with phosphines or other reductants. Some of the
well-known Pd protocols are Stille, Heck, Suzuki-Miyaura, and Negishi couplings
and represented in reaction 2.23 and 2.24 [195].

(2.23)

(2.24)

The palladium-catalyzed cross-coupling reactions serve between aryl or vinyl
halides/triflates and organometallic reagents with a variety of saturated or
unsaturated groups, for example, alkyl, aryl, vinyl, and alkynyl. The role of catalyst
is generally believed to be a part of successive oxidative addition, transmetallation,
and reductive elimination steps. Though in the mechanistic schemes the ligand on
palladium is omitted for simplicity, the nature of ligands is crucial for the reactivity
and selectivity of palladium catalysts. There are three steps in a catalytic cycle for
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palladium(0)-catalyzed cross-coupling reaction: oxidative addition, transmetallation
or insertion and reductive elimination as depicted in Figure 2.6.

Figure 2.6 : General catalytic cycle of cross-coupling
2.6.1

Oxidative addition

Pd(0) complexes are most stable and relatively underactive when the sum of d
electrons from the metal and electrons from the ligands equals to 18. Pd(0) has 10 d
electrons and coordinates with four ligands by donating one pair of electrons for
each. Upon dissociation of ligands, it becomes a 16- or 14-electron complex, which
is reactive to regain the 18-electron configuration.
For a palladiumtetrakistriphenylphosphine catalyzed coupling reaction, the first step
involved is the dissociation of two phosphine ligands yielding a 14-electron complex.
This is followed by an oxidative addition which occurs through a covalent bond
cleavage by the coordinatively unsaturated Pd(0) species. This step produce a new
16-electron complex, in which palladium is oxidized to Pd(II) (reaction 2.25).

(2.25)

Various bonds like carbon to halogen and other good leaving groups undergo
oxidative addition with Pd(0).
2.6.2

Insertion

An insertion takes place when the newly formed palladium-carbon bond adds across
a π-bond, yielding a new organopalladium species (reaction 2.26). The reactive π48

bonds are alkenes, dienes, alkynes and carbonyls. The regiochemistry of the insertion
is effected from many factors and predictable in most cases The stereochemistry is
syn by an arranged 1,2-addition across one face of the π-system.
(2.26)
2.6.3

Transmetallation

Transmetallation take place in the presence of compounds with bonds between
carbon and several main-group metals (M), such as B, Al, Sn, Si and Hg. The
palladium intermediate product of oxidative addition goes through an exchange of
palladium with metal yielding a second carbon ligand bonded to palladium. The most
successful compounds used for transmetallation consist of the main-group elements
bonded to aromatic rings or alkenes. Most magnesium, tin, and zinc reagents are
sufficiently reactive to undergo transmetalation with palladium without the need for
an additive; boron and silicon reagents, on the other hand, are usually reluctant to
transmetalate in the absence of an activator.
(2.27)
2.6.4

Reductive elimination

The last step of the process is reductive elimination yielding the organic product with
new carbon-carbon bond and regenerating Pd(0) to restart the catalytic cycle. The
elimination occurs from cis-complex, which is formed after the isomerization in the
case of trans-complex.
(2.28)
2.6.5

β-Hydride elimination

If there is a hydrogen atom in β-position to the carbon-palladium bond, the palladium
atom inserts into the β-carbon-hydrogen bond yielding palladium hydride
intermediate coordinated to the alkene. This followed by the dissociation of alkene
and H-X regenerating the Pd(0) catalyst.
(2.29)

Although these palladium(0)-based reactions are routinely used in organic synthesis,
it is possible to find many substrates that are incompatible with the published
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procedures. Furthermore, there is a lack of tolerance for some functional groups such
as amides, amines, alcohols and carboxylic acids. Despite the success of palladiumcatalyzed reactions, copper-based protocols remain the reactions of choice in large
and industrial scale applications.
Until the beginning of the 21st century, harsh reaction conditions and low substrate
scope hampered the use of copper-mediated reactions for some applications. Highly
efficient catalytic systems that allow copper-mediated cross-coupling reactions to be
conducted in milder conditions have been developed recently.
Copper can take part in cross-coupling chemistry in a way strikingly similar to
palladium. The most important difference of copper is accessibility of four oxidation
states from 0 to +3, while palladium has only two stable oxidation states 0 and +2.
Almost certainly, the cross-coupling catalytic cycle with copper is serviced by +1/+3
oxidation states.
A rough picture of the possible catalytic cycle driven by Cu is given in Figure 2.7,
omitting details. Unlike Pd-driven cross-coupling in which an oxidative addition step
is followed by transmetallation, the ordering of oxidative addition and
transmetallation steps in the copper cycle is unknown, so either of two possibilities
can take place (ways A or B in Figure 2.7) [196].

Figure 2.7 : General scheme for Cu catalyzed coupling reactions
2.6.6

Sonogashira coupling

The Sonogashira reaction is the most widely used palladium catalyzed alkynylation
method particularly in total synthesis. Specifically, the reaction allows the coupling
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of aryl or vinyl halides and terminal acetylenes with the aid of palladium and copper
catalysts as shown in reaction 2.30.

(2.30)

Generally cuprous iodide is used as copper(I) species. The base type most often is a
tertiary amine, such as triethylamine, which may also be used as the solvent. A
variety of species commonly including bistriphenyl-phosphine palladium dichloride,
tetrakistriphenylphosphine palladium(0), or bistriphenylphosphine palladium acetate
may used as palladium catalyst.
In Sonogashira reaction, aryl and vinyl iodides are the species most frequently and
most easily coupled with terminal acetylenes. Generally, these reactions occur
atroom temperature from a few hours to overnight. Bromides of vinyl and aryl
compounds are much less reactive in the Sonogashira coupling, generally requiring
refluxing conditions and extra special care in purification and deoxygenation of
reagents and solvents. The reaction of aryl chlorides under Sonogashira conditions
has been accomplished restrictedly while vinyl chlorides are more amenable to
reaction even at room temperature. The Sonogashira coupling reaction is very
tolerant of other functional groups on both substrates. However, there are some
limitations for alkynes under Sonogashira conditions.
In terms of mechanism, the Sonogashira coupling follows the oxidative additionreductive eliminations steps [196] (reaction 2.31). In the catalytic cycle, the role of
the copper co-catalyst is uncertain. The catalytic process may be visualized to
involve a palladium(0) catalysts generated from the palladium(II) or palladium(0)
species. The active catalytic species insert into the aryl halide bond (Step 1) to give
an

intermediate

that,

upon

reaction

with

the

alkyne

(Step

2),

gives

analkynylpalladium(II) derivative. This intermediate results the desired product and
regenerates the active palladium(0) catalyst (Step 3).
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(2.31)

2.6.7

Ullmann coupling

Before the advent of palladium catalysts, copper mediated cross-coupling reactions,
like Ullmann condensations, were widely used for bonding of aryl with carbon or
heteroatom bonds. In terminology, Ullmann “coupling” is used to describe the
synthesis of biaryls from aromatic halides whereas the Ullmann “condensation”
refers to the copper-catalyzed reaction of aromatic halides with phenol salts, or
anilines, to synthesize aryl ethers and amines.
Ullmann-type reactions suffer several limitations, like harsh reaction conditions,
strong

bases,

high

temperature,

and

toxic

polar

solvents

such

as

hexamethylphosphoramide (HMPA). These drawbacks delimit the functional group
tolerance and result low and/or irreproducible yields. There exists an economic
attractiveness to develop copper-based methods, due to being the methods of choice
for large and industrial scale reactions. In recent years some methods, developed by
different research groups, [196-199] have demonstrated increased functional group
tolerance and improvement over the traditional Ullmann-type reaction conditions.
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The first Ullmann type coupling published by Fritz Ullmann in 1905 was formation
of a bond between a phenol and a bromo-aryl compound to give an aryl-aryl ether as
shown in [200] (reaction 2.32). Today, the modern Ullmann-type coupling is a more
generalized reaction, where the phenol has been replaced with any nucleophile. It is
possible to get such reactions for alcohols as well as various nitrogen- and sulfurcontaining compounds like amines, amides and thiols.
Ullmann-type couplings are not very sensitive towards the copper source used. It is
possible to use metallic copper as well as various copper(I) salts like CuCl and CuI.
However, the choice of solvent and base seem to be significant. Commonly used
solvents are toluene, dimethyl formamide (DMF) and N-Methyl-2-pyrrolidone (NMP)
which have high boiling points. Temperature needs to be in a range between 80 and
120 oC. In the case of alcohol couplings, alkoxides, K2CO3, and Cs2CO3 are preferred as
bases. Sometimes ligands may increase the yield and rate of the Ullmann-type couplings.

(2.32)
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3.

EXPERIMENTAL PART

3.1
3.1.1

Materials
Solvents

1,4-Dioxane (Aldrich, ≥99%):
It was used as received.
Chloroform (Acros, 99+%):
It was used as received.
Toluene (Sigma-Aldrich, ≥99.8%):
(a) It was used as received for monomer formation reactions.
(b) It was dried over sodium wire by refluxing prior to use for coupling reactions.
n-Hexane (Carlo Erba, 95%):
It was used as received.
Acetone (Carlo Erba, 99%):
It was purified by distillation over calcium hydride.
Xylene (Merck, extra pure):
It was used as received.
Ethylacetate (Merck, 99.5 %):
It was used as received.
Chloroform (Acros, 99+%):
It was used as received.
Dimethylsulfoxide (DMSO) (Riedel-de Haen, 99.5 %):
It was dried by vacuum distillation.
Methanol (Technical):
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It was used as received.
3.1.2

Chemicals

4,4-Isopropylidenediphenol (Bisphenol A) (Aldrich, 97%):
It was used as received.
4-Iodoaniline (Acros, 99%):
It was used as received.
Paraformaldehyde (Acros, 96%):
It was used as received.
Sodium hydroxide (Acros, 97+%):
It was used as received.
Diisopropylamine (DIPA) (Sigma-Aldrich, ≥99.5%):
It was dried by refluxing with calcium hydride.
Sodium montmorillonite (Cloisite Na+):
It was purchased from Southern Clay products with cation exchange capacity (CEC)
of 92.6 mequiv/100 g and used as received.
q-Bpy
This compound was kindly synthesized by Prof.Endo’s group. The preparation
method was described in the synthesis section.
3-pentyl-5-ol-3,4-dihydro-1,3-benzoxazine
This compound was available in our group.
11-Bromo-1-undecanol (Alfa Aesar, 96%):
It was used as received.
Anhydrous magnesium sulphate (Alfa Aesar, 99.5%):
It was used as received.
Phenol (Carlo Erba, 99-100 %):
It was used as received.
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Bisphenol AF (Alfa Aesar, 98 %):
It was used as received.
4-Fluoroaniline (Aldrich, 99%):
It was used as received.
2,3,4,5,6-Pentafluoroaniline (Aldrich, 99 %):
It was used as received.
Nano Cupperoxide (CuO) (Aldrich, ˂50 nm):
It was used as received.
Cesium carbonate (Cs2CO3) (Fluka, ≥98 %):
It was used as received.
3.2
3.2.1
1

Characterizations
Nuclear magnetic resonance spectroscopy (NMR)

H-NMR measurements were recorded in CDCl3 with Si(CH3)4 as an internal

standard, using a Bruker AC250 (250.133 MHz) instrument.
3.2.2

Infrared spectrophotometer (FT-IR)

The FTIR spectra were recorded at Perkin Elmer Spectrum One with an ATR
Accessory (ZnSe, Pike Miracle Accessory) and cadmium telluride (MCT) detector.
Resolution was 4 cm-1 and 24 scans with 0.2 cm/s scan speed.
3.2.3

UV-Visible spectrophotometer

UV-Visible spectra were recorded on a Shimadzu UV-1601 UV-visible
spectrophotometer.
3.2.4

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) imaging of the samples was carried out by
FEI TecnaiTM G2 F30 instrument operating at an acceleration voltage of 200 kV.
About 100 nm ultrathin TEM specimens were cut by using cryo-ultramicrotome
(EMUC6 + EMFC6, Leica) equipped with a diamond knife. The ultra thin samples
were placed on copper grids for TEM analyses.
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3.2.5

X-Ray diffraction (XRD)

The powder X-ray diffraction (XRD) measurements were performed on a
PANalytical

X’Pert

PRO

X-ray

diffractometer

equipped

with

graphite-

monochromatized Cu Kα radiation (λ = 1.15 Å).
3.2.6

Water contact angles

For surface characterization, thin films of polymeric benzoxazine precursors were
spin coated (Specialty Coating Systems Spin Coater) on silicon wafers from 310 mg/ml solutions in chloroform at 2000 rpm for 1 min. The water contact angles
(WCA) were measured using the sessile drop method with a water drop volume of
8 µl on a contact angle system (Data Physics Instruments) at ambient temperature.
More than five different positions were measured on a given sample and the average
values were plotted.
3.2.7

Atomic force microscopy (AFM)

The surface morphology of the coatings was characterized by Atomic Force
Microscopy (AFM) (NT-MDT Solver P47) in tapping mode using ultra sharp silicon
cantilevers (force constant 48 Nm-1). The thickness of the coatings was measured by
ellipsometry (Microphotonics EL X-01R).
3.2.8

Gel-permeation chromatography (GPC)

Gel permeation chromatography (GPC) measurements were obtained from a
Viscotek GPCmax Autosampler system consisting of a pump, a Viscotek UV
detector and Viscotek a differential refractive index (RI) detector. Three ViscoGEL
GPC columns (G2000HHR, G3000HHR and G4000HHR), (7.8 mm internal diameter,
300 mm length) were used in series. The effective molecular weight ranges were
456–42800, 1050–107000, and 10200–2890000, respectively. THF was used as an
eluent at flow rate of 1.0 mL min-1 at 30 °C. Both detectors were calibrated with PS
standards having narrow molecular weight distribution. Data were analyzed using
Viscotek OmniSEC Omni-01 software. Molecular weights were estimated with the
aid of polystyrene standards.
3.2.9

Differential scanning calorimeter (DSC)

Differential scanning calorimeter was performed on a Perkin Elmer Diamond DSC
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with a heating rate of 10°C min-1 under nitrogen flow (20 mL/min).
3.2.10 Thermal gravimetric analysis (TGA)
TGA was carried out on Perkin Elmer Diamond TA/TGA with a heating rate of
10 °C min-1 under nitrogen flow (200 mL/min).
3.3
3.3.1

Synthesis
Synthesis of diiodobisbenzoxazine (DIBB)

In a 100 mL round bottom flask, 2.65 g (88.2 mmol) of paraformaldehyde, and
4.83 g (22.1 mmol) of 4-iodoaniline were dissolved with 50 mL 1,4-dioxane. After
addition of 2.50 g (11.0 mmol) of 4,4-Isopropylidenediphenol, the reaction mixture
was stirred at 110 °C overnight. The solvent was evaporated under vacuum and the
oily product was dissolved in chloroform. The solution was washed three times with
1 N sodiumhydroxide (NaOH) aqueous solution, three times with saturated calcium
chloride (CaCl2) and distilled water, respectively. The organic phases were dried
with magnesium sulphate. The crude product was dissolved in 10 mL
tetrahydrofuran and precipitated in 200 mL cold methanol. Brown precipitates (58%)
were collected by centrifugation.
1

H NMR (CDCl3): δ = 1.56 (s, 6H, CH3), 4.53 (s, 4H, Ar-CH2-N), 5.27 (s, 4H, O-

CH2-N), 6.67-7.53 (m, 14H, Ar)

(3.1)

3.3.2

Synthesis of diacetylenebisbenzoxazine (DABB)

DABB was synthesized according to the literature procedure [87]. In a 100 mL round
bottom flask, 2.64 g (88.0 mmol) of paraformaldehyde, and 2.42 g (22.1 mmol,
2.82 mL) of propargylamine were dissolved with 50 mL 1,4-dioxane. After addition
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of 5.0 g (11.0 mmol) of 4,4’-isopropylidenediphenol, the reaction mixture was stirred
at 110 °C for 3 days. The solvent was evaporated under vacuum and the oily product
was dissolved in chloroform. The solution was washed three times with 1 N NaOH
aqueous solution and then distilled water. Organic phases were dried with
magnesium sulfate. The crude product was purified by column chromatography
(silica gel, CHCl3) and oily brown product was obtained (Yield: 68 %).
1

H NMR (CDCl3): δ = 1.58 (s, 6H, CH3), 2.29 (s, 2H, CH), 3.58 (s, 4H, C-CH2-N),

4.05 (s, 4H, Ar-CH2-N), 4.88 (s, 4H, O-CH2-N), 6.67 (d, 2H, Ar), 6.82 (s, 4H, Ar),
6.94 (d, 4H, Ar).

(3.2)

3.3.3

Synthesis of diacetylenebisether (DABE)

DABE was synthesized according to the literature procedure [84]. 4,4Isopropylidenediphenol (2.00 g, 8.76 mmol) was dissolved in 60 mL 0.4 M NaOH.
The mixture was heated at 70°C until a clear solution was formed. To this solution,
tetrabutylammoniumbromide (0.3 g, 1.0 mmol), was added as a phase transfer
catalyst. Propargyl bromide (776 µL, 9 mmol) in 20 mL toluene was added portion
wise to the reaction mixture. The solution was stirred at 90 °C overnight. It was
cooled to afford solid product and filtered. In addition, the toluene layer was
separated and washed with 0.1 N NaOH and neutralized with distilled water. Organic
layer was dried with magnesium sulfate, and toluene was evaporated to afford extra
solid. The collected crude product was recrystallized from methanol (Yield: 90 %).
1

H NMR (MeOD): δ = 1.61 (s, 6H, CH3), 2.90 (t, 2H, CH), 4.66 (d, 4H, CH2), 6.85

(d, 4H, Ar), 7.12 (d, 4H, Ar).

(3.3)
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3.3.4

General procedure for Sonogashira coupling Poly(bisphenolbenzoxazinebisphenoxydiacetylene) (pPBPD) and Poly(bisphenolbenzoxazinebisbenzoxazinediacetylene) (pPBBD)

DIBB (120 mg, 0.168 mmol) and DABE (for pPBPD) or DABB(for pPBBD)
(0.168 mmol) was placed in a 50 mL dry 3-necked round bottom flask. They were
dissolved in a mixture of 8 mL toluene and 2 mL diisopropylamine. The reaction
mixture was bubbled with nitrogen for 5 min. and 7.8 mg (6.7 µmol) Pd(PPh3)4 and
6.4 mg (34 µmol) CuI were added. It was stirred at 35 °C for 1 day and the solvent
was removed. The crude product was dissolved in THF and filtered through a short
silica gel column. The filtrate was concentrated to 7 mL and precipitated into 150 mL
cold methanol. Brown precipitates were collected by centrifugation.
pPBPD: Yield: 30 %. 1H NMR (CDCl3): δ = 1.59 (s, 12H, CH3), 4.55 (s, 4H, ArCH2-N), 4.85 (s, 4H, C-CH2-O), 5.29 (s, 4H, O-CH2-N), 6.66 - 7.53 (22H, Ar).
pPBBD: Yield: 35 %35 %. 1H NMR (CDCl3): δ = 1.57 (s, 12H, CH3), 3.77 (s, 4H,
N-CH2-C), 4.08 (s, 4H, Ar-CH2-N-1), 4.54 (d, 4H, Ar-CH2-N-2), 4.92 (s, 4H, OCH2-N-1), 5.28 (d, 4H, O-CH2-N-2), 6.66 - 7.53 (20H, Ar).

(3.4)

3.3.5

General procedure for synthesis of difluorobisbenzoxazines (BisF-Benz
and OctaF-Benz)

In a 100 mL round bottom flask, 50 mmol of paraformaldehyde and 25 mmol of 4fluoroaniline were dissolved with 8 mL of xylene. After addition of 12.5 mmol of
diphenol, the reaction mixture was stirred at 120 ºC overnight. The solvent was
61

evaporated under high vacuum and brown solid was obtained as the pure product
without further purification (yield: 95 %).
BisF-Benz1H-NMR (CDCl3): δ = 1.59 (s, 6H, CH3), 4.52 (s, 4H, O-CH2-N), 5.27 (s,
4H, Ar-CH2-N), 6.73-6.94 (m, 14H, aromatics).
OctaF-Benz1H-NMR (CDCl3): δ = 4.54 (s, 4H, O-CH2-N), 5.31 (s, 4H, Ar-CH2-N),
6.76-7.04 (m, 14H, aromatics).

(3.5)

3.3.6

General procedure for synthesis of decafluorobisbenzoxazines (DecaFBenz and HexadecaF-Benz)

To a 50 mL round bottom flask, 2,3,4,5,6-pentafluoroaniline (1 g, 2.73 mmol) and
164 mg (5.46 mol) of formaldehyde was added. After addition of 5 mL of toluene
the reaction mixture was stirred at 100 °C for triazine formation during 2 h.
Following by addition of 1.37 mmol of diphenol, the mixture was stirred overnight at
100 °C. Toluene was evaporated under high vacuum to yield brown solid as the pure
product without further purification (yield: 99 %).
DecaF-Benz1H-NMR (CDCl3): δ = 1.61 (s, 6H, CH3), 4.49 (s, 4H, O-CH2-N), 5.09
(s, 4H, Ar-CH2 -N), 6.76-7.03 (m, 6H, aromatics).
HexadecaF-Benz1H-NMR (CDCl3): δ = 4.52 (s, 4H, O-CH2-N), 5.16 (s, 4H, Ar-CH2
-N), 6.86-7.28 (m, 6H, aromatics).
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(3.6)

3.3.7

General procedure for Ullmann coupling (OctaF-PolyBenzPre, HexaFPolyBenzPre, nonF-PolyBenzPre, and TetradecaF-PolyBenzPre)

In a vacuum dried 25 mL 2-necked round bottom flask diphenol (0.5 mmol),
benzoxazine monomer (0.75 mmol), nano-CuO (0.05 mmol), and Cs2CO3 (1 mmol)
was dissolved with dry DMSO. The flask was sealed and heated to 100 or 120 ºC for
36 h. The reaction mixture was cooled to room temperature, diluted with water and
extracted with ethyl acetate three times. The combined organic phases were dried
with anhydrous Mg2SO4 and concentrated under reduced pressure. The crude product
was purified by precipitation in cold methanol yielding brown powder.
OctaF-PolyBenzPre: Yield: 55 %. 1H-NMR (CDCl3): δ = 1.61 (s, 12H, CH3), 4.51
(s, 4H, O-CH2-N), 5.10 (s, 4H, Ar-CH2-N), 6.73-7.11 (m, 14H, aromatics).
TetradecaF-PolyBenzPre: Yield: 70 %. 1H-NMR (CDCl3): δ = 1.61 (s, 6H, CH3),
4.54 (s, 4H, O-CH2-N), 5.13 (s, 4H, Ar-CH2-N), 6.79-6.99 (m, 14H, aromatics).
nonF-PolyBenzPre: Yield: 34 %. 1H-NMR (CDCl3): δ = 1.51 (s, 12H, CH3), 4.47 (s,
4H, O-CH2-N), 5.24 (s, 4H, Ar-CH2-N), 6.68-7.05 (m, 22H, aromatics).
HexaF-PolyBenzPre: Yield: 25 %. 1H-NMR (CDCl3): δ = 1.49 (s, 6H, CH3), 4.49 (s,
4H, O-CH2-N), 5.25 (s, 4H, Ar-CH2-N), 6.60-7.14 (m, 22H, aromatics).
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(3.7)

3.3.8

Synthesis of BA-a

In a 250 mL round bottom flask 1.2 g (5.4 mmol) of Bisphenol-A, 1 g (11 mmol) of
aniline, 0.649 g (22 mmol) of paraformaldehyde and 100 mL 1,4-dioxane was
placed. The reaction mixture was stirred at 110 ºC for 1 day following by extraction
with 3 N NaOH and water. After drying with anhydrous magnesium sulfate yellow
oily product was obtained. (Yield: 70 %). 1H NMR (CDCl3): δ = 1.59 (s, 6H, CH3),
4.43 (s, 4H, O-CH2-N), 5.34 (s, 4H, Ar-CH2-N), 6.70-7.30 (m, 16H, aromatics).

(3.8)
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3.3.9

Quarternization of BPy (qBPy)

In a 25 mL round bottom flask, 150 mg(0.66 mmol) of BPy and 167 mg (0.66 mmol)
of 11-bromodecane-1-ol

were dissolved in 5 mL acetone and stirred at room

temperature for 4 days. The crude product was collected as white precipitate by
filtration and recrystalized from n-hexane affording to qBPy: Yield: 60%. m.p.: 153,
165 °C.
FT-IR (ATR, cm-1): ν = 3329, 2922, 2849, 1650, 1550, 1506, 1463, 1332, 1230, 963,
927, 816.
1

H-NMR (250 MHz, CDCl3, δ, ppm): 1.22 (s, 14H), 1.52 (s, 2H), 1.84 (s, 3H), 2.27

(s, 3H), 3.60 (s, 2H), 4.36 (s, 2H), 4.84 (s, 2H), 5.46 (s, 2H), 6.79 (d, 1H), 6.99 (s,
2H), 7.44 (s, 2H), 8.59 (s, 2H).

(3.9)

3.3.10 Preparation of intercalated monomer (qBPy-MMT)
An aqua solution was prepared by dissolving 120 mg, 0.251 mmol of qBPy in 40 mL
distilled water and heated to 50 °C for 1 day. To this solution a suspension of 181 mg
of Na-MMT in 30 mL distilled water was added. The mixture was diluted to 400 mL
and stirred for 2 days and the resultant precipitate was collected by filtration. The
filtrate was washed with hot water several times and once with methanol and dried in
vacuum: Yield: 68%.

(3.10)

3.3.11 Preparation of polybenzoxazine/MMT nanocomposites
Various amounts of qBPy-MMT (1, 3, 5 and 10 % by weight) was added to the 3pentyl-5-ol-3,4-dihydro-1,3-benzoxazine on a glass plate that was pre-treated with
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dichloromethylsilane. The blends were mechanically stirred at 50 °C and cured at
240 °C for 3 h each in air oven to form nanocomposites.

(3.11)
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4.

RESULTS AND DISCUSSION

Polybenzoxazine thermosets overcome many shortages of phenolic resins with their
outstanding mechanical and thermal properties. Nevertheless, these properties still
need to be improved to expand the application field of the polybenzoxazines.
Fortunately, the unsophisticated molecular structure, easy synthetic route and cheap
starting material of this resin let various researches extend from preparation methods
to developing its properties. Some of the works to overcome disadvantages of
polybenzoxazines are focused on synthesis of modified benzoxazine monomers or
prepolymers while others built up blends with high performance polymer or filler
and fibers. Monofunctional benzoxazines formed from phenol and amine lead to
small oligomers upon polymerization if not combined with another strong
monomeric or polymeric group. By applying different synthetic strategies this
handicap was overcame with difunctional benzoxazines and polymeric benzoxazine
precursors in recent applications. In order to obtain prepolymers containing
benzoxazine units in the main chain, coupling reactions have been used. Benzoxazine
units in backbone of the prepolymer were to increase the thermal performance of
crosslinked polybenzoxazine. High performance thermosets have also been prepared
by in

situ

thermal

polymerization

method

forming polybenzoxazine/clay

nanocomposites.
4.1

Acetylenic Main Chain Benzoxazine Polymers via Sonogashira Coupling

The transition-metal-catalyzed cross-coupling reaction of terminal alkynes with aryl
halides or vinyl halides represents a powerful strategy for preparing main chain
alkyne

containing

polymers.

From

this

point,

Sonogashira–Hagihara

polycondensation should enable us to obtain polymeric main chain benzoxazine
precursors. Iodo functional bisbenzoxazine was selected as thermally reactive
Sonogashira reaction component since iodo-containing aromatics give high yields in
the coupling process. Accordingly, diiodobisbenzoxazine (DIBB) was successfully
synthesized from bisphenol A and iodoaniline by conventional benzoxazine ring
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forming

reaction

(reaction

4.1).

Diacetylenebisether

(DABE)

and

diacetylenebisbenzoxazine (DABB) were used as acetylene terminated monomers for
the coupling reactions. Bisphenol A was converted to DABE by reacting with
propargyl bromide in the presence of NaOH and tetrabutyl ammoniumbromide as the
phase transfer catalyst. Moreover, for the preparation of DABB by Mannich
condensation, bisphenol A was reacted with propargylamine and formaldehyde in
dioxane as shown in reaction 4.1.

(4.1)

The structures of all monomers were confirmed by 1H NMR and IR analyses.
Spectrum of DIBB features two peaks at 4.53 and 5.27 ppm, which are consistent
with the formation of benzoxazine ring (Figure 4.1). Moreover, IR spectra of DIBB
reveals asymmetric stretching of C-O-C at 1228 cm-1 and trisubstituted benzene ring
modes at 950 cm-1 and 1486 cm-1 which are characteristic absorptions of
benzoxazines. Similarly, spectral analyses of DABB reveal the expected structures.
1

H NMR spectrum shows resonances at 2.29 and 3.58 ppm which is assigned to ≡C-

H and CH2 of propargyl group respectively and oxazine ring structure was confirmed
by the peaks at 4.05 and 4.88 ppm. In the IR spectrum of DABB, the characteristic
absorptions of benzoxazine structure appeared at 1226 cm-1 due to the asymmetric
stretching of C-O-C, at 1492 cm-1 and 931 cm-1 due to the trisubstituted benzene
ring. Additionally the stretching vibration bands assigned to HC≡ and C≡C appeared
at 3287 cm-1 and 2123 cm-1, respectively. The structure of DABE was also confirmed
by 1H NMR spectrum. The peaks at 2.90 and 4.66 ppm showed the formation of
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desired monomer. The expected bands at 3288 and 2124 cm-1 which is assigned to
≡CH and C≡C, respectively was observed from the IR spectrum of DABE.

Figure 4.1 : 1H NMR spectra of monomers DABE (in MeOD), DABB (in CDCl3),
and DIBB (in CDCl3).
It is well known that thermally activated ring opening polymerization of 1,3benzoxazines is an exothermic process which have maximums at around 200-250 °C
depending on the functionalities of the benzoxazines. DSC thermogram of DIBB
shows an exotherm with an onset at 204 ºC and a maximum at 210 ºC (Figure 4.2).
The amount of this exotherm is 61 cal/g. Propargyl containing benzoxazine monomer
(DABB) exhibits a broader peak starting at 142 °C with a maximum at 215 ºC with
153 cal/g exothermic energy. The DSC thermogram of DABE also revealed an
exotherm with a maximum at 288 °C starting at 225 °C can be attributed to acetylene
polymerization.
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Figure 4.2 :DSC thermograms of DIBB, DABB, and DABE.
The coupling of terminal alkyne containing DABE or DABB with aryl halide
functional benzoxazine (DIBB) is performed with a Pd(PPh3)4 catalyst, a copper(I)
cocatalyst

(CuI),

polybenzoxazine

and

an

precursors

amine
were

base
obtained

(DIPA).
as

Henceforth,

depicted

in

main-chain

reaction

4.2.

Poly(bisphenolbenzoxazine-bisphenoxydiacetylene) (pPBPD) is obtained from DIBB
and

DABE

with

2330 Da

whereas

Poly(bisphenolbenzoxazine-

bisbenzoxazinediacetylene) (pPBBD) is formed from DIBB and DABB with
3497 Da. All of the obtained polymers are soluble in common solvents like
chloroform, toluene, and dioxane as well as more polar solvents like
dimethylformamide and dimethylsulfoxide. Moreover, these polymers formed free
standing films by solvent casting as photographed in Figure 4.3.
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(4.2)

Figure 4.3 : Free standing film of pPBBD
Molecular weights of these polymeric precursors are obtained by gel permeation
chromatography (GPC) analysis and the results are tabulated in Table 4.1. As a result
of condensation polymerization, polybenzoxazine precursors are obtained with
different chain lengths and molecular weight distributions. However, the molecular
weights of the polymers are low compared with many other Sonogashira type
polymers, which is a result of the polymerization temperature used (35 °C). In the
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literature, the reaction of aryl iodides and acetylene derivatives is usually carried out
at 50-90 °C, but we had experienced that using high temperatures resulted in
insoluble products, which are forming by cross-linking of benzoxazine units in the
growing polymers. Moreover, low temperature conditions are also the reason for low
yield of polymerization.
Table 4.1 : Molecular weight characteristics of polybenzoxazine precursors

a

Mna

Mw/Mn

Polybenzoxazine
precursor

Iodo
compound

Acetylenic
compound

Benzoxazine
group per
repeating
unit

(g/mol )

pPBPD

DIBB

DABE

2

2330

1.6

pPBBD

DIBB

DABB

4

3497

1.3

-1

Measured by GPC according to polystyrene standards

The chemical structures of polymeric benzoxazines were confirmed by spectral
analysis. As can be seen from Figure 4.4, the 1H NMR spectra of precursors exhibit
benzoxazine structures which are identified by the presence of the characteristic
chemical shifts of the methylene groups in the cyclic benzoxazine rings. Moreover
the chemical shifts that belong to the propargyl groups are also clearly revealed. In
Figure 4.4, the two resonance signals at 4.55 ppm and 5.29 ppm are assigned to –
CH2 protons of oxazine ring and the signal at 4.85 ppm is due to the O-CH2protons
of propargylether. Similarly, in Figure 4.4 exhibits two types of oxazine ring protons
at 4.08, 4.54, 4.92, 5.28 ppm and –CH2 protons of propargyl group at 3.77 ppm.
Furthermore, in the FT-IR spectrum of pPBPD as presented in Figure 4.7 and Figure
4.8, CH2 wagging and the asymmetric stretching vibration bands of C-O-C
corresponding to benzoxazine structure at 1297 and 1228 cm-1are observed,
respectively. The bands at 956 cm-1 and 1508 cm-1 for trisubstituted benzene ring
were also present in the spectrum and the absorption band of C≡C group in the
prepolymer emerges at 2225 cm-1. In the IR analysis of pPBBD, derived from DIBB
and DABB, the benzoxazine structure was also confirmed by the bands at 948, 123,
1497 cm-1 and C≡C group was verified by the observation of the band at 2222 cm-1.
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Figure 4.4 : 1H-NMR spectra of pPBPD and pPBBD (in CDCl3).
Figure 4.5 shows the DSC profiles for the polymeric precursors pPBPD and pPBBD,
respectively. pPBPD showed an exotherm with an onset at 125 °C and two peaks at
205 °C and 270 °C corresponding to the crosslinking of propargyl unit and curing of
benzoxazine, respectively with a total amount of 188 cal/g exotherm. For pPBBD,
these exotherms start at 150 °C with a maximum at 214 °C and 272 °C and 231 cal/g
energy for all crosslinking reactions, which is higher than that of pPBPD since every
repeating unit of pPBBD contains four oxazine rings.
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Figure 4.5 : DSC thermogram of pPBPD and pPBBD.
Moreover, phenylpropargyl ethers are known to undergo Claisen type sigmatropic
rearrangement to form chromenes [201, 202]. The uncatalyzed rearrangements in
bulk are nearly always accompanied by thermal polymerization of the formed
chromene (reaction 4.3). Thus, bispropargyl ethers on uncatalyzed thermal
polymerization in bulk gives cross-linked bischromenes. In this regard, the exotherm
at 205 °C of pPBPD can be attributed to the Claisen rearrangement and the
crosslinking of aryl propargyl ethers. This phenomenon is also reported by Agag et
al. for benzoxazine monomers containing p-phenylpropargylethers. These monomers
exhibited ring opening and propargyl ether polymerization in the same temperature
range in DSC analyses [203]. Addition to this phenomenon, it is known that three
acetylene groups may readily form a benzene ring at elevated temperatures as an
alternative crosslinking reaction and the heat of this reaction can participate the
exotherm of the curing. The uncatalyzed cyclotrimerization of propargyl ethers
generally need higher temperatures above 220 °C, Pd(PPh3)4Cl2 residues can also
catalyze this reaction to lower the temperature of the reaction. However, in our case,
it is rather difficult to provide direct evidence for such cyclotrimerization reaction, as
the possible exotherm is probably shielded by that of the ring opening reaction.
(4.3)
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After each cure cycle of pPBPD, the exotherm corresponding to curing of propargyl
groups decreased constantly and disappeared after curing at 180 °C for 1h (see
Figure 4.6). This issue was also monitored by the decreasing intensity and finally
disappearing of C≡C band at 2225 cm-1 in sequential FT-IR spectra in Figure 4.7.
Moreover, in Figure 4.6, it is revealed that thermally induced ring opening of
benzoxazine moieties completely finished at 280 °C after 1h curing and these cycles
was investigated by FT-IR, too. The IR spectrum taken at room temperature (Figure
4.8) presents the decreasing of the characteristic bands of benzoxazine at 1297 cm-1,
1228 cm-1, 956 cm-1, and 1508 cm-1. Disappearance of these absorptions after curing
at 280 °C indicates that second exotherm belongs to ring opening of benzoxazine
moieties. The similar thermal behavior was also observed for the precursor pPBBD
(Figure 4.9 and Figure 4.10). It should be pointed out that, in this case, the
polymerization of propargyl units through acetylene functionality takes place only by
addition polymerization since the structure does not contain etheric groups.

Figure 4.6 : DSC thermograms of pPBPD after curing at different temperatures
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Figure 4.7 : Disappearance of absorption band of C≡C bonds on pPBPD after
curing at 180 °C.

Figure 4.8 : IR spectra of pPBPD after curing at different temperatures.
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Figure 4.9 : DSC thermograms of pPBBD after curing at different temperatures

Figure 4.10 : IR spectra of pPBBD after curing at different temperatures
Thermal stability of the polybenzoxazines was investigated by TGA under nitrogen
atmosphere. The TGA profiles of cured DIBB, DABB, pPBPD and pPBBD are
shown in Figure 4.11 and the results are summarized in Table 4.2. The degradation
temperatures T5%, and T%10 of cured pPBPD is higher than pPBBD which can be
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possibly attributed to delayed Mannich base cleavage of the benzoxazine units.
pPBPD degrades later than pPBBD, because its propargyl ether units prevent aniline
derivatives from volatilizing as a degradation product by anchoring the aniline
component through crosslinking [204]. Moreover, formed chromene groups may also
contribute to the thermal stability. Hence, the higher acetylene ratio on pPBPD
causes the better avoidance of benzoxazine degradation compare to pPBBD.
Additionally, the difference of 13 ºC of T5% increases to 23 ºC on polymers due to
presence of more benzoxazine structure to degrade in a polymeric unit for pPBBD.
However, the weight lost becomes more significant on pPBPD at ~500 ºC which
corresponds to acetylenic unit degradation which is higher amount on pPBPD.
Finally, the char yield of pPBBD at 800 ºC is relatively higher than pPBPD.
Moreover, both cured polymer have comparable char yields to classical
polybenzoxazines and cured DABB.

Figure 4.11 : TGA thermogram of DIBB (a), DABB (b), pPBPD(c), and pPBBD (d).
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Table 4.2 : Thermal Properties of the cured DIBB, DABB, pPBPD, and pPBBD.
Cured
Benzoxazine

T 5%
(ºC)

T 10%
(ºC)

Tmax
(°C)

Char % at
800 ºC

DIBB

283

300

320

32

DABB

350

372

405

47

pPBPD

342

372

378, 555

58

pPBBD

329

349

351, 591

61

T5%: The temperature for which the weight loss is 5%
T10%: The temperature for which the weight loss is 10%
Char %:Char yields at 800 °C under nitrogen atmosphere
Tmax: The temperature for maximum weight loss.

The degradation steps were presented in Figure 4.12 from the derivatives of the
weight loss. The initial main degradation temperature (Tmax) of pPBPD is 27 °C
higher than pPBBD. This reflects the prevention of benzoxazine degradation is better
on pPBPD due to more acetylenic unit. In contrary, the final degradation temperature
(Tmax) that may correspond to acetylene is 36 °C higher on pPBBD. Increased crosslinking density through additional benzoxazine units in every repeat unit of the
pPBBD can be an explanation for the observed enhancement in the thermal stability
of pPBBD other than pPBPD.

Figure 4.12 : Rate of weight loss of DABB, DIBB, pPBPD, and pPBBD.
4.2

Fluorinated Main Chain Benzoxazine Polyethers via Ullmann Coupling

A successful synthesis of flouro containing benzoxazine monomers has been
achieved by typical benzoxazine synthesis. Bisphenol A and Bispehnol AF was
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reacted with paraformaldehyde and 4-fluoroaniline to yield bisfluorobisbenzoxazine
and (BisF-Benz) octafluorobisbenzoxazine (OctaF-Benz) and respectively as
depicted in reaction 4.4. This monomer was obtained without any purification step.

(4.4)

However,

the

synthesis

of

decafluorobisbenzoxazine

(DecaF-Benz)

and

hexadecafluorobisbenzoxazine (HexadecaF-Benz) from 2,3,4,5,6-pentafluoroaniline
gave the benzoxazine monomer with a low yield as several by-products were
concomitantly formed. Thus, the synthetic strategy was adapted and firstly, triazines
were formed in the reaction medium, using paraformaldehyde and 2,3,4,5,6pentafluoroaniline prior to addition of bisphenol derivative and paraformaldehyde
(reaction 4.5). This way, pure products were obtained with higher yield and better
purity.
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(4.5)

The structures of the benzoxazine monomers were confirmed by spectral analysis.
The 1H NMR spectrum of DecaF-Benz presented in Figure 4.13-a, exhibits the
typical proton signals attributed to the oxazine structure at 5.09 (Ar-CH2-N) and
4.49 ppm (O-CH2-N), respectively. Moreover, the aromatic protons were observed
between 7.27 and 6.79 ppm.
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Figure 4.13 :1H NMR spectra of (a) DecaF-Benz (b) TetradecaF-PolyBenzPre and
(c) OctaF-PolyBenzPre
Similarly, oxazine structure of BisF-Benz was proven by the peaks at 5.10 (Ar-CH2N) and 4.50 ppm (O-CH2-N). Aromatic protons were also detected between 7.256.77 ppm (Figure 4.14-a).
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Figure 4.14 : 1H NMR spectra of (a) BisF-Benz and (b) nonF-PolyBenzPre (c)
HexaF-PolyBenzPre
The infrared absorption peaks of the monomers (Figure 4.15 and Figure 4.16) also
verify the formation of oxazine rings in each monomer. The out-of-plane absorption
bands of oxazine functional benzene emerge between 967–985 cm-1 for DecaF-Benz
monomer and 964–993 cm-1 for BisF-Benz monomer, respectively. Furthermore, the
presence of the aromatic ether of benzoxazine ring could be observed as C-O-C
symmetric stretching band, centering in the range of 1120-1241 cm-1. Additionally,
the asymmetric stretching bands between 1172–1243 cm-1 for DecaF-Benz and
1192–1238 cm-1 for BisF-Benz confirms the presence of the oxazine ring. The C=CC aromatic ring stretch of both monomers could be also detectable at around 1502
cm-1.
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Figure 4.15 : IR spectra of (a) DecaF-Benz and (b) OctaF-PolyBenzPre (c)
TetradecaF-PolyBenzPre

Figure 4.16 : IR spectra of (a) BisF-Benz and (b) nonF-PolyBenzPre (c) HexaFPolyBenzPre
Additionally, the 1H NMR and IR spectra of OctaF-Benz and HexadecaF-Benz,
which are obtained from pentafluoroaniline, are presented in Figure 4.17 and Figure
4.18.
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Figure 4.17 : NMR spectra of (a) HexadecaF-Benz (b) OctaF-Benz

Figure 4.18 : IR spectra of (a) HexadecaF-Benz (b) OctaF-Benz
In the subsequent step, Ullmann coupling was utilized to obtain main-chain
polybenzoxazine

precursors

from

the

corresponding

flouro

containing

bisbenzoxazine monomers (reaction 4.6). It is known that Ullmann chemistry along
with related methods has been served successfully for C-N, C-S, C-O bond formation
reactions in organic chemistry for decades [196, 205]. Moreover, Ullmann coupling
of aryl halides with phenols are popular for the synthesis of polyethers on laboratory
and industrial scales [206]. However, the practicality of traditional Ullmann coupling
has been greatly limited by its harsh reaction conditions like prolonged heating at
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200 °C in polar high-boiling solvents, the abundant use of copper compounds and the
low conversion of non-activated aryl halides.

(4.6)

Accordingly, nanoparticles with reactive high surface areas have been widely studied
in catalyst chemistry. Very recently, the employment of nanocrystalline metal oxides
as catalysts in organic synthesis has attracted much attention, due to the ease of
recycling of the catalyst and minimization of metal residues in the products and
decreasing the reaction temperatures [207]. Hence, performing Ullmann crosscoupling of phenols with aryl halides and nano-CuO catalyst under ligand-free
conditions could eliminate the harsh reaction conditions, which is particularly
important to prevent benzoxazine moieties from ring opening reactions during
polyether synthesis. Polymerizations conducted at around 100-120 °C with nanoCuO catalyst gave corresponding polybenzoxazine precursors. Notably, the
molecular weights of the obtained polyethers, TetradecaF-PolyBenzPre and OctaFPolyBenzPre, were affected by the applied temperature. The molecular weights (Mn)
were around 1.4 KDa and 3.5 KDa for the polymerization at 100 °C and 120 °C,
respectively. It was observed that higher temperatures than 120 °C increased byproduct formations. For the synthesis of nonF-PolyBenzPre and HexaF-PolyBenzPre
with reasonable molecular weights even lower temperatures (>100 ºC) were applied.
The molecular weight characteristics of all polymeric precursors were tabulated in
Table 4.3. In this connection, it should be pointed out that ‘Ullmann type
condensation’ of the ‘dibromo monomers’ with bisphenol-A and bisphenol-AF also
yields aromatic polyethers with similar low molecular weights [208, 209].
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Table 4.3 : Molecular weight characteristics of etheric polybenzoxazine precursors
Polybenzoxazine Precursor

R (Group)

Mna (g.mol-1)

PDIa
(Mw/Mn)

CF3

3545

4.29

CH3

3500

–

830

1.4

2000

1.2

CF3

CH3
a

Measured by GPC against polystyrene standards

The spectral analysis confirms the structures of fluorinated polybenzoxazine
prepolymers. As shown in Figure 4.13, 1H NMR spectra of OctaF-PolyBenzPre and
TetradecaF-PolyBenzPre showed the characteristic benzoxazine peaks at 5.12, 4.52
and 5.14, 4.53 ppm, respectively. It is clear from the spectra that oxazine rings of the
highly fluorinated benzoxazines remained under coupling conditions. Moreover, in
Figure 4.14, the 1H NMR spectrum of the prepolymers, nonF-PolyBenzPre and
HexaF-PolyBenzPre, revealed peaks for oxazine protons at 5,23, 4.47 and 5.24,
4.49 ppm, respectively. Additional peaks at 3.7 and 4.2 ppm indicate the presence of
some ring opened oxazines in the main chain for both prepolymers. The peaks of ring
opened oxazines disappeared when the polyetherification temperature was set under
85 °C; however, in this case a drastic decrease in the molecular weights was
observed.
The IR studies also evidenced the expected chemical structures of prepolymers. The
transmittance spectra revealed out-of-plane absorption bands of oxazine functional
benzene emerge at 980 and 970 cm-1for OctaF-PolybenzPre and TetradecaFPolyBenzPre, respectively. The C=C-C aromatic ring stretch of both polymer are
detectable at 1494 cm-1. Moreover, C-O-C symmetric stretching mode centering on
at 1210 cm-1 indicating the aromatic ether bond formation by Ullmann coupling (see
Figure 4.15). Similar FT-IR spectra for HexaF-PolyBenzPre and nonF-PolyBenzPre
are present as Figure 4.16.
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In order to get more insight on the polyetherification reaction of benzoxazines,
several model reactions were conducted (reactions 4.7a-c). The preservation of
oxazine ring under the reaction conditions was evidenced by tracking the reactions
with

1

H NMR and FT-IR spectroscopies (Figure 4.19 and Figure 4.20) are

represented according to notations of reactions 4.7a-c). It was also verified that nanoCuO is indispensable for successful polyetherification process. In the absence of
CuO, a low molecular weight product (Mn=650) corresponding to a dimer between
BisF-Benz and Bisphenol A was obtained.

(4.7a)

(4.7b)

(4.7c)
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Figure 4.19 : NMR spectra of model reactions

Figure 4.20 : IR spectra of model reactions
It is well known that thermally activated ring opening polymerization of 1,3benzoxazines is an exothermic process which possess a peak at around 180-270 °C
depending on the functionalities and concentration of the benzoxazines. Figure 4.21
illustrates DSC profiles of the highly fluorinated difunctional benzoxazine, DecaFBenz, and its polyether prepolymers. The ring opening polymerization (ROP) of
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DecaF-Benz monomer starts at 186 ºC and has a peak at 244 °C with a total 30 cal/g
exotherm. Moreover, the DSC thermograms exhibit the ROP temperatures for
TetradecaF-PolyBenzPre and OctadecaF-PolyBenzPre at 182 °C and 244°C,
respectively. DSC thermogram also reveals another exothermic reaction at 297 °C
for OctadecaF-PolyBenzPre, starting just after maximum curing temperature at 244
°C, which can be attributed to the initiation of degradation. It is noteworthy that the
similar exotherm is also detectable for the prepolymer TetradecaF-PolyBenzPre.

Figure 4.21 : DSC thermograms of (a) DecaF-Benz (b) OctaF-PolyBenzPre (c)
TetradecaF-PolyBenzPre.
The curing behaviors of the BisF-Benz monomer and its prepolymers are depicted in
Figure 4.22. The maximum curing temperatures for BisF-Benz, nonF-PolyBenzPre
and HexaF-PolyBenzPre are 253°C, 243°C, and 227°C, respectively. High ROP
temperature for BisF-Benz monomer can be attributed to the purity of monomer
compared to its prepolymers since it is known that pure benzoxazines have high ROP
temperatures. During the synthesis of prepolymers some of the oxazine rings can be
opened and the formed free phenols can catalyze the ring opening reaction leading to
decrease in ROP temperature. The ring opened structures in the main chains of nonFPolyBenzPre and HexaF-PolyBenzPre could be detected in 1H NMR spectra in
Figure 4.14. Besides, for all samples the disappearance of the exotherms were
observed in the second run indicating the completion of the ring-opening process in
the first run. Hence, all the precursors became insoluble after first thermal treatment.
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For better clarity, the comparison of curing characteristics of monomers and their
polymers are tabulated in Table 4.4.

Figure 4.22 : DSC thermograms of (a) BisF-Benz (b) nonF-PolyBenzPre (c) HexaFPolyBenzPre
Table 4.4 : Curing characteristics of etheric polybenzoxazine precursors

Benzoxazine Precursor

R
(Group)

Onset
Maximum
Amount
Curing
Curing
of
Temperature Temperature exotherm
(ºC)
(ºC)
(cal/g)

CF3

150

244

7

CH3

160

182

6

CF3

182

226

45

CH3

223

243

19
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Thermal stability of the polybenzoxazines was investigated by Thermogravimetric
Analysis (TGA) under nitrogen atmosphere. The TGA profiles and derivatives of
cured TetradecaF-PolyBenzPre, OctadecaF-PolyBenzPre, nonF-PolyBenzPre and
HexaF-PolyBenzPre are shown in Figure 4.23 and Figure 4.24 and the results are
summarized in Table 4.5. The degradation temperatures T5%, T%10, Tmax of cured
TetradecaF-PolyBenzPre, OctadecaF-PolyBenzPre are higher than prepolymers
nonF-PolyBenzPre and HexaF-PolyBenzPre which can be possibly attributed to the
delayed Mannich base cleavage and phenol degradation of the benzoxazine units due
to the thermal stability of fluoro groups. Accordingly, the weight loss becomes more
significant for non-fluorous prepolymer nonF-PolyBenzPre at ~800 ºC.

Figure 4.23 : TGA thermograms of cured (at 250 ºC for 0.5 h) prepolymers.
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Figure 4.24 : Rate of weight loss of cured (at 250 ºC for 0.5 h) prepolymers
Table 4.5 : Thermal properties of cured etheric polybenzoxazine precursorsa

Benzoxazine Precursor

R
(Group)

T5%
(ºC)

T10%
(ºC)

CF3

346

400

CH3

346

391

CF3

318

353

330

353

CH3

Tmax
(ºC)
353,
545
354,
505
333,
392
361

Char
yield
(% ) at
800 ºC
57

54

57

50

a

T5%: temperature for which the weight loss is 5%; T10%: temperature for which the weight loss is
10%; char %: char yields at 800 ºC under a nitrogen atmosphere; Tmax: temperature for maximum
weight loss.

The pronounced effect of the fluoro groups are both detectable for initial
degradations temperatures and char yields for all polymers. Additionally, all the
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cured polymers have comparable char yields to classical polybenzoxazines derived
from for example bisphenol-A and allyl amine, which has char yield around 25% at
800 °C.
The low surface energy of the synthesized fluorine containing polymeric
benzoxazine precursors allowed formation of stable ultrathin coatings (film thickness
~20 nm) after curing on solid surfaces. Thin films of polymeric benzoxazine
precursors having film thicknesses between 20-80 nm were prepared by spin coating
on silicon wafers. Water contact angle (WCA), θ, values immediately after spin
coating were measured to be between 85-100o as shown in Figure 4.25. A slight
increase with number of F atoms in the precursor was observed for non-F, octa-F and
tetradeca-F. The solid line is a linear fit to these three data points (squares). Hexa-F
deviated from this trend and showed larger WCA (θ =97o). The origin of this
deviation will be discussed below.

Figure 4.25 : The change of water contact angles on thin films of polymeric
benzoxazine precursors as a function of number of F atoms in the
precursor. Before curing (squares), after curing (circles).
The increase in WCA from 85o to 90o before curing indicates the contribution of the
F atoms in the precursors. The fraction of F atoms per precursor, f#F = #F / (#F +
#H), goes from 0 to 0.33 with #F going from 0 to 14. These values are consistent
with WCA values of previously reported partially fluorinated polymers. WCA on
poly(vinylidene fluoride) (f#F = 0.50) was reported to be 80o, on ethylenechlorotrifluoroethylene

copolymer

(f#F

=

0.43)

99o

and

on

ethylene-

tetrafluoroethylene copolymer (f#F = 0.50) 108o [210]. WCA values are seen to
depend not only on f#F, but also on the chemical structure of the polymers. In the case
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of poly(butyl methacrylate-co-perfluoroalkyl acrylate) copolymers WCA values
varied between 85-115o depending on the length of the perfluoroalkyl acrylate block
[211]. Together with f#F, molecular architecture is also important. WCA was 68o for
fluorodecyl M2 (straight chain where 2 fluorodecyl groups (–(CH2)2-(CF2)7-CF3)
were attached to two Si atoms, each bonded to a single oxygen atom), 116o for
fluorodecyl Q4 (8 fluorodecyl groups attached to the ring with four Si atoms, each
bonded to four oxygen atoms) and 122o for fluorodecyl T8 (8 fluorodecyl groups
attached to the cage containing eight silicon atoms each bonded to three oxygen
atoms) [212].
After curing the films at 250 oC for 30 min, WCA increased for all precursors ~2-6o.
For non-F, octa-F and tetradeca-F, WCA was nearly constant at ~91-92o after curing.
The solid line is a linear fit to these three data points (circles). Hexa-F WCA value
was 102o and deviated from this trend similar to the WCA values before curing.
Figure 4.26 shows the AFM height pictures of ~20 nm thick precursor films before
and after curing. Non-F (Figure 4.26-a), octa-F (Figure 4.26-c) and tetradeca-F
(Figure 4.26-d) films before curing all showed similar smooth morphologies with
some holes on the top surface. These holes originate from evaporation of the solvent
from the top surface during spin coating process. For spin coating thin films, the
precursor solutions were prepared in chloroform and such surface dips and holes are
especially typical for chloroform due to its relatively low boiling temperature (~61
o

C).

The morphology of hexa-F right after spin coating (Figure 4.26-b) was significantly
different than the other three precursors. It showed a ~10 nm thick smooth layer in
touch with the substrate and an ~8 nm thick incomplete top layer. We attribute this
morphology to the phase separation in the film between hydrogenated and
fluorinated parts of the hexa-F precursor. Hexa-F precursor consists of two -CF3
groups located at one end of the monomer. In ultrathin films, much longer
hydrogenated part of the molecule prefers to be in touch with the underlying
substrate while the lower surface energy fluorinated parts prefers to be at the top
surface (film/air interface). The phase separation and the orientation of the
hydrogenated and fluorinated parts of the molecules (hydrogenated at the substrate,
fluorinated at top surface) increase the density of –CF3 groups at the top surface.
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This, together with the resulting surface roughness, leads to larger WCA compared to
other three precursors (Figure 4.25).

Figure 4.26 : AFM height pictures of the precursor films before (a-d) and after
curing (e-h). Before curing: (a) Non-F, (b) Hexa-F, (c) Octa-F,
(d) Tetradeca-F. After curing: (e) Non-F, (f) Hexa-F, (g) Octa-F,
(h) Tetradeca-F.
It showed a smooth layer right on the substrate and an incomplete top layer. We
attribute this morphology to the phase separation in the film between hydrogenated
and fluorinated parts of the hexa-F precursor. Hexa-F precursor consists of two -CF3
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groups located at one end of the molecule. In ultrathin films, much longer
hydrogenated part of the molecule prefers to be in touch with the underlying
substrate while the lower surface energy fluorinated parts prefers to be at the top
surface (film/air interface).The phase separation and the orientation of the molecules
increase the density of –CF3 groups at the top surface. This, together with the
resulting surface roughness, leads to larger WCA compared to other three precursors
(Figure 4.25).
The surface morphology of all precursors after curing was much smoother compared
to that before curing. The dips and holes smoothened out or became smaller after
30 min at 250 oC. The smoothening of the top surface was especially significant for
hexa-F. The rough surface disappeared almost completely, probably as a result of
spreading of the fluorinated parts of the molecules at the film/air interface. WCA of
hexa-F after curing (θ = 102o) was larger than those of the other three precursors (θ =
91-92o). This indicates that the orientation of the molecules after curing was still
maintained such that the –CF3 groups were predominantly at the top surface.
4.3

Polybenzoxazine/Clay Nanocomposites by In Situ ROP Using Intercalated
Monomer

Based on the fact that quaternized ammonium ions can exchange with sodium ions of
clay, first benzoxazine monomer with a quaternizable moiety, namely 6-methyl-3(pyridin-4-yl)-3,4-dihydro-1,3-benzoxazine was synthesized by reaction of pyridine4-amine, p-cresol andp-formaldehyde in the presence of acetic acid (reaction 4.8). As
the quaternizable moiety, pyridine was deliberately selected so as to prevent possible
side reactions during benzoxazine synthesis. For the successful synthesis of BPy,
addition of acetic acid was essential. Without adding acetic acid, a complex mixture
containing a small amount of BPy (less than 10% by 1H-NMR analysis) was
obtained. This can be due to the high basicity of pyridine-4-amine, which can
catalyze condensation of aromatic compounds (involving p-cresol and formed BPy)
with formaldehyde. By adding acetic acid, the reaction system was neutralized,
leading to the successful suppression of side reactions. At the same time, the reaction
was retarded seriously. However, due to the absence of by-products, purification was
quite

facile,

just

by

removing

unreacted

chromatography followed by recrystallization.
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pyridine-4-amine

by

column

The structure of BPy was confirmed by spectral and thermal analysis. As can be seen
from Figure 4.27, the 1H-NMR spectrum exhibits not only the specific signals of the
benzoxazine ring but also chemical shifts of the pyridine group. Moreover, in the FTIR analysis of BPy, the characteristic bands at 1230 cm-1 (C-O-C), 1353 cm-1 (CH2
wagging), and 1506 and 980 cm-1 (trisubstituted benzene ring) confirms the
benzoxazine ring formation. Absorption bands of pyridine group are typically located
at 1597 cm-1 (aromatic mode).
The quaternization of BPy was carried out by 11-bromo-1-undecanol (reaction 4.8)
and its chemical structure (qBPy) was confirmed by both 1H-NMR and FT-IR
analyses. As can be seen in Figure 4.27, typical (CH2) protons of the aliphatic chain
were appeared at 1-2 ppm, whereas (CH2) protons of oxazine ring were shifted from
4.6, 5.3 to 4.8, and 5.5 ppm. The characteristic absorptions at 2922, 1506 and
1230 cm-1 are assigned to the (CH2, aromatic ring) and (C–O–C) vibrations of
benzoxazine structure, whereas the increase of peak at 2922 cm-1 indicates a
successful quaternization of the benzoxazine monomer (Figure 4.28).

(4.8)
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Figure 4.27 : 1H-NMR spectra of BPy and qBPy monomers.

Figure 4.28 : FT-IR spectra of BPy and qBPy monomers, and qBPy-MMT clay.
Organomodified clay (qBPy-MMT) was prepared by cation exchange of sodium
montmorillonite (Na-MMT) with qBPy in distilled water at 50 oC (reaction 4.9). The
characteristic peaks of benzoxazine were remained and a new peak at 1005 cm−1 was
appeared due the Si-O-Al stretching of layered silicates. Gallery distances (basal
space, d001) of pure clay and organoclay (NaMMT and qBPy-MMT) were
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determined by X-ray diffraction (XRD) analysis (Figure 4.29). The pristine clay
sample exhibited a peak at 7.44º, which corresponded to a basal space (d001)of
1.18 nm and this peak shifted to 4.65º, which corresponded to d001 of 1.88 nm. This
change indicated that the qBPy was successfully intercalated into the silicate
galleries of the MMT clay. Larger interlayer spaces could help the diffusion of fluid
benzoxazine monomers as well as the exfoliation of nanocomposites by providing
more hydrophobic environment.
Fluid benzoxazine, 3-pentyl-5-ol-3,4-dihydro-1,3-benzoxazine, was deliberately
chosen to enhance monomer diffusion into the clay interlayer. This monomer was
blended with different intercalated clay loadings (1, 3, 5 and 10 % by weight) by
mechanical stirring. The cast films were cured at 240 °C for 3 h in air oven for the
thermal ring-opening polymerization of benzoxazines. The growing polybenzoxazine
chains in the silicate layers led to the clay exfoliation as well as the nanocomposite
formation (reaction 4.9).

(4.9)
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Figure 4.29 : XRD patterns of Na-MMT, qBPy-MMT, and PBz/MMT
nanocomposites containing 1, 3, 5 and 10 % clay.
XRD patterns for the PBz/MMT nanocomposites formed by varying the clay
contents were shown in Figure 4.29. After the polymerization, the diffraction peak at
4.65º was completely disappeared in the nanocomposite sample containing 1 % clay
loading whereas, this peak was remained in three nanocomposite samples containing
3, 5 and 10 % clay loading. These data suggested that nanocomposites with higher
clay loading than 1% have partially intercalated structures, however, XRD
measurements alone are not conclusive for determining the true structures and
distributions of the silica platelets; thus, we turn our attention to TEM measurements.
Figure 4.30 displays TEM images of all nanocomposites. The dark lines represent the
silicate layers; about 1.0 nm thick and from 50 to 100 nm in lateral dimension, which
are oriented perpendicularly to the slicing plane. The platelet layers for the both
nanocomposite samples are a mixture of fully exfoliated (white circles) and
intercalated (white squares) structures. Although it was not detected a peak in the
XRD pattern for nanocomposite with % 1 clay loading, there was still intercalated
structure in this sample. Based on the XRD and TEM results, it could be concluded
that partially exfoliated/intercalated structures were achieved in allPBz/MMT
nanocomposites.
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Figure 4.30 : TEM images of PBz/MMT nanocomposites loading with (A) 1, (B) 3,
(C) 5 and (D) 10 % (B) qBPy-MMT clay.
DSC investigated thermal behavior of starting materials, BPy, qBPy, and qBPyMMT, and the profiles were shown in Figure 4.31. The BPy monomer exhibited two
endothermic and one exothermic peaks corresponding two different crystal structures
or liquid crystalline behavior in the molten state and ring-opening reaction. After
quaternization, qBPy, the exothermic polymerization peak with maximum at 303 ºC
was broadened toward low temperature onset, whereas thermal activation
temperature slightly decreased due to the presence of alcohol group [10, 69, 70]. This
tendency was in good agreement with the behavior of alkyl substituent on paraposition of arylamine based benzoxazine in the literature [51]. DSC thermogram of
qBPy-MMT indicates a much broader exotherm at 303 °C because of the catalytic
effect of the silicate layers on the ring-opening polymerization of benxozazine.
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Figure 4.31 : DSC thermograms of BPy, qBPy, and qBPy-MMT
The catalytic effect of clay content on the ring-opening behavior of benzoxazines
was also investigated by DSC studies using various qBPy-MMT loadings. An
exothermic peak of ring opening of fluid benzoxazine in the absence of clay was
detected starting from 200 °C with maximum at 256 °C, while onset and maximum
temperature of benzoxazine with % 5 Na-MMT shifted to lower temperature 195 and
251 °C, respectively (Figure 4.32). The similar trend along with the increase of clay
content was also observed in the qBPy-MMT samples (Figure 4.33) [213].
Moreover, even 1 % of qBPy-MMT clay was enough to lower the polymerization
temperature of the fluid benzoxazine.
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Figure 4.32 : DSC thermograms of fluid benzoxazine with different qBPy-MMT
loading (0, 1, 3, 5 and 10 %) and 5 % Na-MMT after cured at 150 ºC
for 1h.

Figure 4.33 : The catalytic effect of qBPy-MMT on the ring-opening polymerization
temperatures.
The cure progress of benzoxazine loading with 10 % qBPy-MMT sample was
examined by varying curing temperature using both DSC and FT-IR measurements.
As shown in Figure 4.34 the uncured blend exhibits three broad exotherms with
maximum temperatures at 206, 255 and 300 °C. The low temperature exotherm
which is centered at 206 °C can be explained as the accelerated ring-opening of
oxazine by protons of alcohol functionality [10]. After curing at 150 °C, this peak
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disappeared completely, whereas the main benzoxazine exotherm decreased
gradually by increasing cure temperature and almost completed at 260 oC.

Figure 4.34 : DSC thermograms of fluid benzoxazine loading with 10 % qBPyMMT at different curing temperatures for 1 h.
The FT-IR spectra of fluid benzoxazine loaded with 10 % qBPy-MMT after various
curing stages were shown in Figure 4.35. Decrease of characteristic absorption bands
of benzoxazine with higher cure temperature was observed at 1502 and 963
(trisubstituted benzene), 1362 (CH2 of benzoxazine ring), 1225 cm-1 (ether linkage of
benzoxazine). Besides, a new peak was appeared at 1472 cm-1 due to the
tetrasubstituted benzene ring, suggesting that the ring opening took place to afford
polybenzoxazine. The absorption at 1002 cm-1 presented in all stages clearly
indicated

that

the

incorporation

of

a

polybenzoxazine network.
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Figure 4.35 : FT-IR spectra of fluid benzoxazine loading with 10 % qBPy-MMT at
different curing temperatures for 1 h.
Thermal gravimetric analyses were also performed to examine the thermal stability
of PBz/MMT nanocomposites. Typical TGA curves for virgin polybenzoxazine and
its nanocomposites were shown in Figure 4.36 and the overall results were converted
into weight residue at different temperatures versus clay content (Figure 4.37). While
the degradation onset of the nanocomposites was improved by the inclusion of the
qBPy-MMT, the clay content didn’t affect the first degradation temperature of the
nanocomposites. But, the thermal stabilities of the nanocomposites were increased by
clay contents at elevated temperatures. This behavior was clearly realized when 60 %
weight loss occurred with different clay contents. The 60 % weight loss for the
nanocomposites containing 5 and 10 % qBPy-MMT were detected at 476 and
556 ºC.
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Figure 4.36 : TGA of virgin polybenzoxazine and corresponding nanocomposites
containing 1, 3, 5 and 10 % clay.

Figure 4.37 : The effect of the qBPy-MMT content on decomposition temperatures
of PBz/MMT nanocomposites after curing at 240 ºC/3h.
The weight loss temperatures of PBz/MMT nanocomposites with various clay
contents were also summarized in Table 4.6. The char yield at 900 ºC is increased
from 16 to 35 % by increasing qBPy-MMT contents in the nanocomposites. It can be
concluded that all PBz/MMT nanocomposites exhibited a delayed decomposition
behavior compared to the neat polybenzoxazine resin.
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Table 4.6 : Thermal stability of PBz/MMT nanocomposites after curing at
240 ºC/3h.
BPy-MMT
Content

T 5%
(ºC)

T 10%
(ºC)

Char % at 900
ºC

0%

319

338

16

1%

339

355

22

3%

336

351

26

5%

335

351

28

10%

338

354

35

T5%: The temperature which the weight loss is 5%.
T10%: The temperature which the weight loss is 10%.
Char %:Char yields at 900 °C under nitrogen atmosphere.
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5.

CONCLUSIONS

In the present thesis, new synthetic methodologies for polymeric precursors bearing
benzoxazine units in the main chain and polybenzoxazine/clay nanocomposites have
been described. Since the discovery of attractive properties of cross-linked
polybenzoxazines in 1994, they were introduced as far beyond traditional
condensation chemistry phenolic resins. A number of researches focused on
development of processible polybenzoxazines with high thermal and mechanical
properties. Different strategies with some limitations have been reported including (i)
synthesis of benzoxazine monomer with additional functionality, (ii) incorporation of
benzoxazine into polymer chain, and (iii) preparation of benzoxazine containing
composites or alloys. Besides, the preparation of polymeric benzoxazine precursors
improves the processibility and desired features of these thermosets. The oligomeric
or polymeric precursorrs carry thermally curable benzoxazine units in the main or
side chain. Therefore, highly crosslinked polybenzoxazines with improved thermal
and mechanical resistance can be obtained after curing due to the presence of
benzoxazine structure in every repeating unit. In this thesis, we prepared thermally
curable benzoxazine prepolymers by Sonogashira and Ullmann type coupling
reactions. We have demonstrated that C≡C triple bonds containing benzoxazine
moieties in the main chain can be prepared by Sonogashira Coupling of aryl halide
functional benzoxazine (DIBB) and acetylene functional bisethers (DABB or DABE)
in the presence of Pd(PPh3)4 catalyst, a copper(I) co-catalyst (CuI), and an amine
base (DIPA). It is clear that the process is selective and it is possible to prepare
polybenzoxazine precursors without affecting the benzoxazine moieties under
polymerization conditions. Hence, the obtained polymers exhibit two different crosslinkable groups in the main chain. The benzoxazine groups were shown to readily
undergo thermally activated ring-opening reaction in the absence of added catalyst
and formed cross-linked networks. The polymers cured in this way exhibited
comparable thermal stability to classical polybenzoxazines.
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We have also demonstrated that aromatic ether containing benzoxazine moieties in
the main chain can be prepared by Ulmann Coupling of fluorinated benzoxazines and
bisphenols in the presence of nano-copperoxide catalyst. The coupling conditions is
suitable to get benzoxazine units without negative influence. The obtained
polybenzoxazine precursors can be thermally crosslinked to generate higher
performance polybenzoxazines as compared with traditional polybenzoxazines.
Moreover, fluoro content in the main chains exhibited higher WCAs for both cured
and uncured polymers. The low surface energy of the fluorinated polymers allowed
ultrathin films to be stable against dewetting at curing temperatures and resulted in
thermally cured smooth coatings, even in the case of phase separation of
hydrogenated and fluorinated parts of the molecules.
Polybenzoxazine/clay nanocomposite preparation is another strategy applied in this
thesis

improving

the

thermal

properties

of

polybenzoxazine

resins.

Polybenzoxazine/montmorillonite nanocomposites have been prepared by the in situ
thermal ring-opening polymerization of the fluid benzoxazine with intercalated
benzoxazine monomers. The organomodified clay can be readily obtained from the
structurally designed benzoxazine monomer. Thermal ring-opening polymerization
of benzoxazines through the interlayer galleries leads to nanocomposites formations,
which are formed by individually dispersing inorganic silica nanolayers in the
polymer matrix. In terms of morphology, partially intercalated/exfoliated
nanocomposites are evidenced by both XRD and TEM measurements. DSC studies
indicate that the ring opening of the benzoxazines in the presence of clay to form the
nanocomposites occurs at relatively lower temperatures. All nanocomposites have
higher thermal stabilities relative to that of the neat polybenzoxazine. The char yields
increased upon increasing the clay content.
In order to increase the processibility, thermal resistance, and mechanical strength of
the polybenzoxazine resins, researchers will continue to accomplish the present
approaches and create new strategies. It is expected that the studies reported in thesis
will open new pathways for the preparation of high performance polybenzoxazine
thermosets with further improved properties.
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