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ABSTRACT

POLYBENZOXAZINE BASED HIGH PERFORMANCE NANOFIBERS

VIA ELECTROSPINNING
Yelda Ertas

Ph.D. in Materials Science and Nanotechnology
Advisor: Tamer Uyar
August, 2016

Polybenzoxazines are newly developing phenolic type thermoset resins having
fascinating properties which overcome the shortcomings of the traditional resins. In
recent years, polybenzoxazines are attracting much interest because of their outstanding
features, such as near-zero volumetric change upon curing, no by-products during
curing, low water absorption, high glass transition temperature and high char yield. In
addition, the molecular structure of polybenzoxazines facilitates immense design
flexibility which enables tailoring the properties of the cured material for a wide range of

application.

Electrospinning is a widely used simple and cost-effective technique to produce
nanofibers from various polymers, polymer blends, inorganic materials, supramolecular
structures and composites. In principle, a continuous filament is formed from polymer
solution or melt under high electric field which resulted in fibers with diameters ranging
from tens of nanometers to few microns. Nanofibers produced with electrospinning
technique show unique physical/chemical properties due to their very high surface area

and nanoporous structures.

In this thesis, we have produced polybenzoxazine based high performance nanofibrous
materials via electrospinning by using two approaches. In the first approach, main-chain
polybenzoxazines (MCPBz) were synthesized to produce bead free and uniform



nanofibers without using polymeric carrier matrix. However, it was observed that these
nanofibers lost the fiber morphology at low temperatures and they formed film before
cross-linking. Subsequently, novel photo/thermal curable MCPBz resins were designed
and synthesized readily owing to the design flexibility of polybenzoxazines in order to
enhance thermal stability of MCPBz nanofibers. Therefore, firstly photo curing was
performed to improve the thermal stability of nanofibers and then, thermal curing was
carried out at high temperatures to obtain cross-linked MCPBz nanofibers with good
thermal and mechanical properties. In addition, it was shown that these cross-linked and
highly porous MCPBz nanofibers are very stable in various organic solvents, highly
concentrated acid solutions and at high temperatures which make these nanofibers quite
useful for the certain filtration applications requiring high temperatures and harsh
environmental conditions. In the second approach, we produced polybenzoxazine based
composite nanofibers from both polymeric materials and non-polymeric systems
(cyclodextrins) with enhanced thermal and mechanical properties. At the same time,
PAHs, dye molecules and heavy metal ions removal experiments were performed with
polybenzoxazine based composite nanofibers to demonstrate their potential application

for the waste water treatment.

Keywords: benzoxazine, bio-benzoxazine, main-chain polybenzoxazine, curing, cross-
linked, cellulose acetate, polycarbonate, modified cyclodextrin, nanofiber,

electrospinning, thermal, mechanical, PAHs, dye molecules, metal ions, waste water.



OZET

ELEKTROEGIRME YONTEMI iLE URETILEN POLIBENZOKZAZIN
BAZLI YUKSEK PERFORMANSLI NANOLIFLER

Yelda Ertas
Malzeme Bilimi ve Nanoteknoloji programi, Doktora

Tez Danigmani: Tamer Uyar

Agustos, 2016

Polibenzokzazinler yeni gelistirilen fenolik termoset rezinler olarak, geleneksel fenolik
rezinlerin eksiklerini giderebilecek iistiin 6zelliklere sahiptirler. Son yillarda daha fazla
ilgi ¢ceken bu rezinler, tavlama i¢in giiclii asitlere ihtiyag duymama, tavlama sirasinda
toksik yan {iriin olusturmama, diisiik su absopsiyonu, yiiksek camsi gecis sicakligl ve
yiiksek  komirlesme verimi gibi  etkileyici Ozelliklere sahiptirler. Ayrica,
polibenzokzazinlerin molekiil yapist ¢ok genis tasarlanma esnekligine sahip oldugu igin,
kullanim alanma uygun istenilen 6zelliklerde malzemelerin iretilebilmesini miimkiin

kilmaktadir.

Elektrospin teknigi, degisik polimerlerden, polimer karisimlarindan, inorganik
malzemelerden, supramolekiiler yapilardan ve kompozitlerden nanolif liretmek igin
yaygin olarak kullanilan, kolay ve maliyeti diislik bir iiretim teknigidir. Prensip olarak,
polimer soliisyonlarindan yiiksek elektrik alan altinda stirekli bir jet olusturularak ¢aplar
nanometre ile birka¢ mikron arasinda degisen lifler elde edilmektedir. Elektrospin
teknigi ile elde edilen nanolifler, yiiksek ylizey alanlar1 ve nano boyuttaki gézenekli
yapilar1 sayesinde sira disi fiziksel/kimyasal ozellikler gostermektedirler ve ozellikle

filtrasyon uygulamalari i¢in etkili malzemelerdir.

\



Bu tezde, elektrospin yontemi kullanilarak iki farkli yaklasimla polibenzokzazin bazli
yiiksek performansa sahip nanogdzenekli malzemeler iiretilmistir. ilk yaklasimda, ana-
zincir polibenzokzazinler (MCPBz’ler) sentezlenerek ilk kez bu rezinlerden tasiyici
matriks kullanilmaksizin boncuksuz homojen dagilimli nanolifler iiretilmistir. Ancak, bu
nanoliflerin tavlama sicakliginin altinda, ¢apraz-bagl yapilar olusturamadan eriyek film
haline donistiigli goézlemlenmistir. Daha sonra, polybenzokzazinlerin istenilen
ozelliklerde tasarlanabilme esnekligi sayesinde, MCPBz nanoliflerinin termal
karaliliklarini arttirabilmek igin foto/termal yolla tavlanabilen yeni MCPBz rezinleri
kolaylikla tasarlanmis ve sentezlenmistir. Boylece ilk basamakta foto tavlama
uygulanarak nanoliflerin thermal karaliliklar1 arttirillmistir, ikinci basamakta ise termal
tavlama uygulanarak {iistiin termal ve mekanik O6zelliklere sahip MCPBz nanolifleri
iretilmistir. Ayrica g¢apraz-bagli ve yiiksek gozenekli MCPBz nanoliflerinin ¢esitli
solventlerde, yliksek konsatrasyondaki asitlerde ve yiiksek sicakliklarda oldukca kararli
olmalari, bu nanoliflerin yiiksek sicaklik ve siddetli ¢evre kosullar1 gerektiren filtrasyon
uygulamalarinda kullanilabilecek oldukga etkili malzemeler olabilecekleri gosterilmistir.
Ikinci yaklasimda ise hem termoplastik polimerlerden hem de polimerik olmayan
sistemlerden (siklodekstrinler) polibenzokzazin bazli kompozit nanolifler iretilerek,
polimerlerin ve siklodekstrinlerin thermal ve mekanik ozellikleri gelistirilmistir. Ayni
zamanda, bu malzemelerin sulu ¢ozeltilerdeki PAH’lar1, boya molekiillerini ve agir
metalleri giderim deneyleri yapilarak elde edilen polibenokzazin bazli kompozit

nanoliflerinin atik su giderimlerinde potansiyel kullanim alan1 gosterilmistir.

Anahtar sozciikler: benzokzazin, biyo-benzokzazin, ana-zincir polibenzokzazin,
tavlama, capraz-baglh, seliilloz asetat, polikarbonat, modifiye siklodekstrin, nanolif,
elektrospin, termal, mekanik, poliaromatik hidrokarbons, boya molekiilleri, metal

iyonlari, atik su.
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1. INTRODUCTION

1.1. Polybenzoxazines

Phenolic resins as a synthetic thermo-setting resin have been used widely in many areas
including construction, appliance, electronic and aerospace industries [1]. Although
these resins have many desirable properties such as dimensional stability, chemical
resistance, flame retardancy, low smoke generation, good electrical and mechanical
properties, they have still various drawbacks related with the fundamental
polymerization process. Especially, the use of strong acid or base as acatalyst during the
synthesis may causes the corrosion of processing equipment, and the release of volatiles
during the curing results in internal micro voids as structural defects [2, 3]. Therefore,
several attempts have been made to develop novel materials which can overcome the
shortcomings of traditional phenolic resins while maintaining their physical and
mechanical properties. After various effort, polybenzoxazines have been developed as a
new type of phenolic resin with comparable or even superior physical and mechanical

properties than conventional phenolic, epoxy, bismaleimide and polyimide resins.

Benzoxazine monomers were first synthesized by Holly and Cope through Mannich
condensation reactions of phenols with formaldehyde and amines in solvent [3].
Afterwards, Burke et al. provided significant contribution to the fundamental
understanding of benzoxazine chemistry by preparing a variety of small molecular

weight benzoxazine monomers [4-10]. Later, Higginbottom first produced cross-linked
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polybenzoxazine resins from multifunctional benzoxazine monomers to develop a
coating materials, yet properties of the obtained polybenzoxazines were not discussed
[11-13]. Subsequently, Reiss et al. investigated the reaction kinetics of benzoxazine
oligomer formation from monofunctional benzoxazines and demonstrated that it is not
possible to obtain high molecular weight linear polybenzoxazines by using
monofunctional benzoxazines [14]. Further, Turpin and Thrane produced self-curable
benzoxazine functional cathodic electrocoat resin by using small molecular weight
benzoxazine resins synthesized from both multifunctional phenols and amines [15]. In
the early 90’s, firstly Ning and Ishida reported the mechanical and thermal properties of
the polybenzoxazines obtained by the ring- opening reactions of the benzoxazine

monomers [2] .

Benzoxazines are molecules in which N and O containing heterocyclic ring is attached
to the benzene ring. Conventionally, they are synthesized from a phenolic derivative, a
primary amine and formaldehyde by Mannich condensation reaction (Figure 1) [3]. The
mechanism for the formation of the benzoxazine ring structure was suggested as, amine
reacts with formaldehyde at lower temperatures forming intermediate product N,N-
dihydroxymethylamine, subsequently it reacts with the labile hydrogen of the hydroxyl
group and ortho position of the phenol at the elevated temperatures to form the oxazine

ring (Figure 2) [4].



Figure 1. Photograph of a typical benzoxazine resin. (Photo:Business Wire)

RJ
OH 0 SN NE
+2HCHO + H,N—R' ——» +2 H,0
Aldehyde Amine
R R
Phenol Benzoxazine monomer

Figure 2. Synthesis of benzoxazine monomer.

Basically, benzoxazines are synthesized from both mono-functional phenols and amines
with different substitutional groups and mono-functional benzoxazines are obtained.
This type of benzoxazines posses only one oxazine ring for the polymerization through

ring-opening and cross-linking reactions. Generally, this type of benzoxazines have
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small molecular weight. On the other hand, combination of a difunctional phenol and
mono-functional amine and similarly, combination of diamine and mono-functional
phenol result with the formation of di-functional benzoxazine monomers having two
oxazine rings for the polymerization through ring-opening reactions [1]. This types of
benzoxazines are also small molecular weight compounds and polybenzoxazines
obtained from mono and di-functional benzoxazines have highly cross-linked structure
with branches instead of long linear chain structure. However, a more recent concept of
benzoxazine resins involves the use of a difunctional phenolic derivative and a diamine,
producing a linear polymer having oxazine ring in the main-chain called as main-chain
polybenzoxazine (MCPBz) [16]. Basic structures of these three types of benzoxazines
are shown in Figure 3. As MCPBz can be obtained by using difunctional amines and
phenolic derivative, and they can also be synthesized as repeating unit of a polymer
chain, block copolymer or as a side chain as well [16-33]. The thermal and mechanical
performance of polybenzoxazine thermosets obtained from MCPBz are affirmed to be
better than those obtained from the benzoxazine monomers [25]. In other words, some of
the characteristics; for instance easy processibility, flexibility, high density of crosslink
after curing and lower fragility for cured end-structures were achieved for
polybenzoxazines. In one respect, MCPBz have potentials as an easy processable and
crosslinkable thermoplastic, which become thermosets at ~200°C via opening of oxazine

ring by thermal activation [34, 35].
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Figure 3. Molecular structures of the (a) mono-functional, (b) di-functional benzoxazine

monomers and (c) main-chain polybenzoxazine.

Generally, polybenzoxazines are obtained by polymerization of the benzoxazine
monomers through thermally initiated ring-opening reaction with or without initiator

and/or catalyst. When the activation takes place with a labile proton initiator, such as
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phenol, it yields phenolic polymer namely polybenzoxazine. However, if a nonlabile
proton initiator, such as Lewis acid, is used for the relatively low temperature
polymerizations, it could lead intermediate arylether structure which is thermally
unstable and can transform to the phenolic structure at elevated temperatures [16]

(Figure 4).
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Figure 4. Polymerization of benzoxazine monomers by thermally activated ring-opening

Lewis acid

reactions.

The polymerization occurs by simple heating because the monomer generally contains a
small amount of a cationic initiator, such as phenolic precursors and benzoxazine
oligomers, as an impurity. Conventionally, unpurified monomers are polymerized easily

by ring-opening reactions by heating the temperature range between 160 and 220°C [36],



and gelation occurs in one to ten minutes at this temperature range, If there is no
initiators and/or catalysts are added. On the other hand, purity of the benzoxazine
monomer affects the polymerization rate, hence the final temperature complete the
polymerization reaction because high purity benzoxazines require higher temperatures

for the polymerization.

Polybenzoxazines as a new member of thermosetting phenolic resins are of great interest
for various scientific and industrial fields owing to their superior physical and thermal
properties. First of all, the sythesis of benzoxazine monomers or polymerization process
do not need any acid or base catalyst. Secondly, benzoxazine resins do not produce any
condensation by products and almost no volumetric shrinkage occurs during the
polymerization achieved by thermal curing. The other appealing features of benzoxazine
resins include, low melt viscosity, ease of processing, good mechanical and electrical
properties [11-16]. Because of its outstanding advantages, many studies were done in
mainly two fields; first one is to describe the fundamental relationship between its
molecular structure and its attractive characteristics, second one is to enhance the
existing properties of material for individual applications by incorporating new funtional
groups to the molecular structure of benzoxazine monomer or blending such functional
group containing molecules with benzoxazine monomer to obtain high performance

materials.

Unlike traditional phenolics, the benzoxazine chemistry provides immense molecular

design flexibility by using several types of phenols and amines having different
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substitution groups. As a result, by designing the molecular structure of the
benzoxazines, materials with desired properties such flame-retardant [37-47], high char
yield [48-53], low dielectric constant [29, 54-63], low viscosity [54, 64-66], initiator or
catalyst containing [67-71], very low surface energy [72-80], photoconductive [81, 82]
and tough [83-85] can be obtained. Their wide range of molecular design flexibility
which enables the tailoring the properties of the final product for specific applications
make them much more attractive in different application areas including electronic
packaging, composites, high performance adhesives, non-flammable materials,

transportation and aerospace industries [16].

1.2. Electrospinning

Electrospinning is a widely used technique to produce multifunctional nanofibers from
remarkable range of organic and inorganic materials including polymers, polymer
blends, composites, sol-gels, ceramics and so on [86, 87]. It has many advantages such
as low cost, simplicity of set-up, relatively high production rate and reproducibility
which make this technique superior to other fiber production methods as melt drawing,

template synthesis, phase separation and self-assembly [88-96].

Electrospinning unit at UNAM is given in Figure 5. Basically, it is composed of three
main parts; high voltage power supply, syringe pump and collector which is
schematically shown in Figure 6. In principle, electrospining solution in a syringe is

pumped at a constant rate and high voltage is applied to solution through a thin nozzle
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by inducing free charges inside the solution. When repulsive force induced by these
charges overcomes the surface tension of the drop formed at the tip of the nozzle, a fluid
jet ejects from the droplet by forming conical shape called as Taylor cone [90, 97]
(Figure 6). While jet travels through the collector, solvent evaporates and dry nanofibers
deposited on the collector randomly. As a result, fibers with diameter ranging from tens

of nanometers to few microns can be obtained as a mat on the collector [90, 97].
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Figure 5. Electrospinning set-up at UNAM.
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Figure 6. Schematic representations of electrospinning set-up and nanofiber formation.

In the electrospinning process, the morphological characteristics and the diameter of the
electrospun nanofibers are governed by process parameters such as applied voltage, tip-
to-collector distance, flow rate of the polymer solution and nozzle diameter; on the other
hand, polymer/solution parameters such as polymer type, molecular weight, solvent,
concentration, surface tension and conductivity of the polymer solution and fluid

elasticity have shown a great influence. Notably, ambient conditions such as humidity
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and temperature also play a crucial role [90, 97, 100-108]. It is possible to fabricate
nanofibers with various morphology (beaded fibers, bead-free fibers) and different fiber
diameters by varying these parameters. All these parameters should be examined to
obtain optimum conditions for the production of bead free and uniform nanofibers.
Unlike the process parameters and ambient conditions, polymer/solution parametrs
posses higher effect on the morphology of nanofibers. For the polymeric systems,
molecular weight of the polymer as a result polymer solution concentration greatly
affect the viscosity of the electrospinning solution [90]. Therefore, required chain
entenglement for the formation of nanofibers can be provided by adequate concentration
of each polymer with specific molecular weight. The optimum level of entanglement and
overlapping are crucial to maintain the continuity of the jet during the electrospinning. If
It is not achieved, jets break up and electrospraying takes place resulting beads instead
of continuous uniform fibers [90]. Figure 7 represents the effect of the solution

concentration on the morphology of MCPBz nanofibers.

Figure 7. SEM images of MCPBz nanofibers electrospun from (a) 30%, (b) 35%, and

(c) 40% solution concentration.
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At lower concentrations, it is common to observe beads along with the fibers because of
the higher amount of solvent and fewer chain entanglements causing a prevailing effect
during electrospinning [86, 106]. As the polymer concentration increased, the number of
beads decreases dramatically and elongated beaded nanofibers areproduced due to the
relatively low viscosity which resultes in destabilization of the electrified jet during the
electrospinning process and thus caused the formation of elongated beads instead of
uniform fibers. When the polymer concentration reaches to optimum level in solution,
transformation from beaded nanofibers to bead free nanofibers is achieved. The effect of
concentration on the diameter of PBA-ad6 nanofibers clearly observed in Figure 7. The
diameter of the fibers increased from nanometer to micron scale when the concentration
of the polymer solution increased. The reason for increase in fiber diameter is the greater
resistance of the solution to be stretched because of the more chain entanglements at

higher polymer concentration [86].

Because of the nano-scale fiber diameters which is about one thousand times thinner a
single human hair (Figure 8), electrospun nanofibers/nanowebs possess several
appreciable features such as extremely high surface area, very light-weight, nano-porous
features and distinctive physical and mechanical properties [90, 91, 98, 99]. Also, for
the production of multifunctional nanofibers, electrospinning process allows the control
of the fiber surface morphology, fiber orientation and cross sectional configuration, and
offers flexibility for physical/chemical modification both during electrospinning and
post-processing. Thus, it is possible to enhance the properties of nanofibers by simply
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adding functional additives and/or nanoparticles into the fiber matrix and/or onto fiber
surface [89-91, 108-116]. Owing to their distinctive properties, it has been shown that
electrospun nanofibers/nanowebs have potentials for various applications in the field of
food and agriculture [117-124], biomedical (wound dressing, tissue engineering, drug
delivery) [125-134], functional textiles [91], filter/membrane (separation and affinity
membrane, molecular filtration, liquid and gas filtration) [135-145], energy (solar cells,
fuel cells, supercapacitors, hydrogen storage, optoelectronics, transistors) [146-150],
sensor [151-156], catalysts/enzymes [157-164] and nanocomposite [90, 91, 97, 138, 165,

166].

Figure 8. SEM images of Nylon-6,6 nanofibers on the single human hair.
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1.3. Polybenzoxazine based nanofibers

The benzoxazine monomers could readily form thermosetting polybenzoxazines by in
situ thermally initiated ring-opening polymerization, hence, they are promising materials
for both the surface modification of polymeric nanofibrous mats and the production of
polybenzoxazine based nanofibers. Electrospinning is a widely used technique to
produce multifunctional nanofibers from remarkable range of organic and inorganic
materials and nanofibers produced by this technique have distinctive chemical, physical
and mechanical properties when compared to their bulk or film forms. Polybenzoxazines
are extensively studied in the literature with their different forms such as bulk [67, 167-
170], film [61, 72, 171-182], aerogel [183-188], porous membrane [189, 190], etc. for
various applications. On the other hand, electrospinning of nanofibers from

polybenzoxazine resins is a new concept.

Until now, various approaches such as plasma treatment, chemical deposition, colloidal
assembly, lithography and template-based techniques have been employed to produce
superhydrophobic membranes [192-195]. However, they have still some limitations for
large-scale fabrication of such functional membranes and for practical applications due
to costly and complicated fabrication procedures, harsh practical conditions, low
stability and flexibility, as well as poor selectivity and recyclability. On the other hand,
electrospinning is a simple but powerful technique for the preparation of functional

fibrous membranes with nano- and microscale levels from variety of polymers, polymer
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blends, sol—gels, composites and ceramics [86, 87]. Moreover, nanofibers produced by
electrospinning have several appreciable features such as a very large surface area to
volume ratio and nanoscale pores. In addition, materials having nanofibrous structure
exhibit distinctive chemical, physical and mechanical properties when compared to their
bulk or film forms. Surface modification of such functional membranes with hierarchical
rough surface and controlled wettability provides the fabrication of superhydrophobic
membranes [193, 196]. It is well known that polybenzoxazine is addition polymerized
phenolic system with low surface energy and it could induce the hydrophobicity and
oleophilicity along with a wide range of interesting features including near-zero
volumetric change upon curing, chemical resistance, low water absorption, and high
glass-transition temperature, which make it a promising component for functional
membranes with special wettability [197-199]. Although it has been known for some
time that superhydrophobic spin coating could be prepared from polybenzoxazine [78,
199], just recently, very few studies reported about the development of flexible
polybenzoxazine modified nanofibrous membranes especially for oil-water separation

[147, 200, 201].

Selective adsorption of the oil from oil-water mixtures generally depends on the
hydrophobicity and oleophilicity of the membrane surface. Conventionally, the
wettability of solid surfaces is controlled by the surface chemistry and the geometrical
roughness [202-204]. Therefore production of poybenzoxazine based nanofibrous
membranes is a promising approach to obtain hydrophobic surface membrane due to the
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high surface area and roughness provided by nanofibers along with the hydrophobic
characteristic of cross-linked molecular structure of the polybenzoxazines. Additionally,
the introduction of a proper roughness could make a smooth hydrophobic surface to be
more hydrophobic or even superhydrophobic due to the air to be entrapped under the
water droplet as a cushion, on the other hand, an oleophilic surface becomes more
oleophilic or even superoleophilic due to the capillary effect [205-208]. Since
benzoxazine chemistry allows the incorporation of other nanoparticles such as SiO,
[147, 200, 201], Al,O5 [209], and TiO, [210] during the process, superhydrophobic
surfaces can be obtained easily by using benzoxazine as a precursor for the production

of superhydrophobic membranes for oil-water separation purposess.

Generally, it is difficult to obtain nanofibers from monomers or small molecules since
chain entanglement and overlapping is the key factor for the formation of nanofibers
during the electrospinning. Kao and coworkers demonstrated a facile fabrication of
non-fluorine and non-silicon low-surface-free energy fibers from the electrospinning of
polyacrylonitrile (PAN) and phenol-aniline based benzoxazine (P-a) blend solution
[211]. PAN which is an ideal blend material due to its high melting temperature and
good missibility with the P-a monomer was used as carrier matrix and it was aimed to
improve the practical application of polybenzoxazine as superhydrophobic fibrous mats.
Thermally activated ring-opening of P-a affords the poly(P-a) networks which bear a
great amount of phenolic hydroxyl groups providing hydrophobic feature to the PAN
nanofibrous membrane.
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Li and Liu fabricated the polyelectrolyte composite membranes from polybenzoxazine
modified polybenzimidazole (PBI) nanofibers for proton exchange membrane fuel cells
[212]. Composite nanofibers were produced by adding benzoxazine-containing polymer
as a crosslinking agent to the electrospinning PBI solutions. The nanofibers were cross-
linked through thermally initiatd ring-opening and cross-linking reactions of the
benzoxazine groups. After thermal curing, mechanical strength and solvent resistance of
PBI nanofibers were enhanced owing to the cross-linking. In addition remarkable
improvement was achieved in mechanical properties, acid uptakes, and dimensional

stability upon acid doping.

Another interesting application of the polybenzoxazine is the use as a precursor for the
production of magnetic carbon nanofibers (MCNFs). Traditionally, synthetic approaches
such as substrate method, spraying method, vapor growth method and plasma-enhanced
chemical vapor deposition method are used for the fabrication of CNFs. However, these
methods are not only complicated and costly, but also not suitable for the production of
Fe3z04 nanoparticle embedded porous MCNFs since it is dificult to increase pore volume
and mass fraction of Fe3O,4 [213]. On the other hand, electrospinning is a simple and
inexpensive method for the fabrication of nano- and mesoscale 1D composite nanofibers
from the combination of both organic and inorganic precursors [155, 195]. By the
calcination of these electrospun precursor nanofibers, MCNFs can be produced [214].
As a principle, the natures of the precursor nanofibers strongly effect the structural
properties of electrospun MCNFs, since internal and surface defects of the precursor
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nanofibers may be easily transferred into the obtained MCNFs causing the performance
deterioration [215]. Polyacrilonitrile is the most commonly used precursor polymer for
the production of electrospun CNFs [216]. Beside this, pitch, poly (vinyl alcohol), poly
(vinylidene fluoride), poly (methyl methacrylate), poly (vinyl pyrrolidone) and poly (p-
xylene tetrahydrothiophenium chloride), have also been reported [213, 217-219].
However, in order to prevent fibers fusing together during carbonization, these
thermoplastic polymers require time consuming and expensive stabilization process
converting into highly condensed thermosetting fibers by complex chemical and
physical reactions, which limites the practical use of these electrospun CNFs [213]. On
the other hand, polybenzoxazine owing to the interesting features such as near-zero
volumetric change upon curing, high glass-transition temperature and high char yield

[197, 199, 220], are promising precursor for high-performance CNFs.

Since chain entanglement and overlapping play a vital role for the formation of
nanofibers during the electrospinning, main-chain polybenzoxazines are good materials
for the production of nanofibers from benzoxazines. By combining the facinating
properties of polybenzoxazines and interesting features of the electrospun nanofibers,
after curing highly cross-linked thermoset polybenzoxazine nanofibers which have good
mechanical/thermal properties and high stability at harsh enviromental conditions can be
obtained. In addition, because of the cross-linked structure and roughness by nanoscale

fibrous structure, these materials possess inherently hydrophobic characteristic without
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further surface modification. Therefore, these materials are quite useful for the filtration

applications which require high temperatures and harsh enviromental conditions.

First study that accomplished to produce bead-free and uniform polybenzoxazine
nanofibers from MCPBz without using any carrier polymeric matrices reported by our
group [191]. Briefly, two different types of MCPBz, DHBP-ad6 and DHBP-ad12 were
synthesized by using two types of difunctional amine (1, 6-diaminohexane and 1, 12-
diaminododecane), bisphenol-A, and paraformaldehyde as starting materials through a
Mannich reaction. Highly concentrated homogeneous solutions of both MCPBz were
prepared and bead free nanofibers were produced after optimization of the
electrospinning parameters. DHBP-ad6 and DHBP-ad12 nanofibrous mats were
obtained as free-standing, yet, DHBP-ad12 nanofibers was more flexible than DHBP-
ad6 nanofibers which was possibly resulted from the longer diamine chain length and
higher molecular weight of DHBP-ad12. Furthermore, curing studies on these
nanofibrous mats provide us good starting point of crosslinking of MCPBz nanofibers.
Although, the fibrous structure could not be preserved during the thermal curing of
DHBP-ad6 and DHBP-ad12 nanofibrous mats due to the low melting point of these

MCPBz, flexible and free-standing cross-linked films were obtained.

Generally, polymerization/cross-linking of benzoxazines can be achieved by thermal
curing which is a thermally induced ring opening reaction of benzoxazines and MCPBz
occur at around 200°C [16]. First successful study for the cross-linking of MCPBz

nanofibers by thermal curing was reported by Li et al. [221]. They synthesized the
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MCPBz by using 4,4-diaminophenylether, bisphenol-A, and formaldehyde as starting
materials and they produced MCPBz nanofibers which are mechanically robust and
stable under harsh environmental conditions. Since the melting point of the nanofibers
were higher than their curing temperatures, they achieved to obtain cross-linked MCPBz
nanofibers by thermal curing. However, in our previous study we were not able to
produce cross-linked nanofibers from long linear aliphatic diamine based MCPBz
nanofibers by directly thermal curing because of the very low melting points of PBA-ad6
and PBA-ad12 nanofibers (73 and 42°C) which are quite lower than their curing
temperatures (203 and 205°C). In the following study we focus on two step curing
procedure including the photo and thermal curing for the cross-linking of this type of
MCPBz nanofibers. Photo-curing is another method that can be used to obtain cross-
linked materials from benzoxazines having photo active group or part in their structure.
Although, thermal curing is very common basic method to polymerize or cross-link
benzoxazines and MCPBz, there are few studies that uses photo-curing for the
polymerization of benzoxazines [222, 223]. In addition, benzophenone based
benzoxazine monomers were synthesized and used as photoinitiator for the
photopolymerization of acrylate monomers [224-227]. Besides, photopolymerization as
a preliminary step and thermally activated polymerization for the ring-opening and
cross-linking of methacryloyl functional benzoxazines were studied [24]. All these
research works provide us useful information on designing new kind of benzoxazine

resins to improve the curing procedure of MCPBz nanofibers in order to achieve cross-
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linking without deteriorating the fiber structure. For this purpose, two novel MCPBz
(DHBP-ad6 and DHBP-ad12) which consist of a benzophenone unit in the polymer
main-chain were synthesized [228]. Due to the presence of benzophenone unit in the
main-chain, DHBP-ad6 and DHBP-ad12 nanofibers are able to crosslink by UV-light
initiated free radical polymerization. Therefore, by synthesizing benzophenone
containing MCPBz, we aimed to provide preliminary cross-linking through photo curing
to enhance the thermal stability of nanofibers for thermal curing in which ring-opening
and almost complete cross-linking can be achieved as maintaining the nanofibrous

structure.
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2. EXPERIMENTAL DETAILS

2.1. Materials

Paraformaldehyde (Sigma-Aldrich, 95%), bisphenol-A (Sigma-Aldrich, 97%), 1,4-
dihydroxybenzophenone (DHBP, Alfa-easer, 98%), thymol (Alfa Aesar, >%98), eugenol
(Sigma-Aldrich, 99%), 1,6-diaminohexane (Aldrich, 98%), 1,12-diaminododecane
(Aldrich, 98%), ethylamine (Fluka, 70 wt % in water), aniline (Sigma-Aldrich, 99.5%),
furfurylamine (Aldrich), cellulose acetate (CA, Mw: 30000, 39.8 wt. % acetyl), poly
(bisphenol-a carbonate) (PC, Aldrich), hydroxypropyl-p-cyclodextrin (HPBCD, molar
substitution:~ 0.6), hydroxypropyl-y-cyclodextrin (HPyCD, molar substitution:~ 0.6),
methyl-B-cyclodextrin (MBCD, molar substitution:1.6-1.9), fluoranthene (FLT, Aldrich,
98%), pyrene (PYR, Aldrich, 98%), methylene blue (Sigma-Aldrich) , methyl orange
(Fisher Scientific Com), zinc acetate dihydrate (Sigma-Aldrich, 98%), lead (1I) nitrate
(Sigma-Aldrich, 99.0%), manganese (1) acetate tetrahydrate (Sigma-Aldrich, 99%) and
nickel (I1) acetate tetrahydrate (Sigma-Aldrich, 99.0%), cadmium nitrate tetrahydrate
(Fluka, >99%), activated charcoal (Sigma-Aldrich, untreated, granular, 8-20 mesh),
citric acid (CTR, Sigma), sodium hydroxide (NaOH) (Fluka, P98%, small beads),
chloroform (Sigma-Aldrich, 99-99.4%), N,N-dimethylformamide (DMF, Fluka, 98%),
acetone (Sigma-Aldrich, >99%), ethanol (Sigma-Aldrich >99.8%), methanol (Sigma-
Aldrich, >99.7%), tetrahydrofuran (THF, Merck, 99.7%), 1,4-dioxane (Sigma-Aldrich,

99%), dimethylacetamide (DMAc, Sigma-Aldrich, 99%), acetonitrile (ACN,
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Chromasolv, HPLC >99.9%), dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 99.9%),
hydrochloric acid (HCI, Sigma-Riedel, 37%), sulfuric acid (H,SO,, Sigma-Riedel, 95%),
nitric acid (HNOs, Sigma-Riedel, 65%), deuterated chloroform (CDClIs, deuteration
degree min. 99.8% for NMR spectroscopy, Merck), deuterated dimethylsulfoxide (d6-
DMSO, deuteration degree min. 99.8% for NMR spectroscopy, Merck) and potassium
bromide (KBr, 99%, FTIR grade, Sigma-Aldrich) were obtained commercially. The
water used was from a Millipore Milli-Q Ultrapure Water System. All the materials

were used without any purification.

23



2.2. Synthesis of benzoxazine monomers and main-chain

polybenzoxazines

2.2.1. Synthesis of bisphenol-A and aniline based benzoxazine monomer (BA-a)

Benzoxazine monomer was synthesized from bisphenol-A (0.05 mol), aniline (0.1 mol)
and paraformaldehyde (0.2 mol) by employing solventless method. All the reactants
were mixed in 50 ml vial and reaction mixture was stirred for 1hour at 110°C in open
atmosphere. Benzoxazine monomer (BA-a) was produced as yellow highly dense
viscous liquid. Then, it kept at room temperature to cool down and transformed the solid
form. Product was dissolved in chloroform and then chloroform was removed
completely by using rotary evaporator system. Product was washed with 3M NaOH and
residual reactants were removed. Final product was dried in vacuum oven over night and

yellow powder was obtained.
2.2.2. Synthesis of eugenol-based bio-benzoxazine monomers

Eugenol as a phenolic derivative and three primary amine with different functionalities,
aniline (aromatic), ethylamine (aliphatic) and 1,6-diaminohexane (difunctional) were
used as starting materials. Synthesis process of the eugenol-based benzoxazine

monomers and results for the novel bio-benzoxazine monomers are as follow;

Ethylamine (2.58 g, 40 mmol), paraformaldehyde (2.52 g, 80 mmol) and eugenol (6.14

ml, 40 mmol) were mixed and stirred at room temperature until the solids were
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dissolved. The mixture was heated at 110°C for 2 hours and then cooled to room
temperature. Yield = 89%; *H NMR (d6-DMSO, ppm) 6.59 (d, 2H), 5.92 (m, 1H), 5.03
(d, 2H), 4.79 (s, 2H), 3.88 (s, 2H), 3.71 (s, 3H), 3.24 (d, 2H), 2.67 (m, 2H) and 1.07 (t,
3H); FTIR (KBr, cm™) 3070, 2968, 2932, 2897, 2834, 1594, 1495, 1464, 1366, 1322,
1229, 1147, 1093, 1036, 997, 917, 844, 742, 629, 604 Calculated values of elemental
composition of E-ea (C14H19NO?2) are % C: 72.07, % H: 8.21, % N: 6.01 and observed
percentages of C, H and N for E-ea were 71.28, 7.90 and 5.21, respectively. Mass

spectroscopy results are (M+H)" calculated: 234.1489; observed: 234.1477.

Aniline (3.64 ml, 40 mmol), paraformaldehyde (2.52 g, 80 mmol) and eugenol (6.14 ml,
40 mmol) were mixed and stirred at room temperature until the solids were dissolved.
The mixture was heated at 110°C for 2 hours and then cooled to room temperature.
Yield = 79%; *H NMR (d6-DMSO, ppm) 7.23-7.12 (m, 2H), 6.89-6.51 (m, %H), 5.93
(m, 1H), 5.41 (s, 2H) , 4.59 (s, 2H), 3.74 (s, 3H) and 3.24 (d, 2H); FTIR (KBr, cm™)
3058, 3010, 2947, 2895, 2834, 2824, 1594, 1494, 1460, 1366, 1329, 1229, 1139, 1078,
974, 940, 919, 771, 698, 600. Calculated values of elemental composition of E-a
(C18H19NO2) are % C: 76.84, % H: 6.81, % N: 4.98 and observed percentages of C, H
and N for E-a were 74.97, 6.78 and 5.13, respectively. Mass spectroscopy results are

(M+H)" calculated: 282.1489; observed: 282.1463.

Hexamethylenediamine (2.37 g, 20 mmol), paraformaldehyde (2.52 g, 80 mmol) and
eugenol (6.14 ml, 40 mmol) were mixed and stirred at room temperature until the solids

were dissolved. The mixture was heated at 110°C for 2 hours and then cooled to room
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temperature. Yield = 91%; 'H NMR (d6-DMSO, ppm) 6.71 (m, 4H), 5.92 (m, 2H), 5.02
(m, 4H), 4.76 (s, 4H), 3.85 (s, 4H), 3.69 (s, 6H), 3.22 (d, 4H), 2.58 (m, 4H) and 1.28 (m,
8H); FTIR (KBr, cm™) 3072, 2997, 2930, 2849, 1592, 1498, 1462, 1320, 1272, 1226,
1147, 1097, 922, 840, 692, 602. Calculated values of elemental composition of E-dh
(C30H40N204) are % C: 71.15, % H: 8.18, % N: 5.84 and observed percentages of C,
H and N for E-dh were 73.14, 8.18 and 5.69, respectively. Mass spectroscopy results are

(M+H)" calculated: 493.3061; observed: 493.3046.
2.2.3. Synthesis of thymol-based bio-benzoxazine monomers

Thymol as a phenolic derivative and three primary amine with different functionalities,
aniline (aromatic), ethylamine (aliphatic) and 1,6-diaminohexane (difunctional) were
used as starting materials. Synthesis process of the thymol-based benzoxazine monomers

and results for the novel bio-benzoxazine monomers are as follow;

Ethylamine (2.58g, 40 mmol), paraformaldehyde (2.52 g, 80 mmol) and thymol (6.12 g,
40 mmol) were mixed and stirred at room temperature until the solids were dissolved.
The mixture was heated at 110°C for 2 hours and then cooled to room temperature.
Yield = 92%; *H NMR (d6-DMSO, ppm): 6.88-6.64 (d,2H), 4.76 (s, 2H), 3.80 (s, 2H),
3.13 (m, 1H), 2.67 (t, 3H), 2.07 (s, 3H) and 1.10 (m, 9H); FTIR (KBr, cm™): 2961, 2872,
1609, 1582, 1492, 1455, 1384, 1349, 1253, 1222, 1149, 1028, 966, 945, 805, 753, 692
cm L. Calculated values of elemental composition of T-ea (C14H21NO) are % C: 76.67,

% H: 9.64, % N: 6.38 and observed percentages of C, H and N for T-ea were 75.29, 8.82
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and 6.31, respectively. Mass spectroscopy results are (M+H)" calculated: 220.1695;

observed: 220.1705.

Aniline (3.64 ml, 40 mmol), paraformaldehyde (2.52 g, 80 mmol) and thymol (6.12 g,
40 mmol) were mixed and stirred at room temperature until the solids were dissolved.
The mixture was heated at 110°C for 2 h and then cooled to room temperature. Yield =
83%; 'H NMR (d6-DMSO, ppm): 7.24-7.16 (m, 5H), 6.93-6.68 (m, 2H), 5.39 (s, 2H),
451 (s, 2H), 3.13 (m, 1H), 2.17 (s, 3H) and 1.10 (m, 9H); FTIR (KBr, cm™): 2960,
2868, 1601, 1496, 1455, 1375, 1250, 1223, 1168, 1046, 972, 943, 811, 753, 692 cm ™.
Calculated values of elemental composition of T-a (C18H21NO) are % C: 80.86, % H:
7.91, % N: 5.23 and observed percentages of C, H and N for T-a were 80.45, 7.94 and
5.39, respectively. Mass spectroscopy results are (M+H)" calculated: 268.1695;

observed: 268.1700.

Hexamethylenediamine (2.37g, 20 mmol), paraformaldehyde (2.52 g, 80 mmol) and
thymol (6.12 g, 40 mmol) were mixed and stirred at room temperature until the solids
were dissolved. The mixture was heated at 110°C for 2 hours and then cooled to room
temperature. Yield = 92%: *H NMR (d6-DMSO, ppm): 7.06-6.76 (m, 4H), 4.89 (s, 4H),
3.81 (s, 4H), 3.13 (m, 2H), 2.80 (m, 4H), 2.20 (s, 6H), 1.45 (m, 8H) and 1.10 (m, 9H);
FTIR (KBr, Cm'l): 2953, 2864, 1613, 1580, 1490, 1457, 1359, 1251, 1226, 1147, 1112,
1051, 966, 947, 805, 753 cm*. Calculated values of elemental composition of T-dh

(C30H44N202) are % C: 77.54, % H: 9.54, % N: 6.03 and observed percentages of C,
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H and N for T-dh were 75.87, 8.76 and 6.18, respectively. Mass spectroscopy results are

(M+H)" calculated: 465.3475; observed: 465.3479.
2.2.4. Synthesis of fully bio-based benzoxazine monomer

Fully bio-based benzoxazine monomer (E-f) synthesized from naturally occuring
compounds eugenol and furfurylamine. Furfurylamine (3.88 g, 40 mmol),
paraformaldehyde (2.52 g, 80 mmol) and eugenol (6.57 g, 40 mmol) were mixed and
stirred at room temperature until the solids were dissolved. The mixture was heated at
110°C for 3 hours and then cooled to room temperature. Yield: 91%, FTIR (KBr, cm™):
2906, 2837, 1586, 1493, 1455, 1292, 1225, 1143, 1010, 921, 832, 730. * H NMR
(CDCls, ppm): 7.42 (d, 1H), 6.27-6.88 (m, 4H), 5.96 (m, 1H), 5.10 (d, 2h), 4.97 (s, 2H),

4.01 (s, 2H), 3.94 (s, 2H), 3.89 (s, 3H) and 3.31 (d, 2H).
2.2.5. Synthesis of main-chain polybenzoxazine resins

Two different types of main-chain polybenzoxazine (MCPBZz) resin were synthesized
from two different difunctional amines (1,6-diaminohexane and 1,12-diaminododecane),
bisphenol-A and paraformaldehyde as starting materials by using solvent method. The
MCPBz named as PBA-ad6 was synthesized from 1,6-diaminohexane (25 mmol),
bisphenol-A (25 mmol) and paraformaldehyde (100 mmol) in a 1:1:4 M ratio. Reactants
were taken in a 500-ml round-bottom flask and 250 ml of chloroform was added to the
reaction mixture. Then, the solution mixture was refluxed for 7 hours at 60°C.

Afterwards, chloroform was evaporated completely by using rotary-evaporator system
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and the product was dried under vacuum at 45°C for 24 hours. In order to remove any
residual reactants, PBA-ad6 was purified by washing through with cold methanol
several times and then dried under vacuum at 45°C for 24 hours. Yield of the
synthesized PBA-ad6 was 83%. According to the GPC measurements, weight average
molecular weight (Mw) and polydispersity index (PDI) of this sample were calculated as
~11,500 and 4.7, respectively. Same procedure was followed for the synthesis of PBA-
ad12; 1,12-diaminododecane (25 mmol), bisphenol-A (25 mmol) and paraformaldehyde
(100 mmol) were put in a 500-ml round-bottom flask and 250 ml of chloroform was
added to the reaction mixture. In this case, the solution was refluxed for 10 hours at
60°C. For PBA-ad12, the drying and purification steps were same as PBA-ad6. Yield of
the synthesized PBAad12 was 71%. According to the GPC measurements, Mw and PDI

of this sample was calculated as ~17,000 and 5.3, respectively.

Two novel MCPBz were synthesized by using two different amines (1, 6-diaminohexane
and 1,12-diaminododecane), phenolic derivative (1,4-dihydroxybenzophenone) and
paraformaldehyde as starting materials. For the synthesis of first MCPBz named as
DHBPad6, 1,6-diaminohexane (10 mmol), 1,4-dihydroxybenzophenone (10 mmol) and
paraformaldehyde (40 mmol) were dissolved in 200 ml chloroform and refluxed at 60 °C
for 30 hours. For the synthesis of second MCPBz named as DHBP-adl12, 1,12-
diaminododecane (10 mmol), 1,4-dihydroxybenzophenone (10 mmol) and
paraformaldehyde (40 mmol) were dissolved in 200 ml chloroform and refluxed at 60 °C
for 36 hours. Reaction mixtures were kept in the fume hood to cool down room

29



temperature, then chloroform was evaporated completely from the reaction mixture by
using rotary evaporator system and the product was dried under vacuum at 35°C for 24
hours. In order to remove any residual reactant, DHBP-ad6 was purified by washing
through with cold methanol several times and then dried over night under vacuum at 35
°C. yield of the synthesized DHBP-ad6 and DHBP-adl12 were 76% and 87%,
respectively. According to the GPC measurements, Mw of DHBPad6 and DHBP-ad12

were calculated as ~10,000 (PDI:2.5) and ~15,000 (PDI:2.8), respectively.

30



2.3. Preparation of the solutions and electrospinning of

nanofibers

2.3.1. Preparation of PBA-ad6 and PBA-adl2 solutions and electrospinning of

PBA-ad6 and PBA-ad12 nanofibers

The homogenous solutions of PBA-ad6 and PBA-adl2 were prepared in binary
chloroform/DMF mixture solvent system (chloroform:DMF; 4:1, v/v). For the
electrospinning of PBA-ad6 nanofibers, solution concentration was varied from 30% to
45% (w/v) and clear light yellow solutions were obtained after stirring for 3 hours at
room temperature. For the electrospinning of PBA-ad12 nanofibers, 15, 18 and 20%
(w/v) solutions were prepared and solutions were stirred for 6 hours to obtain a clear and
homogenous solutions. The solutions were taken in 1 ml syringes with metallic needle of
0.6 mm outer diameter. The syringe was positioned horizontally on the syringe pump
(KD Scientific, KDS 101) and the positive electrode of the high voltage power supply
(Matsusada Precision, AU Series) was clamped to the metal needle (Fig. 1). In order to
optimize the electrospinning parameters, flow rate of the polymer solution (0.5-1.5
ml/h), applied voltage (10-20 kV) and tip-to collector distance (10-20 cm) were varied
within the ranges given in the parenthesis. The most favorable results were obtained
when the electrospinning parameters are 0.5 ml/h, 125 kV, 10 cm for the
electrospinning of PAB-ad6 nanofibers and 1 mi/h, 15 kV, 15 cm for the electrospinning

of PAB-ad12 nanofibers. In all cases, the electrospinning was carried out in a horizontal
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position at 24°C and 18% relative humidity in a completely enclosed plexiglas box.
Electrospun nanofibers were collected on a grounded stationary cylindrical metal
collector covered by a piece of aluminum foil. After the electrospinning, the collected
nanofibrous mats were dried over night at 25°C under vacuum in order to remove any

residual solvent.

2.3.2. Preparation of DHBP-ad6 and DHBP-adl2 solutions electrospinning of

DHBP-ad6 and DHBP-ad12 nanofibers

The homogenous solutions of DHBP-ad6 and DHBP-adl2 were prepared in
chloroform/DMF mixture solvent system (chloroform:DMF; 4:1, v/v) and solution
concentrations were varied from 20% to 35% (w/v) and from 15% to 25% (w/v),
respectively. Homogenous and clear solutions were obtained after 3 hours stirring. The
solutions were taken in 3 ml syringes with metallic needle of 0.4 mm outer diameter and
the syringe was positioned horizontally on the syringe pump (KD Scientific, KDS 101).
Then the positive electrode of the high voltage power supply (Spellman, SL60) was
clamped to the metal needle. Metal plate collector covered by a piece of aluminum foil
was placed across the horizontally positioned syringe to collect nanofibers. In order to
optimize the electrospinning parameters,flow rate of the polymer solution (0.5-1.5 mi/h),
applied voltage (10-20 kV) and tip-to-collector distance (10-20 cm) were varied within
the ranges given in the parenthesis. For both of the MCPBz, the most favorable results
were obtained when the flow rate of the polymer solution was 0.75 ml/h, applied voltage

was 15 kV and tip-to-collector distance was 10 cm. Electrospinning was performed in
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the completely enclosed Plexiglas box and the inside temperature and relative humidity
were 22°C and 18%, respectively. After the electrospinning, the collected nanofibers
were dried over night at room temperature inside the fume hood in order to remove any

residual solvent.

2.3.3. Preparation of cellulose acetate and cellulose acetate/BA-a precursor

solutions electrospinning of nanofibers

The homogenous solutions of cellulose acetate (CA) and CA/BA-a were prepared in
DCM/methanol mixture solvent system (DCM: methanol; 4:1, v/v). Concentration of the
CA solution was determined to be 12% and precursor solutions of the CA/BA-a were
prepared by using the different amount of the BA-a (2 and 5% wi/v), CA (10 and 12%
w/v) and citric acid (1 and 2% w/v ). Homogenous and clear solutions were obtained
after 2 hours stirring. The solutions were taken in 3 ml syringes with metallic needle of
0.4 mm outer diameter and the syringe was positioned horizontally on the syringe pump
(KD Scientific, KDS 101). Then the positive electrode of the high voltage power supply
(Spellman, SL60) was clamped to the metal needle. Metal plate collector covered by a
piece of aluminum foil was placed across the horizontally positioned syringe to collect
nanofibers. Electrospinning was performed by applying 15 kV voltage, 1 ml/h flow rate
and 10 cm distance from the collector in the completely enclosed plexiglas box and the
inside temperature and relative humidity were around 24°C and 18%, respectively. After
the electrospinning, the collected nanofibers were dried over night at room temperature

inside the fume hood in order to remove any residual solvent.
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2.3.4. Preparation of polycarbonate and polycarbonate/BA-a precursor solutions

and electrospinning of nanofibers

The homogenous solutions of polycarbonate (PC) and PC/BA-a were prepared in
THF/DMF binary solvent system (THF: DMF; 1:1, v/v). Concentration of the PC
solution was determined to be 25% and precursor solutions of the PC/BA-a were
prepared by using the different amount of the BA-a (3, 5 and 7% wi/v), PC (15, 18 and
20% wi/v) and citric acid (1 and 2 % w/v ). Homogenous and clear solutions were
obtained after 2 hours stirring. The solutions were taken in 3 ml syringes with metallic
needle of 0.6 mm outer diameter and the syringe was positioned horizontally on the
syringe pump (KD Scientific, KDS 101). Then the positive electrode of the high voltage
power supply (Spellman, SL60) was clamped to the metal needle. Metal plate collector
covered by a piece of aluminum foil was placed across the horizontally positioned
syringe to collect nanofibers. Electrospinning was performed by applying 14 kV voltage,
1 ml/h flow rate and 8 cm distance from the collector in the completely enclosed
plexiglas box and the inside temperature and relative humidity were around 25°C and
24%, respectively. After the electrospinning, the collected nanofibers were dried over

night at room temperature inside the fume hood in order to remove any residual solvent.
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2.3.5. Preparation of modified cyclodextrin, modified cyclodextrin/BA-a precursor

solutions and electrospinning of nanofibers

The solutions of hydroxypropyl-B-cyclodextrin (HPBCD), hydroxypropyl-y-cyclodextrin
(HPyCD) and methyl-B-cyclodextrin (MBCD) were prepared in various concentrations
(100% (wi/v) to 160% (w/v)) by using DMF as a solvent. The clear and homogeneous
CD solutions were obtained after stirring for 1 hour at 50°C and additional stirring for 30
minutes at room temperature. CD/BA-a mixture solutions were prepared by varying the
ratio of CD and BA-a (CD: BA-a) as follow; 75:50, 75:75 and 120:25 (w:w/v ). Initially
BA-a dissolved in DMF by stirring at room temperature about 10 minutes and then CDs
were added in to BA-a solutions. In order to provide complete cross-linking while
preserving the fiber morphology during the thermal curing, CTR (5% and 15% w/v) was
added to CD/BA-a solution as crosslinker at the second step. Also different control
groups as CD/BA-a, CD/CTR, CD/BA-a/CTR solutions were prepared to investigate the
effect of CTR and BA-a in the curing process of nanofibers. The solutions were taken in
1 ml syringes with metallic needle of 0.4 mm outer diameter and the syringe was
positioned horizontally on the syringe pump (KD Scientific, KDS 101). Then the
positive electrode of the high voltage power supply (Spellman, SL60) was clamped to
the metal needle. Metal plate collector covered by a piece of aluminum foil was placed
across the horizontally positioned syringe to collect nanofibers. Electrospinning was
performed by applying 15 kV voltage, 1 mi/h flow rate and 10 cm distance from the
collector in the completely enclosed plexiglas box and the inside temperature and
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relative humudity were around 24°C and 18%, respectively. After the electrospinning,
the collected nanofibers were dried over night at room temperature inside the fume hood

in order to remove any residual solvent.

2.3.5. Preparation of HPPCD/E-f precursor solutions and electrospinning of

nanofibers

The solutions of HPBCD/E-f mixture were prepared by using 120%HPBCD and varying
the concentration of E-f (20 and 25 % w/v) and CTR (10 and 15% w/v ) in DMF. First
CTR was dissolved in DMF, then E-f was added in to the CTR solution. After 10
minutes stirring HPBCD was added to the mixture solution. The clear and homogeneous
solutions were obtained after stirring for 2 hours at 50°C and additional stirring for 30
minutes at room temperature. The solutions were taken in 1 ml syringes with metallic
needle of 0.4 mm outer diameter and the syringe was positioned horizontally on the
syringe pump (KD Scientific, KDS 101). Then the positive electrode of the high voltage
power supply (Spellman, SL60) was clamped to the metal needle. Metal plate collector
covered by a piece of aluminum foil was placed across the horizontally positioned
syringe to collect nanofibers. Electrospinning was performed by applying 15 kV voltage,
0.5 ml/h flow rate and 12 cm distance from the collector in the completely enclosed
plexiglas box and the inside temperature and relative humudity were around 23°C and
20%, respectively. After the electrospinning, the collected nanofibers were dried over

night at room temperature inside the fume hood in order to remove any residual solvent.
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2.4. Characterization and Measurement

Proton nuclear magnetic resonance spectrometer (‘H NMR, Bruker Advance 111 400
MHz) was used to confirm the structure of the synthesized BA-a, thymol and eugenol-
based benzoxazine monomers, PBA-ad6, PBA-adl12, DHBP-ad6 and DHBP-adl12
MCPBzs. Samples were prepared by dissolving about 20 mg/ml benzoxazines in
deuterated chloroform (CDCls). *H NMR spectra of the samples were measured with 16

scans in the range of 0-10 ppm.

Fourier transform infrared (FTIR, Bruker-VERTEX70) spectrometer was employed to
verify the structure of the synthesized BA-a, thymol and eugenol-based benzoxazine
monomers, PBA-ad6, PBA-ad12, DHBP-ad6 and DHBP-ad12 MCPBzs. Production of
polymer/polybenzoxazine and CD/polybenzoxazine composite nanofibers were
investigated by FTIR spectroscopy. Ring opening and cross-linking reactions of the
benzoxazine monomers and MCPBzs during the curing process were investigated by
FTIR spectroscopy as well. FTIR spectra of samples were obtained with 64 scans at a
resolution of 4 cm™ within 4000-400 cm™ range. Samples were prepared by grinding
with KBr in a ratio around 3:100 (3 mg sample: 100 mg KBr) and then compressed to

form discs.

Gel permeation chromatography (GPC, Waters) equipped with Waters 515 HPLC pump,
Stragel HR 3-4 columns and refractive index detector was used to determine molecular

weight and polydisperdity index of the PBA-ad6, PBA-ad12, DHBP-ad6 and DHBP-
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adl2. THF was used as the mobile phase at a flow rate of 1 ml/min. Samples were
dissolved in the THF at approximately 5 mg/ml and filtered through a 0.45 mm teflon
filter prior to being injected. Calibration of the system was performed with polystyrene
standards having molecular weight of 500-1x10° g/mol. Calibration curve obtained from
PS standards with K (1. 10 4 dl/g) and a (0.68) values at room temperature in THF
solvent were used for the calculation. Molecular weights of the samples were calculated

by using same K and a values as the PS standards.

High performance liquid chromatograph (HPLC, An Agilent 1200 series) equipped with
an Agilent 6224 high resolution mass time-of-flight (TOF) mass spectrometer and an
electrospray ionization (ESI) source was used for the molecular weight determination of
the synthesized bio-based benzoxazines. 1 mg/ml samples in ACN was prepared for the

measurements.

A rheometer (Physica MCR 301, Anton Paar) equipped with a cone/plate accessory
(D:25 mm) was used to measure the viscosity of the PBA-ad6 and PBA-ad12 solutions
in chloroform/ DMF (4:1, v/v) with a constant shear rate of 100 s at 22°C. Results
recorded with 33 rotation of the cone/plate for each sample and averages of these

measurements were calculated.

Scanning electron microscope (SEM, Quanta 200 FEG, FEI) was used to investigate the

morphology and the diameter distribution of the nanofibers. Samples were coated with 5
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nm Au/Pd (PECS-682) prior to the SEM imaging and the average fiber diameter (AFD)

was calculated by analyzing around 100 fibers from the SEM images.

Differential scanning calorimetry (DSC, TA Instruments Q20) experiments were
conducted to study thermal transitions of MCPBz nanofibrous mats under nitrogen

atmosphere at a heating rate of 10 °C/min.

A thermogravimetric analyzer (TGA) (Q500, TA Instruments) was used for the
investigation of the thermal properties of the benzoxazine monomers, polybenzoxazines,
MCPBz nanofibers, CA, CA/BA-a, CA/PBA-a, PC, PC/BA-a, PC/PBA-a, CDs, CD/BA-
a, CD/PBA-a nanofibers. TGA of the samples was carried out from 25°C to 800°C at

20°C/min heating rate and nitrogen was used as a purge gas.

Dynamic mechanical analyzer (DMA, Q800 TA Instruments) equipped with tensile
fixture was used to measure the mechanical properties of the DHBP-ad6, DHBP-ad12,
CA, CA/PBA-a nanofibrous mats. Rectangular shaped samples were prepared with
dimensions of around 15 mm (length) x 2.0 mm (width) x 0.03 mm (thickness) for
DHBP-ad12, 5 mm (gap) x 2.0 mm (width) x 0.04 mm (thickness) for DHBP-ad12 and
~4 mm (gap) x ~3.0 mm (width) x ~0.02 mm (thickness) for CA/BA-a and CA/PBA-a
nanofibrous mats. Stress-strain curve of the three replicate from each nanofibrous mats
were obtained at 0.025 N/min force ramp. Ultimate stress and elongation at break of
electrospun nanofibers were determined from the obtained stress-strain curves and

young modulus was calculated from the linear region of these curves. The average and
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standart deviation of these values were calculated. The dynamic thermo mechanical
properties of the PC and PC/PBA-a composite nanofibers was measured using DMA in
tension film clamp at a constant frequency of 1 Hz. The samples having size of 20 mm
(gap) x ~3.0 mm (width) x ~0.15 mm (thickness) was measured. The amplitude was 20
um with the fiber aligning direction in the samples parallel to the stretching direction.
The storage modulus and loss tangent (tan d) of the nanofibrous mats were recorded in

the range of 50-150 °C at a heating rate of 3 °C/min.

The UV-vis-NIR spectrophotometer (Varian Cary 5000, USA) was used in the
wavelength range of 200-500 nm for the structural characterization of the DHBP-ad6
and DHBP-ad12 resins. UV-vis spectra were obtained by dissolving the MCPBzs in
chloroform. For the dye removal experiments of HPBCD/PBA-a and HPBCD/E-f
composite nanofibers, UV-vis spectra were obtained in the wavelength range of 200-800

nm.

High performance liquid chromatography (HPLC, Agilent 1200 Series) was used to
investigate the phenanthrene removing performance of both CA and CA-CD nanofibers.
The separation of phenanthrene was performed with Zorbax Eclipse XDB-C18 column 5
pm (150 x 4.6 mm) and it was detected at 254 nm wavelength. Acetonitrile (100%) was
used as mobile phase at a flow rate of 0.3 ml/min and the injection volume was kept at
10 ul. The phenanthrene was solved in acetonitrile and then diluted with water to carry
out the measurements. The 50 mg weighted nanofibers were immersed in 1.8 ppm

phenanthrene included water solutions (30 ml) and 0.5 ml aliquots were taken from the
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system at definite time intervals. The calibration curve of phenanthrene was prepared by
using stock solutions in 4 different concentrations; 1.8 pg/ml, 0.9 ng/ml 0.45 pg/ml, and
0.23 pg/ml. The measurement results were adapted to this calibration curve in terms of
peak area under curves. The experiments were carried out in triplicate and the results

were given with their standard deviations.

Inductively coupled plasma mass spectroscopy (ICP-MS, Thermo, X Series I1) was used
to determine the removal efficiencies of the HPBCD, HPBCD/PBA-a and HPBCD/PE-f
nanofibrous mats by measuring the residual concentration of metal ions. Standard
solutions of metal ion mixture were prepared with 1ppm, 500 ppb, 250 ppb, 50 ppb and
25 ppb of metal ions and calibration curves were obtained from these standard solutions.
Removal efficiencies of the nanofibrous mats were measured both from the metal ion

mixture solutions and separate solution of each metal ions.

Gas chromatography-mass spectrometry (GC-MS, Agilent Technologies 7890A)
analyses were performed on an gas chromatograph coupled to an Agilent Technologies
5975C inert MSD with triple-axis detector. 1 ul of hexane solution was injected to GC-
MS by using headspace injector (MSU 011-00A, volume = 10 ml, scale = 54mm). The
separation of compounds was performed on an HP-5MS (Hewlett-Packard, Avondale,
PA) capillary column (30 m x 0.25 mm ID, 0.25um film thickness). Column
temperature was held at 80°C for 2 min and increased to 250°C rate of 10°C/min and
equilibrated at this temperature for 2 min. Helium was used as a carrier gas at a flow rate

of 1.2 ml/min. Thermal desorption was carried out in the splitless mode. The
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temperatures of the ion source and the transfer line were 230°C and 290°C, respectively.
Firstly, the GC-MS analyses were carried out in the complete scanning mode (SCAN) to
determine the all PAH peaks and PAHs were identified by comparing their mass
spectrum with the libraries. Then SIM mode was used to during whole measurement.
The retention time of fluoranthene, phenanthrene and pyrene were 17.33, 14.51 and
17.84 min, and the major peaks of these PAH molecules were 202.1, 178.1 and 202.1

mass over charge, respectively.
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2.5. Curing Studies

2.5.1. Curing studies of the bio-based benzoxazine monomers

Samples were put in the standard oven and kept for 1 hour at different temperatures
(150, 175, 200, 225 and 250°C) to provide opening and cross-linking of the oxazine ring
in the structure of bio-based benzoxazine monomers with thermal curing. Small amount
of sample was taken from each bio-based benzoxazine at each temperature step to

investigate the ring-opening reaction and cross-linking by FTIR.
2.5.2. Curing studies of PBA-ad6 and PBA-ad12 nanofibers

In order to obtain cross-linked polybenzoxazine, curing experiments were performed for
PBA-ad6 and PBA-ad12 nanofibrous mats in a standard temperature control oven.
Initially, a piece of sample (2 x 5 cm) from each nanofiberswere put in the oven and kept
for 1 hour at different temperatures (50, 60, 75, 90, 100 and 120°C) separately to observe
the change in fiber morphology with thermal treatment. Afterwards, step curing was
performed for PBA-ad6 and PBA-adl2 mats by heating additional 1 hour at each
temperature (75, 90, 120, 150, 180 and 220°C) and small amount of sample was taken
from each MCPBz mat at different temperatures to investigate the ring opening reaction

by FTIR.
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2.5.3. Curing studies of DHBP-ad6 and DHBP-ad12 nanofibers

Two-step curing (photo and thermal) procedure was applied to DHBP-ad6 and DHBP
ad12 nanofibers to obtain cross-linked polybenzoxazine nanofibers. In the first step, a
piece of sample (~2 x 5 cm) from each nanofibers were put under the UV lamp (Osram
Ultravitalux, 300 W) from different distances (7, 10 and 15 cm) and various irradiation
times (15 min-12 h) in order to determine optimum parameters for photo curing. For
DHBP-ad6 nanofibers, curing time and distance between UV lamp and the sample were
determined to be 1 hour and 10 cm, respectively. On the other hand, for the DHBP-ad12
nanofibrous, these parameters were determined to be 1 hour and 15 cm, respectively. In
the second step, photocured samples were put ino standard oven and kept for 1 hour at
different temperatures (150, 175, 200 and 225°C) to provide opening and cross-linking
of the oxazine ring in the structure of nanofibers with thermal curing. Small amount of
sample was taken from each MCPBz nanofibers at different temperatures to investigate

the ring-opening reaction and cross-linking by FTIR.

2.5.3. Curing studies of CA/BA-a composite nanofibers

Thermal curing of CA/BA-a nanofibers were carried out at different temperatures by
step-wise. Initially CA/BA-a nanofibers were put in the standard oven heated at 150°C
and kept for one hour at that temperature. Then, the same procedure was followed at
175, 200 and 225°C to provide opening and cross-linking of the oxazine ring in the

structure of CA/BA-a nanofibers.
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2.5.4. Curing studies of PC/BA-a composite nanofibers

Thermal curing of PC/BA-a nanofibers were carried out at different temperatures at
step-wise. Initially PC/BA-a nanofibers were put in the standard oven heated at 100°C
and kept for one hour at that temperature. Then, the same procedure was followed at
120, 140 and 160°C to provide opening and cross-linking of the oxazine ring in the

structure of PC/BA-a nanofibers.

2.5.5. Curing studies of modified CD/BA-a composite nanofibers

Thermal curing of CD/BA-a nanofibers were carried out at different temperatures at
step-wise. Initially CD/BA-a nanofibers were put in the standard oven heated at 150°C
and kept for one hour at that temperature. Then, the same procedure was followed at
175, 200 and 225°C to provide opening and cross-linking of the oxazine ring in the

structure of CD/BA-a nanofibers.

2.5.6. Curing studies of HPBCD/E-f composite nanofibers

Thermal curing of HPBCD/E-f nanofibers were carried out at different temperatures at
step-wise. Initially HPBCD/E-f nanofibers were put in the standard oven heated at 140°C
and kept for one hour at that temperature. Then, the same procedure was followed at
160, 180, 200 and 220°C to provide opening and cross-linking of the oxazine ring in the

structure of HPBCD/E-f nanofibers.
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2.6. Solubility and stability tests

2.6.1. Solubility and stability test of cross-linked DHBP-ad6 and DHBP-ad12

nanofibers

Solubility of the cross-linked DHBP-ad6 and DHBP-ad12 nanofibers after photo curing
and after thermal curing were tested with some good solvents; chloroform, N,N-
dimethylformamide  (DMF), 1,4-dioxane, dimethylacetamide (DMAc) and
tetrahydrofuran (THF). In addition, stability of these cross-linked nanofibers in harsh
conditions were evaluated by HCI, HNOg3, H,SO,4. 5 M aqueous solutions were prepared
from each type of acid and 5 ml of acid solutions were poured into vials. Likewise, 5 ml
of solvent was poured into vials and a piece of sample with the dimensions of around
1x1 cm from each photo and thermal-cured DHBP-ad6 and DHBP-ad12 nanofibers were
placed into vials separately. Samples were kept in solvents and acid solutions for 24
hours and then dried at room temperature in the fume hood over night. In addition,
thermal stability of cross-linked DHBP-ad6 and DHBP-ad12 nanofibers were

investigated by keeping nanofibers at different temperatures (250, 300, 350 and 400°C)
2.6.2. Solubility test of HPBCD/PBA-a composite nanofibers

Solubility of the HPBCD/PBA-a composite nanofibers were tested in acetone, ACN,

chloroform, DCM, DMF, DMSO, ethanol, methanol, THF and water. A piece of
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HPBCD/PBA-a nanofibers immersed separately into petri dishes including each solvent.

Samples were kept overnight in these solvents and then dried at room temperature.
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2.7. Adsorption experiments

2.7.1. Molecular entrapment of dye molecules from liquid environment by

HPBCD/PBA-a composite nanofibers

Methylene blue (MB) as a positively charged and methyl orange (MO) as a negatively
charged dye molecules were chosen and dye mixture solutions were prepared in order to
investigate the selectivity of HPBCD/PBA-a composite nanofibers to specific dye
molecule. 5 mg sample was added into 5 ml of different concentration of dye solutions
varying from 5 ppm to 100 ppm and agitated at 150 rpm on a mechanical shaker under
ambient conditions for 6 hours. Dye concentration was determined to be to 20 mg/l in
solution and experiment was performed by agitating samples different time intervals
ranging from 5 min to 360 min in order to investigate the time dependent removal
efficiency of the HPBCD/PBA-a composite nanofibers. The UV-vis NIR
spectrophotometer was used in the wavelength range of 200-800 nm to follow the
absorbance decrease of the dye mixture solution over time as a results molecular

filtration of HPBCD/PBA-a composite nanofibers.

2.7.2. Molecular entrapment of polyaromatic hydrocarbons from liquid

environment by HPBCD/PBA-a composite nanofibers

Three different polyaromatic hydrocarbons (PAHSs), fluoranthene, phenanthrene and

pyrene were used as a model organic pollutant in order to investigate the removal
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efficiency of HPPCD/PBA-a composite nanofibers. Three different fluoranthene,
phenanthrene and pyrene mixture solutions were prepared by adjusting the concentration
of the each PAH as 200, 400 and 600 ppb in the mixture solution. Initially appropriate
amount of PAHs were dissolved separately in ACN and then these solutions were
diluted with water to obtain desired concentration. Removal experiments were
performed by adding 5 mg sample into 5 ml of three different concentration of PAHs
mixture solutions separately and agitated at 150 rpm on a mechanical shaker under
ambient conditions for 6 hours. GC-MS was used to follow the concentration decrease
of the PAH mixture solution over time as a results molecular filtration of HPBCD/PBA-a
composite nanofibers. Procedure was followed for activated charcoal as a comparison.
400 ppb mixture solution concentration was determined for the time dependent
molecular filtaration experiments of HPBCD/PBA-a composite nanofibers. Again 5 mg
sample was added into 5 ml of 400 ppb PAH mixture solution and agitated at 150 rpm
on a mechanical shaker under ambient conditions for different time intervals ranging
from 10 min to 360 min in order to investigate the time dependent removal efficiency of
the HPBCD/PBA-a composite nanofibers. For the GC-MS measurement samples were
prepared by liquid- liquid extraction with hexane 1ml solution from each sample mixed
with 1 ml hexane and stirred 1 hour at 1000 rpm on the shaker to provide the extraction
of PAH molecules into hexane. Then samples were kept 30 min at room temperature
without stirring to allow the phase separation and 0.5 ml sample was taken from the

hexane phase for the measurement.
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2.7.3. Molecular entrapment of PAHs from liquid environment by CA/PBA-a

composite nanofibers

Molecular filtration performance of the nanofibrous mats was tested by using
phenanthrene as a model polycyclic aromatic hydrocarbon (PAH). The appropriate
amount of phenanthrene was dissolved in acetonitrile and then diluted with water at the
maximum solubility level of phenantherene and 1.8 ppm phenanthrene solution was
obtained. The 50 mg nanofibers were immersed in 30 ml phenanthrene solutions and 0.5
ml of each solution was withdrawn to measure phenanthrene concentration in the
solution and replenished with same amount of water at pre-determined time intervals.
The phenanthrene filtration performance from aqueous solution by PET and PET/CDP
nanofibrous mats was investigated by high performance liquid chromatography (HPLC,
Agilient 1200 series) equipped with VWD UV detector. The column was Agilient C18,
150 mm x 4.6 mm (5 pm pores) and the detection was accomplished at 254 nm. Mobile
phase, flow rate, injection volume and total run time were acetonitrile (100%), 0.6
ml/min, 10 pl and 5 min, respectively. As a result, the amount of phenanthrene
remaining in the solution was determined from the area of phenanthrene peak observed
in HPLC chromatograms. Then the calibration curve was prepared by using
phenanthrene solutions (1.8 ppm, 0.9 ppm, 0.45 ppm, 0.23 ppm, 0.12 ppm) and R? was
calculated as 0.985. The peak area under curves was converted to concentration (ppm)
according to the calibration curve. This experiment was repeated three times for each
sample. The results were reported as the averagetstandard deviation of phenanthrene
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concentration remaining in the solution. The calibration curve of phenanthrene was
prepared by using stock solutions in 4 different concentrations; 1.8 ug/ml, 0.9 pg/ml
0.45 pg/ml, and 0.23 pg/ml R? was calculated as 0.99. The results were adapted to this
calibration curve in terms of peak area under curves. The peak area under curves was
converted to concentration (ppm) according to the calibration curve. This experiment
was repeated three times for each sample. The results were reported as the average +

standard deviation of phenanthrene concentration remaining in the solution

2.7.4. Removal of heavy metals from liquid environment by HPBCD/PBA-a and

HPBCD/PE-f composite nanofibers

50 ppm stock solution of each metal ion (Cd?*, Cu®*, Mn®*, Ni?*, Pb?* and Zn**) was
prepared by dissolving the appropriate amount of the metal salt precursors in 50 ml
deionized water separately. Then, the desired low concentrations of metal ions were
prepared by diluting the stock solution. Batch adsorption experiments were performed to
measure the removal efficiency of composite nanofibers for toxic metal ions (Cd®*, Cu?*,
Mn®*, Ni?*, Pb?* and Zn?") in water. 5 mg of each HPBCD/PBA-a and HPBCD/PE-f
composite nanofibers were placed in 1 ppm 5 ml metal ion solutions separately and
agitated at 150 rpm on a mechanical shaker under ambient conditions for 6 hours. The

solutions were evaluated by using ICP-MS.

51



3. RESULTS and DISCUSSIONS
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Chapter 1: Bio-based benzoxazine

MONOMers
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3.1. Eugenol-based bio-benzoxazine monomers

Until most recently, benzoxazine monomers are synthesized from petroleum-based
phenolic derivatives, formaldehyde and primary amines either in solution or by a melt-
state reaction. However, petroleum-based phenolics are nonrenewable resources and
shortage of these materials encouraged the scientist to develop and commercialize novel
benzoxazines which can decrease the widespread dependence on fossil fuels [229].
Recently, naturally occuring phenolic compounds such as cardanol, guiacol, urushiol,
eugenol, and so on have been used for the synthesis of bio-benzoxazines [230-239].
These type of phenolic compounds are plant-derived and widely found in variety of

plants.

In this study, we have chosen eugenol as phenolic compound and three different amines
with different functionalities (aliphatic, aromatic and di-funcional aliphatic) for the
synthesis of novel eugenol-based bio-benzoxazine monomers. Eugenol is a pale yellow
oily liquid extracted from clove oil, nutmeg, cinnamon, basil and bay leaf [240-242].
Although several studies were done for the synthesis of eugenol-based bio-benzoxazine
monomers, affect of aliphatic, aromatic and di-funcional aliphatic amines on the curing

process and properties of the cured product have not been reported.
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3.1.1. Synthesis and structural characterization of the eugenol-based bio-

benzoxazine monomers

Conventionally, benzoxazine monomers are synthesized by heating a solution of the
appropriate primary amine, phenolic derivative and formaldehyde. Since in this type of
synthesis method solvent is used, extensive formation of oligomers and limited
solubility are two main shortcomings that may cause low yield and a difficult
purification process [2]. Therefore, a solventless synthesis procedure has been applied to
prepare the bio-based benzoxazine monomers in this study [243]. As shown in Figure 9,
eugenol-based bio-benzoxazines E-a, E-ea, and E-dh were prepared by condensation
reactions of eugenol and paraformaldehyde with three different functional amines,
aniline (aromatic), ethylamine (aliphatic) and 1,6-diaminohexazne (difunctional),
respectively. E-a and E-ea were obtained as cinnamon like colour viscous resin, while E-
dh was obtained as highly viscous yellow resin. These eugenol-based bio-benzoxazines
were found to be soluble in acetone, chloroform, DMF, DMSO, DMAc, toluene and

THF indicating that they have good processing capabilities in solution processes.
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Figure 9. Synthesis of eugenol-based bio-benzoxazine monomers.

The structures of the novel eugenol-based bio-benzoxazine monomers are confirmed by
'H NMR and FTIR spectroscopies. Figure 10 represents the proposed chemical
structures and *H NMR spectra of eugenol-based bio-benzoxazine monomers namely, E-
ea, E-a and E-dh. Main evidence for the formation of the benzoxazine structure is the
existence of the two new resonances with 1:1 ratio belong to methylene protons in the
oxazine ring (Ph-CH,-N and O-CH,-N). Accordingly, the resonances attributed to the
methylene protons of Ph-CH,-N and O-CH,-N of the oxazine ring were observed at
around 5.41 and 4.59 ppm, 4.79 and 3.88 ppm, 4.76 and 3.85 ppm in the 'H NMR
spectra of E-a, E-ea and E-dh, respectively. These resonances were observed similar

values for E-ea and E-dh compared to E-a, presumably the high shilding effect of the
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benzene ring in the structure of E-a compared to aliphatic groups in the structure of E-ea
and E-dh. All the protons found in the structure of the eugenol based bio-benzoxazine
monomers were shown detailed in the '"H NMR spectra of each compound verifying the

synthesis of the desired benzoxazine molecules was achieved (Figure 10).
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Figure 10. The proposed chemical structures and *H NMR spectra of (a) E-ea, (b) E-a

and (c) E-dh in d6-DMSO.
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FTIR spectra of the E-ea, E-a and E-dh are shown in Figure 11. The FTIR spectrum of
E-ea shows characteristic oxazine ring absorbance bands at 1229 cm™* may be attributed
the asymmetric stretching of C—O-C. The other characteristic peak observed at 917
cm * with high intensity which is attributed the C—H out-of-plane deformation mode of
the benzene ring attached to the oxazine ring. The spectrum also shows sharp peak at
1495 cm ™ due to C-H in-plane deformation mode of three substituted benzene ring and
peak at 1366 cm " due to tetra substituted benzene ring. Small peaks appearing at 3070
cm * may be attributed to C—H stretching vibration of benzene ring and high intensity
peaks between 2997 and 2834 cm™* may be attributed the asymmetric and symmetric
alkyl side chain of eugenol and ethyl amine. FTIR spectrum of E-ea is consistent with

the proposed benzoxazine structure.

Similarly, FTIR spectrum of E-a shown in Figure 11b demonstrates characteristic
oxazine ring peak at 1229 cm™* attributed to the asymmetric of C-O—-C. The other
characteristic band observed at 940 cm™* may be attributed the C—H out-of-plane
deformation mode of the benzene ring attached to the oxazine ring. The spectrum also
shows a sharp and very strong peak at 1494 cm™* due to in-plane deformation mode of
three substituted benzene ring and peak at 1366 cm * due to tetra substituted benzene
ring. C—H stretching vibration of benzene ring appears at 3058 and 3010 cm™ and
asymmetric and symmetric stretching vibrations of the methylene group of the oxazine
ring and alkyl side chain of eugenol between 2947 and 2824 cm™. The FTIR spectrum
of E-a is consistent with the proposed benzoxazine structure.
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Finally, very similar results were obtained for the E-dh. The FTIR spectrum of E-dh
given in Figure 11c shows characteristic oxazine ring absorbance at 1226 cm™
attributed the asymmetric stretching vibration of C-O-C. The other characteristic
absorbance observed at 922 cm™ which is attributed C-H out-of-plane deformation
mode of the benzene ring attached to the oxazine ring. The spectrum also shows sharp
peak at 1494 cm™* due to in-plane deformation mode of three substituted benzene ring.
Here additionally, small peaks are observed at 3072 cm* attributed to C—H stretching
vibration of benzene ring and other peaks high intensity peaks between 2997 and 2849
cm* attributed the asymmetric and symmetric stretching vibrations of the methylene
group of the oxazine ring, alkyl side chain of eugenol and hexamethylene diamine.

FTIR spectrum of E-ea is consistent with the proposed benzoxazine structure.

Mass spectra of eugenol-based benzoxazines are given in Figure 12 which also indicate

successful synthesis of the benzoxazine molecules.
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Figure 11. FTIR spectra of (a) E-ea, (b) E-a and (c) E-dh, (i) in the range of 4000-

400cm™ and (ii) in the range of 2000-400cm™.
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In addition to the mass spectroscopy analysis, elemental analysis of eugenol-based
benzoxazine monomers were performed as well. Table 1 summarizes the weight
percentages of each element found in the structure of E-a, E-ea and E-dh as
experimentally measured and theoretically calculated values. As it is observed from the
table, experimental and theoretical values are very close to each other indicating the
synthesis of desired molecules is achieved. Negligible differeneces in the elemental
compositions might be resulted from the unreacted species. However, this is not a
disadvantage for the benzoxazines because unreacted species especially, phenols behave

as a catalyst during the thermal curing and decrease the polymerization temperature.

Table 1. Atomic weight percentages of elements in eugenol-based bio-benzoxazines.

Benzoxazine N (%) C (%) H (%) O (%)
) E-a 5,13 74,97 6,78
Experimental
E-ea 521 71,28 7,90
values
E-dh 5,84 71,15 8,18
E-a 4,98 76,84 6,81 11,37
Theoretical
E-ea 6,01 72,07 8,21 13,71
values
E-dh 5,69 73,14 8,18 12,99

3.1.2. Polymerization of the eugenol-based bio-benzoxazine monomers by thermal

curing; their structural and thermal characterizations

The typical polymerization rection to obtain polybenzoxazines is based on the opening

of oxazine ring and cross-linking of the molecules by thermal curing. Here, eugenol-
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based benzoxazine monomers namely E-ea, E-a and E-dh were polymerized by
thermally initiated ring opening rections which is performed step-wise at 150, 175, 200,
225 and 250°C, consequently polybenzoxazines which are denoted as PE-ea, PE-a and
PE-dh were obtained, respectively. All of the polybenzoxazines were dark-brown which
is a typical colour of polybenzoxazines when they are thermally cured. The molecular
structures of the eugenol-based bio-benzoxazine monomers (E-ea, E-a and E-dh) and
their predicted polymers (PE-ea, PE-a and PE-dh) obtained by thermal curing are
represented in Figure 13. In order to confirm the cross-linking achieved by step-wise
curing, FTIR spectroscopy was used and after each step of thermal curing FTIR spectra
of samples were recorded. In order to investigate the ring-opening, characteristic
absorbance peaks of the oxazine ring which are asymmetric stretching vibration of C—
O-C and C-H out-of-plane deformation mode of the benzene ring attached to the
oxazine ring were taken into consideration. Because, oxazine ring opens by heating at
temperatures in the range between 160 and 220°C [36], and intensity of the characteristic

oxazine peaks decraeses with increasing temperature.

64



H,c-O _CH, g
150°C + 175°C + 200°C N
+225°C + 250°C
¢ . , e
N n

Curing

J |

H,C CH,

E-ea PE-ea

_CH, OH gH3
150°C + 175°C + 200°C

£
o +225°C +250°C
N ; N
|
CH,

+

N Curing
t PE-a
E-a HO O-CH,
CH 150°C + 175°C + 200°C 6 »
- 3 o o N
o + 225°C + 250°C
HaC '/o ; (
N/\/\/\/N Curing CH,
J N "G
(o] CH,
H3C’o N
E-dh in
H;C-O  OH

PE-dh
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FTIR spectra of E-ea, E-a, E-dh, after one hour heating each bio-benzoxazine at 150°C
and additional heating at 175, 200, 225 and 250°C are given in Figure 14. As it is shown
on the spectra, intensity of the characteristic oxazine ring absorbance peaks decreased
with increasing temperature and almost disappeared after 250°C. In addition, very broad
band at around 3400 cm™ was observed especially after heating 200°C and the
intensity/broadness of this band increased with increasing temperature. For PE-ea, PE-a,
PE-dh, this broad band mainly may be attributed the combination of interactions; O
..H'N intermolecular hydrogen bonding, OH...N intermolecular hydrogen bonding,
OH...O intramolecular hydrogen bonding and OH...x intermolecular hydrogen bonding
[244, 245]. Increasing the intensity of this band with heating and also disappearence of
the characteristic oxazine peaks show that polymerization as a result opening of the

oxazine rings each bio-benzoxazine was achived.
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Figure 14. FTIR spectra of (a) E-ea, (b) E-a and (c) E-dh; before and after each thermal
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Furthermore, thermal properties of the bio-benzoxazines and their polymers were
investigated by TGA under nitrogen atmosphere. Figure 15 demonstrates the TGA
thermograms of E-ea, E-a, E-dh and cured PE-ea, PE-a, PE-dh. As it is observed, three
step thermal decomposition profile of all bio-benzoxazines became one step after curing
demonstarting the polymerization was achieved. Table 2 summarizes the data obtained
from TGA profiles. As it is seen in Table 2 the highest 5 and 15% weight loss
temperatures (Ts and Tis) were observed for the E-dh, presumably the di-functional
benzoxazine structure of E-dh provided more group for the cross-linking which resulted
the higher termal decomposition temperatures. On the other hand, decomposition
temperatures (Tq) of cured bio-benzoxazines were very close to each other and PE-a
have the highest T4 most probably additional benzene containing polybenzoxazines are
superior to the typical aliphatic amine-based polybenzoxazines. The char yields (CY)
were also calculated from the TGA profiles from Figure 15. A notable enhancement of
the char yield was observed for all bio-benzoxazines after thermal curing indicating the

high cross-linked density achived by polymerization.
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Table 2. Thermal properties of the eugenol-based bio-benzoxazines before and after

thermal curing.

Benzoxazine  Ts (°C) T15(°C) T4 (°C) CY (%)
E-ea 170 198 233 270 427 5.5
PE-ea 333 398 420 45.6
E-a 182 235 271 335 436 12.9
PE-a 310 400 432 45.1
E-dh 236 258 274 324 420 14.3
PE-dh 373 405 424 441
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3.2. Thymol-based bio-benzoxazine monomers

Although several eugenol-based bio-benzoxazine were synthesized and their curing
studies were performed [231, 233, 234, 237, 246], thymol has not been used as a
phenolic derivative. Therefore, thymol which is a white crystalline compound found in
thyme and other various plant was used to produce novel type of bio-benzoxazine
monomers. Again, as previous study three different amines with different functionalities
(aliphatic, aromatic and di-funcional aliphatic) were used for the synthesis of novel
thymol-based bio-benzoxazine monomers. Effects of these types of functional amines on
the curing process and properties of the cured product were investigated. Also, detailed
molecular characterizations of the synthesized thymol-based bio-benzoxazine monomers
and cured polybenozaxazines were done to understand fundamental benzoxazine

chemistry.

3.2.1. Synthesis and structural characterization of the thymol-based bio-

benzoxazine monomers

In a similar way of eugenol-based bio-benzoxazines, thymol-based bio-benzoxazines
namely T-a, T-ea, and T-dh were prepared by condensation reactions of thymol and
paraformaldehyde with three different functional amines, aniline (aromatic), ethylamine
(aliphatic) and 1,6-diaminohexazne (difunctinal), respectively (Figure 16). All thymol-
based bio-benzoxazines were obtained as yellow fluid, yet, T-dh was highly viscous

most probably its higher molecular weight. These thymol-based bio-benzoxazines were
71
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found to be soluble in acetone, chloroform, DMF, DMSO, DMAc, toluene

indicating that they have good processing capabilities in solution processes.
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Figure 16. Synthesis of thymol-based bio-benzoxazine monomers.

The structures of the novel thymol-based bio-benzoxazine monomers are confirmed by

'H NMR and FTIR spectroscopy. Figure 17 represents the proposed chemical structures

and 'H NMR spectra of eugenol-based bio-benzoxazine monomers namely, T-ea, T-a

and T-dh. Main evidence for the formation of the benzoxazine structure is the existence

of the two new resonances with 1:1 ratio belong to methylene protons in the oxazine

ring. Accordingly, the resonances attributed to the methylene protons of Ph-CH,-N and

O-CH3-N of the oxazine ring at around 5.39 and 4.51 ppm, 4.76 and 3.80 ppm, 4.89 and
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3.81 ppm were observed in the '"H NMR spectra of T-a, T-ea and T-dh, respectively
confirming the formation of the oxazine ring. These resonances were observed very
similar values for T-ea and T-dh compared to T-a, presumably the high shilding effect of
the benzene ring in the structure of T-a compared to aliphatic groups in the structure of
E-ea and E-dh. All the protons found in the structure of the eugenol based bio-
benzoxazine monomers were shown in the *H NMR spectra of each compound verifying

the synthesis of the desired benzoxazine molecules were achieved (Figure 17).
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FTIR spectra of the T-ea, T-a and T-dh are shown in Figure 18. The FTIR spectrum of
T-ea shows characteristic oxazine ring absorbance band at 1222 cm™ attributed to the
asymmetric stretching of C—O—C. The other characteristic peak observed at 945 cm™ is
attributed to the C—H out-of-plane deformation mode of the benzene ring attached to the
oxazine ring. The spectrum also shows a sharp peak at 1492 cm™* due to in-plane
deformation mode of three substituted benzene ring and peak at 1349 cm™* due to tetra
substituted benzene ring. The peaks between 2961 and 2872 cm™* attributed to the
asymmetric and symmetric streching vibrations of the alkyl side chains of thymol and
ethyl amine. The FTIR spectrum of T-ea is consistent with the proposed benzoxazine

structure.

Similarly, FTIR spectrum of T-a shown in Figure 18b demonstrates characteristic
oxazine ring peaks at 1223 cm™* attributed to the asymmetric of C-O-C. The other
characteristic band observed at 945 cm ™ attributed to the C—H out-of-plane deformation
mode of the benzene ring attached to the oxazine ring. The spectrum also shows a sharp
and very strong peak at 1496 cm * due to in-plane deformation mode of three substituted
benzene ring and peak at 1375 cm ' due to tetra substituted benzene ring. C-H
stretching vibration of benzene ring appears at 3060 and 3026 cm*. Asymmetric and
symmetric stretching vibrations of the methylene group of the oxazine ring and alkyl
side chain of thymol are observed between 2960 and 2868 cm . The FTIR spectrum of

T-a is consistent with the proposed benzoxazine structure.
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Finally, very similar results were obtained for the T-dh. The FTIR spectrum of T-dh
given in Figure 18c shows characteristic oxazine ring absorbance bands at 1226 cm™
attributed to the asymmetric stretching vibration of C—O—C. The other characteristic
peak at 947 cm* attributed to the C—H out-of-plane deformation mode of the benzene
ring attached to the oxazine ring. The spectrum also shows a sharp peak at 1490 cm™
due to in-plane deformation mode of three substituted benzene ring. Other peaks
between 2953 and 2864 cm* attributed to the asymmetric and symmetric stretching
vibrations of the methylene group of the oxazine ring, alkyl side chain of thymol and
hexamethylene diamine. The FTIR spectrum of T-dh is consistent with the proposed

benzoxazine structure.

Mass spectra of thymol-based bio-benzoxazines given in Figure 19 also indicating the

successful synthesis of the benzoxazine molecules.
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Figure 18. FTIR spectra of (a) T-ea, (b) T-a and (c) T-dh, (i) in the range of 4000-

400cm™ and (ii) in the range of 2000-400cm™.
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In addition to the mass spectroscopy analysis, elemental analysis of eugenol-based
benzoxazine monomers were performed as well. Table 3 summarizes the weight
percentages of each element found in the structure of T-a, T-ea and T-dh as
experimentally measured and theoretically calculated values. As it is observed from the
Table 3, experimental and theoretical values are very close to each other illusturating the
synthesis of desired molecules is achieved. Negligible diffreneces in the elemental
compositions might be resulted from the unreacted species. However, this is not a
disadvantage for the benzoxazines because unreacted species especially, phenols behave

as a catalyst during the thermal curing and decrease the polymerization temperature.

Table 3. Atomic weight percentages of elements in synthesized thymol based bio-

benzoxazines.

Benzoxazine N (%) C (%) H (%) O (%)
T-a 5,40 80,45 7,94
Experimental
T-ea 6,31 75,29 8,83
values
T-dh 6,18 75,88 8,76
T-a 5,24 80,86 7,92 5,98
Theoretical
T-ea 6,39 76,67 9,65 7,29
values
T-dh 6,03 77,54 9,54 6,88
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3.2.2. Polymerization of the thymol-based benzoxazine monomers by thermal

curing; their structural and thermal characterizations

The typical polymerization rection to obtain polybenzoxazines is based on the opening
of oxazine ring and cross-linking of the molecules by thermal curing. Here, eugenol-
based benzoxazine monomers namely T-ea, T-a and T-dh were polymerized by
thermally initiated ring opening rections which is performed step-wise at 150, 175, 200,
225 and 250°C, consequently polybenzoxazines which are denoted as PT-ea, PT-a and
PT-dh were obtained, respectively. All of the polybenzoxazines were dark-brown which
is a typical colour of polybenzoxazines when they are thermally cured. The molecular
structures of the eugenol-based bio-benzoxazine monomers (T-ea, T-a and T-dh) and
their predicted polymers (PT-ea, PT-a and PT-dh) obtained by thermal curing are
represented in Figure 20. In order to confirm the cross-linking achieved by step-wise
curing, FTIR spectroscopy was used and after each step of thermal curing FTIR
spectrum of samples was taken. In order to investigate the ring-opening, characteristic
absorbance peaks of the oxazine ring which are asymmetric stretching vibration of C—
O-C and C-H out-of-plane deformation mode of the benzene ring attached to the
oxazine ring were taken into consideration. Because, oxazine ring opens by heating at
temperatures in the range between 160 and 220°C [36], and intensity of the peaks

decraeses with increasing temperature.
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Figure 20. Polymerization of thymol-based bio-benzoxazines with thermally initiated

ring-opening reaction.

81



FTIR spectra of T-ea, T-a, T-dh, after one hour heating each bio-benzoxazine at 150 °C
and additional heating at 175, 200, 225 and 250°C are given in Figure 21. As it is shown
on the spectra, intensity of the characteristic oxazine ring absorbance peaks decreased
with increasing temperature and almost disappeared heating at 250°C. In addition, very
broad absorbance peak at around 3400 cm™ was obseved especially after heating 200°C
and the intensity/broadness of this peak increased with increasing temperature. For PT-
ea, PT-a, PT-dh, this broad band mainly may be attributed the combination of
interactions; O"...H'N intermolecular hydrogen bonding, OH...N intermolecular
hydrogen bonding, OH...O intramolecular hydrogen bonding and OH...n intermolecular
hydrogen bonding [244, 245]. The increasing the intensity of this peak with heating
show that opening of the oxazine rings as a result polymerization of each bio-

benzoxazine was achived.
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Figure 21. FTIR spectra of (a) T-ea, (b) T-a and (c) T-dh after each thermal curing step

(i) in the range of 4000-400cm™ and (ii) in the range of 2000-400cm™.
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Furthermore, the thermal properties of the bio-benzoxazines and their polymers were
investigated by TGA under nitrogen atmosphere. Figure 22 demonstrates the TGA
thermograms of T-ea, T-a, T-dh and cured PT-ea, PT-a, PT-dh. As it is observed, three
step thermal decomposition profile of all bio-benzoxazines became one step after curing
indicating the polymerization was achieved. Table 4 summarizes the data obtained from
TGA profiles. Only, in the case of T-hd, Ts and Tis values could not be calculated
properly, most probably water adsorption of the benzoxazine monomer. Ts, Tys and Td
values of the T-ea and T-a were very similar to each other. In addition, main
decomposition temperatures of cured bio-benzoxazines were very close to each other
and PT-a has the highest value since additional benzene containing polybenzoxazines
are superior to the typical aliphatic amine-based polybenzoxazines. The char yields (CY)
were also calculated from the TGA profiles in Figure 22. A notable enhancement of the
char yield was observed for all bio-benzoxazines after thermal curing indicating the high

cross-linked density achived by polymerization.
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Table 4. Thermal properties of the thymol-based bio-benzoxazines before and after

thermal curing.

Benzoxazine Ts(°C)  Ti5(°C) T4 (°C) CY (%)
T-ea 151 178 218 317 420 15
PT-ea 324 366 431 22.2

T-a 154 199 247 319 400 0.9
PT-a 298 344 436 17.6
T-dh 126 198 295 336 427 0.6
PT-dh 281 336 432 12
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Chapter 2: Main-chain polybenzoxazine

nanofibers

As-electrospun
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3.3. Bisphenol-A based main-chain  polybenzoxazine

nanofibers

Basically, benzoxazines are synthesized from mono-functional phenols and amines with
different substitutional groups. Besides, any combination of a difunctional phenol and
primary amine and in a similar manner, diamine and mono-functional phenol can be
used for the synthesis of benzoxazines [1]. However, a more recent concept of
benzoxazine resins involves the use of a difunctional phenolic derivative and a diamine,
producing a linear polymer having oxazine rings in the main-chain called as main-chain
polybenzoxazine (MCPBz) [1]. As MCPBz can be obtained by using difunctional
amines and phenolic derivative, and they can also be synthesized as repeating unit of a
polymer chain, block copolymer or as a side chain as well [16-33]. The thermal and
mechanical performance of polybenzoxazine thermosets obtained from MCPBz are
affirmed to be excellent than those obtained from the benzoxazine monomers [25]. In
other words, some of the characteristics; for instance easy processibility, flexibility, high
density of crosslink after curing and lower fragility for cured end-structures were
achieved for polybenzoxazines. In one respect, MCPBz have potentials as an easy
processable and crosslinkable thermoplastic, which become thermosets at ~200°C via

opening of oxazine ring by thermal activation [34, 35].
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MCPBz can be quite useful for the production of nanofibers from this kind of materials
since chain entanglement and overlapping is the key factor for the production of
nanofibers by electrospinning. Electrospinning is a widely used technique to produce
multifunctional nanofibers from remarkable range of organic and inorganic materials
including polymers, polymer blends, composites, sol-gels, ceramics and so on [86, 87].
Nanofibers produced by this technique have a very large surface area to volume ratio
and nanoscale pores having distinctive chemical, physical and mechanical properties
when compared to their bulk or film forms. Polybenzoxazines are extensively studied in
the literature with their different forms such as bulk [67, 167-170], film [61, 72, 171-
182], aerogel [183-188], porous membrane [189, 190], so on. for various applications.
On the other hand, electrospinning of nanofibers from polybenzoxazine resins is a new
concept. In this chapter, we focus on the electrospinning of MCPBz nanofibers and their

curing studies in order to obtain novel polybenzoxazine based materials.

3.3.1. Synthesis and structural characterization of the bisphenol-A based main-

chain polybenzoxazines; PBA-ad6 and PBA-ad12

In this study, we used bisphenol-A as a phenolic derivative and two different types of
amine with different chain lenght (1,6-diaminohexane and 1,12-diaminododecane) for
the synthesis of two MCPBz namely, PBA-ad6 and PBA-ad12. Synthesis of PBA-ad6
and PBA-ad12 are shown in Figure 23. The structure of the synthesized PBA-ad6 and

PBA-ad12 were confirmed by *H NMR and FTIR spectroscopies.
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Figure 23. Synthesis of the PBA-ad6 and PBA-ad12 resins.

The proposed chemical structures and *H NMR spectra of PBAad6 and PBA-ad12 are
given in Figure 24. The characteristic benzoxazine resonances attributed to the
methylene units of oxazine ring; O-CH,-N and the Ph-CH,-N raised as singlets at 3.94
and 4.82 ppm for PBA-ad6 and 3.95 and 4.84 ppm for PBA-adl2, respectively.
Resonance bands of aliphatic protons were observed at 1.36 and 2.73 ppm for PBA-ad6,
and 1.27 and 2.74 ppm for PBA-ad12. In addition, resonance bands of methyl group
protons of bisphenol-A appeared at 1.60 ppm and aromatic structure resonance bands
observed at 6.68-6.98 ppm region for both of the polybenzoxazine [33, 84, 247, 248]. In
brief, the 'H NMR data confirm the successful synthesis of the two MCPBz. Moreover,

generally the resonance around 3.7 ppm assigned for the Mannich bridge protons of
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open oxazine rings were not observed in the * H NMR spectra of synthesized MCPBz.
The * H NMR results indicated that the synthesized MCPBz were free of ring-opened

oligomers and purification with cold methanol was good enough to obtain high purity

MCPBz.
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Figure 24. 'H NMR spectra of (a) PBA-ad6é and (b) PBA-adl2 in CDCl; (c*
corresponds to methylene protons attached to N; e* corresponds to aliphatic protons of

diamine). (Copyright © 2014, Reprinted from Ref. [191] with permission from Elsevier)
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Figure 25 represents the FTIR spectra of the PBA-ad6 and PBA-ad12. The characteristic
peaks of the benzoxazine structure were observed at exactly the same wavenumbers with
different intensities for both MCPBz. Existence of the strong band at 936 cm™ which is
ascribed to the benzene ring mode that is attached to the oxazine ring was the great
evidence for the synthesis of target MCPBz. In addition, the very intense and sharp peak
appearing at 1503 cm™ is due to the in-plane CH bending mode of the tri-substituted
benzene ring and the strong peak appearing at 1232 cm™ is due to the aromatic ether
stretching of C-O-C. These peaks confirmed the presence of benzoxazine ring structure
in MCPBz samples. Apart from these, strong and sharp peaks were observed at 2928 and
2848 cm™ correspond to the antisymmetric and symmetric stretching of CH2 groups in
the aliphatic regions. Relatively medium intensity peak at 824 cm™ is due to the CH
out-of-plane bending mode of the tri-substituted benzene ring. The FTIR spectra of
MCPBz samples correlate with the literature [84, 247-249] and prove that the synthesis

of PBA-ad6 and PBA-ad12 were successfully achieved.
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Figure 25. FTIR spectra and magnified region between 1800 and 500 cm™ of (a) PBA-
ad6 and (b) PBA-ad12. (Copyright © 2014, Reprinted from Ref. [191] with permission

from Elsevier)
3.3.2. Electrospinning of PBA-ad6 nanofibers

Electrospinning of PBA-ad6 nanofibers was achieved by using chloroform/DMF (4:1,
v/v) solvent system. The concentration of the PBA-ad6 solution was varied from 30% to

45% (w/v) to find out the most favorable concentration required for bead-free and
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uniform nanofibers. Table 5 summarizes the properties of PBA-ad6 solutions and the
morphological features of the electrospun nanofibers. When the concentration of the
solution increased from 30 to 45% (w/v), the viscosity of the solution increased as well.
This is an expected result which is due to the higher number of polymer chain
entanglement and overlapping at higher solution concentration. Figure 26 represents the
SEM images and fiber diameter distribution of PBA-ad6 nanofibers electrospun from
30, 35, 40, and 45% (w/v) polymer solutions. Electrospinning of 30% (w/v) PBA-ad6
solution resulted beaded morphology with ultrafine fibers having diameter range of 100-
400 nm (AFD=260+70 nm) (Figure 26a,b). At low solution viscosity, it is common to
observe beads along with the fibers because of the higher amount of solvent and fewer
chain entanglements causing a prevailing effect during electrospinning [86, 106]. As the
polymer concentration increased from 30% to 35% (w/v), the number of beads
decreased dramatically and elongated beaded nanofibers in the range of 300-1000 nm
diameter (AFD=590+138 nm) were produced (Figure 26¢,d). This is due to the relatively
lower viscosity which resulted in destabilization of the electrified jet during the
electrospinning process and thus caused the formation of elongated beads instead of
uniformfibers. When the polymer concentration reached to 40% (w/v) in solution,
transformation from beaded nanofibers to bead free nanofibers was achieved. The
increase in the viscosity which is due to the higher polymer chain entanglements in the
solution is required for the electrospinning jet to be fully stretched for uniform fiber

formation [86]. Bead-free nanofibers were produced at 40% (w/v) and 45% (w/v) for
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PBA-ad6 solutions emphasizing the requirement of high solution viscosity. However,
nanofibers electrospun from 40% (w/v) PBA-ad6 solution were more uniform and finer
(AFD = 745+136 nm, fiber diameter distribution: 400-1100 nm) than the that of 45%
(w/v) PBA-ad6 solution (AFD=1618+576 nm, fiber diameter distribution: 400-3200 nm)
(Figure 26e-h). Notably, with the increase in viscosity/concentration, the diameter of the
electrospun fiber also increases. As it is observed from the SEM images (Figure 26), the
diameter of PBA-ad6 nanofibers spanned from nanometer to micron scale when the
concentration of the polymer solution increased. The reason for the increase in fiber
diameter is the greater resistance of the solution to be stretched because of the more

chain entanglements at higher polymer concentration [86].

95



o[ AFD : 260 #70 nm

a
o

ry
=

Frequency (%)
s 8

9 D A D DD D D DD D
P S0 G B I S
S S

Diameter range (nm)

@; - AFD : 585 # 140 nm

Frequency (%)
5

L]

& & i £ & P &
P P fﬁ{f‘p

Diameter range (nm)

(e)

®1 = AFD : 745 + 140 nm

Frequency (%)
H &

w

[}
S S o S S S PP &
S ST T

Diameter range (nm)

)

Ml AFD : 1620 % 575nm

Frequency (%)
&

P O O e e
a&“’@(@@i"&s‘ys »'§F1§P’11’§'\°9°"\?“@£

A+

Diameter range (nm)

Figure 26. SEM images and corresponding fiber diameter distributions of the

electrospun nanofibers obtained from solutions of PBA-ad6 (a, b) 30%, (c, d) 35%, (d, €)

40% and (g, h) 45%. Inset shows magnified view of a typical region. (Copyright ©

2013, Reprinted from Ref. [191] with permission from Elsevier)
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Table 5. The characteristics of the PBA-ad6, PBA-ad12 solutions and their electrospun

fibers. (Copyright © 2014, Reprinted from Ref. [191] with permission from Elsevier)

Solutions % Polymer (w/v) Viscosity (Pa.s) Average fiber diameter (nm) Diameter range (nm) Fiber morphology
PBA-ad6_30% 30 0.29 260+ 70 100-450 Beaded nanofibers
PBA-ad6_35% 35 0.59 590 + 140 300-1000 Beaded nanofibers
PBA-ad6_40% 40 0.77 745+ 140 400-1100 Bead-free nanofibers
PBA-ad6_45% 45 1.15 1620 + 580 400-3200 Bead-free nanofibers
PBA-ad12_15% 15 0.46 430+ 110 200-700 Beaded nanofibers
PBA-ad12_18% 18 1.24 805+ 220 400-1500 Bead-free nanofibers
PBA-ad12_20% 20 2.73 1840+ 610 1000-3200 Bead-free microfibers

3.3.3. Electrospinning of PBA-ad12 nanofibers

Electrospinning of PBA-ad12 nanofibers was also performed in chloroform/DMF (4:1,
v/v) solvent system similar to that of PBAad6. According to GPC measurements, PBA-
ad12 has a higher molecular weight (Mw= ~17,000) than PBA-ad6 (Mw= ~11,500)
because of its longer aliphatic chain structure. As it is known, the molecular weight of
the polymer stand for the length of the polymer chain, which affects the viscosity of the
solution since the polymer chain length determines the amount of entanglement of
chains in a solvent [86]. Therefore the solution properties and electrospinning
parameters of this polymer is expected to be different. Table 6 summarizes the solution
characteristics and the morphological findings of the electrospun PBA-ad12 nanofibers.
As mentioned earlier, higher molecular weight and longer chain causes more chain
entanglements, thus electrospinning of PBA-ad12 was performed at relatively lower
polymer concentrations. For this polymer, nanofibers were electrospun from 15, 18 and

20% (wi/v) polymer solutions to determine the most suitable concentration for obtaining
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bead-free and uniform nanofibers. Figure 27 illustrates the SEM images of the
nanofibers electrospun from these three solutions. Although, the concentrations of the
solutions were very close to each other, there was distinct differences between the
viscosities (Table 6) of these solutions which greatly affect the morphology and the AFD
of the resulting electrospun nanofibers (Figure 27). As it is observed from the SEM
images, 15% (w/v) PBA-ad12 solution yielded beaded nanofibers having diameter range
of 200-750 nm (AFD=4304+110 nm) because of the low viscosity of the polymer solution
(Figure 27a,b). Solely, bead-free and uniform nanofibers were obtained when the PBA-
ad12 solution concentration was at 18% (w/v). The diameter of the nanofibers
electrospun from 18% (w/v) PBA-ad12 solution was ranging between 400 and 1500 nm
(AFD=805+220 nm) (Figure 27c,d). It is a typical behavior of polymeric systems in the
electrospinning process that beaded nanofibers transform to bead-free fibers when the
concentration and/or viscosity of the polymer solution is optimized [86]. The viscosity
of this solution was high enough to stretch with electrified continuously resulting in a
bead-free and continuous morphology. When the concentration of the PBA-ad12
solution increased to 20% (w/v), thefiber diameter distribution became broader (1000-
3200 nm) and the diameters of the fibers became thicker (AFD =1840+610 nm) because

of the high solution viscosity (Figure 27e,f).
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Figure 27. SEM images and corresponding fiber diameter distributions of the
electrospun nanofibers obtained from solutions of PBA-ad12 (a, b) 15%, (c, d) 18% and

(d,e) 20%. Inset depicts magnified view of a typical region. (Copyright © 2014,

Reprinted from Ref. [191] with permission from Elsevier)
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3.3.4. Curing studies of PBA-ad6 and PBA-ad12 nanofibrous mats

Nanofibrous mats obtained from these two MCPBz have shown some differences in
mechanical properties. PBA-ad6 nanofibers was kind of delicate and could not be
separated from the aluminum foil completely in one piece (Figure 28a). On the other
hand, PBA-ad12 nanofibers can be easily handled and it has a flexible characteristic
(Figure 28b). Moreover, their thermal properties are also different from each other

because of the difference in their chemical structures.

()

(b) (d)

Figure 28. Photographs of the electrospun nanowebs from (a) 40% PBA-ad6, (b) 18%
PBA-ad12 and after curing (c) PBA-ad6, (d) PBA-ad12 step by step at 75°C; 1h, 90 °C;
1h, 120 °C; 1h, 150°C;1h , 180°C; 1h and 220 °C; 1h. (Copyright © 2014, Reprinted
from Ref. [191] with permission from Elsevier)
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Figure 29 shows the DSC thermograms of PBA-ad6 and PBA-ad12 nanofibrous mats.
Melting transition was observed for PBA-ad6 and PBA-ad12 nanofibrous mats at 73 and
42°C, respectively. This difference possibly arised from the longer aliphatic chain of
PBA-ad12 which caused the decrease in the melting point. In addition, two exothermic
overlapping peaks centered at 205 and 253°C for PBA-ad6; 203 and 248°C for PBA-
ad12 nanofibrous mats appeared in the DSC thermograms. The low temperature peaks
could be attributed to the crosslinking reaction (of methylol groups) and the higher
temperature peaks assigned to typical benzoxazine polymerization by the consumption

of benzoxazine groups in the main chain [33].
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Figure 29. DSC thermograms of (a) PBA-ad6 and (b) PBA-ad12 nanofibers. (Copyright

© 2014, Reprinted from Ref. [191] with permission from Elsevier)

Conventionally, benzoxazine monomers and MCPBz are able to form cross-linked
thermosets polybenzoxazines ~200°C by thermally activated ring opening

polymerization [16]. In order to investigate the crosslinking behavior of PBA-ad6 and
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PBA-ad12 nanofibers, curing experiments were performed for these two nanofibers.
Although melting transitions were observed in the DSC thermograms of the PBA-ad6
and PBA-ad12 nanofibers, SEM images were also taken from two MCPBz nanofibers
after each temperature step to confirm the melting of nanofibers with thermal treatment
(Figure 30). As it is observed from the SEM images (Figure 30c,d), PBA-ad6 nanofibers
have already started melting at ~90°C and completely melted at 120°C. The fiber

structure is deteriorated and a film formed (Figure 30e).

Figure 30. SEM images of the electrospun nanofibers before and after thermal
treatment; (a) 40% PBA-ad6, (b) 75°C; 1h, (c) 90°C; 1h, (d) 100°C; 1h, (e) 120°C; 1h.

(Copyright © 2014, Reproduced from Ref. [191] with permission from Elsevier)

On the other hand, PBA-ad12 nanofibers started to melt at relatively lower temperatures,

~50°C and completely melted at 75°C forming a film (Figure 31). This result correlates
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with the measured melting temperature of PBA-ad12 nanofibrous mats by DSC method.
Since melting temperature was 42°C, we observed partially melted fiber morphology
after keeping this sample 1 hour at 50 °C. Consequently, PBA-ad6 and PBA-adl2
nanofibrous mats could not preserve their fiber structure during the thermal treatment
because of their low melting points and they became uniform film at 120°C.
Nevertheless, curing studies were performed for these samples to determine curing
temperatures of two MCPBz mats which can be used to produce composite materials by

blending with other polymers.

Figure 31. SEM images of the electrospun nanofibers before and after thermal
treatment; (a) 18% PBA-ad12, (b) 50°C ;1h, (c) 60°C ;1h (d) 75°C; 1h and (e) 120 °C;

1h. (Copyright © 2014, Reproduced from Ref. [191] with permission from Elsevier)
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FTIR spectroscopy was used to investigate the structural changes of PBA-ad6 and PBA-
ad12 films after heating at each curing temperature, since characteristic peaks observed
at 936 cm™ (benzene ring mode that is attached to the oxazine ring) and 1232 cm™
(aromatic ether stretching of C-O-C) disappear with the ring opening reaction.
Therefore, we were able to determine the proper temperature required for complete
curing. Even though, there was a remarkable difference in melting transitions of these
two MCPBz nanofibrous mats, no significant change was observed their curing
temperatures in DSC thermograms, thus, curing studies were performed at same
temperature steps. FTIR spectra of PBA-ad6 and PBA-ad12 mats that were step cured at
75, 90, 120, 150, 180 and 220°C for 1 h at each step are given in Figure 32. As it is
observed from the spectra, curing has not yet completed for both MCPBz mats at 120 °C
where they have fully melted and formed films (Figure 30e and Figure 31e), hence, we
could not obtain cross-linked nanofibers. On the other hand, the intensity of the peaks at
936 cm™and 1232 cm™ decreased with increasing of temperature from 120 t0180°C and
the peaks almost disappeared at 220 °C which is the required temperature for the curing
of these two MCPBz mats. This result confirms the DSC findings where curing
temperatures of PBA-ad6 and PBA-adl2 mats were measured as 205 and 203°C,
respectively. Finally, we obtained very fine and flexible films from both MCPBz (Figure

28c,d).
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Figure 32. FTIR spectra and magnified region between 1800 and 400 cm™ of (a) PBA-
ad6 and (b) PBA-ad12 nanofibers before and after step cured at 75°C; 1h, 90°C; 1h,
120°C; 1h, 150°C;1h , 180°C; 1h and 220°C; 1h. (Copyright © 2014, Reprinted from

Ref. [191] with permission from Elsevier)

Although, PBA-ad6 nanofibers are brittle and not easily handable, after curing the
sample gained better mechanical properties and we obtained more flexible cross-linked

PBA-ad6 films. Yet, we observed that cured PBA-ad12 film was more flexible than
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cured PBA-ad6 film. The thermal stability of MCPBz films after curing was studied by
TGA. Figure 33 shows the TGA thermograms and derivative weight losses of PBA-ad6
and PBA-ad12 films after curing. In addition to the FTIR results, one step thermal
decomposition TGA thermograms also confirm the crosslinking of PBA-ad6 and PBA-
ad12 films after heating up to 220°C by step curing. Tds and Tdj, values obtained from
the TGA thermograms of MCPBz films are 328 and 360°C for PBA-ad6films, 344 and
379°C for PBA-ad12 films, respectively. The char yield of PBA-ad6 film is 22.8% while
this value is 12.7% for PBAad12 that can be explained by the longer aliphatic chain of
this MCPBz. As the length of aliphatic chains increased, decrease in the char yield of

MCPBz was observed.
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Figure 33. TGA thermograms and derivative weight losses of (a) PBA-ad6 and (b)
PBA-ad12 nanofibers after step cured at 75°C; 1h, 90°C; 1h, 120°C; 1h, 150°C;lh,
180°C; 1h and 220°C; 1h. (Copyright © 2014, Reprinted from Ref. [191] with

permission from Elsevier)

Here, we report the first study that accomplished to produce bead-free and uniform

polybenzoxazine nanofibers from MCPBz (PBA-ad6 or PBA-ad12) without using any
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carrier polymeric matrix. The morphological characterization of the electrospun MCPBz
nanofibers carried out by SEM imaging revealed that the optimal electrospinning
concentrations was 40% and 18% (w/v) for PBA-ad6 and PBA-ad12, respectively. PBA-
ad12 nanofibers were more flexible than PBA-ad6 nanofibers which was possibly
resulted from the longer chain structure and higher molecular weight. The fibrous
structure could not be preserved during the thermal curing of PBA-ad6 and PBA-ad12
nanofibrous mats due to the low melting point of these MCPBz, yet, flexible and
freestanding cross-linked films were obtained. As this is being the starting point of the
electrospinning of polybenzoxazines without using carrier polymer matrix, this study
provides the essential guidance for the production of nanofibers from different types of
polybenzoxazines. Nonetheless, further developments are needed especially for the
curing process without losing the fiber structure. Still, these nanofibers can be useful in
composite material production with enhanced thermal and mechanical properties due to
unique properties of polybenzoxazines. We anticipate that these MCPBz nanofibrous
mats if curable while retaining their fiber morphology can be promising as high

performance fibrous materials.
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3.4. Cross-linked main-chain polybenzoxazine nanofibers by

photo and thermal curing

Generally, polymerization/cross-linking of benzoxazines can be achieved by thermal
curing which is a thermally induced ring opening reaction of benzoxazines and MCPBz
occur at around 200°C [16]. However, in our previous study we could not able to
produce cross-linked nanofibers from long linear aliphatic diamine based MCPBz
nanofibers by directly thermal curing because of the very low melting points of PBA-ad6
and PBA-adl12 nanofibers (73 and 42°C) which are quite lower than their curing
temperatures (203 and 205°C). Therefore, we focus on two steps curing procedure
including the photo and thermal curing for the cross-linking of this type of MCPBz
nanofibers. Besides, photo-curing is another method that can be used to obtain cross-
linked materials from benzoxazines having photo active group or part in their structure.
Although, thermal curing is very common and basic method to polymerize or cross-link
benzoxazines and MCPBz, there are few studies that uses photo-curing for the
polymerization of benzoxazines [222, 223]. In addition, benzophenone based
benzoxazine monomers were synthesized and wused as photoinitiator for the
photopolymerization of acrylate monomers [224-227]. Besides, both
photopolymerization as a preliminary step and thermally activated polymerization for
the ring-opening and cross-linking of methacryloyl functional benzoxazines were

studied [24]. All these research works provide us useful information on designing new
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kind of benzoxazine resins to improve the curing procedure of MCPBz nanofibers in
order to achieve cross-linking without deteriorating the fiber structure. For this purpose,
initially, two novel MCPBz (DHBP-ad6 and DHBP-ad12) which consist of a
benzophenone unit in the polymer main-chain were synthesized. Due to the presence of
benzophenone unit in the main-chain, DHBP-ad6 and DHBP-ad12 nanofibers are able to
crosslink by UV-light initiated free radical polymerization. Therefore, by synthesizing
benzophenone containing MCPBz, we aimed to provide preliminary cross-linking
through photo curing to enhance the thermal stability of nanofibers for thermal curing in
which ring-opening and almost complete cross-linking can be achieved as maintaining

the nanofibrous structure.

3.4.1. Structural characterization of DHBP-ad6 and DHBP-ad12 resins

DHBP-ad6 and DHBP-ad12 were synthesized as two novel MCPBz by using
difunctional amines (1,6-diaminohexane and 1,12-diaminododecane), difunctional
phenol (1,4-dihydroxybenzophenone) (DHBP) and paraformaldehyde as starting
materials. Since there are two hydroxyl groups on DHBP and two amino groups on both
1,6-diaminohexane and 1,12-diaminododecane, two oxazine rings are formed in one
repeating unit of each MCPBz as shown in Figure 34. The synthesized polybenzoxazines
are main-chain type polybenzoxazine (MCPBz) consisting of repeating units of
bifunctional benzoxazine structure bonded to different chain length of aliphatic diamine
to form the macromolecular chain which possess benzophenone and coinitiator amine in

the main-chain. Formation of this structure is the evidence of successful synthesis of the
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benzoxazines and this structure of the synthesized DHBP-ad6 and DHBP-ad12 were

confirmed by 1H NMR, FTIR and UV-Vis spectroscopies.

4,4- Dihydroxybenzophenone
+
o]

+ Paraformaldehyde +

HZN/\/\/\/NHZ HZN/\/\/\/\/\/\/NH2
1,6-Diaminohexane 1,12-Diaminododecane
30 h,60°C 36 h,60°C
Chloroform Chloroform
o o)
G » AN o n
DHBP-ad6 DHBP-ad12

Figure 34. Synthesis of the DHBP-ad6 and DHBP-ad12 main-chain polybenzoxazine

resins. (Copyright © 2016, Reproduced from Ref. [228] with permission from Elsevier)

The proposed chemical structures and *H NMR spectra of DHBPad6 and DHBP-ad12
are given in Figure 35. For both MCPBz, the characteristic benzoxazine resonance bands
corresponding to the methylene units of oxazine ring; O-CH,-N and the Ph-CH,-N were
observed at 4.04 and 4.95 ppm, respectively. Resonance bands of aliphatic protons were
observed at 1.37 and 2.74 ppm for DHBPad6, and 1.28 and 2.74 ppm for DHBP ad12. In
addition, resonance bands of aromatic protons were observed at 6.80-7.52 ppm region as
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multiplet for both of the MCPBz resin. The existence of these characteristic bands in the
'H NMR spectra of the both MCPBz was the evidence for the synthesis of desired

benzoxazine structures.

a) ]
b b c
[SPRSS i
4o © d " a@H)
b (4H)
d (8H)
c (4H)
8 ; 6 5 4 3 2 i me
b)
{\ b 0 b o d (20H)
SORGSE :
ako el d' n
4H
a @) b (4H)
c (4H)
8 7 6 5 4 3 2 i e

Figure 35. The proposed chemical structures and *H NMR spectra of a) DHBP-ad6 and
b) DHBP-ad12 resins in CDCl;. (Copyright © 2016, Reprinted from Ref. [228] with

permission from Elsevier)
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Figure 36 represents the FTIR spectra of the DHBP-ad6 and DHBPad12 resins.
Characteristic absorption bands of the benzoxazine structure of the both MCPBz were
observed at the same wavenumbers with different intensities. Absorption band existing
at 918 cm™ due to the out-of-plane C-H vibration mode of the benzene ring attached to
oxazine ring. Sharp absorption band observed at 1231 cm™ due to the asymmetric
stretching of C-O-C in the oxazine ring. In addition, the very intense and sharp band
existing at 1496 cm™ is due to the in-plane C-H bending mode of the tri-substituted
benzene ring. FTIR results are good agreement with the *H NMR data confirming the

synthesis of two novel MCPBz resins was achieved.
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Figure 36. FTIR spectra of DHBP-ad6 and DHBP-ad12 resins. (Copyright © 2016,

Reprinted from Ref. [228] with permission from Elsevier)
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Moreover, further characterization on the structure of these resins was carried out with
UV-Vis spectrophotometer. Since these novel MCPBzs including benzophenone unit as
a part of main-chain, it is expected to observe UV absorption for both MCPBz. UV-Vis
spectra of DHBP-ad6 and DHBP-ad12 are given in Figure 37. The main benzenoid
n—7* type transitions of BP exist in the region of 250-300 nm [250], however,
significantly red-shifted maximal absorption band observed for the synthesized novel
MCPBz (Figure 37) indicating the successful formation of oxazine rings. In brief, FTIR,
'H NMR and UV-vis spectroscopy analysis results show that benzophenone based

MCPBz resines were successfully synthesized with the desired structure.
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Figure 37. UV-vis spectra of DHBP, DHBP-ad6 and DHBP-ad12 resins. (Copyright ©

2016, Reprinted from Ref. [228] with permission from Elsevier)
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3.4.2. Electrospinning of DHBP-ad6 and DHBP-ad12 nanofibers

As it is known, morphological properties of the electrospun nanofibers are strongly
depends on the polymer type, molecular weight of the polymer, solvent, concentration,
surface tension and the conductivity of the polymer solutions [90]. For the polymers
with very similar chemical structure as DHBP-ad6 and DHBP-ad12 resins, molecular
weight is the main factor that effects the concentration of the polymer solution, hence,
molecular weight ofthese resins plays a vital role on their electrospinning ability. Here,
the only difference between DHBP-ad6 and DHBP-ad12 resins is the chain length of the
aliphatic diamine used as a precursor for the synthesis of these resins. As abbreviated,
DHBP-ad6 contains 6-C aliphatic diamine and DHBP-ad12 contains 12-C aliphatic
diamine, and their molecular weights were measured by GPC as ~10,000 and ~15,000
g/mol, respectively. Therefore, measured molecular weight of the DHBP-ad6 and
DHBP-ad12 resins were taken into consideration while preparing the electrospinning
solutions. Before determining the concentration range for the electrospinning solutions,
suitable solvents system have been chosen as chloroform/DMF (4:1, v/v) in which both
MCPBz resins have formed homogenous and clear solutions. Then, different
concentrations of the DHBP-ad6 and DHBP-ad12 solutions were prepared in order to
produce bead-free and uniform nanofibers and here, the concentration range was given
as 25-35% (w/v) for DHBP-ad6 and 15-25% (w/v) for DHBP-ad12 in which the
significant morphological changes were observed. Accordingly, the morphological
characteristics of the electrospun nanofibers are summarized in Table 6.
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Table 6. The characteristics of the electrospun DHBP-ad6 and DHBP-ad12 nanofibers.
(Copyright © 2016, Reprinted from Ref. [228] with permission from Elsevier)

Solutions % Polymer (w/v) Average fiber diameter (nm) Diameter range (nm)  Fiber morphology
25 220+ 105 50-550 Beaded nanofibers

DHBP-ads 30 440+ 130 150-800 Beaded nanofibers
35 605 + 145 200-950 Bead-free nanofibers
15 225+ 90 100-500 Beaded nanofibers

DHBP-ad12 20 380+ 115 150-650 Beaded nanofibers
25 620+ 160 100-1000 Bead-free nanofibers

SEM images of the nanofibers electrospun from 25, 30, and 35% (w/v) DHBP-ad6
solutions are shown in Figure 38a-c. Electrospinning of 25% (w/v) DHBP-ad6 solution
resulted beaded structure with ultrafine fibers having average fiber diameter (AFD) of
220+105 nm (Figure 38a). At low solution viscosity, fewer chain entanglements and
higher amount of solvent have dominant effect on the electrospinning jet resulting the
formation of beads along with the fibers [90]. As the polymer concentration increased to
30% (w/ v), the number of beads decreased dramatically and elongated beaded structures
with nanofibers having AFD of 440+130 nm were produced (Figure 38b). When the
polymer concentration reached to 35% (w/v) in solution, bead free nanofibers having
AFD of 605+£145 nm were obtained due to the higher polymer chain entanglements in
the solution provided electrospinning jet to be fully stretched for uniform fiber formation
(Figure 38c) [90]. SEM images of the nanofibers electrospun from 15%, 20%, and 25%
(w/v) DHBP-ad12 solutions are given in Figure 38 d-f. As it is observed from the SEM

images, 15% (w/v) DHBP-ad12 solution yielded beaded nanofibers having AFD of
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225490 nm because of the low viscosity of the polymer solution (Figure 38d). Bead-free
and uniform nanofibers were obtained when the DHBP-ad12 solution concentration was
at 20% (w/v). AFD of the nanofibers electrospun from 20% (w/v) DHBPad12 solution
was 380+115 nm (Figure 38e). It is a typical behavior of polymeric systems in the
electrospinning process that beaded nanofibers transform to bead-freefibers when the
concentration and/or viscosity of the polymer solution is optimized. As the concentration
of the DHBP-ad12 solution increased to 25% (w/v), the fiber diameter became thicker

(AFD=620+160 nm) because of the high solution viscosity (Figure 38f).

Figure 38. SEM images of the electrospun nanofibers obtained from solutions of
DHBP-ad6 a) 25%, b) 30%, c) 35% and DHBP-ad12 d) 15%, e) 20%, f) 25%.

(Copyright © 2016, Reprinted from Ref. [228] with permission from Elsevier)
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Remarkably, with the increase in viscosity/concentration, the diameter of the electrospun
fiber also increases. The reason for increase in fiber diameter is the greater resistance of
the solution to be stretched because of the more chain entanglements at higher polymer
concentration [90]. Furthermore, it is clearly observed that the aliphatic diamine chain
length, accordingly the molecular weight of the MCPBz resins play an important role on
their electrospinning ability. Presumably, higher molecular weight and longer aliphatic
chain of the DHBP-ad12 resulted in more chain entanglement and overlapping in the
polymer solution, thus, we achieved to obtain bead-free and uniform nanofibers at lower
solution concentration for DHBP-ad12 (25% w/v) compared with the DHBP-ad6 (35%

wiv).

3.4.3. Curing studies of DHBP-ad6 and DHBP-ad12 nanofibers

Generally, cross-linking and polymerization of the benzoxazines achieved by thermally
initiated ring-opening reactions. First example of the cross-linking of polybenzoxazine-
based nanofibers by directly thermal curing was given by Li and co-workers [29]. They
produced nanofibers from MCPBz synthesized by using 4,4-diaminophenylether and
bisphenol-A, and then they were able to obtain cross-linked MCPBz nanofibers by
thermal curing at 240 °C for 3 h. On the contrary, our previous study demonstrated that
nanofibers produced by MCPBz based on the bisphenol-A and diamines with long
aliphatic chains (1,12-diaminododecane and 1,6-diaminohexane) have not shown
resistance to the heat treatment during the thermal curing and nanofibers lost the fiber

morphology at low temperatures around 75-100°C [191]. Presumably, 4,4-
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diaminophenylether provided more rigid structure to the MCPBz nanofibers compared
to 1,12-diaminododecane and 1,6-diaminohexane, hence, the melting temperature of the
nanofibers obtained from the former one is much higher than the others. Therefore, they
achieved to preserve fiber structure during the thermal treatment and obtained
crosslinked nanofibers by thermal curing. Here, in order to improve the curing process
of MCPBz nanofibers obtained from long aliphatic diamine-based polybenzoxazines,
structure of the MCPBz tailored to be able to crosslink by photo curing and DHBP-ad6
and DHBP-ad12 resins consisting of a benzophenone unit in the polymer main-chain
were synthesized. Initially, DSC experiments were performed to measure the thermal
transition temperatures of the nanofibers obtained from these two MCPBz resins. As it is
expected, melting transition was observed for DHBP-ad6 and DHBPad12 nanofibers at
low temperatures 73 and 54°C, respectively (Figure 39). Nonetheless, these nanofibers
were directly thermal cured and not surprisingly DHBP-ad6 and DHBP-ad12 nanofibers
lost the fiber morphology by forming film even at first step of the thermal curing
(150°C) (Figure 39b,f). In addition, exothermic peak centered at 217°C was observed in
DSC thermogram of the both MCPBz nanofibers attributed to ring opening reaction and
crosslinking. Since these nanofibers have such low melting points and their curing
temperatures are very high (above 200°C), photo curing was performed as a first step.
Interestingly, after UV irradiation, melting transition peak was not observed in DSC
thermograms of both DHBP-ad6 and DHBP-ad12 nanofibers verifying the enhancement

of the thermal stability probably owing to the cross-linking provided by photo curing (40
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a,b). In addition, SEM images of DHBP-ad6 and DHBP-ad12 nanofibers show that UV
irradiation did not deteriorate the fiber morphology (Figure 39c,g). Therefore,
subsequently thermal curing was performed as a second step for UV-irradiated
nanofibers step-wise from 150 to 225°C to provide almost complete ring opening and
cross-linking of the benzoxazine . Although directly thermal-cured MCPBz nanofibers
lost the fibrous structure even at 150°C, UV-irradiated nanofibers perfectly preserved the
fiber morphology during the thermal treatment which confirms the cross-linking

achieved by two step curing without deteriorating the fiber morphology (Figure 39d, h).
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Figure 39. SEM images of a) DHBP-ad6 nanofibers, b) directly thermal-cured DHBP-
ad6 nanofibers, c¢) photo-cured DHBP-ad6 nanofibers, d) photo and thermal-cured
DHBP-ad6 nanofibers, e) DHBP-ad12 nanofibers, f) directly thermal-cured DHBP-ad12
nanofibers, g) photo- cured DHBP-ad12 nanofibers, h) photo and thermal-cured DHBP-
ad12 nanofibers. (Copyright © 2016, Reproduced from Ref. [228] with permission from

Elsevier)
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Figure 40. DSC thermograms of a) DHBP-ad6 and b) DHBP-ad12 nanofibers.

(Copyright © 2016, Reproduced from Ref. [228] with permission from Elsevier)
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In order to investigate the cross-linking of DHBP-ad6 and DHBPad12 nanofibers more
detailed, the chemical structural changes occurring during the curing process were
examined by FTIR spectroscopy, since characteristic benzoxazine peaks observed at 920
cm’ (the benzene ring mode attached to the oxazine ring) and 1230 cm™ (aromatic ether
stretching of C-O-C) and 1496 cm™ (three substituted benzene ring mode) disappear
with the ring opening reactions. Figure 41 represents the FTIR spectra of DHBP-ad6 and
DHBP-ad12 nanofibers, after photo-curing with 1 hour UV-irradiation and after
additional step-wise thermal curing of UV-irradiated samples at 150, 175, 200 and
225°C (1 hour at each step). For both of the MCPBz nanofibers, characteristic
benzoxazine peaks were appeared at wavenumbers (920, 1230 and 1496 cm™) since they
have very similar chemical structure. After UV irradiation, characteristic absorbance
peaks were still observed in the FTIR spectra suggesting the ring opening and complete
crosslinking were not achieved by photo-curing. However, intensity of the characteristic
benzoxazine rings peaks in the FTIR spectra decreased and almost disappeared with the
increasing temperature confirming the ring-opening and cross-linking through thermal

curing.
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Figure 41. FTIR spectra of a) DHBP-ad6 and b) DHBP-ad12 nanofibers. (Copyright ©

2016, Reproduced from Ref. [228] with permission from Elsevier)
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Besides the SEM images and the FTIR spectroscopy results, physical properties of the
MCPBz nanofibers after photo and thermal curing also confirm the cross-linking. First
of all, the clear color change was observed during the curing process. As it is observed
from the photographs in Figure 42, white color of the as-electrospun nanofibers
transformed to yellow with photo curing and then, yellow color of the UV-irradiated
nanofibers transformed to brownish yellow which is a typical color of benzoxazine
resins when they are thermally cured. Secondly, as-electrospun DHBP-ad6 nanofibers
were very brittle, yet, after two-step curing they gained mechanical integrity and became
more flexible. Although, both of the nanofibrous mats were obtained as free standing
material, DHBP-ad12 nanofibers were more flexible than the DHBP-ad6 nanofibers
presumably owing to the longer aliphatic chain structure of the DHBP-ad12 resins and

they maintained the flexibility even after the two-step curing (Figure 42).
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Figure 42. Photographs of (a) as-electrospun DHBP-ad6 nanofibers, (b) photo-cured
DHBP-ad6 nanofibrous mat, (c) photo and thermal-cured DHBP-ad6 nanofibrous mat,
(d) as-electrospun DHBP-ad12 nanofibrous mat, (e) photo-cured DHBP-ad12 nanofibers
and (f) photo and thermal cured DHBP-ad12 nanofibers. (Copyright © 2016,

Reproduced from Ref. [228] with permission from Elsevier)

In addition to the bending ability, mechanical properties of the photo and thermal-cured
DHBP-ad6 and DHBP-ad12 nanofibers were investigated. Stress-strain curves of both
cross-linked MCPBz nanofibrous mats obtained by DMA are given in Figure 43. Three

samples were used from each type of MCPBz nanofibrous mats for mechanical test and
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the results are summarized in Table 7. After photo and thermal curing, DHBP-ad6 and
DHBP-ad12 nanofibrous mats showed significantly high Young's modulus compared to
the directly thermal-cured MCPBz nanofibrous mats reported in the literature [168].
Young's modulus of DHBP-ad6 and DHBP-adl2 nanofibers were calculated as
2070+243 and 264+59.66 MPa, respectively and this difference is expected since this
value is highly dependent on the chain length. As the flexible aliphatic chain length
decreases, stiffness of the polymeric material increases [83], hence, cross-linked DHBP-
ad6 nanofibers showed remarkably higher Young's modulus then the cross-linked
DHBP-ad12 nanofibers. In addition, ultimate tensile stress of the cross-linked DHBPad6
and DHBP-adl2 nanofibers were measured as 22.53+2.04 and 15.29+2.48 MPa,
respectively and these values are also fairly higher than the reported work [83]. Here
again not surprisingly the effect of the aliphatic chain length on the yield stress of the
MCPBz nanofibrous mats was observed and cross-linked DHBP-ad6 nanofibers having
shorter aliphatic chain exhibited higher stress at yield which is very similar trend that
was observed for the previously reported cross-linked polybenzoxazines [168]. Besides
these, cross-linked DHBP-ad12 nanofibers showed remarkably higher strain at break
(12.04+0.09) compared to the crosslinked DHBP-ad6 nanofibers (1.83 £0.15) since as
the aliphatic chain length increases, strain at break increases as well and these results

consistent with the reported data [177].
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Figure 43. Representative stress-strain curves of the photo and thermal-cured DHBP-
ad6 and DHBP-ad12 nanofibrous mats. (Copyright © 2016, Repriented from Ref. [228]

with permission from Elsevier)

Table 7. Mechanical properties of the DHBP-ad6 and DHBP-ad12 nanofibers after
photo and thermal curing. (Copyright © 2016, Repriented from Ref. [228] with

permission from Elsevier)

) Stress at yield Strain at break Young’s modulus
Nanofibers
(MPa) (%) (MPa)
DHBP-ad6 22.53+2.04 1.83£0.15 2070 + 243
DHBP-ad12 1529 +2.48 12.04 + 0.09 264 +59.66
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The thermal properties of DHBP-ad6 and DHBP-ad12 nanofibers were studied by TGA.
After photo-curing, no significant change was observed in degradation temperatures
(Td) of the nanofibers. On the other hand, thermal stability of the nanofibers was
increased significantly after thermal curing (Figure 44). Td onset and Td maximum
values of the DHBP-ad6 nanofibers were observed at 231 and 450°C after photo curing.
On the other hand, an increase was observed in Td onset and Td maximum values of the
DHBP-ad6 nanofibers after thermal curing which was measured as 250 and 458°C,
respectively. In addition char yield of the DHBP-ad6 nanofibers increased from 41 to
53% after photo and thermal curing. Likewise, thermal properties of DHBP-ad12
nanofibers showed the same trend each step of curing. Td onset, Td maximum and char
yield were measured as 245°C, 474°C and 18.4%, respectively. There was no significant
change in these values of the DHBP-ad12 nanofibers after photo curing (242°C, 473°C
and 20.3%); however, remarkable increase was observed especially at Td onset and char
yield of these materials after thermal curing (270°C, 476°C and 35.1%) (Figure 44 and
Table 8). These findings indicate that through two-step curing, as the chain length
increases, the thermal stability of MCPBz nanofibers increases whereas the char yield of

the MCPBz nanofibers decreases as reported the earlier work [168].
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Figure 44. TGA thermograms of a) DHBP-ad6 and b) DHBP-ad12 nanofibers.

(Copyright © 2016, Repriented from Ref. [228] with permission from Elsevier)
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Table 8. The decomposition temperatures (Td) and char yield of the DHBP-ad6 and
DHBP-ad12 nanofibers. (Copyright © 2016, Repriented from Ref. [228] with

permission from Elsevier)

Nanofibers Td onset (°C) Td maximum (°C) Char yield (%)

As-spun nanofibers 233 451 41.2
DHBP-ad6 .

After photo curing 231 450 38.5

After thermal curing 250 458 53.1

As-spun nanofibers 245 474 18.4
DHBP-ad12 After photo curing 242 473 20.3

After thermal curing 270 476 35.1

3.4.5. Solubility and stability test of cross-linked DHBP-ad6 and DHBP-ad12

nanofibers

Cross-linking of the photo and thermal-cured nanofibers were further investigated by
solubility and stability tests. In this part, photo and thermal-cured nanofibers were
immersed for 24 hours into different solvents such as chloroform, DMF, 1,4-dioxane,
DMAc and THF which are very good solvents for the DHBP-ad6 and DHBP-ad12
resins. Figure 45 represents the SEM images of photo and thermal-cured DHBP-ad6 and
DHBP-ad12 nanofibers after the solubility test in above solvents. It is clearly observed
that photo and thermal-cured DHBP-ad6 and DHBP-ad12 nanofibers were not dissolved
even in chloroform and DMF in which the homogenous electrospinning solutions were
prepared to produce bead free and uniform DHBP-ad6 and DHBP-ad12 nanofibers.
Although, photo-cured DHBP-ad12 nanofibers have shown negligible deformation with

lower mechanical integrity after immersing in these solvents, photo-cured DHBP-ad6
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nanofibers maintained the fibrous structure. On the other hand, after two step (photo and

thermal) curing, both DHBP-ad6 and DHBP-ad12 nanofibers have gained better

mechanical integrity and they preserved the original fiber morphology.
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Figure 45. SEM images of cross-linked DHBP-ad6 and DHBP-ad12 nanofibers after

immersing 24 hours in chloroform, DMF, 1,4-dioxane, DMAc and THF. (Copyright ©

2016, Reproduced from Ref. [228] with permission from Elsevier)
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Moreover, thermal stability of cross-linked DHBP-ad6 and DHBP-ad12 nanofibers were
investigated within the temperature range (250-400°C) which is higher than the curing
temperatures and the lower than the decomposition temperatures of the crosslinked
MCPBz nanofibers. It was observed that DHBP-ad6 and DHBP-ad12 nanofibers are
structurally stable even at very high temperatures (400°C) demonstrating that they are

highly crosslinked thermoset materials having nanofibrous morphology (Figure 46).
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Figure 46. SEM images of the cross-linked DHBP-ad6 and DHBP-ad12 nanofibers after
treating different temperatures in high temperature tube furnace at open air. (Copyright

© 2016, Reproduced from Ref. [228] with permission from Elsevier)

In addition, strong acids were used to test the stability of cross-linked nanofibers in
harsh conditions. High concentration solutions (5 M) of HCI, HNO3; and H,SO4 were
prepared to demonstrate the stability of DHBP-ad6 and DHBP-ad12 nanofibers. Since

ring opening and complete cross-linking was not provided by photocuring, fibrous
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structure of DHBP-ad6 was deteriorated in HCI and lost completely in HNO3; and H,SO4
(Figure 47). In the case of photo-cured DHBP-ad12 nanofibers, the fibrous structure was
maintained when treated with HCl and HNO3 whereas H,SO, deformed the nanofibers.
On the other hand, structural integrity of the photo and thermal-cured DHBP-ad6 and
DHBP-ad12 nanofibers were great, thus they were able to stay as free standing webs
under strong acid treatments and the fibrous structure were preserved perfectly (Figure

47).

Photo-cured Photo and thermal-cured Photo-cured Photo and thermal-cured
DHBP-ad6 NF DHBP-ad6 NF DHBP-ad12 NF DHBP-ad12 NF

Figure 47. SEM images of cross-linked DHBP-ad6 and DHBP-ad12 nanofibers after
immersing 24 hours in 5M HCI, HNO; and H,SO, solutions. (Copyright © 2014,

Reproduced from Ref. [228] with permission from Elsevier)
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Chapter 3: Polymer/polybenzoxazine

composite nanofibers
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3.5. Cellulose acetate/BA-a composite nanofibers

Polybenzoxazines have many fascinating properties such as near-zero volumetric change
upon curing, no by-products without any catalysts during curing, low water absorption,
high glass transition temperature, high char yield, good mechanical and thermal
properties [16]. These properties of polybenzoxazines make them good candidate as a
blending material for the production of high performance composite materiasl not only

bulk state but also fabrication at nano-scale.

Polymeric nanofibers have several characteristics such as high surface area to volume
ratio, high density of pores with size range from tens of nanometer to several
micrometers, interconnected open pore structureand high permeability for gases that
make them very attractive material in filtration technology [251]. Electrospinning as a
simple and versatile nanofiber production tecnique provides the functionalization of the
polymeric nanofibers by simply blending the polymers with desired substances readily
in the electrospinning solution to produce composite nanofibers with enhanced
properties. Amoung the polymers, cellulose acetate (CA) is one of the widely used
polymer type for the production of filtration membrane. Although, CA nanofibrous
membranes or functionalized CA nanofibers posses very good filtration performance to
variety of substances such as metal ions [252-255], dye [256, 257], polyaromatic
hydrocarbons [258], and so on, its thermal and mechanical properties need to be

enhanced for the application especially in harsh conditions.
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In this chapter, we aimed to get benefit from the attractive properties of the
polybenzoxazines in order to enhance especially the thermal and mechanical properties
of the CA nanofibers while maintaining or even enhancing the filtration performance by
simply producing CA/polybenzoxazine composite nanofibers through electrospinning.
For this purpose, bisphenol-A and aniline-based benzoxazine monemer (BA-a) used as a
blending material. Two oxazine rings of BA-a contribute the cross-linking reactions
through opening of the oxazine rings by thermal activation and results with highly cross-
linked structure with benzene side groups. It is well now that, benzene or cyclic side
groups have higher effect on the thermal and mechanical properties compared to
aliphatic chains. Therefore BA-a is a very good blending material as a benzoxazine to

enhance the thermal and mechanical properties of CA nanofibers.
3.5.1. Structural characterization of BA-a

BA-a monomer was synthesized from bisphenol-A, aniline and paraformaldehyde by
solventless method (Figure 48). Reaction was carried out at 110 °C for 1 hour and
typical yellow colour benzoxazine was obtained with high purity. The structure of the
synthesized BA-a was confirmed by *H NMR and FTIR spectroscopy. Figure 49
represents the *H NMR of BA-a. The characteristic benzoxazine resonances attributable
to the O-CH,-N and the Ph-CH,-N methylene of the oxazine ring were observed at 5.36
ppm and 4.31 ppm, respectively. Existence of these peaks with the 1:1 ratio was the

evidence for the synthesis of high purity BA-a.

138



®

M

o Nz q10°c ¥, )
v e O 2 OEO
HO H # T H <N cHs
Bisphenol A Paraformaldehyde  Aniline @ "
-a

Figure 48. Synthesis of BA-a.
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Figure 49. The proposed chemical structure and 1H NMR spectrum of BA-a in CDCI3.

Figure 50 reprsents the FTIR spectra of BA-a. The characteristic peaks of the
benzoxazine peaks were observed in the FTIR spectra as well. Initially, strong peak at
946 cm™ ascribed to the benzene ring mode attached to the oxazine ring. In addition, the
very intense and sharp peak existing at 1496 cm™ is due to the in-plane C-H bending

mode of the tri-substituted benzene ring and the strong peak appearing at 1232 cm™ is
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due to the aromatic ether stretching of C-O-C in the oxazine ring.These findings

correlate with the 'H NMR results indicating the synthesis of BA-a was achieved.
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Figure 50. The FTIR spectrum of BA-a.

3.5.2. Electrospinning of cellulose acetate and cellulose acetate/BA-a composite

nanofibers

Homogenous solutions of the cellulose acetate (CA) and mixture solutions of CA and
BA-a (CA/BA-a) were prepared in DCM/methanol (4:1, v/v) binary solvent system. As
reported, bead free and uniform CA nanofibers were obtained at 12% CA (w/v)
concentration [258]. Therefore, in order to produce CA/BA-a composite nanofibers,
different compositions of the CA/BA-a precursor solution were prepared by varying the
concentration of CA (10 and 12 % (w/v)), BA-a (2 and 5 % (w/v)) in the mixture
solution. These solutions are denoted as CAx:BA-ay, where X is the concentration of the
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CA and y is the concentration of the BA-a. As a result, three different compositions of
the CAx:BA-ay were obtained as follow; CA10/BA-a2, CA10/BA-a5 and CA12/BA-a2.
SEM images of the nanofibers obtained from these solutions revealed the successful
production of bead free and uniform nanofibers from all composition of CAx/BA-ay
solutions. CA nanofibers were also produced as a comparison (Figure 51). In order to
investigate the effect of the BA-a amount on the fiber diameter, average fiber diameter
(AFD) of the nanofibers were calculated from SEM images. AFD of CA nanofibers
obtained 12% (w/v) CA solution were 720+295 nm . Although total concentration of the
CA and BA-a were maintained 12% (w/v) in CA10/BA-a2 as pure CA solution, thinner
nanofibers with the AFD of 621+196 nm were obtained from CA10/BA-a2 presumably
the lower CA concentration. In the second composition, CA concentration was
maintained 10% (w/v) as previous one and BA-a amount was increased as much as
possible in the mixture solution in order to provide the formation of nanofibers. Here,
5% (w/v) was determined to be the highest BA-a amount that allows the formation of
uniform bead free nanofibers, yet, no significant difference was observed on the AFD of
CA10/BA-a5 nanofibers which is calculated as 630+250 nm. On the other hand,
increasing the CA concentration to 12% (w/v) and using 2% (w/v) BA-a yielded thicker
nanofibers with the AFD of 758+245 nm. These results clearly demonstrated that the
polymer concentration has more dominant effect on the fiber diameter rather than the
BA-a amount which is an expected result since CA polymer has higher molecular weight

than BA-a monomer.
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Figure 51. SEM images of (a) CA nanofibers, (b) CA10/BA-a2, (c) CA10/BA-a5 and

(d) CA12/BA-a2 composite nanofibers.

3.5.3. Structural and morphological characterization of the CA/BA-a composite

nanofibers after thermal curing

Cross-linking of the CA/BA-a composite nanofibers were achieved by thermal curing.
Curing studies were performed in the temperature range which the polymerization of the
BA-a can be achieved without decomposing the CA polymer. As it is known
decomposition temperature of the CA is around 230°C and polymerization of the BA-a
is up to 240°C [2], hence, CA10/BA-a2, CA10/BA-a5 and CA12/BA-a2 were thermally

cured by keeping the composite nanofibers in a standard oven heated step-wise at
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following temperatures; 150, 175, 200 and 225°C. During the thermal curing, BA-a
monomer polymerized (PBA-a) by ring-opening and cross-linking reactions and
CA10/PBA-a2, CA10/PBA-a5 and CA12/PBA-a2 composite nanofibers were obtained.
SEM images of the cured nanofibers revealed that the fibrous morphology was

preserved for all samples (Figure 52).
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Figure 52. SEM images of (a) CA10/BA-a2, (b) CA10/BA-a5 and (c) CA12/BA-a2

composite nanofibers cured step-wise at 150, 175, 200 and 225°C.

However, these nanofibers could not retain the fiber structure and dissolved in time
when they were immersed in DCM and methanol which are very good solvents for the
pure CA and the electrospinning solutions were prepared from these solvents to produce
composite nanofibers. This finding shows the cross-linking of CA was not achieved.
Therefore, in order to prevent the solubility of composite nanofibers in these organic
solvents by providing the cross-linking of not only BA-a but also CA, citric acid (CTR)
was used as a cross-linking agent. CTR is polycarboxyl organic compound that acts as a
cross-linking agent because of the carboxyl groups in its molecular structure. It is

reported that carboxylic acids cross-link the hydroxyl groups in cellulose and the cross-
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linking reaction occur temperature range 165-175°C [259]. As mentioned above,
uniform nanofibers were produced from all compositions, yet, CA10/BA-a5 composition
was chosen for the production of composite nanofibers due to the highest amount of the
BA-a and availability of thinner fiber production. 1% (w/v) CTR was added to the
CA10/BA-a5 mixture solution and bead free uniform nanofibers were able to obtain
(Figure 53a). Nanofibers obtained from this composition were denoted as CA10/BA-
ab/CTR1. These composite nanofibers were also cured by step-wise at 150, 175, 200 and
225°C, as a result, CA10/PBA-a5/CTR1 were obtained. SEM image of the CA10/BA-
a5/CTR1 showed that the addition of the CTR did not affect the fiber morphology and

even after the curing nanofibers preserved the fibrous structure (Figure 53b).
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Figure 53. SEM images of (a) CA nanofibers and (b) CA10/PBA-a5/CTR1 composite

nanofibers cured step-wise at 150, 175, 200 and 225°C.

Furthermore, in order to investigate the cross-linking of the CA10/PBA-a5/CTR1
nanofibers, solubility tests were performed. Although, cured CA10/PBA-a5 composite
nanofibers which are not including CTR dissolved immediately in DCM and methanol,
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CA/PBA-a/CTR1 composite nanofibers preserved the mechanical integrity even over
night immersing which is the evidence of the cross-linking. Further indicate the cross-
linking provided by thermal curing and also molecular structural changes occurring
during the thermal curing, FTIR spectroscopy technique was used. Generally
characteristic absorbance peaks of the benzoxazine ring in the FTIR spectrum were
investigated during the thermal curing studies. Characteristic benzoxazine peaks for the
BA-a were observed at 946 cm™ (out-of-plane C-H vibration mode of the benzene ring
attached to oxazine ring), 1232 cm™ (asymmetric stretching of C-O-C in the oxazine
ring) and 1496 cm™ (in-plane C=H bending mode of the tri-substituted benzene ring). As
it is known, heat treatment provides the opening of oxazine rings and the intensity of
these characteristic benzoxazine peaks dicreases with the thermal curing. In order to
differentiate the origin of the peaks, FTIR spectra of CA, BA-a, CA10/BA-a5/CTR1
and CAL10/PBA-a5/CTR1 were recorded. Firstly, characteristic benzoxazine peaks
which are not overlapping with the CA peaks were determined in order to investigate the
ring opening and cross-linking reactions. As it is observed, while peaks at 946 cm™ and
1496 cm™ belonging to the BA-a is clearly differentiated in the FTIR spectrum of
CA10/BA-a5/CTR1, peak at 1232 cm™ is overlapping with the C-O-C stretching of the
CA, hence, peaks at 946 cm™ and 1496 cm™ were used to investigate ring opening
reactions. After the thermal curing, these peaks were disappeared in the FTIR spectrum
of CA10/PBA-a5/CTR1 confirming the achievement of the cross-linking and

polymerization of BA-a. Although polymerization of BA-a was clearly identified by
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FTIR, cross-linking of CA with CTR was not differentiated due to the overlapping
peaks. CA has very strong absorption peak in the range of around 1690-1880 cm™
belongs to the C=0O stretching of the ester group [260]. Although, it is expected to
observe formation of new C=0 stretching band of carboxyl group of CTR around 1750-
1735 cm™ and C-O stretching band between 1000-1300 cm™ in the FTIR spectrum of
CA10/BA-a5/CTR1 because of the involvement of CTR to the CA and BA-a mixture,
these bands could not be differentiated due to the overlapping with the absorption peaks
of CA. In addition, since the amount of the CTR (1 %, w/v) in the composition is very
less when compared with the CA (10%, w/v), it is not surprise to do not observe the
formation of new peaks belong to CTR. Nevertheless, it can be suggested that both
polymerization/cross-linking of BA-a and cross-linking of CA in the composite
nanofibers were achieved by thermal curing after the addition of CTR according to the

solubility test results since insoluable nanofibers were obtained.
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Figure 54. FTIR spectra of BA-a, CA nanofibers, CA10/BA-a5/CTR1 and CA10/PBA-

a5/CTR1 composite nanofibers cured step-wise at 150, 175, 200 and 225°C.

Moreover, physical appearance of the nanofibers also confirms the cross-linking. As it is
observed in Figure 55, the distinct color change was observed from white to brownish
yellow after thermal curing owing to the cross-linking/polymerization of the BA-a. This
is a kind of polybenzoxazine color which is obtained after curing. Moreover, fluffy
structure of CA nanofibers has transformed to film like structure and the surface of the
nanofibersbecame smother after the formation of CA10/PBA-a5/CTR1 composite
nanofibers. In this composite form nanofibers looks as free standing material and has the
bending ability by transforming the its original structure without any deformation. On

the other hand, although CA nanofibersalso look as free standing material, when it is
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bended fibers stick to each other and nanofibers became fluffier. In brief, CA10/PBA-
a5/CTR1 composite nanofibersis more handable and flexible compared to the CA

nanofibers which make it more suitable for the membrane applications.

Figure 55. Photograps of (a) CA nanofibers and (b) CA10/PBA-a5/CTR1 composite

nanofibers.

3.5.4. Thermal and mechanical Properties of CA and CA10/PBA-a5/CTR1

composite nanofibers

TGA was used to investigate the changes occurring in thermal properties of CA
nanofibers after the formation of CA10/PBA-a5/CTR1 composite nanofibers. TGA
curves of the these two nanofibers are given in Figure 56. Composite nanofiber
formation did not affect the degradation temperature (Td) of the CA nanofibers
significantly. Td onset and Td maximum values of the CA nanofibers were measured as
243°C and 378°C, respectively. After the CA10/PBA-a5/CTR1 composite nanofiber

formation, these values were measured as 257°C and 378°C, respectively. On the other
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hand, char yield of the CA nanofibers have increased remarkably and measured as

12.2% and 24.7% for CA and CA10/PBA-a5/CTR1, respectively.
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Figure 56. TGA thermograms of the (a) CA10/BA-a5/CTR1 and (b) CA10/PBA-

ab/CTR1 composite nanofibers.

Mechanical properties of the CA, CA10/BA-a5/CTR and CA10/PBA-a5/CTR
nanofibrous mats were studied by DMA. Since CA nanofibers have fluffy structure, it
was not possible to perform DMA measurement properly. Even during the sample
preparation process, CA nanofibers separated from each other causing the deterioration
of whole sample and resulting the mistakes in the measurement. Stress-strain curve of
the as-spun CA nanofibers are given in the Figure 57 not representing the actual
elongation because of the sliding and the separation of nanofibers one by one instead of

breaking the nanofibers (Figure 58). Since proper measurement could not performed for
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CA nanofibers, DMA measurement was carried out for CA10/BA-a5/CTR1 nanofibers
showing to compact structure. CA10/BA-a5/CTR1 nanofibers considered as a reference
in order to investigate the mechanical properties of nanofibers before and after cross-
linking. The stress—strain curves and the tensile data of the electrospun nanofibrous mats
before and after the cross-linking are given in Figure 57 and Table 9. The results show
that even the addition of BA-a and CTR without the curing enhanced the mechanical
properties of the CA. However, remarkable enhancement was observed after the cross-
linking achieved by thermal curing. As summarized in Table 9, tensile strength, ultimate
tensile stress and Young’s modulus of the CA10/BA-a5/CTR1 measured as 2.42+0.75
MPa, 3.54+0.96 %, 93.01+30.79 MPa, respectively and these values for CA10/PBA-
a5/CTRI1 measured as 8.64+0.63 MPa, 8.93+0.12 %, 213.87+£30.79 MPa, respectively.
This significant enhancement in mechanical performance of CA nanofibers can be
attributed to the stiffening effect of the BA-a with polymerization and also cross-linking

of CA nanofibers.
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Figure 57. DMA curves of CA nanofibers, CA10/BA-a5/CTR1 and CA10/PBA-

a5/CTR1 composite nanofibers.

Figure 58. Photograph of the CA nanofibers after DMA measuement.
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Table 9. Data obtained from the DMA curves of CA10/BA-a5/CTR1 and CA10/PBA-

ab/CTR1 composite nanofibers.

] Stress at yield Strain at break Young’s modulus
Nanofibers
(MPa) (%) (MPa)
CA10/BA-a5/CTR1 2.42 +0.75 3.54+0.96 03.01 +23.90
CA10/PBA-a5/CTR1 8.64 = 0.63 8.93+0.12 213.87 +30.79

3.5.5. Molecular entrapment efficiency of CA/PBA-a composite nanofibers with

polyaromatic hydrocarbons

Polyaromatic hydrocarbons (PAHS) are organic pollutants which threat the human health
seriously due to their mutagenic and carcinogenic effect. Phenanthrene is the well
known type amoung the other hydrocarbons, thus it was chosen as a model PAH to
investigate the molecular filtration performance of CA nanofibers and CA10/PBA-
ab/CTR1 composite nanofibers. Figure 59 shows the decrease of phenanthrene
concentration (%) in time when CA nanofibers and CA10/PBA-a5/CTR1 composite
nanofibers were being kept in phenanthrene aqueous solution. It is observed that, both
CA nanofibers and CA10/PBA-a5/CTR1 composite  nanofibers adsorbed the
phenanthrene effectively. Even after 10 mins of nanofibers dipping, CA nanofibers and
CA10/PBA-a5/CTR1 composite nanofibers reach to 66 and 78% removal efficiency,

respectively. The difference between adsorbed amount of phenanthrene by CA
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nanofibers and CA10/PBA-a5/CTR1 composite nanofibers increased with time and
while approaching the end of the experiment after 150 mins, removal efficiency became
almost stable for both nanofibers. At the end of the experiment, CA10/PBA-a5/CTR1
composite nanofibers removed the 98.5% of the initial concentration of the

phenanthrene, wheares CA nanofibers removed the 92% of that.
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Figure 59. The time dependent phenanthrene removal efficiency CA nanofibers and

CA10/PBA-a5/CTR1 composite nanofibers.

The higher removal efficiency of CA10/PBA-a5/CTR1 composite nanofibers

presumably resulted from the incorporation of the BA-a to the hydrophilic CA
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nanofibers. Because, after thermal curing, BA-a polymerized by ring-opening and
formed highly cross-linked structure with benzene rings (Figure 60) which provided
hydrophobic characteristic to the CA nanofibers. Since phenanthrene is a hydrophobic
molecule, most probably higher hydrophobic interactions occured between CA10/PBA-
ab/CTR1 composite nanofibers and phenanthrene molecule than CA nanofibers. In
addition, benzene rings found in the structure of PBA-a, consecuently in the structure of
CA10/PBA-a5/CTR1 composite nanofibers provided additional interactions such as n-n
stacking between CA10/PBA-a5/CTR1 composite nanofibers and phenathrene . It is
well known that, n—n bonding interaction has been used to explain the adsorption of

organic molecules with a C—C double bond or a benzene ring [261].
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Figure 60. Cross-linking of BA-a monomer with thermally induced ring-openning

reaction.

Also, it was observed that, both CA nanofibers and CA10/PBA-a5/CTR1 composite

nanofibers preserved their fiber structure after the filtration experiment while the
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mechanical integrity of the CA10/PBA-a5/CTR1 composite nanofibers were better than
the CA nanofibers. CA10/PBA-a5/CTR1 composite nanofibers preserve the original

form perfectly only some crinkle was observed after the filtration test (Figure 61).

Figure 61. Photographs and SEM images of (a,c) CA nanofibers, (b,d) CA10/PBA-

a5/CTR1 composite nanofibers after the filtration test.

155



3.6. Polycarbonate/BA-a composite nanofibers

Various studies show that the blending BA-a and other benzoxazines with different
polymers such as polyurethane [262], polycarbonate [263], poly(e-caprolactone) [264,
265], poly(N-vinyl-2-pyrrolidone) [266], so on. enhanced the thermal and/or
mechanical/thermomechanical properties of the pristine polymer after the thermal
curing. Although it was demonstrated for bulk composites, similar improvement can be

expected for the polymer/polybenzoxazine composite nanofibers.

In this study, PC was chosen as a thermoplastic polymer for the enhancement of its
thermomechanical properties. Also, PC posses relatively high toughness compared to
other polymers and polybenzoxazines are brittle materials, thus combination of these
two materials can provide fundamental contribution to the production of high
performance polymer/polybenzoxazine composite nanofibers. PC has carbonyl groups
having high potential to form intermolecular hydrogen-bond with the polybenzoxazine
main chain which provides good missibility of these two component [263]. Therefore
uniform composite nanofibers can be obtained from these two different types of
material; one of them is crystallizable and the other one highly cross-linked. This might
be an interesting study to demonstrate the missibility of thermoplastic polmer with

thermoset resin in the nano-scale nanofiber production process.
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3.6.1. Electrospinning of Polycarbonate and Polycarbonate/BA-a composite

nanofibers

Homogenous solutions of the polycarbonate (PC) and mixture solutions of PC with BA-
a (PC/BA-a) were prepared in THF/DMF (4:1, v/v) binary solvent system.
Concentration range of the electrospinning solutions of PC/BA-a were determined to be
25% (w/v) and different compositions of the PC/BA-a precursor solution were prepared
by varying the concentration of PC (18 and 20% (w/v)), BA-a (3, 5 and 7% (w/v)) and
CTR (2% (w/v)) in the mixture solution in order to find out the most favorable
compositon for the production of uniform PC/BA-a composite nanofibers. Initially, only
PC and BA-a mixture solutions were prepared to determine the concentration of the
main components of the precursor solution and these solutions are denoted as PCx:BA-
ay, where x is the concentration of the PC and y is the concentration of the BA-a.
Consequently, five different mixture solutions of the PCx:BA-ay were obtained as
follow; PC18/BA-a5, PC18/BA-a7, PC20/BA-a3, and PC20/BA-a5. PC nanofibers were
also prepared for comparison. SEM images of the nanofibers obtained from these
solutions are shown in Figure 62. As it is observed, nanofibers were obtained with
different morphologies and bead free uniform nanofibers were produced from the
PC20/BA-a5 mixture solution (Figure 62a-e), thus 2% CTR was added to this
composition to decrease the temperature of cross-linking reaction achieved by thermal

curing. CTR did not effect the fiber morphology and uniform nanofibers were also
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obtained from 2% CTR containing PC20/BA-a5 mixture solution (PC20/BA-a5/CTR?2)

(Figure 62f).

Figure 62. SEM images of the (a) PC nanofibers, (b) PC18/BA-a5, (c) PC18/BA-a7, (d)

PC20/BA-a3, (e) PC20/BA-a5 and (f) PC20/BA-a5/CTR2 composite nanofibers.

3.6.2. Structural and morphological characterizations of the cross-linked

PC20/PBA-a5/CTR2 composite nanofibers

It is known that, PC flows above about 155°C and BA-a monomer has very high curing
temperature which is about 240°C [2]. Therefore it is essential to decrease curing
temperature in order to obtained cross-linked composite nanofibers from PC and BA-a

while preserving the fiber morphology. Here, addition of CTR is very critical. PC20/BA-
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a5/CTR2 composite nanofibers were thermally cured by keeping the composite
nanofibers in a standard oven starting from low temperatures at about 100°C and the
additional one hour curing was performed under the temperature where melting is
observed. The morphological changes occuring during the thermal curing were
investigated by SEM. Figure 63 represents the SEM images of the PC20/BA-a5/CTR2
composite nanofibers which are cured step-wise at 100, 120, 140 and 160°C. As mention
earlier, during the thermal curing, BA-a monomer polymerized (PBA-a) by ring-opening
and cross-linking reactions and PC20/PBA-a5/CTR2 composite nanofibers were
obtained. SEM images of the cured nanofibers revealed that although some deformation
was observed at 120 and 140°C, the fibrous morphology was preserved under the 160°C.
When nanofibers were being kept at 160°C, they started to melt and lost the fibrous
structure. It is an expected result, since the melting is observed for pristine PC at around
155°C. Therefore, 140°C is determined to be a last temperature step for the curing

studies.
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Figure 63. SEM images of the PC20/BA-a5/CTR2 composite nanofibers cured step-
wised at (a) 100°C , (b) +120°C, (c) +140°C and (d) +160°C (+' is used to show

additional 1 hour heat treatment ).

In order to investigate the cross-linking of the PC20/PBA-a5/CTR2 nanofibers,
solubility tests were performed. Although, cured PC20/PBA-a5 composite nanofibers
which are not including CTR dissolved immediately in THF and DMF, PC20/PBA-a5
/ICTR2 composite nanofibers preserved the mechanical integrity even over night
immersing which is the evidence of cross-linking. Further prove the cross-linking

provided by thermal curing and also molecular structural changes occurring during the
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thermal curing, FTIR spectroscopy technique was used. Generally characteristic
absorbance peaks of the benzoxazine ring in the FTIR spectrum were investigated
during the thermal curing studies. Characteristic benzoxazine peaks for the BA-a were
observed at 946 cm™ (out-of-plane C-H vibration mode of the benzene ring attached to
oxazine ring) and 1232 cm™ (asymmetric stretching of C-O-C in the oxazine ring) As it
is known, heat treatment provides the opening of oxazine rings and the intensity of these
characteristic benzoxazine peaks decreases with the thermal curing. In order to
differentiate the origin of the peaks, FTIR spectra of PC, BA-a, PC20/BA-a5/CTR2 and
PC20/BA-a5/CTR2 were recorded in the range of 2000-200 cm™. Firstly, characteristic
benzoxazine peaks which are not overlapping with the PC peaks were determined in
order to investigate the ring opening and cross-linking reactions. As it is observed, while
peak at 946 cm™ belonging to the BA-a was clearly differentiated in the FTIR spectrum
of PC20/BA-a5/CTR2, absorbance peak at 1232 cm™ was overlapping with the C-O-C
stretching of the PC. Therefore, absorbance peak at 946 cm™ attributed to the out-of-
plane C-H vibration mode of the benzene ring attached to oxazine ring was chosen to
investigate ring opening reactions. After the thermal curing, this peak was disappeared
in the FTIR spectrum of PC20/PBA-a5/CTR2 confirming the achievement of the cross-
linking and polymerization of BA-a. In brief, FTIR results show that addition of 2%
CTR decreased the curing temperature of PC nanofibers and cross-linked PC20/PBA-

a5/CTR2 composite nanofibers were obtained even at low temperatures.
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Figure 64.FTIR spectra of BA-a, PC nanofibers, PC20/ BA-a5/CTR2 composite
nanofibers and PC20/ PBA-a5/CTR2 composite nanofibers cured step-wise at 100, 120

and 140°C.

3.6.3. Thermal and thermomechanical properties of PC and PC20/PBA-a5/CTR2

composite nanofibers

TGA was used to investigate the thermal properties of PC nanofibers and PC10/PBA-
ab/CTR2 composite nanofibers. TGA curves of these two samples are given in Figure
65. For PC nanofibers, one step weight loss was observed with the derivative peak
maximum at 465°C which is the main degredation temperature of PC. For PC10/PBA-
ab/CTR2 composite nanofibers three steps weight loss was observed with the derivative

peak at 215, 387 and 503°C. Main degration occured at 503°C degredation of PC. After
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the PC10/PBA-a5/CTR1 composite nanofiber formation, main degradation temperature
of the PC shifted remarkably to the higher temperature. However, no significant change
was observed in char yield of PC nanofibers and PC10/PBA-a5/CTR2 composite

nanofibers which are determined as 23 and 27%, respectively.
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Figure 65. TGA thermograms of the PC nanofibers and PC20/PBA-a5/CTR2 composite

nanofibers cured step-wise at 100, 120 and 140°C.

DMA was used to evaluate thermomechanical properties of PC20/BA-a5/CTR2
composite nanofibers cured at different temperatures. First, DMA measurement of
PC20/BA-a5/CTR2 composite nanofibers (before curing) were performed in order to
demonstrate the initial thermomechanical properties of composite nanofibers. The

storage modulus of the PC20/BA-a5/CTR2 composite nanofibers were recorded up to
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150°C (Figure 66). At the begining, the storage modulus of the uncured PC20/BA-
ab/CTR2 composite nanofibers increased up to 55 Mpa from 20 Mpa and then decreased
gradually with increasing temperature. The reason of the increasing storage modulus is
most probably cross-linking occured by heating as a result mechanical properties of the
composite nanofibers were enhanced during the measurement. DMA curves of
PC20/BA-a5/CTR2 composite nanofibers cured up to 120 °C and 140 °C suggest that
PC20/BA-a5/CTR2 composite nanofibers cured up to 140°C has higher storage modulus
in the glassy region than the cured up to 120°C, as observed from their respective room-
temperature values of 71 and 124 Mpa. Then, storage modulus of both samples begin to
decrease indicating the transition from glassy state to rubbery state which is the
beginning of the glass transition range. It was observed that with higher curing
temperatures, the transition in the storage modulus progressively moves to higher
temperatures which indicates that glass transition temperature (Tg) increasing with cure

temperature.
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Figure 66. DMA curves of the PC20/ PBA-a5/CTR2 composite nanofibers before and

afer cured step-wise at different temperatures.
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Chapter 4: Cyclodextrin/polybenzoxazine

composite nanofibers
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3.7. Water insoluable cyclodextrin nanofibers by using BA-a

as a cross-linking agent

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of (1,4)-linked
glucopyranose units. They are produced from the enzymatic conversion of starch so they
are natural and non-toxic [267-269]. CDs are truncated cone-shaped molecules which
have three main types; a-CD, B-CD and y-CD having six, seven and eight
glucopyranose units, respectively. Moreover, by the chemical modifications of CDs (e.g.
methyl-CD and hydroxy-propyl-CD), the regenerative CD types such as hydroxypropyl-
B-cyclodextrin (HPBCD), hydroxypropyl-y-cyclodextrin (HPyCD) and methyl--
cyclodextrin (MBCD) can be obtained with higher solubility compared to native ones
[268-270] (Figure 67a,b). Due to the high solubility, highly concentrated homogeneous

solutions can be prepared from these modified CDs for the production of CD nanofibers.

In the electrspinning process, generally high molecular weight polymers and highly
concentrated polymer solutions are used. Because for the formation of uniform
nanofibers required chain entanglement and overlapping can be provided especially in
these conditions. Therefore, the electrospinning of non-polymeric systems was
considered as a challenge, However, in earlier studies of our group, bead free and
uniform nanofibers were obtained from three different CD derivatives, HPBCD, HPyCD,
MBCD without using polymeric carrier matrix due to self-assembly and aggregation

property of CD molecules [271] (Figure 67c).
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Figure 67. Schematic view and (b) chemical structures of modified HPBCD, HPyCD

and MBCD and (¢) SEM images of the electrospun nanofibers obtained from the highly

concentrated solutions of modified HPBCD, HPyCD and MBCD.

The specific shape of CDs enables the formation of non-covalent host-guest inclusion
complexes between variety of molecules [267-269, 272] provides also removal of the
undesired molecules from the environment. Therefore, nanofibers functionalized by CDs
or produced from only CDs might be a promising filtration material for the removal of
organic pollutants, dye molecules and heavy metal ions. Although, they have very
attractive properties, their solubility in water limit their usage especially in liquid media
therefore producing water insoluable CD nanofibers have became more essential in
recent years. Therefore in this chapter, we used benzoxazine monomers as cross-linking
agent and we produced water insoluable modified CD/polybenzoxazine composite
nanofibers with enhanced physical and thermal properties. Main purpose to obtain water

insoluable CD nanofibers is to produce molecular filtration material which can be used
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for the waste water treatments. Advantage of the nanofibers such as high surface area
and porous structures provide the adsorption of molecules more effectively, so high

efficiency materials can be obtained by achieving the cross-linking of CD nanofibers.

3.7.1. Electrospinning of modified cyclodextrin/BA-a composite nanofibers

In this study, we used three different CD derivatives (HPBCD, HPyCD and MBCD) and
benzoxazine monomer (BA-a) in order to obtain water insoluable CD nanofibers.
Initially, the ratios between CD derivative and BA-a were varied within the different
ranges three different composion of the CD/BA-a were prepared as follow; 75/50, 75/75,
100/25 (w:w/v) for HPBCD, HPyCD and 75/50, 75/75, 120/25 (w:w/v) for MBCD
(w:w/v) to obtain bead free and uniform nanofibers and nanofibers obtained from these
solutions were denoted as CDx/BA-ay, where x is the concentration of the CD
molecules and y is the concentration of the BA-a in the mixture solution. SEM images of
the nanofibers obtained from all these compositions are given in Figure 68. In all
compositions with lower CD and BA-a concentration, CD75/BA-a50 non-uniform beads
with different size range were obtained owing to the insufficient amount of CD
aggregates. This is resulte destabilization of the electrified jet during the electrospinning,
thus resulted with beads instead of continuous fibers which is also typical behaviour of
the polymeric systems with low concentration due to the insufficient chain
entanglements and overlapping [90, 273]. In the composition of CD75/BA-a75, different
structures were observed for all CD types. When HPBCD75/BA-a75 solution was

electrospun thicker fibers with almost uniform structure were obtained. In the case of
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electrospinning of HPyCD75/BA-a75 and MBCD75/BA-a75 solutions nanofibers with
bead structures were obtained, however, MBCD75/BA-a75 solutions yielded higher
amount of beads most probably lower amount of CD aggregates. As it is observed, bead
free and uniform nanofibers were obtained when HPBCD100/BA-a25, HPyCD100/BA-
a25 and MBCD120/BA-a25 mixture solutions were electrospun. It is well known that for
the polymeric system bead-free fibers are usually obtained when the polymer
concentration is increased [90, 106, 273, 274]. Because high concentration polymer
solutions posses more chain entanglements which play a critical role to keep the
continuity of the jet during the electrospinning process. Here, we observed a very
similar behavior for the electrospinning of CD/BA-a nanofibers. Since CDs have more
contribution for the formation of nanofibers with forming CD agregates due to hydrogen
bonding, increase in their concentration significantly affected the nanofibers

morphology rather than the increase in BA-a concentration.
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Figure 68. SEM images of the nanofibers obtained from different compositions of

CD/BA-a solutions.
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3.7.2. Structural and morphological and thermal characterization of the modified

CD/PBA-a composite nanofibers after thermal curing

After determining the suitable ratio for the production of bead free and uniform
nanofibers, curing experiments were carried out for HPBCD100/BA-a25,
HPyCD100/BA-a25 and MBCD125/BA-a25 composite nanofibers. Curing studies were
performed by starting from 150°C and temperature increased step-wise up to 200 °C
where melting of the HPyCD100/BA-a25 and MBCD125/BA-a25 composite nanofibers
were observed (Figure 69). Since HPBCD100/BA-a25 composite nanofibers were more
durable to the heating, HPBCD100/BA-a25 composite nanofibers was chosen for the

further investigation of the properties of the composite nanofibers.

Figure 69. SEM images of the (a) HPBCD100/BA-a25, (b) HPyCD100/BA-a25 and

MBCD125/BA-a25 composite nanofibers after step-wise curing at 150, 175, and 200°C.

At higher temperatures (225°C) some structural deformations were also observed for
HPBCD100/BA-a25 composite nanofibers. Therefore, different approach was developed

to obtained cross-linked HPBCD100/BA-a25 composite nanofibers without deteorating

172



the nanofibers. In order to provide complete cross-linking while maintaining the fiber
morphology, citric acid (CTR, 5% and 15% w/v) was added to HPBCD100/BA-a25
mixture solution as a crosslinking agent. In addition to the HPBCD100/BA-a25,
HPBCD/CTR solution was also prepared as a control to investigate the effect of citric
acid and BA-a in the curing capabilities of nanofibers. As a result, four different
compositions of mixture solutions (HPBCD100/BA-a25/CTR5, HPBCD100/BA-
a25/CTR15, HPBCD100/BA-a25 and HPBCD100/CTR15 were obtained and bead free
uniform nanofibers were produced from each solution (Figure 70 (ai-di)). Curing studies
were carried out by step-wise heating in the tempearture range 150-225°C. As it is
known, BA-a monomer polymerizes by thermally induced ring opening and form
polybenzoxazine (PBA-a). Therefore after the curing, HPBCD100/PBA-a25/CTR5,
HPBCD100/PBA-a25/CTR15, HPBCD100/PBA-a25 composite nanofibers and
HPBCD100/CTR15 film were obtained as shown in Figure 70 (aii, bii). While
HPBCD100/PBA-a25 composite nanofibers could not preserve the fibrous structure after
heating up to 225°C, only CTR including composite nanofibers were decomposed
completely after the curing process. Here, it is clear that CTR itself is not sufficient for
the cross-linking of CD nanofibers. On the other hand, both CTR and BA-a containing
composite nanofibers maintained the fiber morphology perfectly even after keeping
nanofibers one hour at 225°C which demonstrated the achievement of cross-linking

(Figure 70 (cii, dii)).
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Figure 70. SEM images of (a) HPBCDI100/BA-a25, (b) HPBCDI100/CTRI15, (c)
HPBCD100/BA-a25/CTRS and (d) HPBCD100/BA-a25/CTR15; (i) as-electrospun

nanofibers and (ii) after step-wise curing at 150, 175, 200 and 225°C .
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Furthermore, FTIR spectroscopy was used to investigate the molecular structural
changes occuring during the thermal curing. Figure 71 shows the FTIR spectra of the
HPBCD100/PBA-a25/CTR5, HPBCD100/PBA-a25/CTR15,  HPBCD100/PBA-a25
composite nanofibers cured up to 225°C and HPBCD100/CTR15 composite nanofibers
cured up to 200°C where the fibrous structure of the all nanofibers were maintained. For
all samples, at the begining characteristic peaks of the BA-a which are not overlapping
with the HPBCD CD peaks was observed except HPBCD100/CTR15. After thermal
curing, these peaks disappeared in the FTIR spectra indicating the polymerization of

BA-a (Figure 71).
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Figure 71. FTIR spectra of (a) HPBCD100/PBA-a25, (b) HPBCD100/CTRI1S, (c)
HPBCD100/PBA-a25/CTRS and (d) HPBCD100/PBA-a25/CTR15 composite nanofibers

obtained at each step of thermal curing.

Thermal properties of the composite nanofibers were investigated by TGA. TGA
themograms of the BA-a, HPBCD nanofibers, HPBCD100/PBA-a25/CTR5,
HPBCD100/PBA-a25/CTR15, HPBCD100/PBA-a25 and HPBCD100/CTR15 composite
nanofibers before and after curing are given in Figure 72. It is observed that thermal

decomposition temperature of the pure HPBCD nanofibers (352°C) was shifted to
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higher temperatures (~364°C) by forming composite nanofibers. In addition, char yield
of the pure HPBCD nanofibers (7.3 %) increased with composite nanofiber formation
and highest char yield was observed in the case of HPBCD100/PBA-a25/CTR5 and

HPBCD100/PBA-a25/CTR15 with the same value (20.1%).
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Figure 72. FTIR spectra of (a) HPBCD100/PBA-a25, (b) HPBCD100/CTRI15, (c)
HPBCD100/PBA-a25/CTRS and (d) HPBCD100/PBA-a25/CTR15 composite nanofibers

obtained at each step of curing.
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Further investigate the cross-linking, HPBCD100/PBA-a25, HPBCD100/CTR15,
HPBCD100/PBA-a25/CTR5 and HPBCD100/PBA-a25/CTR15 composite nanofibers
were immersed in water. Although, HPBCD100/PBA-a25/CTR15 composite nanofibers
did not dissolved in water after over night immersing, HPBCD100/PBA-a25,
HPBCD100/CTR15, HPBCD100/PBA-a25/CTR5, and HPBCD100/PBA-a25/CTR15
composite nanofibers were completely dissolved in progressing time. Therefore, it is
concluded that complete cross-linking was achieved only in the case of

HPBCD100/PBA-a25/CTR15 composite nanofibers.

In order to investigate the solubility of HPBCD100/PBA-a25/CTR15 composite
nanofibers more detailed various solvent such as acetone, ACN, chloroform, DCM,
DMF, DMSO, ethanol, methanol, THF and water were used and nanofibers were
immersed in these solvents overnight. As hown in Figure 73, HPBCD100/PBA-
a25/CTR15 composite nanofibers showed high stability even in water, DMF and DMSO
which are very good solvents for the CDs. These nanofibers were aimed to be used as an
adsorbant for the waste water treatments therefore it is good that they are highly stable in

water.
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Figure 73. SEM images of the HPBCD100/PBA-a25/CTR15 composite nanofibers after

overnight immersing in different solvents.
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3.7.3. Polyaromatic hydrocarbons entrapment efficiency of HPBCD100/PBA-

a25/CTR15 composite nanofibers

Polyaromatic ~ hydrocarbons  (PAHS) molecular  entrapment  efficiency of

HPBCD100/PBA-a25/CTR15 composite nanofibers were investigated by three different
PAH molecules; fluoranthene (FLUT), phenanthrene (PHE) and pyrene (PYR) (Figure
74a). Here, inclusion complexation capability of the HPBCD found in the
HPBCD100/PBA-a25/CTR15 composite nanofibers with the PAHs (Figure 74b) is the

main driving force for the removal of the PAHs from the aqueous solutions.
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Figure 74. (a) Molecular structure of the PAHSs used in the removal experiments and (b)

schematic representation of the inclusion complex formation between PAHs and

HPBCD.
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In order to determine the optimum time interval for the efficient removal of PAHs
molecules, 400 ppb PAHs mixture solution was prepared. Since the solubilities of PAHs
are very low in the water, after some solubility test, 400 ppb was determined to be
moderate concentration for testing the time dependent removal efficiency of
HPBCD100/PBA-a25/CTR15 composite nanofibers, although we were able to prepare
well dissolved 600 ppb PAHs homegenous solutions as well. As observed in Figure 75a,
removal efficiency of the HPBCD100/PBA-a25/CTR15 composite nanofibers increased
with progressing time intervals and became almost stable after 3 hours. On the other
hand, highest removal efficiency (85-90 %) was achieved after 6 hours shaking for all
PAHSs type. Therefore, 6 hours determined to be a sufficient time interval in which
HPBCD100/PBA-a25/CTR15 composite nanofibers able to remove the PAHs molecules

effectively from water.

Then, 200, 400 and 600 ppb PAHs mixture solutions were prepared from FLUT, PHE
and PYR in order to evaluate the removal potential of HPBCD100/PBA-a25/CTR15
composite nanofibers in low, moderate and high concentartions of PAHs mixture
solutions. Figure 75b demonstrates the removal efficiency of the HPBCD100/PBA-
a25/CTR15 composite nanofibers after 6 hours shaking of 200, 400 and 600 ppb PAHs
mixture solutions. As observed, HPBCD100/PBA-a25/CTR15 composite nanofibers
showed very high removal efficiency with more than 80% for the removal of FLUT,

PHE and PYR in all concentrations.
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Finally, PAHs removal effciency of the HPBCD100/PBA-a25/CTR15 composite
nanofibers were compared with that of activeted charcoal which is a very efficient
commercial product used for the removal of PAHs from waste waters. Figure 75c
represents the removal efficiency of the activeted carcoal after 6 hours shaking in 200,
400 and 600 ppb PAHs mixture solutions. Even though, very similar removal efficiecy
values were obtained for the activeted carcoal, HPBCD100/PBA-a25/CTR15 composite
nanofibers showed slightly higher removal efficiency than activeted carcoal indicating
that these nanofibers can be a novel potential adsorbent for the effective removal of

PAHSs from waste waters.
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Figure 75. (a) Time and (b) concentration dependent removal efficiency of the
HPBCD100/PBA-a25/CTR15 composite nanofibers from the PAHs mixture solution and

(c) removal efficiency of the activated charcoal from the PAHs mixture solution.
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3.7.4. Dye molecules entrapment efficiency of HPBCD100/PBA-a25/CTR15

composite nanofibers

Dye molecules entrapment efficiency of HPBCD100/PBA-a25/CTR15 composite
nanofibers were investigated by the mixture of two different dyes; methyl orange (MO)
and methylene blue (MB). As shown in Figure 76a, MO is negatively charged and MB is
possitively charged dye molecules. Here, we demonstrated the selectivity of
HPBCD100/PBA-a25/CTR15 composite nanofibers to MB dye and removing of MB

molecules from the aqueous solution by inclusion complex formation (Figure 76b).
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Figure 76. (a) Molecular structure of the dye molecules used in the removal experiments
and (b) schematic representation of the inclusion complex formation between MB

molecules and HPBCD.
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Adsorption of dye molecules by HPBCD100/PBA-a25/CTR15 composite nanofibers
were investigated by UV-Vis spectroscopy. Initially, 20 ppm MO, MB and MO/MB
mixture solutions were prepared and UV-Vis spectrum of each solution taken in the 200-
800 nm wavelenght range to show existence of spesific absorbance bands of two dye
molecules in the UV-vis spectra of MO/MB (Figure 77). MO has a characteristic
absorbance band at 668 nm with a shoulder at 609 nm and MO has a broad band with a
maximum at 466 nm. As it is observed from the UV-vis specta, characteristic peaks of
the both MO and MB appeared in the UV-vis pectrum of MO/MB mixture solution

indicating the well mixed MO/MB mixture solution is obtained.
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Figure 77. (a) Photographs and (b) UV-vis spectra of 20 ppm MO, MB and MO/MB

mixture solution.
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Time dependent dye removal experiments were conducted in order to determine the
required time interval for the effective removal of the dye molecules. Figure 78 shows
the photographs of the MO/MB mixture solutions taken progressing time intervals and
represents the UV-vis spectra of the MO/MB mixture solution before and after 6 hours
removal experimet. As it is observed, green color of the MO/MB mixture solution
became yellow and the intensity of MB absorption band decreased while no significant
change observed in the MO absorption band indicated only MB molecules adsorbed by
HPBCD100/PBA-a25/CTR15 composite nanofibers. Actually, it is an expected result
since MB dye is possitively charged and HPBCD molecules have carboxylic groups
which are partially negatively charged. Most probably, due to the attractive interactions
and also better size fit between MB molecules and HPBCD, MB molecules were

effectively removed from the MO/MB mixture solution by inclusion complex formation.
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Figure 78. (a) Photographs of the MO/MB mixture solutions after the removal
experiment performed at certain time intervals and (b) UV-Vis Spectra of MO/MB dye

mixture solution before and after 6 hours removal experiment.

In order to calculate the adsoption capacity of the HPBCD100/PBA-a25/CTR15
composite nanofibers, different concentrations of the MO/MB mixture solution were
preapared up to no precipitaion was observed. Therefore, 100 ppm determined to be the
highest concentration in which homogeneous dye solution was preapared and

homogenity of the solution was preserved during the experiment. Adsorption capacity
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and the removal efficiency of HPBCD100/PBA-a25/CTR15 composite nanofibers were

calculated by using the following equations;

Adsorption capacity (g, )= w
m

equation 1

C,-C
Removal efficiency (%) = Mx 100
Cy equation 2
qe is the adsorption capacity (mg g %), Co and C. are the concentration of MB dye in the
aqueous solution before and after the adsorption, respectively (mg L™), V is the volume
of the solution (L), and m is the weight of the HPBCD100/PBA-a25/CTR15 composite

nanofibers.

Adsorption capacity of HPBCD100/PBA-a25/CTR15 composite nanofibers was
calculated as 58.3 + 2.4 mg g”. Removal efficiencies of HPBCD100/PBA-a25/CTR15
composite nanofibers in each concentration of the MO/MB dye mixture solutions were
calculated and summarized in the graph shown in Figure 79a. As it is observed removal
efficiency of HPBCD100/PBA-a25/CTR15 composite nanofibers decreased with
increasing concentration since they have a specific capacity. The photographs of the
MO/MB solutions show the effective removal of the MB dye molecules up to 20 ppm.
At higher concentrations, greenish yellow solutions were obtained after the removal
experiments indicating 20 ppm is the optimum concentration for the effective removal of
MB dye molecules in this experiment conditions and 92% removal efficiency is

achieved (Figure 79b,c).
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removal experiment, Photograps of different concentration MO/MB dye mixture

solutions (b) before and (c) after the removal experiment.

3.7.5. Heavy metal removal performance of HPCD100/PBA-a25/CTR15 composite

nanofibers

Several common metal ion (Cd*%, Cu™, Mn*?, Ni*? , Pb*? | Zn*?) aqueous solutions
were perapared to test the metal ion removal performance of HPBCD100/PBA-
a25/CTR15 composite nanofibers. Experiment was conducted in two parts. First,
solution was prepared by mixing all metal ions so that the concentration of the each meal
ion to be 1 ppm in the mixture solution. Then, 1ppm solutions were prepared from each
metal ion separately and removal experiments were performed by shaking the the

solutions over night (12 hours) at room temperature. After the experiments

HPBCD100/PBA-a25/CTR15 composite nanofibers were removed from the solution and
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the remaining metal ion concentration was measured by ICP-MS. Figure 80 represents
the metal ion removal efficiency of HPBCD100/PBA-a25/CTR15 composite nanofibers
calculated from the ICP-MS results. As it is observed from the graphs, removal
efficiency of HPBCD100/PBA-a25/CTR15 composite nanofibers showed similar
behaviour to all metal ions in both case, however in the case of removal experiment
performed in seperate metal solutions higher removal efficiency was observed. Table 10
summarizes the removal efficiency of HPBCDI100/PBA-a25/CTR15 composite
nanofibers in mixture and separate metal ion solutions. Although HPBCD100/PBA-
a25/CTR15 composite nanofibers have capability to remove each metal ion, they

showed higher tendency to remove Cu*?and Pb*? ions.

100 100
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Figure 80. Heavy metal removal efficiency of the HPBCD100/PBA-a25/CTR15
composite nanofibers in (a) mixture metal ion solution and (b) separate solution of each

metal ion.
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Table 10. Heavy metal ion removal efficiency of the HPBCD100/PBA-a25/CTR15

composite nanofibers in the mixture and separate solutions of metal ions.

Mn*? Ni*2 Cu*? Zn*? Cd*? Pb*2
Mixture

12.51 13.58 49.63 11.14 14.18 58.0
solution
Separate

21.24 23.68 53.56 17.2 23.27 63.99
solution
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3.8. Water insoluable HPBCD nanofibers by fully bio-based

benzoxazine

In our previous study, common benzoxazine monomer, BA-a was used as a Cross-
linking agent to obtain water insoluable HPBCD/PBA-a composite nanofibers after
curing. Production of water insoluable nanofibers was achieved after optimizing the CD,
BA-a and CTR concentrations and curing process. Since CDs are non-toxic and natural
compounds, we aimed to provide cross-linking by using fully bio-based benzoxazines.
In this tudy, recently synthesized novel bio-based benzoxazine obtained from the
eugenol and furfurylamine was used as across-linking agent. HPBCD was chosen as a

CD type because HPBCD based nanofibers showed higher thermal stability.

3.8.1. Structural characterization of the eugenol and furfurylamine based fully bio-

benzoxazine monomer (E-f)

Fully bio-based benzoxazine monomer was synthesized from naturally occuring
compounds eugenol and furfurylamine by solventless method (Figure 81). Reaction was
carried out at 110 °C for 2 hours and cinemon like colour benzoxazine denoted as E-f
was obtained. The structure of E-f was confirmed by ‘H-NMR spectroscopy. Figure 82
represents the *H-NMR spectra of eugenol and E-f. As it is observed, the characteristic
benzoxazine resonance bands attributed to the O-CH,-N and the Ph-CH,-N methylene of

the oxazine ring were observed at 5.09 ppm and 4.01 ppm, respectively (Figure 82b).
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Existence of these peaks with the 1:1 ratio was the evidence for the synthesis of E-f. In
addition resonance band at 8.7 ppm attributed to the OH proton of the eugenol was not
observed in the 'HNMR spectrum of E-f demonstrating the OH group of the eugenol
was contributed highly the oxazine ring formation and E-f is obtained almost eugenol
free. In addition, all the protons found in the molecular structure of E-f is shown

detailed on its 'HNMR spectrum confirming the synthesis of desired E-f.

o o N o
CH30 z ﬂ 110°c "0 L/
HO O
Furfurylamine E-f

Eugenol Paraformaldehyde

Figure 81. Synthesis of E-f.
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3.8.2. Electrospinning of HPBCD/E-f composite nanofibers

In our previous study, we observed that HPBCD is the more durable CD type for thermal
treatment, therefore we have chosen HPBCD for the production of water insoluble
cyclodextrin nanofibers. In order to produce HPBCD/E-f composite nanofibers, different
electrospinning solutions were prepared with the composition of HPBCD/E-f/CTR as
follow; 100:20:10, 100:20:15, 100:25:10 % (w:w:w/v). Bead free nanofibers were
obtained from all compositions not surprisingly, because we have already optimized the
concentration of the HPBCD and benzoxazine monomer in the previous study. Obtained
nanofibers from these solutions were denoted as HPBCDX/E-f-y/CTR, where X, y and z
are the concentrations of the HPBCD, E-f and CTR in the mixture solution, respectively.
SEM images of the nanofibers obtained from HPBCD100/E-f-20/CTR10, HPBCD100/E-
f-20/CTR15 and HPBCD100/E-f-25/CTR10 mixture solutions given in Figure 83

showing the bead free and uniform nanofibers were obtained.

Figure 83. SEM images of (a) HPBCDI100/E-f-20/CTR10, (b) HPBCD100/E-f-

20/CTR15 and (c) HPBCD100/E-f-25/CTR10 composite nanofibers.
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3.8.3. Morphological characterization of the HPBCD/E-f composite nanofibers after

thermal curing

In order to produce water insoluable nanofibers, HPBCD100/E-f-20/CTR10,
HPBCD100/E-f-20/CTR15 and HPBCD100/E-f-25/CTR10 composite nanofibers were
cured step-wise at following temperatures; 140, 160, 180, 200 and 220°C. As a result,
HPBCD100/PE-f-20/CTR10, HPBCD100/PE-f-20/CTR15 and HPBCD100/PE-f-
25/CTR10 composite nanofibers were obtained. As it was obseved from the SEM
images of the cured nanofibers given in Figure 84, HPBCD100/E-f-20/CTR15 composite
nanofibers were preserved the fiber morhlogy perfectly wheares some deteoration were

observed for HPBCD100/PE-f-20/CTR10 and HPBCD100/PE-f-25/CTR10 composite

nanofibers.

Figure 84. SEM images of (a) HPBCD100/PE-f-20/CTR10, (b) HPBCD100/PE-f-
20/CTR15 and (c) HPBCD100/PE-f-25/CTR10 composite nanofibers cured step-wise at
140, 160, 180, 200 and 220°C.

In addition, these nanofibers were tested in liquid media by immersing HPBCD100/PE-f-

20/CTR10, HPBCD100/PE-f-20/CTR15 and HPBCD100/PE-f-25/CTR10 composite
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nanofibers in water. It is observed that the HPPCD100/E-f-20/CTR15 composite
nanofibers were more stable than the others. It maintained the mechanical integrity and
did not dissolve in water after overnight immersing. However, HPBCD100/PE-f-
20/CTR10 and HPBCD100/PE-f-25/CTR10 composite nanofibers lost their integrity and
almost dissolved most probably use of less amount of CTR during the production of

nanofibers these nanofibers resulted with insufficient cross-linking during the curing.

3.8.4. Heavy metal removal performance of HPBCD100/E-f-20/CTR15 composite

nanofibers

Several common metal ion (Cd*3, Cu™ Mn*? | Ni*? , Pb* , Zn* ) aqueous solutions
were perapared to test the metal ion removal performance of HPBCD100/E-f-20/CTR15
composite nanofibers. Experiment was conducted in two parts. First, solution was
prepared by mixing all metal ions so that the concentration of the each meal ion to be 1
ppm in the mixture solution. Then, 1ppm solutions were prepared from each metal ion
separately and removal experiments were performed by shaking the the HPBCD100/E-f-
20/CTR15 composite nanofibers including solutions over night (12 hours) at room
temperature. After the experiments nanofibers were removed from the solution and the
remaining metal ion concentration was measured by ICP-MS. Figure 85 represents the
metal ion removal efficiency of HPBCDI100/E-f-20/CTR15 composite nanofibers
calculated from the ICP-MS results. As it is observed from the graphs, removal
efficiency of  HPBCD100/E-f-20/CTR15 composite nanofibers showed similar

behaviour to all metal ions in both case, however in the case of removal experiment
197



performed in seperate metal solutions higher removal efficiency was observed. Table 11
summarizes the removal efficiency of HPBCD100/E-f-20/CTR15 composite nanofibers
in mixture and separate metal ion solutions. Although HPBCD100/E-f-20/CTR15
composite nanofibers have capability to remove each metal ion, they showed higher
tendency to remove Cu*? and Pb*? ions with the removal efficiencies of 80 and 84%,

respectively.
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Figure 85. Heavy metal removal efficiency of the HPBCD100/E-f-20/CTR15 composite

nanofibers in (a) mixture metal ion solution and (b) separate solution of each metal ion.
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Table 11. Heavy metal ion removal efficiency of the HPBCD100/E-f-20/CTR15

composite nanofibers in mixture and separate solutions of metal ions.

Mn*? Ni*2 Cu*? Zn*? Cd*? Pb*2
Mixture

19.12 22.09 48.23 19.94 22.85 49.13
solution
Separate

35.14 41.08 80.52 36.02 36.27 84.01
solution
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4. CONCLUSION AND FUTURE PROSPECTS

In this dissertation, initially novel bio-benzoxazine monomers were synthesized from
naturally existing phenolic compounds eugenol and thymol. In both case, three different
amines with different functionalities, ethyl amine (aliphatic), aniline (aromatic) and 1,6-
diaminohexane (di-functional aliphatic) were used to investigate the effect of the
functionality of amine on the curig process and the properties of the cured
polybenzoxazines. Since this study was considered as a priliminary study of this
dissertation, all characterizations related with both synthesis of bio-benzoxazine
monomers and polymerization of these monomers by step-wise thermal curing were
done detailed to understand the basic concepts of benzoxazine chemistry. Although
petroluem based products were used widely for the synthesis of benzoxazine monomers,
bio-benzoxazine monomers attracted more attention most recently, thus novel
benzoxazines were synthesized from naturally occuring phenolic compounds.
Molecular structural characterizations of the novel eugenol and thymol based bio-
benzoxazine monomers were performed by H NMR and FTIR spectroscopies
confirming the synthsesis of desired bio-benzoxazine molecules. Curing studies of all
eugenol and thymol based bio-benzoxazines were carried out step-wise at same
temperature range (150-250°C). According to the FTIR spectra recorded at each step of
curing of all bio-benzoxazines, opening and coss-linking of the oxazine ring was
achieved by heating up to 250°C. Although, no significant difference was observed on

the curing process and thermal properties of cured samples having different amine
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groups, remarkable difference was observed for the cured samples obtained from
different phenolic compound. In brief, eugenol based bio-benzoxazine monomers
showed significantly high char yield, presumably the contribution of the allyl groups of

eugenol to coss-linking reactions resulted with higher coss-linked density.

In Chapter 2, we focus on the production of nanofibers from polybenzoxazine resins
without using polymeric carrier matrix. For this purpose, main-chain polybenzoxazines
(MCPBz) were preferred since chain entanglement and overlappings are the main factors
affecting the formation of nanofibers. Here, two different MCPBz were synthesized
from of bisphenol-A, paraformaldehyde, 1,6-diaminohexane (6C) and 1,12-
diaminododecane (12C) having different lenght of aliphatic chain and denoted as PBA-
ad6 and PBA-ad12, respectively. Then, first time we achieved to produce bead-free and
uniform PBA-ad6 or PBA-ad12 nanofibers from MCPBz. Although, both nanofibers
were obtained as free standing nanofibers, PBA-ad12 nanofibers were more flexible than
PBA-ad6 nanofibers possibly the longer aliphatic chain structure and higher molecular
weight. The fibrous structure could not be preserved during the thermal curing of PBA-
ad6 and PBA-ad12 nanofibrous mats due to the low melting point of these MCPBz, yet,
flexible and free standing cross-linked films were obtained. As this is being the starting
point of the electrospinning of polybenzoxazines without using carrier polymer matrix,
this study provides the essential guidance for the production of nanofibers from different
types of polybenzoxazines. In the second study, we demonstrated the feasibility of the
cross-linking of polybenzoxazine based electrospun nanofibers obtained from the main-
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chain polybenzoxazines (MCPBz) with long aliphatic chain by two-step curing. The
structure of the MCPBz were tailored to be able to crosslink through UV-light initiated
free radical polymerization and thermally induced ring-opening reactions, and as a result
DHBP-ad6 and DHBP-ad12 resins having aliphatic chain length were synthesized.
Bead-free and uniform nanofibers were obtained from both MCPBz. DSC measurements
indicated that melting transition peak of as-electrospun MCPBz nanofibers were
disappeared after photo curing illustrating the enhancement of the thermal stability of
MCPBz nanofibers. In addition, SEM images of the photo and thermal-cured nanofibers
show that the fiber morphology was preserved after each step of curing. Although
characteristic absorbance peaks of the benzoxazine structure were observed after photo
curing, those peaks were disappeared during the thermal curing verifying the
achievement of ring-opening and cross-linking only by thermal curing. Moreover, TGA
thermograms of DHBP-ad6 and DHBP-ad12 nanofibers show that the Td onset and char
yield of the MCPBz nanofibers increased only through thermal curing. Furthermore,
DMA analysis illustrated that cross-linked DHBP-ad6 and DHBP-ad12 nanofibers have
quite high Young’s modulus (2070 + 243 and 264 + 59.66 MPa, respectively) and
tensile stress (22.53 + 2.04 and 15.29 £+ 2.48 MPa, respectively) compared to the
previously reported MCPBz nanofibrous web. Also, tensile strain of the cross-linked
DHBP-ad12 nanofibers was significantly higher than the cross-linked DHBP-ad6
nanofibers suggesting the longer aliphatic chain length probably has increased the

flexibility of nanofibers resulted in higher elongation at break. Besides, solubility and
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stability experiments demonstrated that these nanofibers preserved the fibrous structure
and mechanical integrity in good solvents (chloroform, DMF, 1,4-dioxane, DMAc and
THF), highly concentrated (5M) strong acids (HCI, HNOs, H,SO,) and at high
temperatures (400°C). In brief, we obtained highly cross-linked thermoset nanofibrous
polybenzoxazine-based materials with good mechanical and thermal properties and high
stability in organic solvents and harsh acidic conditions. We anticipate that these
properties may be quite useful for the certain applications requiring high temperatures

and harsh acidic conditions or organic solvents.

In Chapter 3, composite nanofibers were produced from polymer and benzoxazine
mixture solutions to enhance the thermal and mechanical properties of thermoplastic
polymers. For this purpose, we have chosen two thermoplastic polymer cellulose acetate
(CA) and polycarbonate (PC). Initially we achieved to produce CA/BA-a composite
nanofibers by varying the concentration of CA (10 and 12 % (w/v)) and BA-a (2 and 5
% (w/v)) in the electrospinning solution and we obtained bead-free nanofibers from the
composition of CA10/BA-a5 mixture solution. However, we observed that cured
nanofibers are soluble in DCM and methanol in which the homogenous electrospinning
solutions were prepared to produce electrospun nanofibers. Therefore, 1% CTR was
added as a cross-linking agent into the CA10/BA-a5 mixture solution in order to obtain
the insoluble composite nanofibers. In this case, production of insoluable CA10/PBA-
ab/CTR1 composite nanofibers were achieved. Structural characterization of the cured
composite nanofibers were performed by FTIR spectroscopy revaling the opening and
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the cross-linking of the oxazine ring in the structure of the composite nanofibers were
achieved by thermal curing. In addition, morphology of the composite nanofibers were
preserved during the thermal curing. Moreover, fluffy structure of the CA nanofibers
which partially limits the usage of these materials as a membrane transformed the smoth
and flat form which is more handable than the initial form. Furthermore, we observed
enhancement in thermal and mechanical properties of the CA nanofibers. Although,
slight increase from 243 to 247°C was observed in the thermal decomposition onset of
CA nanofibers by production of composite nanofibers, significant increase from 12.2 to
24.7% was detected in the char yield. In addition, according to the DMA measurements,
remarkable enhancement was observed after the cross-linking achieved by thermal
curing. Tensile strength, ultimate tensile stress and Young’s modulus of the CA10/BA-
a5/CTR1 measured as 2.42+0.75 MPa, 3.54+0.96 %, 93.01+30.79 MPa, respectively and
these values for CA10/PBA-a5/CTR1 measured as 8.64+0.63 MPa, 8.93+0.12 %,
213.87430.79 MPa, respectively. Finally, polyaromatic hydrocarbons entrapment
efficiency of CAI10/BA-a5/CTR1 composite nanofibers were investigated by
phenatherene. We observed that, CA10/PBA-a5/CTR1 composite nanofibers removed
the 98.5% of the initial concentration of the phenanthrene after 3 hours, wheares CA
nanofibers removed the 92% of that. Here, we can conclude that not only thermal and
mechanical properties of the CA nanofibers were improved but also moleculer filtration
efficiency of CA nanofibers was enhanced by production of CA10/PBA-a5/CTR1

composite nanofibers which can be a very promising high performance membrane
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material for the removal of PAHs from the waste water. Then, as a second study we
produced PC/BA-a composite nanofibers by varying the concentration of PC (18 and 20
% (w/v)), BA-a (3, 5 and 7 % (w/v)) and CTR (2% (w/v)) in the electrospinning
solution. We obtained bead-free and uniform nanofibers from the composition of
PC20/BA-a5/CTR2 mixture solution and we performed curing studies by heating step-
wise at 100, 120, 140 and 160°C. Since PC has melting temperature at around 155°C,
nanofibrous structure could not preserved when the PC20/BA-a5/CTR2 nanofibers were
heated up to 160°C, so final curing temperature determined to be 140°C. Although, some
deformations were observed in the PC20/BA-a5/CTR2 composite nanofibers,
nanofibrous structure was preserved curing at 140°C. FTIR analysis demonstarted that
opening and cross-linking of the oxazine ring was achieved by heating up to 140°C.
Also, solubility test of PC20/BA-a5/CTR2 composite nanofibers in DMF and THF show
that insoluable composite nanofibers were obtained. Thermal properties PC20/BA-
ab/CTR2 composite nanofibers were investigated by TGA demonstrating the remarkable
enhancement in the main degradation temperature of the PC nanofibers which was
shifted to 503 from 465°C owing to the production of PC20/BA-a5/CTR2 composite
nanofibers. In addition, great improvement was observed in the thermomechanical
properties of PC nanofibers. Even, we were not able to measure the thermomechanical
properties of the pure PC nanofibers owing to the fluffy structure, we observed
enhancement in the thermomechanical properties of the PC20/BA-a5/CTR2 composite

nanofibers with increasing cure temperature from 120 to 140°C. While the initial storage
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modulus of PC20/BA-a5/CTR2 composite nanofibers were measured as 20 MPa in the
glassy region, it was measured as 71 and 124 MPa after heating up to 120 and 140°C,
respectively. Also, thermal transition temperature of the PC20/BA-a5/CTR2 composite
nanofibers shifted to higher temperature indicating the enhancement in Tg with
increasing of curing temperature. These results show that we achieved to enhance
thermomechanical properties of the PC nanofibers by producing PC20/BA-a5/CTR2
composite nanofibers which can be a high performance filtration material due to the

highly porous nanofibrous structure and great thermomechanical properties.

In Chapter 4, we focus on the production of water insoluble CD nanofibers by producing
composite nanofibers with benzoxazine monomers (BA-a and E-f). Firstly we optimized
the concentration of the CDs and BA-a in order to obtain water insoluable CDs
nanofibers through thermal curing of the electrospun nanofibers. Although, we were
able to produce uniform nanofibers from each type of CD derivatives, we observed that
during the thermal curing which performed up to 200°C, HPyCD100/BA-a25 and
MBCD125/BA-a25 composite nanofibers could not preserve the initial fiber morpholgy
even MPBCD125/BA-a25 composite nanofibers melted while HPBCD100/BA-a25
composite nanofibers were still maintaining the fibrous structure. However, at higher
temperatures (225°C) HPBCD100/BA-a25 composite nanofibers also could not preserve
the fiber structure. Even though, HPBCD100/BA-a25 composite nanofibers deteriorated
at 225°C, they were the most durable CD/BA-a composite nanofibers, thus, further
studies were performed with HPBCD100/BA-a25 composite nanofibers. In order to
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enhance their curing ability while retaining the fiber structure 5 and 15% (w/v) CTR
was added as a cross-linking agent into the HPBCD100/BA-a25 mixture solution and
curing studies were performed up to 225°C. We observed that addition of CTR improved
their curing process and after the curing fibrous structure of the HPPCD100/BA-
a25/CTR5 and HPBCD100/BA-a25/CTR15 composite nanofibers. On the other hand,
when these composite nanofibers immersed in water 5% (w/v) CTR including composite
nanofibers dissolved rapidly while 15% (w/v) CTR including nanofibers were stable
over night in the water indicating the achivement of cross-linking only with 15% (w/v)
CTR. In addition to the water, HPBCD100/PBA-a25/CTR15 composite nanofibers were
stable in acetone, ACN, chloroform, DCM, DMF, DMSO, ethanol, methanol and THF
as well. Although, most of them are very good solvents for the CDs, being stable at
overnight in these solvents showing the succesful production of the insoluable
HPBCD100/PBA-a25/CTR15 composite nanofibers. Since these nanofibers were
insoluable in various solvents and having the both attractive properties of nanofibers
(high surface area, porous structure, so on) and CDs (inclusion complex formation), their
molecular entrapment efficiency to the PAHs (phenanthrene, fluoranthene and pyrene)
and dye molecules (methylene blue, methyl orange) were tested in aqueous solutions. It
was observed that HPBCD100/PBA-a25/CTR15 composite nanofibers are promising
material for the removal of phenanthrene, fluoranthene and pyrene with the removal
efficiency range 80-85% in three different concentration solutions of PAHs (200, 400

and 600 ppb). Also HPBCD100/PBA-a25/CTR15 composite nanofibers showed
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selective adsorption of the MB dye molecules most probably in both case dimensional fit
and specific interaction between CD and PAH/dye molecules were dominant effect on
the removal of molecules. Finally the adsorption experiments were performed with
several metal ions (Cd*?, Cu*?, Mn*? , Ni*? , Pb*? and Zn*?) in order to investigate if
HPBCD100/PBA-a25/CTR15 composite nanofibers have capacity to remove heavy
metal ions. It was observed that HPBCD100/PBA-a25/CTR15 composite nanofibers
also able to remove all these metal ions in some extend but their efficiency was higher
for the adsorption of Cu*? and Pb*? showing their selectivity to these metal ions. Most
probably, electrsotatic interactions between these ions and O containing group of CDs
were sufficient or more effective than the other metal ions. In brief, we achieved to
produce water insoluable HPBCD100/PBA-a25/CTR15 composite nanofibers having
high surface area and porous structure which can be very attractive material for the
waste water treatment. As a second study of this chapter, HPBCD/E-f/CTR composite
nanofibers were produced from different composition of HPBCD/E-f/CTR (100:20:10,
100:20:15, 100:25:10 % (w:w:w/v)). Even though, bead free and uniform nanofibers
were obtained each composition, HPBCD/E-f/CTR composite nanofibers having the
ratio of 100:20:15 (w:w:w/v) were more stable during the thermal curing indicating the
higher cross-linked density achieved for this composition. In addition, its high stability
in water demostrated the succesful production of water insoluable HPBCD100/E-
f20/CTR15 composite nanofibers. Then, these composite nanofibers were used as an

adsorbant to examine the heavy metal removal efficiency and it was observed that these
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nanofibers were able to remove all metal ions (Cd*?, Cu*?, Mn*? | Ni*?, Pb*? and Zn*?)
some extend from the 1ppm solutions, yet showing the highest removal efficiency of

Pb*? and Cu*?ions with the removal efficiencies of 80 and 84%, respectively.

In summary, in this dissertation, we were able to produce high performance
polybenzoxazine based nanofibers by two approach. In the first aproach, we produced
MCPBz nanofibers without blending with any polymeric carrier matrix. Then, we
improved the curing process by designing the structure of MCPBz and we were able to
produce cross-linked MCPBz nanofibers which are highly cross-linked thermoset
nanofibrous polybenzoxazine-based materials with good mechanical and thermal
properties. Also they are highly stable in organic solvents and harsh acidic conditions
which make these materials quite useful for the certain applications requiring high
temperatures and harsh acidic conditions or organic solvents. In the second approach, we
produced polybenzoxazine based composite nanofibers from both polymeric materials
and non-polymeric systems (cyclodextrins) with enhanced thermal and mechanical
properties. Also, some of the polybenzoxazine based composite nanofibers showed high
efficiency for the removal of PAHSs, dye molecules and heavy metal ions indicating that
these cross-linked polybenzoxazine based composite nanofibers have potential to be

used as an adsorbant material for the waste water treatment.
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