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ABSTRACT

The application of supercritical carbon dioxide has been attracting more attention in the
synthesis of biodegradable polymers. Highly pure products without residues can be
recovered after the polymerization in supercritical carbon dioxide. In the present work,
three types of block poly(L-lactide-co-g-caprolactone), with a central fluorinated
segment and polylactide/polycaprolactone side chains were synthesized by sequential
ring-opening polymerization in supercritical carbon dioxide. Perfluoro polyethers can be
used as blood substitutes to deliver oxygen to tissues so that these materials are
promising for biomedical applications. In the first part of the work, fluorinated reactive
stabilizers (prepolymers) with inner fluorinated segment and polylactide or
polycaprolactone side chains were synthesized in bulk from three different fluorinated
alcohols. The prepolymers were then utilized for the synthesis of copolymers in
supercritical carbon dioxide, where polylactide segments were successively
incorporated to the ends of the prepolymer, forming a block structure with polyester side
chains. Solubility tests of the prepolymer and the pentablock copolymer in supercritical
carbon dioxide showed effective solubilization at the reaction temperature and pressure.
In the second part of the work, with the process of electrospinning, nanofiber webs were
prepared from these biodegradable materials. Material characterization was carried out
by nuclear magnetic resonance spectroscopy (NMR), differential scanning calorimetry
(DSC), gel permeation chromatography (GPC), optical microscopy and scanning
electron microscopy (SEM).
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OZET

Biyo-¢oziinebilen polimerlerin sentezinde stiperkritik karbon dioksit kullanim1 giderek
onem kazanmaktadir. Siperkritik karbon dioksit kullanilarak gergeklestirilen
polimerizasyonlarin sonucunda yiliksek saflikta {iriinler elde edilmektedir.  Bu
caligmada, halka agilma polimerizasyon yontemi ile superkritik karbon dioksit
ortaminda, ortasinda florlu grup ve uclarinda polilaktit ya da polikaprolakton igeren ii¢
cesit blok poli(L-laktit-ko-e-kaprolakaton) sentezlenmistir. Bu malzemeler, oksijen
tasima Ozelliklerinden dolayr biyomedikal uygulamalarda biiylik ilgi gérmektedir.
Calismanin ilk bdliimiinde, ii¢ ¢esit florolink kullanilarak ortasinda florlu grup ve
uclarinda polilaktit ya da polikaprolakton bulunan florlu stabilizatorler sentezlenmistir.
Daha sonra, bu stabilizatorleri kullanarak siiperkritik karbon dioksit ortaminda blok
kopolimer sentezleri yapilmigtir. Stabilizatorler ve kopolimerler, siiperkritik karbon
dioksit ortaminda yiiksek coziintlirliikler gostermistir. Calismanin ikinci boliimiinde,
elektrodokuma yontemiyle blok kopolimerler nanofiber yapilar haline getirilmistir.
Malzemelerin karakterizasyonunda, niikleer manyetik rezonans spektroskopi (NMR),
Diferansiyel Taramali1 Kalorimetri (DSC), Jel Gegirgenlik Kromatografisi (GPC), optik

mikroskop ve taramali elektron mikroskopu (SEM) kullanilmistir.
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CHAPTER 1

INTRODUCTION

1.1. Supercritical Fluids

Baron Charles Cagniard de la Tour discovered the critical point of a substance in
his famous cannon barrel experiments in 1822. Over the course of the last several years,
essential studies have been conducted in a wide variety of areas using supercritical
fluids. The continued constructive development of the science employing these fluids is
dependent upon a unique bridging of scientists from many disciplines involved in

supercritical fluid work.

1.1.1. What is a Supercritical Fluid?

A one-component fluid is loosely defined to be supercritical when its temperature
and pressure exceed its critical temperature and pressure, respectively, while it is not far
from its critical state. The critical point represents the highest temperature and pressure

at which the substance can exist as a vapor and liquid in equilibrium.



The most outstanding quality of supercritical fluid (SCF) is that equilibrium and
transport properties can be adjusted with minor changes in pressure, temperature or

both.

In Figure 1.1 illustrates a pressure-temperature phase diagram for SCF. The critical

point is observed as the end of the transition line between liquid and gas.

5upﬂrcr'lﬁ::n|
Huid region

pressure —»

lemperature ——»

Figure 1.1. Pressure-Temperature Phase diagram.

Tunable densities of SCF (comparable to organic solvents) are sufficient to
provide good solvent capability, but low enough for high diffusivity. In Table 1.1, some

typical thermophysical properties of gases, liquids and fluids are compared.

Diffusion Surface

Density Viscosity coefficient Tension

Phase (kg/m3) (mPa s) (mz/s) x10* (dynes/cm)

Gas 1 0.1 0.1 45-60

Superecritical Fluid ~500 0.03-0.1 0.0001 0
Liquid 1000 1 0.00001 n/a

Table 1.1. Physical properties of gas, liquid, and supercritical fluid of typical organic
fluid [1]

The critical temperature (7,.) and pressure (P.) are characteristic points for the

fluid. In table 1.2, the critical parameter values of some fluids are listed [2].



Molecular Density

Fluid | P./Mpa T./K | Weight (g/mol) (g/cm’)

Methane 4.592 190.56 16.02 0.162
Ethane 4.872 305.33 30.07 0.203

Carbon Dioxide 7.377 304.13 44.01 0.469
Water | 22.064 | 647.096 18.02 0.348

Table 1.2. Critical parameter values for some frequently used SCFs.

To sum up, a fluid is said to be supercritical when its temperature and pressure are
both above those of its critical point. The properties of SCFs theoretically offer
alternative routes for polymer formation, purification and modification. With SCFs, a
smooth transition in solvent quality between liquid-like and gas-like properties is
possible by external control over pressure and temperature. Moreover, the viscosity of
the supercritical fluid is far less than that of the liquid solvent, which is an essential
advantage in supercritical processing. The density (solubility), polarity, and other

properties of SCFs can be controlled over a wide range.

1.1.2. Supercritical Carbon Dioxide (ScCQO,)

Carbon dioxide (CO,) is the most used supercritical material due to its inherent
advantages over other supercritical fluids. These include: accessible critical state (7.
(Critical Temperature) = 304.25 K; P. (Critical Pressure) = 73.8 bar), properties
adjustable with small changes in pressure or temperature, good solvent strength,
compatibility with solutes, lack of toxicity and it is commercially available, inexpensive,
nonflammable, odorless, and readily recoverable [3]. The surface tension of scCO; is

zero and this allows complete wetting of complex substrates.

ScCO;, is an excellent non-polar solvent for many organic compounds. By
adjusting the pressure of the fluid, the solvent properties can be adjusted to be more

‘gas-like’ or more ‘liquid-like’, which allows ‘tuning’ of the solvent properties. Most of



the monomers exhibit high solubility in scCO, because scCO, has capability to dissolve
the small molecules [4]. DeSimone ef al. have shown that scCO, is a versatile solvent
for both homogeneous [5] and heterogeneous [6] polymerizations. SCFs are highly
compressible, and the density (and therefore solvent properties such as viscosity and
dielectric constant) can be tuned by varying the pressure or temperature of the system.

The solubility of scCO; can be improved by adding cosolvents to the system [7].

Since CO; is non-polar (unlike water) and has weak Van Der Waals forces (unlike
lipophilic phases), nonpolar and polar non-volatile molecules are often insoluble.
Therefore, many lipophilic or hydrophilic substances may be dispersed in a CO;
continuous phase. Various kinds of surfactants (like block copolymers) have been
designed recently for stabilizing polymer latexes [8], microemulsions [9], emulsions

[10] and inorganic suspensions [11] in COs,.

In Table 1.3, the properties of scCO, are categorized into four main fields:
environment, health and safety, chemistry and process and benefits of scCO, are listed

for each field [3].

Environmental Health and Chemical Process Benefits
Benefits Safety Benefits Benefits
Does no contribute | Noncarcinogenic | High miscibility | No solvent
to smog with gases residues
Does not damage Nontoxic Altered cage Facile separation
ozone layer strength of products
No acute Nonflammable Variable High diffusion
ecotoxicity dielectric constant | rates
No liquid waste High Low viscosity
compressibility
Local density Adjustable
augmentation solvent power
High diffusion Adjustable
rate density
Inexpensive

Table 1.3. Benefits of scCO, as an industrial solvent



1.1.3. Applications of Supercritical Fluids

Over the course of the last several years, supercritical fluids have been an essential
issue for both industrial and academic laboratories. Especially chemical industry prefer
to use supercritical fluids as processing aids, cleaning agents and dispersants instead of
volatile organic compounds (VOCs). SCFs have been used as solvents for extracting
specific compounds [12] such as coffee and tea decaffeination [13], chromatographic
techniques [14], polymer synthesis, purification and processing [15]. Most of polymer
syntheses occur at high temperatures so that SCF has attracted great attention in these
fields. ScCO; is used for the synthesis of porous polymers since CO; provides ‘solvent-
free’ preparation of the materials with pore sizes in the range from microcellular foams

down to macroporous resins, and mesoporous/microporous aerogels [16].

SCF is used in polymer processing applications which are polymer fractionation
and extraction. In supercritical fluid extraction, SCF is used for extracting specific
compounds from a solid or liquid matrix. ScCO, is the best choice in the extraction of
fragrance compounds due to its nontoxicity and easy accessibility to the critical points.
ScCO, extraction of essential oils is one of the most widely used methods among the
other analytical techniques [17]. Supercritical fluid chromatography uses compressed
gases in the critical temperature range as mobile phases into the capillary columns in
order to separate the substances with low migration rates and/or low thermal stabilities.
Schneider et al. [18] focused on this chromatographic methods using scCO; as a mobile

phase.

SCF is an excellent alternative to conventional organic solvents in the production
of controlled drug delivery systems. The main role of these systems is to keep constant
the concentration of active compounds in tissues or blood for a long time. In drug
delivery systems, the residual solvent left can give hazardous effects in patients so that
all residual solvents should be removed. At this point, researchers have concentrated on
SCFs in order to prepare solvent-free drug products. Supercritical CO; is used as an
extracting agent in the manufacture of pharmaceuticals to receive high-purity products.
The removal of dichloromethane from a therapeutic system containing

polyvinylpirrolidone and megestrol acetate is an illustration of pharmaceutical product



purification [19]. Here, scCO; is used for extracting dichloromethane and the amount of
residual solvents in matrix is relatively minimized. Furthermore, some studies were
performed to produce fine powders of polymer materials that can be used with drugs for
the production of the controlled release systems. Recently, synthetic polymers such as
polyesters, polyurethanes and polyanhydrides have been examined for use in these

systems [20].

1.1.4. Polymerizations in ScCO,

Polymerization is the process of forming large molecules from small units
(monomers). The properties of polymers depend on the type of monomer and reaction.
The polymers can be distinguished with their unique features such as the molecular
weight, molecular weight distribution, chain end groups, repeat unit orientation and
chain regularity, monomer sequence distributions, crystallinity, branching, or

crosslinking.

ScCO; possesses many properties that have allowed it to emerge as the most
extensively studied supercritical fluid for polymerization reactions [21]. The possibility
of easily tuning the solvent properties of scCO,, by simply varying pressure or
temperature, makes this solvent highly appealing for synthetic applications [22].
Reactions are carried out in an environmentally more acceptable manner because the
polymer end-product, the unreacted monomer and solvent, CO,, can be conveniently
separated. ScCO; in polymerizations has also plasticization effect which results in the
lowering of the polymer’s glass transition temperature (7,) [23]. Polymers become
highly plasticized by CO,. There are important effects of plasticization: the removal of

residual monomer from the polymer, incorporation of additives and formation of foams.

Solubility plays a significant role in the polymerization reactions in scCO,. CO; is
a good solvent for most nonpolar and some polar molecules of low molar mass [4] but it
is a poor solvent for most high molar mass polymers under mild conditions(<100 °C,

<350 bar).



ScCO; has attracted great interest as an alternative solvent in the area of polymer
synthesis as a result of these properties mentioned above. Polymerizations in scCO; are

divided into two major categories: chain addition and step growth polymerizations.

1.1.4.1. Chain Addition Polymerizations

The chain addition polymerizations need monomers with double bonds. A variety
of copolymers or terpolymers are synthesized by the chain addition polymerizations of
two or three different monomers including double bonds. The types of chain addition
polymerizations are free radical, cationic, anionic and transition metal catalyzed

reactions.

1.1.4.1.1. Free Radical Polymerizations

Free radical polymerizations can be divided into two groups: homogeneous and
heterogeneous polymerizations. Heterogeneous polymerizations can be classified as

precipitation, dispersion, emulsion, and suspension reactions.

1.1.4.1.1.1. Homogenous Solution Polymerizations

In homogeneous polymerizations, all components including monomer, initiator,
and polymer are soluble during the reaction. Homogenous solution polymerizations are
proper for amorphous or low-melting fluoropolymer synthesis and low conversion
operations. Using scCO, as the solvent, DeSimone ef al. [5] [24] used free radical
initiators to affect the synthesis of high molar mass amorphous fluoropolymers. Due to
the high solubility of the polymers in the CO, continuous phase, the polymerization can

be kept homogeneous throughout the reactions.



Homogeneous free radical polymerizations of traditional monomers such as
styrene start with the establishment of phase boundaries for monomer, polymer and fluid
[25]. Beuermann et al. [26] reported that to maintain homogeneous conditions in
mixtures of polystyrene+styrene+CO,, pressure should be higher than about 750 bar at

80°C if the molecular weight of the polymers is about 10,000 gr/mol.

1.1.4.1.1.2. Heterogeneous Precipitation Polymerizations

In heterogeneous precipitation polymerization, the monomer and the initiator are
initially immiscible in fluid but at the end of the reaction, the polymer that forms phase
separates. Phase separation stems from the solubility of polymer in the fluid and
unreacted monomer. Many early studies in CO, were concentrated on the free radical
polymerizations of vinyl monomers [27]. Most of vinyl monomers are highly soluble in
CO; [4] but their polymers exhibit considerably low solubilities in CO,. Recently,
researchers are focused on the precipitation polymerizations of semicrystalline
fluoropolymes in CO, such as copolymerization of tetrafluoroethylene monomer [28]

with perfluoro(propylvinyl ether).

1.1.4.1.1.3. Heterogeneous Dispersion and Emulsion Polymerizations

In the last few decades, researchers have focused on dispersion and emulsion
polymerizations in order to design and synthesize spherical polymer particles. In
dispersion polymerization, the monomer and the initiator are soluble in the continuous
phase, the polymer phase separates. The end product is obtained as spherical particles.
In emulsion polymerization, the initiator is preferentially dissolved in the continuous

phase and the solubility of monomer in the continuous phase is low.

Surfactant has an essential role for successful dispersion and emulsion

polymerization. Its role is to adsorb or chemically attach to the surface of the growing



polymeric particle and prevent the particles from aggregating by electrostatic,

electrosteric, or steric stabilization.

A major application of dispersion polymerization in SCFs is in coating systems for
many fields, such as textiles, biomedical material, and paper coatings [29]. Dispersion
polymerizations in CO, can be performed at high polymerization rates to obtain high
molecular weight and to recover spherical particles as 1-3 micron. The majority of the
work in dispersion polymerizations in supercritical CO, has focused on methyl
methacrylate (MMA). In 1994, DeSimone reported the dispersion polymerization of
MMA in scCO; [30].

1.1.4.1.1.4. Polymer Blend Synthesis

The plasticization effect of scCO, favors the synthesis of polymer blends. The
main idea is used CO; in polymerizations for to swell a CO,-insoluble polymer substrate
and to infuse a CO;-soluble monomer and initiator into substrate. This provides to

generate the polymer blends by the polymerization of monomer.

1.1.4.1.2. Ring Opening Polymerizations

Ring opening polymerization (ROP) is easy method to generate linear aliphatic
polyesters such as polycaprolactone, poly(L-lactide), and polyglycolide which are

biodegradable polymers used for biomedical applications [31].

High boiling compounds are necessary for performing a thermal ROP in a solvent
but it is diffult to remove the solvent from the reaction media. However, this problem

can be overcome using scCO,.



1.1.4.2. Ionic Polymerizations

Ionic polymerizations are carried out in two ways: anionic and cationic. In cationic
way, polymerization proceeds by adding monomers to a terminal cation while in anionic

way, monomers add to a negatively charged terminal cation.

In cationic polymerizations, the high reactivity of carbocations leads to fast
polymerization and this results in unwanted side reactions. Due to these side products,
the cationic polymerizations are generally conducted at low temperatures (-10 to -
100°C). Using CO; as a solvent in these polymerizations may be a disadvantage because

CO>’s critical temperature (31.1°C).

Recently, living cationic polymerization methods have been developed to obtain
well defined-polymers [32]. These methods provide to perform the reactions in a control
manner. This means that the molecular weight, molecular weight distribution, and
reactivity can be controlled. Also, some experiments on cationic dispersion

polymerizations in scCO, using polymeric surfactants have been reported [33].

1.1.4.3. Step Growth Polymerizations

Step growth polymerizations in supercritical fluid media have been gaining
important attention. These polymerizations are advantageous due to obtain high
molecular weight polymers and easier processing. Melt-phase condensation, sol-gel, and
oxidative coupling polymerizations are given as examples for step growth type
polymerizations. In melt-phase condensation reactions, highly viscous high molecular
weight polymers are generated by using organic solvents and this can be disadvantage
but if CO, is used as a solvent, the plasticizing effect of CO, at the melt phase increases
the free volume of melt and lowers the viscosity. Poly(ethylene terephthalate) (PET) are
commonly synthesized following melt-phase polycondensation method. PET is an
important plastic that sees widespread use in fiber, film, and food packaging
applications for materials. Sol-gel polymerizations are essential for producing

amorphous and porous silica. In these reactions, shrinkage and cracking during drying of
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sol-gels should be avoided because this forms the limitations in the commercial
applications. For this reason, drying should be performed above the critical temperature
and critical pressure of the solvents [34]. In oxidative polymerizations, polypyrrole is

synthesized in the controlled manner in scCO, [35].

1.1.5. Drawbacks of ScCO,

Instead of many advantages of scCO,, it has some disadvantages, too. The high
cost of liquid pressure equipments is one of the main drawbacks of scCO,. ScCO, has a
low dielectric constant. Polar molecules such as water, amides, ureas, urethanes and azo
dyes show poor solubility in carbon dioxide. However, because CO, has a strong
quadrupole moment, it solubilizes some polar molecules such as methanol. Therefore,
CO; is a rather poor solvent and it is adequate only for substances with low or medium

molar mass and polarity [36].

1.2. Surfactant Systems

Surfactants are amphiphilic-emulsifying agents including hydrophobic groups
(“tail” parts) and hydrophilic groups (“heads” parts). Surfactants lower the surface
tension of water by absorbing at liquid-gas interphase. Aggregation occurs due to the
interactions of tails with water and the chain molecules consequently form clusters with
tails. These aggregates are known as micelles. Same principle is applied for CO, and

various surfactants are designed.
Surfactants have various industrial applications in detergency, dispersion

stabilization, foaming, emulsification, cosmetic formulations, along with more

specialized applications in pharmaceuticals (e.g., drug solubilization and control drug
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release), bio-processing (i.e., protection microorganism from mechanical damage) and

separations (i.e., solubilization of organic in aqueous solutions).

1.2.1. Solubility in Supercritical Fluids (SCFs)

Solubility (y) is the ratio of vapor pressure (p,) to total pressure (p;). In SCFs, the
increase in solubility is due to the increase in density of the fluid. Increase in solubility
is defined by the enhancement factor (E) that is the ratio of the actual solubility to the
one predicted by the ideal gas law.

(EY=y-p/py (1.1)

Solubilities in SCFs are of great importance in a wide variety of applications [37].
These applications are production of controlled drug delivery systems, powder
processing, pollution prevention and remediation, methods for spraying paints and
coatings, precipitation/crystallization processes, bioseparations, and food processing.
The significant variation of solubility is observed with the change of pressure and

temperature during supercritical fluid processes when the solvent is a SCF.

The ability to correlate and predict the solubility of solids in supercritical fluids is
important in the design and evaluation of supercritical extraction processes [38]. The
solubility of the solid in a certain solvent or solution depends on three main factors: the
nature of the solute and solvent, temperature and pressure. The solubility of components
in SCFs can be enhanced by the addition of a substance referred to as an entrainer, or
cosolvent. The addition of a cosolvent provides a further dimension to the range of
solvent properties in a given system by influencing the chemical nature of the fluid. The
solvent power of the supercritical phase is a function of fluid density. The density of a
SCF can be determined by changing its temperature and pressure. With an increase in
the density of the SCF, a solute starts to dissolve in the fluid, and with a decrease in the
density, the solute can be easily recovered and the solvent can be recycled [39]. The

solid solubility in supercritical fluid can be calculated by equation of state (EOS)
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method, activity coefficient models, semi-empirical equations or chemical equilibrium

approach. EOS method is usually preferred to calculate the solid solubility in SCFs [40].

The level of polymer solubility in scCO, depends on polarity and backbone
flexibility [41]. Most of the compounds like polymers and polar species are not CO,-
soluble [42]. However, fluoropolymers and polysiloxanes are the few materials that are

readily soluble in CO; even at high molecular weight [43,44].

1.2.2. Fluorinated Surfactants

Fluorine is the most electronegative and reactive of all elements. It has a high
ionization potential and very low polarizability [45]. C-F bond is the most stable single
bond and the bond strength increases by increasing fluorine substitution. Therefore,
perfluorocarbons are thermally and chemically very stable. They also have higher
fluidity, lower dielectric constants, higher compressibility and higher gas-dissolving
capacities. Fluorocarbons are not only extremely hydrophobic, they are lipophobic as

well.

The development of fluoropolymers began with the invention of
polytetrafluoroethylene (PTFE) in 1938 by Dr. Roy Plunkett of DuPont Company. Then,
a soluble perfluoropolymer (Teflon AF) was invented in 1992 and fluoroplastics
polymerized in scCO, were introduced in 2002. Using CO, for the synthesis of
fluorinated polymers has advantages because of its availability, recyclable and
biocompatible properties. Beckman et al. [46] synthesized the first effective fluoro-
surfactants for CO; based on the fact that fluorocarbons and CO, are compatible. After
this work, DeSimone ef al. [5] reported the first homogeneous solution polymerization

of 1,1-dihydroperfluorooctyl acrylate in scCO; by employing free radical methods.

A variety of fluorinated surfactants are synthesized for different usage areas.
Triblock semifluorinated n-alkanes F(CF,),(CH;)m(CF,),F were synthesized and they
have interesting and useful physical and chemical properties [47]. Their melting points

are lower than those of the perfluoro-n-alkanes of the same molecular weight but their
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quite high molecular weight provide low vapor pressure. Also, surface properties can be

controlled by varying the chain length of blocks.

1.2.3. Applications of Fluorinated Materials

Fluorinated materials and surfactants have unique properties that make them
highly suitable for many industrial processes and consumer applications [48]. Their
applications are changed based on their chemical structures. Some fluorocarbons have
been used for biomedical applications. These type materials include high purity, aptitude
to forming stable emulsions, absence of clinically significant side-effects, and large
scale, cost-effective industrial feasibility. These properties are important in vivo oxygen
delivery. When the hemoglobin level decreases in blood, delivering oxygen to tissues
becomes vital. With perfluorochemicals (PFCs), oxygen can be dissolved and delivered
to tissues [49]. The PFCs are injected into bloodstream as emulsions and these
emulsions are called as blood substitutes due to the properties of respiratory gas-carrier
[50]. The PFCs are unreactive in body and excreted primarily as a vapor through the
lungs. By changing the concentration of PFC, the amount of oxygen can be controlled.
In addition, fluorinated surfactants have a tendency to self-aggregate into stable and
well-organized supramolecular assemblies and these materials can be used for the
design of multi-phase colloidal systems including microemulsions, gels, dispersions and
aerosols. Most of the colloidal systems have a great potential as drug delivery systems
[51]. Fluorinated polymers are also utilized in firefighting applications, cosmetics,

greases and lubricants, paints, polishes, and adhesives [52].
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1.3. Biodegradable Polymers

Bidegradable polymers have significant potentials in biomedical and
pharmaceutical applications such as surgical sutures [53] and matrices for drug delivery
[54]. Before the application of biomaterials, the compatibility within the human body
should be tested. There are several factors that affect the degradability rate which are
chemical composition and configurational structure, processing steps, molecular weight
(Mw), polydispersity (Mn/Mw), environmental conditions, stress and strain,
crystallinity, porosity, chain orientation, the ratios of chemically reactive compounds
within the matrix, and additives [55, 56]. Polymers are tested in a natural or simulated
environment. The moisture level, nutrient supply, pH and temperature level of
environments leads to a change of degradability [57]. An amount of polymer mass
compared to its volume and the chemical composition strongly influences the
degradation characteristics. Furthermore, the mechanical properties of biodegradable

polymers can be changed according to the chemical structures of the building blocks.

Biodegradable polymers are divided into two major groups: natural and synthetic
biodegradable polymers. The natural based materials are polysaccharides such as starch,
alginate, chitin/chitosan or proteins such as collagen, fibrin gels, silk. The natural
biodegradable polymers are preferable materials because of a high affinity to the
environment, and the compatibility within a living body, a high affinity to the
environment but they are typically expensive. Synthetic biodegradable polymers have
many advantages compared to the natural ones. Crystallinity, degradability, solubility,
hydrophobicity, glass transition and melting temperatures can be controlled by changing
the synthesis routes. Among the synthetic biodegradable polymers, aliphatic polyesters
are mostly developed. Poly(e-caprolactone) (PCL), polylactide (PCL) and their
copolymers have been widely used in medicine. Copolymers of PCL and PLLA are of
major importance for drug delivery systems, especially as semi-crystalline materials, the

properties of which can be adjusted according to the relative copolymer composition
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[58, 59]. In the following parts, characteristic properties of PCL and PLLA will be
explained briefly.

1.3.1. Poly(e-caprolactone) (PCL)

Polycaprolactone is a biodegradable thermoplastic polymer derived from the
chemical synthesis of crude oil. PCL is also hydrophobic and semicrystalline material
(50% crystalline). Although not produced from renewable raw materials, it is fully
biodegradable. However, the degradability of PCL is slow since its crystallinity makes it
difficult to be hydrolyzed [60]. The degradability rate of PCL can be controlled by the
copolymerization with other lactones such as glycolide and lactide [61, 62]. It has a low
melting-point (58-60 °C) and low viscosity, and it is easy to process. PCL can be
synthesized by anionic ring opening polymerization of e-caprolactone using metal

hydroxide initiators [63].

PCL has a long degradation time, which is generally a drawback in biomedical
applications and this is only proper for drug delivery systems because of its high

permeability towards drugs [64].

PCL is used mainly in thermoplastic polyurethanes, resins for surface coatings,
adhesives and synthetic leather and fabrics. It also serves to make stiffeners for shoes

and orthopedic splints, and fully biodegradable compostable bags, sutures, and fibers.

1.3.2. Polylactide (PLA)

Lactic acid (2-hydroxypropanoic acid) can exist as either L(+) or D(-) lactide due
to the chiral nature. Polylactide (PLA) is a biodegradable, thermoplastic, aliphatic
polyester derived from renewable resources. Homopolymers of L-lactide and D-lactide
are semicrystalline materials (poly(L-lactide): 30-40% crystalline, poly(D-lactide): 60-
70% crystalline, for high molar mass). Poly(L-lactide) is one of the most useful in the

biomedical field for porous scaffolds and load bearing applications, and also in
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orthopedic fixations and sutures due to its high elongation strength and low ultimate
elongation [65]. Also, PLA can be processed like most thermoplastics into fibers, films,
thermoformed or injection molded and used for compost bags, plant pots, diapers and

packaging.

1.4. Polymeric Nanofibers

Nanotechnology and nanoscience are widely developed fields covering a broad
range of topics. In these research areas, polymeric nanofibers have attracted much
attention due to the ease of fabrication, controllable size/shape, and properties. They are
used for diversified applications, including filtration, barrier fabrics, wipes, personal
care, biomedical, and pharmaceutical applications [66]. There are many preparation
techniques for the fabrication of nanofibers. Among these techniques, electrospinning is
the practically unique technique which produces polymeric nanofibers with low cost and

high amounts.

1.4.1. Electrospinning

Electrospinning is a unique approach of forming polymer fibers with diameters in
the micro- to nanometer range by using electric fields. The electrospinning technology
dates back the early 1930s. In 1934, electrospinning was patented by Formhals [67] and
Reeneker et al. [68] conducted the detailed research. The production of electrospun
polymer fibers has widely great interest due to its potential to form fibers with a high

surface area and a small pore size.

The elements required for electrospinning include a polymer solution, a high voltage
supply and a collector [69]. A voltage is applied to the polymer solution, which causes a
jet of the solution to be drawn toward a grounded collector. As the jet moves the

collector, it is elongated by electrostatic interactions between charges on nearby segment
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of the same jet. The fine jets dry to form polymeric fibers, which can be collected on a
web. The electrospinning process is categorized in Table 1.4. [70]. Most of soluble
polymers can be electrospun into nanofibers. It is important to choose the suitable
solvent such as water and organic solvents. The solvent evaporation and solubility will

have an effect on the fiber morphologies.

1. 2. 3. 4. 5. 6.
The Launching | Elongation | The onset of | Solidification | Collection
polymer | the jet of the bending, with | of the of the
solution straight continuing nanofiber nanofiber
segment of | elongation
the jet

Table 1.4. The major steps for the electrospinning process

During the electrospinning, the molecular weight of the polymers has an essential
role in controlling the fiber formation and fiber diameter. Low molecular weight leads to
bead formation but as molecular weight increases, bead formation is reduced and fiber

formation is observed mostly [71].

1.4.1.1. Advantages of Electrospinning

Electrospinning has many advantages:

i. low cost

ii. high production rate

iii. highly controllable

iv. the formation of scaffolds with high porosity and surface area

v. the filtration efficiency

vi. the fabrication of submicron fibers from a variety of organic polymers

vii. the ability to cover complex three-dimensional surfaces with a uniform surface

layer
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Among these advantages mention above, the filtration efficiency is significant.
This can be observed from porous membrane-like fabrics and the high surface area

organic fibers [72].

1.4.1.2. Disadvantages of Electrospinning

Instead of the advantages, electrospinning process has some disadvantages:

i. toxicity due to usage of highly volatile organic solvents
ii. web strength

iii. jet instability

Most of the polymers are dissolved in organic solvents and this may result in
hazardous explosions in the presence of high voltages during the process. Therefore,
manufacturing costs increase for removing the solvents from the media. Also, the

polymer type affects the fiber strength and toughness in the final electrospun web.

The electrical and fluid flow conditions alter dramatically in a few milliseconds
required to form a jet and to adjust the shape of the region from which the jet emerges.
The creation of the jet leads to start the phenomenon that happens within the few
milliseconds after the electrical potentials is applied [73]. In addition, the jet undergoes
a fluid instability which leads to a whip-like motion of the jet; thereby the formation of

individual fibers is reduced.

1.4.2. Potential Applications of Electrospun Nanofibers

Electrospun nanofibers have been searched for use in various application areas.
The major areas are health care, biotechnology and environmental engineering, defense

and security, and energy storage and generation.

Electrospun fibers can be used in tissue/organ repair and regeneration, as vectors

to deliver drugs and therapeutics, as biocompatible and biodegradable medical implant
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devices, in medical diagnostics and instrumentation, as protective fabrics against
environmental and infectious agents in hospitals and general surroundings, and in
cosmetic and dental applications [74]. Especially nonwoven fabrics are used as scaffolds
for tissue engineering applications [75]. Scaffold architecture can be designed to provide
the mechanical properties to support cell growth, proliferation, differentiation and

motility.

In biotechnology and environmental engineering applications, electrospun
nanofibers become a promising material for membrane preparation if high porosity,
interconnectivity, microscale interstitial space and a large surface-to-volume ratio are
provided. The nanofiber membranes attach with ligand molecules, biomacromolecules,
or cells in the purification of protein, the treatment of waste water, and chemical

analysis [74, 76].

For military, firefighters and medical personnel, nanofiber membranes are
fabricated as protective garments (i. €. facemasks) to protect chemical and biological

risks [77].

In the energy generation applications, electrospun nanofiber membranes are well

suited for polymer batteries [78], photovoltaic cells [79], and polymer membrane fuels

cells (PMEFCs).

1.4.3. Polymer Scaffolds

Tissue engineering is an interdisciplinary field of engineering and life sciences.
This promising scientific field provides a significant opportunity for many patients who
are seeking organ transplant to replace their diseased organs. The tissue engineered
organ is transplanted into the patient without the slightest risk of tissue rejection of
foreign cells by the body [80]. In this approach, a new set of tools and techniques are
emerging to restore, maintain and improve tissue functions. Polymer matrices play a
central role to mimic the mechanical and biological properties of living cells and

extracellular matrix in tissue engineering. These matrices can be used to achieve cell
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delivery with high loading and efficiency to specific sites [81]. Levenberg et al. [82]
also proved that scaffolds seeded with stem cells let local cell function adaptation by
differentiation of stem cells. The scaffold depending on its design may act as a physical
barrier to immune system components of host or act as a matrix to conduct tissue

regeneration [83].

There are a few basic requirements that have been widely accepted for designing
polymer scaffolds; a scaffold has to have high porosity, proper pore size, and a high
specific surface area. Biodegradability is generally required, and must have the required
mechanical integrity to maintain the pre-designed tissue structure. The scaffold should
positively interact with cells, including enhanced cell adhesion, growth, migration, and
differentiated function. The more proper method for the adequate space for the growth
of the cells and, material and energy exchanges is to keep the pore size and pore surface
area much bigger [84]. The high porosity of tissue scaffolds enables enough space for
the cell accommodation and an easy passage for the nutrient intake and metabolic waste
exchange [85]. The modulus of elasticity and strain at failure are the essential

mechanical properties for the usage of electrospun nanofibers as tissue scaffolds [86].

Natural scaffolds like collagen, alginate and fibrin can be used to obtain the
biological information they contain, or modified by enzymes [87]. Degradation of
natural scaffolds occurs by enzymes in the matrix. However, these materials have some
disadvantages like poor mechanical strength, immunogenicity and potential disease
transmission [88]. Synthetic polymers have been synthesized in order to overcome these
problems. Polylactide, poly(glycolic acid), and polycaprolactone are the most widely
used materials as structural elements in the scaffolds. Both of these homopolymers and
their block copolymers can be used in tissue engineering due to produce nontoxic
degradation products. Moreover, these materials are designed to modify the surface in

order to provide optimal cell-polymer interactions [89].

The method of electrospinning provides a new way to produce an ideal tissue
engineering scaffold. With this method, various shapes of scaffolds can be constructed
as controlling the fiber orientation, composition and dimensions. Also, the mechanical
properties and the degradation rates of electrospun scaffoldings can be controlled with

the characteristics of fibers. The scaffolds formed by the fibers under 200 nm show
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substantial structural strength for ease of handling during scaffold sterilization, cell
seeding, and transferring to subsequent culture environment [90]. Yashimoto et al. [91]
electrospun PCL at 10 weight percent in chloroform for a bone tissue engineering

application.
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CHAPTER 2

2. EXPERIMENTAL

This work was divided into three main parts: the synthesis of fluorinated
surfactants, the synthesis of fluorinated block copolymers and the synthesis of

biodegradable nanofiber webs via electrospinning.

2.1. Materials

Dry CO; (99,5%) and Ar (99.99%) were received from Karbogaz. e-Caprolactone
monomer (e-CL, MW = 114.14 g/mol, purity > 99%, Aldrich), L-lactide monomer
(LLA, MW = 114.13 g/mol, purity > 98%, Purac) and the ring opening catalyst tin(II)
ethyl hexanoate (Sn(Oct),, MW = 405.11 g/mol, purity > 97%, Sigma) were used as
received. Fluorolinks were supplied by Solvay Chemicals. Methanol (CH3;0H, MW =
32.04 g/mol, purity > 99.9%), Tetrahydrofuran (THF, MW = 72.11 g/mol, purity > 99%,
Aldrich), Dichloromethane (CH,Cl,, MW = 84.93 g/mol, purity > 99%), Chloroform
(CHCI;, MW = 119.38 g/mol, purity > 99.9%), and N,N-dimethyl formamide (DMF,
MW = 73.09 g/mol, purity > 99.5%) were purchased from Merck. Dimethyl sulfoxide
(DMSO, MW = 78.13 g/mol, purity > 99%) and Acetone (CH;COCH;, MW = 58.09

g/mol, purity > 99.8%) were purchased from LabKim. They were used as received.

The structures of e-CL, LLA and fluorolinks are shown in Figure 2.1.
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Figure 2.1. Structures of (a) e-caprolactone (b) L-lactide (¢) Fluorolink-T (FLK-T, MW
= 2200 g/mol) (d) Fluorolink-D (FLK-D, MW = 2000 g/mol, p/q = 0.9) and (e)
Fluorolink-E (FLK-E, MW = 2000 g/mol, n~1.5, 0.8<p/q<1.25)
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2.2. Characterization

2.2.1. Nuclear Magnetic Resonance

Structural characterization of the materials was carried out with 'H, *C and '°F-
NMR spectroscopy utilizing Unity Inova 500 spectrophotometer (Varian) and

deuterated chloroform (CDCI;) as a solvent.

2.2.2. Gel-Permeation Chromatography

Gel-permeation chromatography (GPC) analyses were performed with a Waters
410 differential refractometer, connected to a Waters 515 HPLC pump equipped with
three Waters Ultrastyragel columns (HR series 4, 3, 2 narrow bore). Tetrahydrofuran
running at a flow rate of 0.3 ml/min was utilized as an eluent. The molecular weights
and the distribution of the polymers were calculated on the basis of a calibration curve

recorded with monodisperse polystyrene standards.

2.2.3. Differantial Scanning Calorimetry

Thermal analysis of the materials was carried out by Differential Scanning
Calorimetry (DSC, 204 Phoenix, Netzsch) at N,/LN, atmosphere. Polymer samples of
10 mg were heated, quenched, and again heated, respectively in the range of -150°C to
400°C. Initial heating was carried out from 25 to 200°C at a heating rate of 10°C/min,
and then rapid cooling to -150°C at 50°C/min, followed by a heating from -150 to 400°C
again at a heating rate of 10°C/min was performed. Isothermal steps were included
between the heating-cooling sequences, in order to ensure stabilization. The glass

transition temperature (7) (from second heating) and the melting temperature (7,) were
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determined. The first heating was performed to eliminate the thermal history of the

samples [92].

2.2.4. Scanning Electron Microscopy

Investigation of prepolymers’, polymers’ and fiber morphologies and fiber
diameters was carried out with Scanning Electron Microscope (SEM) analyses (Supra
35VP Field Emission SEM, Leo). The samples were coated with gold and carbon under
Ar atmosphere with an EMITECH K950X.

2.2.5. Optical Microscopy

Nikon Eclipse ME600 Optical Microscopy was used to measure the fiber diamers

and investigate the fiber morphologies as well.

2.3. Reaction Set-up’s

2.3.1. ScCO; Set-up

The schematic representation of scCO; set-up and the photos belonging to our set-
up can be seen in Figure 2.2 and Figure 2.3. Block copolymer were synthesized in a
100-mL high pressure stainless-steel vessel (Thar) with a mechanical stirrer (Thar). The
reactor is designed with two quartz windows to observe the reaction. P-50 High Pressure
Pump Contrivance (Thar) was utilized to pump CO, through the columns. Heating was
achieved by a heating band (Omega, FGS0041-006 model) and the temperature was
controlled by a thermocouple adapted to the vessel (Omega, TJ-36 ICIN- 18U- 12
Model).
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13 — Rupture Disk

Figure 2.2. Schematic representation of scCO; set-up
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Figure 2.3. Photos of (a) scCO; set-up and (b) High Pressure Pump

2.3.2. Electrospinning Set-up

Electrospinning system (Figure 2.4) that was used in this study was a home made
system consist of: (i) a high voltage power which can generate voltages of up to 30 kV
(i) a glass capillary in which a copper probe inserted (iii) a collector which is a

grounded aluminum sheet.
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Figure 2.4. Schematic description of the electrospinning system.
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2.4. Material Synthesis

2.4.1. Synthesis of reactive fluorinated stabilizers via Ring Opening Polymerization

Prepolymers were synthesized using different fluorolinks in bulk and the results
were compared. Initially, branched type block copolymers were synthesized via using
Fluorolink-T (FLK-T). Then, linear block copolymers were synthesized via using
Fluorolink-D (FLK-D) and Fluorolink-E (FLK-E). Each fluorolink was used as an
initiator and Sn(Oct), was used as a catalyst. All reactions were carried out without

using organic solvents.

For the synthesis of branched block copolymers, FLK-T (7.5 g) was reacted with
e-CL (16.6-mL, 1:40 FLK-T:e-CL molar ratio) using Sn(Oct), (0.8 ml) catalyst in a
three-necked round bottom flask, equipped with a thermometer, condenser, and a
magnetic stirring bar. Figure 2.5 displays the reaction mechanism of the prepolymer
synthesis (PCL-FLKT-PCL). The flask containing the reactants was initially purged
with Ar and then was immersed in an oil bath at 120°C. The mixture was refluxed for 18
h. After reaction completion and cooling to room temperature, the mixture was
gradually diluted with CH,Cl,. Continuous stirring was applied with a magnetic stirring
bar during the precipitation, and then the mixture was poured into an excess of cold
methanol. The prepolymer product was filtered off and collected through filtration, and
then was dried at room temperature in vacuo for 3 d. The same procedure applied for the

synthesis of prepolymers starting with FLK-D and FLK-E.

Two types of monomer were used for the synthesis of fluorinated prepolymers: e-
caprolactone and L-lactide. Table 2.1 gives the information about the characteristic
properties of fluorolinks and also Table 2.2 shows the reaction conditions for each

prepolymer synthesis.
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Figure 2.5. Reaction scheme for the synthesis of prepolymer PCL-FLKT-PCL

Molecular | Specific Glass | Fluorine

weight | Gravity | Transition Content

Fluorolinks | Properties (g/mol) (g/ml) (°C) (%)
Fluorolink-T Alcohol 2200 1.75 -85 58
Fluorolink-D Alcohol 2000 1.81 -110 62
Fluorolink-E Alcohol 2000 1.73 -110 58

Table 2.1. The characteristic properties of fluorolinks
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Fluorolink | SnOct; | Temperature | Reaction
Monomer Fluorolink | /Monomer” (ml) (°C) | Time (hr)
e-CL FLK-T 1:40 0.800 120 8
e-CL FLK-D 1:20 0.400 120 8
e-CL FLK-E 1:20 0.400 120 8
e-CL | 1,4-Butanediol 1:20 0.177 120 8
LLA FLK-T 1:40 0.056 130 8
LLA FLK-D 1:20 0.056 130 8
LLA FLK-E 1:20 0.056 130 8
LLA | 1,4-Butanediol 1:20 0.056 130 8

? Fluorolink to monomer ratios were determined by calculating their mole numbers.

Table 2.2. The reaction conditions for each prepolymer synthesis

2.4.1.1. Solubility Tests

Before starting the reactions in scCO, media, behavior of the prepolymers in

scCO, was examined through solubility tests. Prepolymer samples of 1.00 g were placed

into a 100 ml fixed volume view cell equipped with two sapphire windows at a loading

rate of 0.01 g/ml. Then the vessel was pressurized and the pressures and temperatures

were adjusted, while a stirring rate of 100 rpm was applied. Samples from the vessel at

different temperatures and pressures were collected by spraying onto glass substrates

and reserved for morphology characterization. In this way, quenching was applied in

order to lock a structure that is closest to the one in the vessel before emptying.
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2.4.2. Synthesis of Fluorinated Block PLLA/PCL Copolymers

Polymerizations held in scCO, were performed by adjusting the pressure in a 100-
mL high-pressure stainless-steel vessel with a mechanical stirrer. Three types of
prepolymers were synthesized to produce block copolymers in scCO, media. Most of
the experiments were conducted by using the branched type prepolymer. The reaction
scheme for the branched copolymer synthesis is illustrated in Figure 2.6. The
prepolymer (PCL-FLKT-PCL) used as an macroinitiator was reacted with LLA
monomer using SnOct, catalyst (1:8, SnOcty:LLA) at 75°C for 1 d (24 h). High catalyst
ratio was preferred due to the highest conversion in scCO; media and pressure was tried
to keep constant for each reaction. The stirring rate was adjusted during reactions. After
the reaction was completed, the heater was turned off and the autoclave was allowed to
cool to room temperature while stirring. The product was then collected from the
reaction vessel and yield and conversion were determined by gravimetric and '"H NMR
measurements. The determined yields are not exact, because not all the products could
be recovered from the reactor. For the purification process, the polymer samples were
dissolved in CH,Cl, and precipitated into an excess of cold methanol. The polymer
product was filtered off, and dried at room temperature in vacuo for 3 d. A set of
reactions were carried out by changing monomer concentration to control the chain
length of PLLA and PCL (Table 2.3). Catalyst to monomer ratios are calculated by

weight percentage as 1:8 except experiment 6 in which the ratio is 1:80.
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Stirring

L-Lactide/ | Pressure | Temp. Rate | Yield

Run Prepolymer | Prepolymer® (psi) °O) (rpm) (%)
1 | PCL-FLKD-PCL 1:3 2500 80 30 ND
2 | PCL-FLKD-PCL 1:3 5000 80 30 ND
3| PCL-FLKE-PCL 1:3 2500 80 30 69
4 | PCL-FLKT-PCL 1.45:1 4500 75 30 65
5| PCL-FLKT-PCL 1.45:1 4000 75 60 64
6 | PCL-FLKT-PCL 1.45:1 4300 75 30 71
7 | PCL-FLKT-PCL 3:1 4300 75 60 50
8 | PCL-FLKT-PCL 0.35:1 4500 75 60 72
9| PCL-FLKT-PCL 1.45:1 4500 75 60 60

ND: Not Detected

* L-lactide to prepolymer ratios were determined with their molar ratios.

Table 2.3. Reaction conditions for the synthesis of fluorinated block copolymers in

scCO,
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Figure 2.6. Reaction scheme for the synthesis of branched pentablock copolymer
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Pentablock copolymers were also synthesized using each fluorinated stabilizer as
an macroinitiator in bulk. Experiments with different ratios of monomer and prepolymer
were studied to obtain high molecular weight polymers. For the synthesis of linear block
copolymer, fluorinated prepolymer (PCL-FLKD-PCL, 1 gr) was reacted with e-CL (5
gr) by using SnOct; (1:100, catalyst:monomer) without using solvent at 140°C for 18 hr.
Also, this experiment was repeated without catalyst to observe the effect of catalyst on
molecular weight. Several experiments listed in Table 2.4 were performed to obtain high

molecular weight.

Prepolymer/ Catalyst/

Run Prepolymer | Monomer Monomer” Monomer”
1 PCL-FLKD-PCL LLA 1:1 No catalyst

2 PCL-FLKD-PCL LLA 1:1 1:8

3 PCL-FLKE-PCL LLA 1:2 1:1000

4 PCL-FLKT-PCL LLA 1:2 1:1000

5 | PLLA-FLKD-PLLA e-CL 1:5 1:100

6 PCL-FLKD-PCL LLA 1:3 1:100

Each reaction was performed at 140°C and reaction time is 18 hr.
* The ratio of prepolymer and monomer was calculated by weight percentage.

P Catalyst to monomer ratios were determined with their molar ratios.

Table 2.4. The reaction conditions for the synthesis of fluorinated block copolymers in

bulk

2.4.3. Preparation of Biodegradable Nanofiber Webs via electrospinning

The fluorinated pentablock copolymers in mixtures of methanol (CH;OH) and
N,N-dimethyl formamide (DMF) were processed into nanofibers by electrospinning.
The polymer concentration in solvent (20-50 gr /100 ml), DMF volume percentage in
the solvent mixture (0-100%), the applied voltage (10-25 kV) and the capillary tip-

collector distance (5-20 cm) were changed in the process of electrospinning.
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The polymer solutions were prepared with the polymer:solvent ratio of 1:2, 1:2.5
and 1:3 (w/w) using solvents as 100% DMF or 50% CH3;0H + 50% DMF composition.
During the electrospinning process, the prepared polymer solution was placed in the
glass capillary. The copper probe of the voltage generator was inserted into the
capillary. The grounded aluminum sheet was positioned opposite to the tip of the
capillary. The electrical field was applied and electricity was conducted through the
solution. The output voltage between the copper probe and the grounded aluminum
sheet was adjusted in the range between 10-25 kV and the distance between the capillary
tip and the grounded aluminum sheet was measured from 5 to 20 cm for each
experiment. The solution was ejected from the capillary tip towards the grounded
collector. During the ejection of the polymer solution towards the collector, the solvent
evaporated and the polymer fibers were deposited on the collector in the form of non-

woven fabric.
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CHAPTER 3

3. RESULTS AND DISCUSSION

3.1. Synthesis of Reactive Fluorinated Stabilizers via Ring Opening Polymerization

A commonly accepted mechanism of ring opening entails the activation of the
ester-carbonyl of the cyclic monomer with an inorganic or organic catalyst such as
stannous octate, stannous chloride and diethyl or dibutyl zinc [93]. Especially, Sn(Oct),
is a suitable catalyst for biomedical applications, since it has very low toxicity compared
to other initiators and is approved for in vivo use by the US Food and Drug
Administration (FDA) [94]. A ring opening reaction can occur to produce linear
polyesters with a hydroxyl end group in the presence of a hydroxyl-bearing compound
in the vicinity of the activated carbonyl group. Block copolymers of PCL and PLLA
were synthesized by sequential ROP.

In the present study, the prepolymers prepared in bulk were previously obtained by
similar procedures carried out by Howdle et al [95] and by Pilati et al [96]. Pilati et al
had shown that the fluorinated alcohols are able to efficiently initiate the polymerization
of e-CL, and the PCL blocks grow on the terminal groups. The utilized alcohols are
FLK-D, FLK-E and FLK-T. The reactions with FLK-D and FLK-E proceed from two
ends leading to the formation of linear polymers, whereas, the one with FLK-T proceeds
from four ends, leading to the formation of a branched prepolymer structure with PCL

or PLLA side chains. The stabilizers are white-powder. The analyses such as NMR,
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GPC, DSC and SEM were carried out in order to characterize the products. After being
sure that the analyses results supported the successful polymerization, the solubility of

these stabilizers was examined in scCOs.

3.1.1. Structure Characterization

Nuclear Magnetic Resonance spectroscopy is a powerful and complex analytical
tool. Nuclear magnetic resonance spectroscopy, commonly referred to as NMR, has
become the widely used technique for determining the structure of organic compounds
[97]. In this work, the molecular structures and chemical compositions of prepolymers
were determined by IH, 13C, and "F-NMR. The NMR characterizations for all reactions
were evident that the hydroxyl end groups of fluorolinks had reacted with lactones as e-

CL and LLA. NMR spectra of the polymers recorded in CDCl;.

3.1.1.1. Linear Polymers

"H NMR spectra are fully representative that the reactions occurred successfully.
For the linear triblock copolymer including FLK-D, repeating units of PCL were
calculated as 40 from the signal integral ratio of a-methylene protons of PCL and
terminal methylene protons of FLK-D from 'H-NMR (Figure 3.l.a). The same
integration was done for prepolymer synthesized via FLK-E and repeating units of PCL
were calculated as 20 from figure 3.2.a. The characteristic proton peaks for PCL-FLKD-
PCL in 'H-NMR (recorded in CDCls) are & 1.4 ppm (-CH,-CH,-CH,-), § 1.65 ppm (-O-
CH,-CH,-CH,), 8 2.3 ppm (-CH,-CO-), & 4.05 ppm (-O-CH>), and 6 4.45 ppm (-O-CH,-
CF,) (Figure 3.1.a). The proton peaks belonging to polycaprolactone in the other two
prepolymers observed in the expected ranges similar to the peaks of PCL-FLKD-PCL
(Figure 3.2.a and Figure 3.3.a).

BC-NMR spectra were also support the polymerization (Figure 3.1.b and 3.2.b).
However, in >’C-NMR, only the PCL portion of the stabilizer is visible because carbons

in fluorolinks have much longer relaxation times [98]. Characteristic carbon peaks on
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the PCL block are 6 25 ppm (-CH,-CH,-CH,-CO-), 6 26 ppm (O-CH,-CH,-CH,), ¢ 29
ppm (-CH,-CH,-CH;-), 8 34 ppm (-CH,-CO-), & 64 ppm (-CH,-O-), and 8 174 ppm (-
CO-).

F-NMR analyses were also utilized to confirm fluorinated segments. The peaks
belonging to fluorolink were similar to the assignment of Karis et al [99]. The
characteristic flor peaks for FLK-D in order are ¢ -80 ppm (-CH,-CF,-O-), 6 -92 ppm
(O-CF,-CF,-0-), 6 -94 ppm (O-CF,-CF,-0O-), 6 -54 ppm (-O-CF,-O-) and & -82.5 ppm
(O-CF,-CH;-) (see Figure 2.1.d for the structure of FLK-D). The flor peaks for FLK-E
are 0 -80.5 ppm (-CH,-CF»-O-), & -92 ppm (O-CF,-CF,-0-), 6 -93.5 ppm (O-CF,-CF,-
0-), & -56 ppm (-O-CF,-O-) and 6 -83 ppm (O-CF,-CH,-) (see Figure 2.1.e for the
structure of FLK-E).
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Figure 3.1. (a) '"H-NMR and (b) C-NMR of prepolymer PCL-FLKD-PCL recorded in
CDClL.
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Figure 3.2. (a) "H-NMR and (b) *C-NMR of prepolymer PCL-FLKE-PCL recorded in
CDClL.
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3.1.1.2. Branched Polymers

The '"H-NMR representative of prepolymer synthesized in bulk is illustrated in
figure 3.3.a. The PCL repeating units were calculated as 180 from the signal integral
ratio of the terminal methylene protons of FLK-T and a-methylene protons of PCL. The
BC-NMR of the prepolymer is illustrated in figure 3.3.b, with the designed groups of
carbons. In *C-NMR spectrum, only PCL portion of the stabilizer is visible due to the
longer relaxation time of the carbons on the Fluorolink-T [98]. F-NMR analysis was
also utilized to confirm fluorinated segments. The peaks belonging to FLK-T were again
similar to the assignment of Karis et al (8 -83 ppm (-CH,-CF,-O-), & -92 ppm (O-CF,-
CF,-0-), 8 -93.5 ppm (O-CF;,-CF,-0O-), 8 -56.5 ppm (-O-CF,-O-) and 6 -81 ppm (O-CF,-
CH;-)) (see Figure 2.1.c for the structure of FLK-T) [99].
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Figure 3.3. (a) "H-NMR and (b) *C-NMR of prepolymer PCL-FLKT-PCL recorded in
CDCl;. Only the PCL portion of the stabilizer is visible in "*C-NMR spectrum.
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3.1.2. GPC Results

The molecular weight (M,,), the number average molecular weight (M,), and
polydispersity index (PDI) were calculated from GPC. PDI was estimated against
monodisperse polystyrene standards. The PDI values of the stabilizers are low (Table
3.1), that is, the propagation was controlled. In addition, M, values were also calculated
from NMR. To illustrate, M, was found for PCL-FLKT-PCL prepolymer as 21,000
g/mol, where the GPC analysis gave M, of 13,000 g/mol. Variations between M,
calculated from NMR and M, measured by GPC are expected, since GPC results are
calculated from the average of several data collected on number of measurements and
include errors based on operator and on change in conditions during operation. On the
other hand, NMR calculations are not informative of the distribution of various chains
that have a M, values showing deviations from the average. The PDI value of this

polymer is 1.34 and M,, was found as 18,000 g/mol from the GPC analysis.

Conv. of
Prepolymer | Mn® | PDI” | £-CL(%)" | FLK:e-CL" | Tg (°C)° | Tm(°C)"
PCL-FLKD-PCL | 13000 | 1.27 100 1:40 -62.7 56.9
PCL-FLKE-PCL | 13900 | 1.22 100 1:20 -62.4 50.5
PCL-FLKT-PCL | 15500 | 1.34 99 1:200 -68.4 54.9

*Mw, Mn and PDI values were measured by GPC.

P Conversion and the ratio between fluorolink (FLK) and polycaprolactone (PCL) were
calculated from "H-NMR

¢ T and T,, were determined by DSC.

Table 3.1. GPC, NMR and DSC results of the prepolymers
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3.1.3. Thermal Anaylses

The thermal analysis of the product supported triblock formation. From the second
endotherm of the DSC analysis, the glass transition temperature (7,) of each stabilizer
was measured. 7,’s for PCL-FLKD-PCL, PCL-FLKE-PCL, and PCL-FLKT-PCL are -
62.7, -62.4 and -68.4°C (Table 3.1). FLK-D, FLK-E and FLK-T display 7,’s at -110, -
110 and -85°C. PCL display a typical T, at -60°C. The presence of fluorinated block has
an effect of lowering the 7, [100, 101], however the low amount of the fluorinated
segment compared to PCL segments (FLK-D:PCL = 1:40, FLK-E:PCL = 1:20, FLK-T:
PCL = 1:180, from the '"H-NMR analyses) results in a slight decrease of the T, ¢ of the

material.

3.1.4. Solubility Tests in ScCO,

The solubilities of the reactive stabilizers in scCO, were investigated prior to
copolymer synthesis in order to evaluate its stabilizing effectiveness in the given
polymerization temperature and pressure. After the stabilizer was placed into the vessel
at 1% loading by weight, the autoclave was pressurized at different temperatures. With
the help of the windows of the reactor, the behaviors of these materials are observed.
For more evidence of solubilities of the stabilizers, the photos were taken while miscible

and immiscible (Figure 3.4a and 3.4b).
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Figure 3.4. Prepolymer PCL-FLKD-PCL (a) immiscible at 1500 psi and room
temperature (b) miscible at 2500 psi and 35°C.
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For the branched stabilizer (PCL-FLKT-PCL), the autoclave was pressurized up to
1200 psi at 17°C (this temperature was detected by thermocouple before heating, and is
lower from room temperature due to the scCO; entering the system). At this point, CO,
started to diffuse into the reactor and the prepolymer dispersed with CO, by stirring.
Gradual increase in pressure by heating the vessel was provided and at 1800 psi and
25°C, the material started to form a cloudy mixture. This phase change stems from the
segregation behavior of block copolymers. In the intermediate and strong segregation
regimes, chain conformation takes place; therefore the interfacial energy changes affect
the conformational entropy and the strength of the chains, leading to micelle formation
in scCO, [102]. Over pressures of 4000 psi and 75°C -the polymerization pressure and
temperature- the material was effectively solubilized in scCO,. All these observations

were seen from the view windows of reactor.

Figure 3.5 displayed the morphology of PCL-FLKT-PCL stabilizer before loading
to the CO; reactor, so that the differences can be distinguished easily by comparing the
images after solubilization in CO,. The solubility behavior of this stabilizer is
represented in the SEM micrographs in figure 3.6.a, 3.6.b, and 3.6.c and in figure 3.7.a,
3.7.b, and 3.7.c. In figure 3.6a, the pressure and the temperature are 1200 psi at 17°C,
respectively and discrete particles can be seen clearly. This shows that CO, did not
diffuse into of the polymer sample completely. When pressure and temperature are
increased to 1800 psi and 25°C, the material started to solubilize in scCO; (figure 3.6.b).
The disappearing of the discrete particles and the sticky appearance accounts for the
plasticization effect of scCO,, which is typical especially to amorphous polymers.
Similar observation was also stated by Howdle et al [95]. At higher temperature and
pressure (4000 psi and 60°C), the material was sparingly soluble and fibrous-like

morphology is observed with an increased plasticization effect (figure 3.6.c).

Pressure effect on the solubility of the stabilizers was also investigated. In these
experiments, temperature is held constant at 25°C and pressure is gradually increased
from 1200 psi to 3000 psi (figure 3.7.a), to 3500 psi (figure 3.7.b) and then to 4500 psi
(figure 3.8.c) to observe the effect of temperature on the morphologies comparing the
images at different temperatures. At 1200 psi, prepolymer displayed solution-cast like
formation on the surface of glass substrate, which is evidence for complete dissolution at

this pressure. There are no distinct differences in the morphologies observed, when
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pressure is increased from 3000 psi to 3500 psi and both images have sticky structure.
At 4500 psi, the polymer becomes more branched and discrete fibrils are observed.

Therefore, the changes of the morphologies can be seen more clearly increasing

temperature while pressurizing.

Figure 3.5. SEM image of prepolymer PCL-FLKT-PCL before loading into CO».
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(b)
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(c)

Figure 3.6. SEM micrographs of prepolymer PCL-FLKT-PCL at (a) 1200 psi and 17°C
(b) 2000 psi and 25°C, and (c) 4000 psi and 60°C.

()
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(b)

Figure 3.7. SEM micrographs of prepolymer PCL-FLKT-PCL at room temperature with
pressure variation (a) 3000 psi (b) 3500 psi and (c) 4500 psi.
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In Table 3.2, the pressure and temperature values of the stabilizers that start to
become soluble in scCO, are given so that this information will be important while
determining the reaction conditions for fluorinated pentablock PLLA/PCL copolymer

synthesis in scCO, media.

Prepolymer | Pressure (psi) | Temperature (°C)
PCL-FLKD-PCL 2500 35
PCL-FLKE-PCL 3500 60
PCL-FLKT-PCL 3000 50

Table 3.2.Pressure and temperature values of prepolymers that start to become soluble

in scCOx.

Solubility is governed by polymer-polymer interactions and polymer-CO,
interactions. The solubility of the polymers in scCO, can be expressed by Gibbs Free
Energy (G) or Helmholtz Free Energy (A). Temperature and pressure increases enhance
the solubility and this indicates that the entropy effect is dominant factor. The phase

behaviors of surfactants were investigated in constant-volume view cell by controlling

temperature and P so that Helmholtz free energy was dominant (see Figure 3.8).
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Figure 3.8. Schematic representation of thermodynamic terms
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3.2. Synthesis of Fluorinated Block PLLA/PCL Copolymers

Copolymers of PCL and PLLA play a special role in drug delivery systems and the
properties of these materials can be adjusted according to the relative copolymer
composition [58, 59]. Adjustment of the properties can be also carried out by
incorporating branching into the structure to further increase the degradability of the
copolymers by decreasing the crystallinity and increasing the terminal groups in the
structure [103, 104]. Because of this reason, most of the experiments in scCO, were

concentrated on branched type polymers.

In this part, pentablock copolymers were synthesized using fluorinated stabilizers

in scCO;, media and in bulk.

3.2.1. Polymerizations in ScCO,

In biomedical applications, another important criterion besides polymer properties
is the product purity, since residues of monomer and solvent may pose significant
problems [105]. Supercritical carbon dioxide (scCO,) has attracted great interest as an

alternative solvent in the area of polymer synthesis, as a result of such considerations

[106].

Relatively little work concerning ROPs in scCO, has been performed, for these
studies are generally concentrated on the homopolymers of e-caprolactone (e-CL) [107,
108] and L-lactide (LLA) [95] alone, and work reported on copolymer synthesis in
scCO, is mainly limited to D,L-lactide and glycolide copolymers [109, 110]. Best to our
knowledge, there is only one work concerning the copolymerization of e-CL and LLA in
scCO,, being random copolymerization [111]. Especially, utilization of fluorocarbon

surfactants as reactive stabilizers for the synthesis of PLLA/PCL copolymers in a non-
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solvent, "clean" medium, and correspondingly combining the properties of both the

monomers and the stabilizer is still open to investigation.

It is also important for the reactions in scCO, to choose the soluble materials.
Fluoropolymers [5] are one of the few classes readily soluble in CO, even at high

molecular weight.

The corresponding results for the sequences of polymerization reactions are listed

in Table 3.3, respectively.

Run Mn* Mw” | PDI* | LLA:e-CL" | Tg(°C)°| Tm(°C)‘
1 13200 16400 | 1.24 1:10 -60.6 55.5
2 14100 16800 | 1.19 1:20 -61.5 45.5
3 15300 18200 | 1.19 1:9 -37.5 27.7
4 12100 14000 | 1.16 1:6 -44.8 53.9
5 18800 22300 | 1.18 1:4 -38.3 56.5
6 20200 23700 | 1.17 1:7 -63.3 49.1
7 23400 25200 | 1.08 3:1 -34.3 43.3
8 13400 17900 | 1.34 1:3 -38.5 50.9
9 14200 17000 | 1.20 1:3 -49.3 47.3

* Mn, Mw and PDI were recorded by Gel Permeation Chromatography with PS
standards.

P Ratio of LLA and e-CL was calculated from "H-NMR and also confirmed by “C-
NMR.

¢ T, and T,, were determined by DSC.

Table 3.3. Characterization results of linear and branched pentablock polymers

synthesized in scCOx.
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3.2.1.1. Structure Characterization

Three types of block copolymers were initially investigated by NMR. Conversions
and comparative ratios of the segments were evaluated from the 'H NMR analysis.
Conversion of LLA was calculated from the ratio of the integral of characteristic PLLA
peak at & 5.0-5.1 to the integral of LLA monomer peak at & 5.1-5.2 in the '"H-NMR
spectra of the products. PLLA and prepolymer segment ratios were calculated by
utilizing the integration of the characteristic proton signals at 6 4.1 for the PCL segments
and at § 5.1-5.2 for the PLLA segments. Figure 3.9.a, 3.10.a and 3.11.a illustrate 'H-
NMR spectra of branched and linear block copolymers. The characteristic proton peaks
of branched pentablock copolymer (run no: 7) are & 1.4 ppm (-CH,-CH,-CH,), o 1.6
ppm (-CH-CHj3), 8 1.65 ppm (-CO-CH>-CH,-CH,- or -O-CH,-CH,-CH»-), 8 2.3 ppm (-
CO-CH;-), 6 3.85 ppm (-CF,-CH»-0), 6 3.95 ppm (-CH-CH,-O-), & 4.05 ppm (-O-CH»-
CH-), 8 4.35 ppm (-O-CH,-CH-), and & 5.2 ppm (-O-CH-(CH,)(CHy)-) or (-O-CH-

(COCHs;)) (Figure 3.9.a). The proton peaks belonging to polycaprolactone and
polylactide in the other polymers observed in the expected ranges similar to the peaks of

branched block copolymer (Figure 3.10.a and Figure 3.11.a).

In *C-NMR, only the PCL and PLLA portion of block copolymers can be seen
clearly (Figure 3.9.b). The characteristic carbon peaks of fluorolinks are not observed
due to their longer relaxation time in NMR [98]. C-NMR spectra for linear block
copolymers are almost same (Figure 3.10.b and 3.11.b). Characteristic carbon peaks on
the PCL block are & 24 ppm (-CH,-CH,-CH,-CO-), & 26 ppm (O-CH,-CH,-CH,), 6 29
ppm (-CH,-CH,-CH3-), 6 34 ppm (-CH,-CO-), 6 64 ppm (-CH,-O-), and 6 174 ppm (-
CO-CH,-) ppm and ones on PLLA block are 8 16 ppm (CH;-CH-), 6 69 ppm (O-CH-
(CH3)(CO)-), and 6 170 ppm (-CO-CH-) (Figure 3.9.b, 3.10.b., and 3.11.b).
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Figure 3.9. (a) "H-NMR and (b) “C-NMR of branched pentablock copolymer (run no:
7) recorded in CDCls. Only PCL and PLL portion of the polymer is visible in *C-NMR

spectrum.
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Figure 3.10. (a) "H-NMR and (b) >C-NMR of linear block copolymer PLLA-PCL-
FLKD-PCL-PLLA (run no: 1) recorded in CDCl;.
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Figure 3.11. (a)'H-NMR and (b) “C-NMR of linear block copolymer PLLA-PCL-
FLKE-PLCL-PLLA (run no: 3) recorded in CDCls.
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3.2.1.2. GPC Results

The M, values measured by GPC are in the 12,000-24,000 g/mol range. PDI
values of 1.08-1.34 were obtained (Table 3.3). Observed M,, values with low PDI values
indicated that the polymerizations occured in a control manner. Also, results exhibited

that molecular weight can be controlled by the monomer-to-stabilizer ratio.

3.2.1.3. Thermal Analyses

The thermal analysis similarly supports successful copolymerization in scCO,.
PLLA is a semicrystalline polymer with a 7, at ~ 57°C. The incorporation of the PLLA
segments result in an increase in the initial 7, of the prepolymer. Correspondingly, with
decrease in the amount of PLLA, the 7, of the material lowers (Table 3.3). Figure 3.12
shows T, of block copolymer, and T, of PCL with a shoulder, and 7,, of PLLA is not
seen due to lower amount of LLA in polymer compared to the amount of &-CL. The
apperance of shoulder in DSC resulted from the formation of the crystals during the

quenching process.
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Figure 3.12. DSC of fluorinated block copolymer (PCL/PPLA) (run 8, see Table 3.3).
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3.2.1.4. SEM analyses

A SEM image of linear block copolymer including FLK-E obtained after the
reaction completition in scCO, reveals dispersed particles approximately 10 pm in
diameter (Figure 3. 13). The formation of particles is a common occurrence in

suspension polymerization in which the polymers are insoluble in their monomers [31].

W i Al

10pmM EHT = 1.00 kV Signal A = SE2 Date :5 Sep 2006
Mag= 140 KX WD= 7mm Photo No.=7013  Time :16:45:31

Figure 3.13. SEM image of prepolymer PCL-FLKE-PCL after releasing CO,.

SEM micrographs of the branched polymers, both taken at two different pressures
and temperatures, can be observed in figure 3.14.a and 3.14.b. At 2000 psi and 30°C
(Figure 3.14.a), plasticization takes place and the material displays a sticky appearance.
Similar to the behavior of the prepolymers, when the pressure is increased to 4500 psi
along with a temperature increase to 75°C, the material becomes more flat and porous
morphology is observed (Figure 3.14.b). These observations showed that CO, at
different pressures and temperatures has a significant impact of the material

morphologies.
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(b)

Figure 3.14. Scanning electron microscopy images of branched pentablock copolymer

(run no: 7) at (a) 2000 psi and 30°C (b) 4500 psi and 75°C.
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3.2.2. Polymerizations in Bulk

The main purpose for carrying out the polymerizations in bulk is to obtain high
molecular weight. Polymer molecular weight is a significant influence on the types of
structures produced by electrospinning [112]. Fluorinated prepolymers were reacted
with LLA or e-CL by changing amounts. NMR, GPC and DSC analyses proved that the
polymerizations occurred successfully. Table 3.4 gives the results of these analyses. For
all experiments, the percent conversions of monomer to polymer are considerably high.
In experiment 5, high molecular weight polymer was received when compared to other
experiments and this polymer has importance to obtain nanofiber webs in
electrospinning process. DSC analyses supported the block copolymer formation. In
Table 3.4, T,, (1) and T,, (2) were belonging to PCL and PLLA. PCL and PLLA have
melting points of about 60°C and 175°C, respectively [113]. The T, values of the
materials synthesized are near to the theoretical ones. Figure 3.15 represents the melting

points of PCL and PLLA blocks (run 6).

Run | Conversion (%)* | LLA:e-CL* | Mn" | PDI’ | T,, (1)(°C)| T. 2)°C)
1 97 1:2 | 13000 | 1.58 55.1 NO
2 94 1:3 | 12600 | 1.70 56.0 163.6
3 90 4:1] 16000 | 1.27 449 148.3
4 99 3:1| 10500 | 2.08 50.1 161.2
5 99 1:7 | 40500 | 1.31 55.9 173.8
6 99 2:1| 18600 | 1.36 55.5 176.4

NO: Not Observed

* Conversion was calculated by integrating the monomer peak to polymerized monomer
peak from '"H-NMR. Ratio of LLA and e-CL was also calculated from 'H-NMR

> Mn, Mw, and PDI were recorded by Gel Permeation Chromatography with PS

standards.

‘T, (1) and T, (2) were determined by DSC.

Table 3.4. Results of characterization of polymers synthesized in bulk
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Figure 3.15. DSC of fluorinated block copolymer PCL/PLLA (run 6, see Table 3.4).

3.3. Preparation of Biodegradable Nanofiber Webs via electrospinning

Matrices play a central role in tissue engineering. Biodegradable synthetic
polymers exhibit tremendous potential as matrices to manage new tissues. The
properties of synthetic polymers can be tailored by using different functional groups (on
the backbone or side chain), polymer architectures (linear, branched, comb or star), and
combinations of polymer species (polymer blends and copolymer). The choice of PCL
and PLLA polyesters is owing to their safety in human applications and the projected
approval of FDA. The chemical compositions and the ratio of the monomers used in the

polymerization reactions strongly affect the degradation rates of the copolymers.

In the present work, the fluorinated block copolymers were processed into
nanofibers by electrospinning. In electrospinning process, there are several factors that
affect the fiber diameter and cause the bead formation which is not desirable in some
cases: polymer type, molecular weight and its distribution, initial polymer concentration,

polymer solution properties (viscosity, surface tension, compatibility with polymer,
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etc.), the applied voltage, capillary properties and its distance from the collector system,
environmental conditions that the fiber jet moves in and collector system [114]. In order
to produce fibers with different diameters with reduced bead formation, the solution

composition, applied voltage and collector-tip distance were changed in each trial.

The viscosity of the solution has a profound effect on electrospinning so that the
selection of solvent is significant [115]. Some commonly used solvents like DMEF,
DMSO, CH3;0OH, CHCI; and acetone were tried via altering amounts in the range of 0 to
100 percent in the mixture to find the good solvent mixture. While selecting these
solvents, their rates of evaporation were also considered. If the evaporation rate of the
solvent is too low, the polymer solution is not evaporated sufficiently and individual

fibers may not formed.

Polymers listed in table 3.4 were attempted to prepare non-woven fibrous webs
with the polymer:solvent ratios of 1:2, 1:2.5, and 1:3 by applying the voltage in the
range of 10-30 kV and adjusting the capillary-collector distance between 5-20 cm.
Except the polymer obtained from experiment 5, the other polymers were failed to
produce nanofiber webs because molecular weights of these materials were not enough
to prepare fibers comparing to experiment 5. Block PLLA/PCL copolymer obtained
from the experiment 5 were successfully converted to nanofibers. This success stems
from the high molecular weight of the polymer. The molecular weight of the polymer
indicates the length of the polymer chains and the polymer length define the amount of
entanglement of polymer chains in the solvent. Therefore, high molecular weight
polymers result in increasing chain entanglements in the solution and this is required to
keep the continuity of the jet during electrospinning. The polymer solution was prepared
in 50% DMF and 50% CH3;OH using the polymer synthesized in experiment 5
(polymer:solvent ratio was adjusted as 1:2 (w/w)). A range of fiber diameters was
measured from 40 to 360 nm as keeping applied voltage and cappillary-collector
distance constant at 15 kV and 10 cm. SEM images of this electrospun material show
the fiber formation (Figure 3.16). At high magnifications, branched type fibers were
seen clearly (Figure 3.16.b). Branched fibers were formed by the ejection of the smaller

jet on the surface of primary jet [116].
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The nanofiber scaffolds with seeded cells can be implanted to patient’s body to
repair the damaged tissues. In the literature, there are many works to improve
biocompatibilities of polymeric tissue engineering scaffolds. He et al. [117] coated
adhesive protein, collagen, by poly(L-lactic acid)-co-poly(e-caprolactone) nanofibers
and the collagen coated material have higher cell attachment, spreading and viability
than the unmodified nanofiber. Xu et al. [118] prepared nanofibrous scaffold from
poly(L-lactide-co-e-caprolactone) by electrospinning and they evaluated the
morphology, adhesion and proliferation of human coronary artery smooth muscle cells
on this scaffold. In the view of these works, we will continue to improve the aspects of
nanofibrous block copolymers for to create “ideal” tissue engineering scaffolds.
Scaffolds will also designed to overcome oxygen and nutrient transport limitations by
controlling scaffold diameters such as pore size, porosity and pore distribution. The lack

of nutrients into the interior of the scaffolds can deform or imitate research results [119].
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Figure 3.16. (a) and (b) Representative SEM images of electrospun polymer belonging
to Run 5 (solvent: 50% DMF + 50% CH3OH, applied voltage: 15 KV and capillary to

collector distance: 10 cm) at different magnifications.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

ScCO, can be used as an excellent alternative solvent to traditional organic
solvents for the synthesis of biodegradable polymers. This study demonstrated
successful biodegradable polymer synthesis in scCO, media. Another achievement in
this work is that perfluoro polyethers were processed into nanofiber webs successfully

by the electrospinning process.

Considering the importance of scCO, in synthetic reactions and the broad
applications of electrospun materials, this research was divided into two major parts: the
synthesis of biodegradable polymers having the ability to carry oxygen in scCO; and the

fabrication of electrospun polymer fibers.

4.1. Synthesis of Biodegradable Materials in scCO; media

Three types of triblock fluorinated stabilizers (prepolymers) were initially
synthesized by using fluorolinks (FLK-D, FLK-E and FLK-T) as initiators with 100%
conversion. With FLK-D and FLK-E, linear polymers were obtained, whereas with
FLK-T, branched polymers were received. Since these fluoropolymers have the ability
to carry and supply oxygen to tissues and organs, their emulsions are used as blood
substitutes as well. Owing to their oxygen-carrying ability in biological systems, these

polymers including fluorinated blocks were synthesized in this work.
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Before starting the synthesis of block copolymers, the solubility behaviors of
fluorinated prepolymers were checked in scCO, media. Their morphologies at different

pressures and temperatures were investigated by SEM analyses.

Block fluorinated (PLLA/PCL), polyester copolymers for biomedical applications
were synthesized by ROP mechanism in an environmentally benign solvent, scCO,,
with the aid of a reactive fluorinated prepolymer. There were four parameters in scCO;
experiments: catalyst concentration, monomer concentration, pressure and stirring rate.
High catalyst ratio was preferred due to the highest conversion in scCO;. Block lengths
were controlled by changing monomer concentration. Pressure was kept constant and

the stirring rate was adjusted for each reaction.

Copolymers of PLLA/PCL were also synthesized in bulk to obtain high molecular
weight that is essential to produce electrospun scaffolds by electrospinning. Different
ratios of prepolymer to monomer (LLA and e-CL) were applied in order to control chain

length.

Successful pentablock formation is supported by NMR spectroscopy and the
thermal analyses of the materials. The molecular weights of the products were measured
with the aid of GPC; the prepolymer and the copolymer possessed average number
molecular weights (M,,) in the range of 13,000 and 40,000, respectively. The products
obtained in scCO,, have low PDI values in the range of 1.08 and 1.34, compared to the
products obtained by ordinary organic solvents. Therefore, the experimental data
showed that block copolymers can be prepared in scCO, with good control on molecular
weight. This stems from the dissolving power of CO; that can be finely tuned by density
or pressure or temperature. In addition, soluble stabilizers in scCO; effectively stabilized
the sequential ROP of LLA in scCO, leading to the formation of microparticles. High
pressures also favored the polymerization because of the decrease in volume during

polymerization.
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4.2. Preparation of Nanofiber Webs with Oxygen Carrying Systems

In this part, fluorinated block copolymers were processed into nanofibers and
fibrous non-woven webs by electrospinning under different conditions. The variables,
i.e., the initial polymer concentration, composition of solvent mixture, tip-collector
distance and applied voltage were optimized in order to control the fiber formation and
to reduce the bead formation. Instead of these variables, polymer molecular weight has
also a significant impact on fiber formation. The polymer having high Mn (40500
g/mol) was successfully converted to nanofiber web applying voltage as 15 kV. SEM
images were also evidence for the formation of non-woven fibrous structure
successfully. Fiber diameters were measured from 40 nm to 360 nm in the sample of
block copolymer (PLLA/PCL) prepared with the polymer:solvent ratio of 1:2. This
study is still in progress. Future studies will involve in searching the degradation rates in

vivo and in vitro.
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Figure A. 1. (a) '"H-NMR and (b) *C-NMR of branched pentablock copolymer (run no:
2, look Table 2.3) recorded in CDCls.
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Figure A. 2. (a) '"H-NMR and (b) *C-NMR of branched pentablock copolymer (run no:
4, look Table 2.3) recorded in CDCl.
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Figure A. 3. (a) '"H-NMR and (b) *C-NMR of branched pentablock copolymer (run no:
5, look Table 2.3) recorded in CDCl;.
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Figure A. 4. (a) '"H-NMR and (b) *C-NMR of branched pentablock copolymer (run no:
6, look Table 2.3) recorded in CDCl;.
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Figure A. 5. (a) '"H-NMR and (b) *C-NMR of branched pentablock copolymer (run no:
8, look Table 2.3) recorded in CDCl;.
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Figure A. 6. (a) '"H-NMR and (b) *C-NMR of branched pentablock copolymer (run no:
9, look Table 2.3) recorded in CDCl;.
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Figure A. 7. '"H-NMR of fluorinated block copolymer synthesized in bulk (Run 1, look
Table 2.4) recorded in CDCls.
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Figure A. 8. '"H-NMR of fluorinated block copolymer synthesized in bulk (Run 2, look
Table 2.4) recorded in CDCls.
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Figure A. 9. '"H-NMR of fluorinated block copolymer synthesized in bulk (Run 3, look
Table 2.4) recorded in CDCls.
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Figure A. 10. "H-NMR of fluorinated block copolymer synthesized in bulk (Run 4, look
Table 2.4) recorded in CDCls.
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Figure A. 11. '"H-NMR of fluorinated block copolymer synthesized in bulk (Run 5, look
Table 2.4) recorded in CDCls.
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Figure A. 12. '"H-NMR of fluorinated block copolymer synthesized in bulk (Run 6, look
Table 2.4) recorded in CDCl;.
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