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Introduction

The application of nanostructured materials can be traced back to the prehistoric times. Little
was known about their properties since their use was mostly related to life development on
earth, starting from nanomaterials generated by volcanic ash, meteorites to weathering process
of metal-containing rocks [1] [2]. One of the first applications of nanomaterials was in cave
paintings that can be found in Sulawesi caves in Indonesia and in the Chauvet-Pont-d’ Arc caves
in France [3]. These paintings were made from carbon-based nanomaterials like graphene
obtained from fire smock and soot. Another impressive example of the nanomaterial use in art
is the Lycurgus Cup which is a dichroic glass displaying two different colors when exposed to
different light wavelengths because of its composition containing gold and silver nanoparticles
[4] [5]. Decades later, the scientific committee started gaining interest in nanotechnology due
to the development of characterization techniques such as the scanning tunneling microscope
(STM) and atomic force microscopy (AFM), and this interest increased with the development
of nanoscaled carbon-based materials[1] [6].

To date, nanomaterials are widely used in several fields such as nanoparticles for the
reinforcement of composite materials or alloys in order to have lighter weight with proper
strength and hardness to be used in automotive and aerospace industries [7]. They are also used
in medical field in tissue engineering, drug delivery and regenerative medicine among other
fields related to civil and electric engineering [8] [9]. As a matter of fact, the high potential of
use of nanoparticles, nanofibers and other forms of nanomaterials is thought to be related to
their reduced size that triggers distinct properties compared to their bulk counterparts.
Depending on the nature of the material, properties like conductivity, solubility, and even
mechanical and thermal properties like the melting point can vary at the nano-scale. An example
of this variation in properties has been reported for a solution containing gold (Au) which
appears yellow in the bulk but becomes red or purple when Au nanoparticles are added [10].
Such modifications in fundamental properties are called the “size-effect” and are attributed to
the high surface-to-volume ratio, the spatial confinement and in some cases less imperfections

in the nanosized structure [5].

Among the above-mentioned nanomaterials, nanofibers are widely used and have an ever-
growing interest. With a cross-section of tens to hundreds of nanometers and a macroscale
length, nanofibers are expected to alleviate the problems related to the discontinuous nature of
nanoparticles [11]. Various techniques have been used to develop nanofibers but the most

commonly used is electrospinning because it is simple, can produce continuous nanofibers on

4



extremely short timelines and is suitable for almost any soluble polymer [12]. Their interest is
also related to the tunability of their properties that were found to be size-dependent. One of the
most impressive features of nanofibers is their compelling mechanical behavior which was
noted to overcome that of bulk material. For example, studies conducted by Papkov et al [13]
on electrospun PAN nanofibers revealed a simultaneous increase in elastic Modulus, strength
and toughness as the diameter of the nanofibers decreased, contrarily to the classical
strength/ductility trade-off. Subsequent investigations using a wide range of characterization
techniques led to the conclusion that this behavior can be attributed to a high molecular
orientation in nanofibers together with a low degree of crystallinity induced by the
electrospinning process [14]. However, this explanation remains fragmentary and require
further investigation of the structure-properties relationship of nanofibers due to difficulties
related to the nanosized structure of nanofibers, the number of control parameters involved in

electrospinning and to the physical properties of the electrospun polymer.

In this context, this research was carried out to better understand the behavior of electrospun
nanofibers by studying their physical properties through an approach that combines
spectroscopic and especially thermal techniques. This PhD work is realized within the
framework of the project Nanoscale Design led by the international laboratory Advanced
Mechanics and Materials Engineering (AMME) which is a joint laboratory between the Groupe
de Physique des Matériaux within the University of Rouen Normandy and the Department of
Mechanical and Materials Engineering within the University of Nebraska Lincoln. The work

and results have been structured as following:

e The first chapter provides a definition and classification of the nanomaterials. Then it
focuses on nanofibers which are the form investigated in this thesis as well as the
electrospinning technique, varieties of setups and parameters impacting the process.
Some of the emerging applications of electrospun nanofibers are also presented.
Another part is dedicated to the characterization techniques of nanofibers together with

their properties with a particular emphasis on their molecular orientation.

e The second chapter introduces the polymers studied and some of their main
characteristics. It illustrates the structure of the electrospinning process used to produce
nanofibers. The techniques used to study the structure of nanofibers are also briefly
presented.



The third chapter focuses on the polyacrylonitrile electrospun nanofibers where the
signature of molecular orientation was tracked through two different aspects. The first
one, investigated the glass transition temperature together with the degree of
crystallinity. Then, Fast Scanning calorimetry was used in order to study the physical
aging of electrospun nanofibers to understand and compare the structural relaxation
kinetics of nanofiber mats with different average nanofiber diameters, and to determine
the melting temperature of PAN nanofibers, a temperature that is not possible to obtain
by standard differential scanning calorimetry.

The fourth and last chapter, deals with polyamide 6 nanofiber mats with different
average diameters, where the tunability of the crystalline structure of nanofibers was
investigated by the estimation of the ratio of polymorphic phases using different

techniques and the study of their melting behavior at low and high scanning rates.
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11

Introduction to nanotechnology and electrospun nanofibers

For the last decades, nanotechnology have gained a growing interest of the scientific committee

due to the compelling properties provided by nano-sized materials. Apart from their method of

preparation or their chemical composition, the high surface to volume ratio of these materials

is the main driving force for their development and characterization.

Nanomaterials may be defined as a material of which at least one external dimension is at the

nanometric scale, that is approximately between one and several hundred nanometers.

According to literature, two main categories of nanomaterials are distinguished; nano-objects

and nanostructured materials [1].

Nano-objects: They include materials with one, two or three dimensions at the nanometric

scale and may be classified as following:

Nanoparticles: which designates materials with three external dimensions on the
nanoscale. They can be spherical in size with a diameter of 1 to 50 nm, such as gold,
palladium, or titanium nanoparticles...etc.

Nanofibers, nanotubes or nanofilaments: which designates materials with two external
dimensions on the nanoscale, and the third dimension significantly larger. Typically, it
refers to longitudinal materials with a cross-section of several tens of nanometers and a
length on the macroscale. A widely known example would be carbon nanotubes,
polymer-based nanofibers...etc.

Nanosheet or nanoplatelets: in which one external dimension is on the nanoscale and

the other two dimensions are significantly larger, such as clay nanosheets...etc.

Nanostructured materials: They include materials with internal structure at the nanoscale.

Several categories may be distinguished, among which;

Aggregates and agglomerates of nano-objects: Within this category nano-objects may
be either in individual form or an agglomeration of several particles that are significantly
higher than 100 nm.

Nanocomposites: The reinforcement part of this category may be composed totally or
partially of nano-objects, that provide enhanced or specific properties of the nanometric
dimension. These nano-objects can be incorporated into a matrix or a surface to modify
or add a new functionality that may be magnetic, mechanical or thermal. An example
of a nanocomposite can be polymers reinforced with carbon nanotubes that are used in

sports equipment field to improve their mechanical behavior and reduce their weight.
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- Nano-porous materials: These materials have nano-sized pores such as silica aerogels

that have excellent thermal isolation properties [2] [3].

As mentioned above, nanofibers may be defined as a nanomaterial having nanoscaled
dimensions in the cross-sectional direction, and macroscopic length according to the fiber axis.
These structures are extremely thin, as 1000 times thinner than a human hair [4]. Thanks to
their specific and unique morphology, nanofibers have emerged as the hotspot of several
research areas. As a matter of fact, when the diameter of a fibrous material shrinks from several
micrometers to several nanometers, amazing properties come to light such as tunable porosity,
flexibility in surface functionalities and superior mechanical properties compared to bulk and
other form of materials [5] [6]. The major impact of nanofibers is due to the huge variety of
materials that can form them including natural and synthetic polymers, as well as metal-based

materials.

The highly interesting features of nanofibers account for the development and the improvement
of their manufacturing techniques. They may be classified into two types; top-down and
bottom-up approaches. Top-down approach involves fabrication of nanostructures from a
native structure with a large size by successive disintegration. In other words, a bulk material
is broken-down into nano-sized structures, mainly by means of mechanical techniques such as
cutting, refining and grinding [7]. For instance, cellulose nanofibers have been manufactured
from sugarcane by enzymatic treatment of sugarcane fragments, oxidation and mechanical
defibrillation [8]. Also, chitin nanofibrils were obtained from grounded and chemically treated
crab shells [9]. On the other hand, in bottom-up approach small units like atoms, molecules or
nanoparticles are used to fabricate nanofibers[10] [11]. Two examples using this approach are

presented below, which are drawing and centrifugal jet spinning.

e Drawing: This technique allows the production of long individual nanofibers. It consists
of placing a drop of polymer solution on a substrate. Then, by means of a micropipette a
fiber is extracted at a specific rate, depending on the speed of solvent evaporation. (Figure
1.1) In spite of being simple and easy, this technique is time consuming and diameters of
the obtained nanofibers cannot be controlled [12].

e Centrifugal jet spinning: This technique has the same basics as cotton candy fabrication.
During this process, a jet of polymer solution or melt is generated from a rotating nozzle
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under centrifugal force. The jet stretches, later, into thin nanofibres to be collected as a
nanofiber web. [13]

Micropipette tip

/ /D //,« Pulled polymer

Drop of polymer SOll-ltlorl
luti
solution formation of
nanofiber
Substrate

Figure 1.1 Illustration of the drawing process of nanofibers; on the left the micropipette tip is
approaching the surface of the polymer drop and on the right the micropipette is pulling the
polymer solution forming the nanofiber [12]

The main focus of the next part will be on another bottom-up technique that is widely used
nowadays for nanofibers development which is electrospinning.

111 Electrospinning technique

It is one of the most widely adopted technique for nanofibers development, owing to its simple
and low-cost set-up, along with a relatively high mass-production and adaptability with a large
spectrum of polymers [4] [14]. An example of a basic electrospinning set-up, mostly used on
the laboratory scale, is illustrated in Figure 1.2 ;it consists of a source of high voltage, a syringe

to which a polymer melt or solution will be fed, a syringe pump to control the polymer jet flow
and a collector on which nanofibers will be deposited.

/ Nanofibers
Polymer solution NETIIEE & e

“4|'| \ |
_ NI U
\ U,‘t‘v‘ \/ L\\I
!" \ - { |
A
|[o (X G | | | | I}
¢ |‘}
| Syringe pump | ‘( |
|
' | Collector

Figure 1.2 llustration of a basic electrospinning setup
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The process relies on electrostatics principle; it is the electrostatic repulsive force in a high
electric field, created between the needle tip and the counter-electrode attached to the collector,
that leads to nanofibers formation. More precisely, under this force a droplet of polymer
solution is formed on the tip of the needle, the electric force becomes higher than the surface
tension of the droplet and a jet of polymer is generated. The jet initially stretches into a straight
line, then undergoes a whipping movement due to bending instabilities. As the solution jet
reaches the counter-electrode, the solvent evaporates leading to the solidification of the jet that

is collected on the target as nanofibers [14] [15].

Electrospinning is a versatile technique dating back to a few centuries ago. It started as a variant
of electro-spraying which is also, based on the application of a high voltage to generate liquid
jets. The main difference is the viscosity of the polymer jet that breaks into droplets during

electro-spraying, while it remains continuous during electrospinning. [16]

The earliest work of what became electrospinning technology was realized by William Gilbert
in 1600, during which he recorded the formation of a cone shaped water droplet in the presence
of static electricity[14]. After years of research in order to understand this mechanism, several
patents were filed to describe a prototype of an “electric spinning” setup until its
commercialization by 1940 following the patents filed by Formhals(Figure 1.3)[17].
Subsequently, the first applications of electrospun nanofiber mats have emerged with the

development of air filters for aerosols and smoke-filters as gas masks [7].

Nanofiber mat

Jet of polymer solution

@

Collector

High voltage source

Figure 1.3 Illustration of the first electrospinning setup proposed by Formhals: it
was used to manufacture synthetic nanofibers. Modified from[17]
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Meanwhile, investigations to improve this technique were still carried-out. A theoretical
approach was established by Taylor describing the spherical to conic shape change of the
polymer solution droplet and its dependence on the strength of the applied electric field [18].

Later on, researches focused mainly on the study of the physical properties of the developed
nanofibers, and by 1971 Baumgarten [19] succeeded to produce acrylic nanofilaments with
diameters ranging from 500 to 1100 nm. He, also, determined in his work about
polyacrylonitrile spun fibers the dependence of the fiber diameter on the solution properties,

specifically the viscosity.

Ten years later, Larrondo and Mandley implemented a spinning technique for melt polymer,
and succeeded to develop polypropylene and polyethylene-based fibers with relatively large
diameters. In the same work, they stated that spun fibers diameters decreased when increasing
the electric field voltage, which highlighted the impact of spinning condition on the physical
properties of spun fibers [20]. Later on, investigations about electrospinning parameters and
their impact on the stability of the polymer jet solution were carried out. It was found that for
highly conductive polymer solutions, an increase in electric field generated spinning
instabilities by forming multiple jets [21]. This finding proves the impact of the electric field
on the physical properties of spun nanofibers such as the high distribution of their diameters.
Despite these findings, the lack of characterization techniques suitable for submicron and nano-

sized fibers induced a stagnancy in the development of this technique.

After a decade without any major breakthroughs in the field of electrostatic spinning, interest
has arisen by the 1990s, following the work of Reneker et al [22] [23] that improved the
spinning technique due to the increased accessibility to the characterization techniques, such as
scanning electron microscopy (SEM). In their work, they studied the properties of a
polyethylene oxide polymer solution by varying the polymer concentration and the voltage of
the applied electric field. Consequently, they found that the diameter of the polymer jet at the
tip of the needle decreased when increasing the needle/collector distance. Moreover, they
determined a critical value of the polymer solution viscosity,4 Pa.s, beyond which the jet was

too dense to form nanofibers [24].

Nowadays electrospinning became the technique of choice for obtaining continuous ultrathin
fibers. Accordingly, the constant improving of electrospinning generated different types of

spinning setups.
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1.1.2 Types of electrospinning setups
To date, various electrospinning configurations have been developed to improve the properties
of the resulting nanofibers and to further control their manufacturing parameters. Among these
techniques the differences may be within the delivering system of the polymer melt/solution, in

the shape and the position of the collector and its state, that is, stationary or moving.

The most basic and widespread type of electrospinning is the “needle setup”, which was
presented above in Figure 1.2. A hollow syringe needle is used as the spinneret, a conductive
plate is used as collector and both systems are stationary. Due to its relatively low productivity,
this configuration is best used on the laboratory scale for optimizing electrospinning parameters

before large scale production, or for testing a new polymer material.

Therefore, to improve the productivity of nanofibers other configurations were developed such
as multiple-needle electrospinning, consisting in the use of an array of several needles as its
name indicates. In this configuration, needles can be organized in a straight line, circular or in
elliptic arrangement through which the same or different polymer solutions may be pushed

(Figure 1.4). In spite of a very high voltage, the repulsion from adjacent jets is still an issue[25].

Spinnerets

D 3 = T =
()]
o
> 3 3 3 3
o E
»n — E
m — — -
oo
g T
S
) Polymer Jet
I \

Collector
S I

Figure 1.4 llustration of a multiple-needle electrospinning setup.Modified from[25]

Needle-free or needleless electrospinning, present another straightforward way to increase the
productivity of spun nanofibers, allowing industrial-scale production [26]. This configuration
is based on open polymeric surface which simultaneously generates multiple jets under the
influence of an electric field. Being next to each other, jets are formed all along the generating

system of the spinning solution allowing a high and continuous mass-production of nanofibers.
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Different configurations of the delivering system may exist such as a rotating cylinder
immersed in a polymer solution, a translating plate associated to the container of the polymer
solution or a rotary cone. Figure 1.5 illustrates an example of a cylindrical spinneret used in

needleless electrospinning [27].

Collector

Polymer solution
Jet

High Voltage source

Rotating cylinder

. _i,pgymerfolution container
E— w“ﬁ

Figure 1.5 Illustration of a needleless electrospinning setup; the spinneret is a rotating
cylinder.Modified from[26]

Further modifications of the basic electrospinning setups were applied in order to widen the
application range of electrospun nanofibers in specific fields such as skeletal muscle
regeneration, cell culture on nanofiber-based scaffolds or other applications requiring aligned
nanofibers [28]. Previous studies found that changing the configuration of the collector can be
an efficient route to obtain oriented nanofibers. The most common configuration to use, is a
rotary collector such as a cylinder or a disk at a relatively high speed. During this process,
nanofibers are mechanically drawn as they are deposited on the collector, hence being aligned
along the periphery of the mandrel [29] [7]. In this matter, the impact of the rotating speed on
nanofibers has been studied, and it was found that increasing the speed lead to the formation of
thinner nanofibers. [30] Aligned nanofibers may, also, be obtained by a specific arrangement
of stationary collector formed by two parts with aluminum or steel bar at the edges acting like
a concentrator of the electric field, which leads to the stretching of the formed nanofibers, an

example of these configurations is illustrated in Figure 1.6 [29].
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Polymer
solution jet

Aligned nanofibers

\/ Collector

Conductive Strips

Figure 1.6 Illustration of an electrospinning setup with a modified configuration of the
collector: two conductive strips are associated to both parts of the collector working as an
electric field concentrator.Modified from [26]

Among the derivative techniques of electrospinning, coaxial and multiaxial configurations are
emerging as a way to develop functional nanofibers from two or more different polymer
solutions/melt simultaneously(Figure 1.7).The process consists mainly in pumping two
chemically different solutions, through a coaxial needle with a small capillary inside a larger
one in coaxial geometry [25] [31]. In order to get the desired outcome, the polymer solutions
should be immiscible, and the outer-solution should be spinnable to apply a shear stress on the
inner-solution, that can be non-spinnable, when drawing the blended jet.

Outer solution

A

Inner solution

Blended polymer
solution jet

Collector

Figure 1.7 lllustration of a coaxial electrospinning setup with a detailed photo of the formed
jet at the tip of the spinneret ; the inner solution forms the core of the nanofiber and the
outer solution forms the shell[31]

20



State of the art

The resulting nanofibers may have different cross-sectional shapes like a core-shell or hollow
form. For hollow nanofibers or also referred to as nanotubes formation, the inner solution is
removed after electrospinning either by selective dissolution or thermal degradation (Figure
1.8) [32].This configuration is mainly used for multidrug eluting systems with different release
time to improve healing process [33] [34]. They can be also attractive for the fabrication of

fluidic devices and optical waveguides [35].

Figure 1.8 SEM images of hollow nanofibers obtained by coaxial electrospinning of
Titanium isopropoxide Ti (OiPr)4 and poly (vinyl pyrrolidone) (PVP) as the outer solution
and a heavy mineral oil as the inner-structure that has been removed later by immersing the
fibers in octane[35]

1.1.3  Parameters of electrospinning

In order to be efficiently used in diverse applications, electrospun nanofibers must be
continuous and collectable and should present specific criteria such as; a defect-free fiber
surface and a uniform fiber diameter. As a matter of fact, electrospinning is governed by various
parameters generally classified into three categories; the solution properties such as the
concentration of the polymer, the polymer molecular weight, the processing parameters such as
the applied voltage and environmental parameters. Each of these parameters significantly

impacts the morphology and the characteristics of the obtained nanofibers.

Impact of polymer solution concentration
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The formation of electrospun fibers is largely determined by the concentration of the polymer
solution. During the electrospinning process, a balance should be established between the
surface tension at the top of the spinneret and the viscosity of the polymer solution.

If the latter is too low, the surface tension dominates preventing the solution jet to be formed
correctly and stretched till the collector. Indeed, a fully developed and continuous polymer jet
cannot be formed and the solution is rather electro-sprayed which means that droplets are
formed instead of nanofibers [22]. When increasing the solution concentration, a mixture of
droplets or also referred to as beads, and nanofibers are formed. Then, further increase induces
the increase of the distance between two beads and the modification of their shapes from
spherical to spindle-like, till their disappearance which means the formation of bead-free
nanofibers [36].

Thus, for each polymer/solvent pair, a range in which fibers may be spun efficiently is set by
the intrinsic limits of the polymer solution. The lower limit is the concentration below which
the macromolecular cohesion is weaker than the surface tension, leading to the formation of
beads rather than continuous nanofibers. And, the upper limit is the concentration beyond which
the macromolecular cohesion is too strong to be stretched and spun into nanofibers. Though, it

may result in the formation of a micro-sized fibers [36].

The impact of solution concentration on nanofibers formation has been studied for a wide range
of materials such as polyacrylonitrile, polylactic acid, silk...etc. [37] In this matter, Deitzel et
al. [38] studied a polyethylene oxide solution having concentrations ranging from 4 to 10 wt%.
They stated that 10 wt%-based nanofibers presented a larger average diameter, regular and
cylindrical morphology, contrarily to 4 wt%-based nanofibers presenting defects and a non-
uniform morphology. Similar results were found, when studying the impact of polymer solution
concentration on ultrathin polyamide 6 (PA6) nanofibers. Figure 1.9 presents SEM images of
different nanofiber mats obtained upon electrospinning of 20 and 38 wt% of PAG in formic acid
and illustrates the appearance of beads for fibers obtained from 20 wt% polymer solution
concentration (Figure 1.9.A) [39].

Impact of the molecular weight

Molecular weight influences the entanglement of polymer chains in solution, which impacts the
rheological properties such as viscosity and surface tension. Typically, polymers to be
electrospun present molecular weight high enough to reach spinnable polymer solution

viscosities.
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Figure 1.9 SEM images of nanofiber mats obtained from solutions of PA6 in formic acid

with polymer concentration of (A) 24wt% [magnification =2 000%, scale bar =10 um| and
(B) 38 wt% [magnification = 10 000%, scale bar =1 um]. Modified from [39]

As a matter of fact, the intrinsic viscosity of a linear polymer is related to its molecular weight

by the Mark-Houwink-Sakurada equation, presented below;
[n] = K x M? (1)

Where M is the molecular weight K and a are constants and depend on the polymer, the solvent
and the temperature [40]. It has been noted that a low molecular weight of a polymer leads to
the formation of nanofibers with some defects such as the formation of beads. On the other
hand, a high molecular weight will induce the formation of nanofibers with regular morphology
but with relatively large diameters [41]. For a detailed investigation of the molecular weight
effect, previous studies have defined specific polymer physics notions; the overlap
concentration C* corresponding to the polymer concentration at which the viscosity of the
solution changes abruptly, this value can be determined experimentally from the chain
dimensions of the polymer and it depends on the molecular weight of the polymer. According
to this value, three concentration regimes were determined; dilute for a concentration C < C*;
during which the polymer chains act like isolated coils, semi-dilute for C > C*; during which
an overlap of the coils and entanglement of chains occurs, and concentrated for C >> C*; for
which polymer chains are highly entangled [40] [42]. This concept was found to be useful to
study the impact of solution rheology on the morphology of electrospun nanofibers. In this
matter, McKee et al. [43] studied nanofibers obtained from linear and branched polyesters in
the semi-dilute regime. A critical entanglement concentration Ce was determined, above which
defect-free fibers were obtained. This concentration value was considered to divide the semi-

dilute regime into two sub-regimes; the semi-dilute unentangled and the semi-dilute entangled.

23



State of the art

In the same context, Gupta et al. [40] investigated polymethyl methacrylate (PMMA)
nanofibers with molecular weight values from 12470 — 365700 g/mol. Low molecular weight
solution (12470 g/mol) in the semi-dilute regime resulted in deformed nanofibers with presence
of beads. However, higher molecular weight values around 205000 g/mol resulted in the
appearance of some beads in the unentangled and entangled semi-dilute regime but in uniform

bead-free morphology for higher concentrations.
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Figure 1.10 SEM images of the typical structure of electrospun PVA nanofibers for different
molecular weights with (a) 9000-10000 g/mol (b) 13000-23000 g/mol (c) 31000-50000 g/mol.
[magnification = 5000, scale bar= Sum]. Modified from [41]

Additionally, Koski et al [41] investigated polyvinyl alcohol (PVA) solution on nanofibers
with molecular weights ranging from 9000 to 186000 g/mol. It was noticed that the average
fiber diameter increased with increasing molecular weight and concentration, it varied from 250
nm till 2 um. It was, also, stated that nanofibers with regular circular cross-section were spun

for molecular weight values ranging from 13000 to 23000 g/mol (Figure 1.10.b), and that flat
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nanofibers with a ribbon-like cross section were formed for higher molecular weight values
(Figure 1.10.c).

Figure 1.11 SEM image of PVP/AMT electrospun nanofiber. Modified from [44]

Figure 1.11 illustrates an example of a ribbon-like nanofiber. In this example, nanofibers are

electrospun from polyvinylpyrrolidone/ammonium meta-tungstate (PVP/AMT) [44].
Impact of the applied voltage

As explained above, the concept of electrospinning is based on drawing polymer solution or
melt jets under electrostatic forces. Therefore, the applied voltage during spinning is a crucial
parameter to control. Practically, when a polymer solution is pumped into the syringe and an
electric field is applied, a droplet is formed at the tip of the needle. When the electrostatic
charges are higher than the surface tension of this droplet, it is deformed and stretched towards
the counter electrode related to the collector. The electric force is, then, considered to impact
the form of the drop and the stability of elongated jet, impacting the morphology of the resulting
nanofibers[45]. For instance, the impact of the voltage has been studied on polyethylene oxide
(PEO) nanofibers and it was noted that at 5.5 kV defect-free fibers were spun, while increasing

the voltage above 9 kV, led to obtain nanofibers with a high density of beads[38].

Another influence of the voltage was revealed in the work of Yuan et al. [46] about bisphenol-
-A polysulfone (PSF), in which relatively high voltage values were applied; 10 kV, 15 kV and
20 kV. They found that nanofibers became more misaligned with the increase of the applied
voltage. This was accorded to the increase of the polymer jet instability for relatively higher

voltage.
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Impact of the spinning distance

The spinning distance is defined as the distance between the tip of the spinneret and the
collector. It is considered among the parameters influencing the resulting nanofibers diameters
and morphology. In fact, it has been found that there is a minimum distance which means a
minimum time required for the polymer jet to reach the collector so that the solvent can
evaporate. For instance, Ki et al[47] investigated the impact of spinning distance of gelatin-
based nanofibers. They stated that, by increasing the distance from 7.5 to 20 cm, the diameter

of the obtained nanofibers presents a slight decrease along with the appearance of beads.
Impact of environmental conditions

Environmental conditions such as humidity and temperature can influence the electrospinning
process and the collected fibers properties. The morphological and surface properties of
nanofibers were found to change from smooth to wrinkled, ribbon-like or porous by varying
the relative humidity while electrospinning [49]. Previous studies accorded this surface
modification to the interaction of water, which is in most cases a nonsolvent, with the polymer
jet. For instance, it was reported that polystyrene (PS) nanofibers electrospun in a high humidity
environment presented a highly porous surface. This was explained by the miscibility of water
and the solvent, in this case dimethylformamide (DMF). In fact, the relatively rapid diffusion
of water within the polymer jet led to a liquid-liquid phase separation, taking place before the
solidification of the polymer jet [48]. In a similar study, Pai et al. [50] reported that
electrospinning at relative humidity values < 15% resulted in roughness in the surface aspect of

nanofibers.

:
\24% RH

Figure 1.12 SEM images of polystyrene nanofibers from 30 wt% PS/DMF solution under (a)
24% (b) 15% of relative humidity. [magnification=4000%, scale= 5 um|[48]
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For instance, Figure 1.12 illustrates an example of this deformation that was also referred to as
the formation of wrinkled nanofibers. It is believed that this aspect is related to the buckling of
the external surface of the polymer jet under compressive radial stress, due to the rapid removal
of the solvent from the core of the jet because of the relatively dry environment, along with a

lateral contraction effect due to the stretching of the polymer jet.

1.2 Emerging applications of electrospun nanofibers

One of the most striking features of nanofibers is their exceptionally high surface to volume
ratio and the tunability of their properties making them attractive candidates for several
advanced applications. Nowadays, nanofibers can be made from a large spectrum of synthetic
and natural polymers which enables a wider area for research about new possibilities of

application.

Application in the medical field

The specific nano-sized cross-sectional continuous fiber morphology is one of the main reasons
for its high applicability in the medical field. To date, enormous and progressive researches are
being held in this area of applications. Several examples may be cited like; tissue engineering,
wound healing, drug delivery and regenerative medicine [51] [52].For instance, for a material
to be used for wound healing, it has to fulfill specific criteria such as a good physical barrier to
protect the skin from bacterial penetration and acceleration of the re-epithelialization process
[53]. Nanofiber mats gained interest in this application due to their nano to micro-sized, non-
woven structure enabling them to mimic the human extracellular matrix (ECM). This non-
woven structure promotes gas and liquid exchange with the environment and the possibility for
numerous types of molecules to be incorporated in this structure. In this regard, previous studies
have characterized the potential of electrospun polycaprolactone (PCL) mats containing
biosynthesized silver nanoparticles (Ag), to be used as wound dressings. Silver is well known
for its antimicrobial properties against several microorganisms and PCL is known for its
application in biomedical field. The resulting material proved tensile properties comparable to
that of a human skin, and promising antimicrobial property against two types of bacteria; E.coli
and S.aureus [54]. The antimicrobial effect of PCL/Ag with different concentration of silver
nanoparticles, is illustrated in Figure 1.13. The grey area around the small circular samples of

PCL/Ag nanofiber mats are referred to as inhibitory zone of the bacteria.
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Figure 1.13 Plates showing the antimicrobial property of nanofiber mats on two bacteria (A)
Staphylococcus aureus (B) Escherichia coli. (a) Neat PCL membrane (b) PCL/Ag
nanocomposite membranes with 0.05% of Ag (c) with 0.25 wt% of Ag (d) 0.5 wt% (e) 1 wt% (f)
Standard antibiotic disc of Ciprofloxacin used as positive control. The diameter of the inhibition
zones (light grey area around the membranes) is larger when the concentration of Ag
nanoparticles increases[54]

Wound dressings were, also, developed using different combinations of materials such as
acrylonitrile nanofiber mats and nitric oxide particles. In vivo experiments were tried on mice
and it showed a rapid healing process and a complete recovery [55]. More recently, nanofiber
mats were investigated to improve the performance of protective masks, based on
polyacrylonitrile (PAN) loaded by copper oxide particles. The resulting samples presented a
good breathability that improved with the increase of copper oxide particles concentration from

0.25% till 1%, as well as good mechanical and antibacterial properties [56].

Additionally, nanofibers were found to present promising efficiency as drug delivery systems.
The tunability of the porosity, the morphology and the composition of nanofibers facilitates the
adjustment of drug release performance [57]. In this regard, electrospun nanofibers were used
as carrier scaffolds for the controlled release of bioactive molecules for calvarial bone defects.
The development of the scaffold was as following; nanoparticles of bovine serum albumin
(BSM) loaded with a human bone morphogenic protein BMP-2 and chitosan, added to another
protein dexamethasone (DEX) were electrospun along with poly(e-caprolactone)-poly
(ethylene glycol) (PCE) polymer solution. In vitro studies showed a preservation of the
bioactivity of the proteins due to the incorporation in BSM. A release pattern was achieved in
which most of the DEX was released in the original eight days and the BMP-2 release lasted

up to 35 days. In vivo studies revealed high repair efficiency on a rat calvarial bone defect.
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Hence, nanoparticles-loaded electrospun scaffold were considered to have promising

applicability for bone repair in bone tissue engineering [58].

Application in reinforcement

The use of nanofibers in this field goes back to the fact that reinforcing a material with micro
or macroscopic structures was found to lead, generally, to an increase in their brittleness [53].
Therefore, to overcome this inconvenience, nanofibers were used as good candidates for such
fields due to the high surface to volume ratio granting better interfacial adhesion between fillers
and matrices. In this matter, a previous study has investigated the mechanical properties of high-
density polyethylene matrix reinforced by electrospun polyamide 66 nanofibers. The addition
of a relatively small amount of electrospun reinforcement, have led to an increase in toughness,
modulus and strength of the composite material which is extremely interesting for industrial
applications [59]. In the same context, a new composite material was developed from recycled
polyethylene terephthalate (PET) reinforced by polyacrylonitrile nanofibers (PAN), and
characterization of the resulting composite stated an improvement in the compressive and

flexural resistance and an increase of its barrier properties [60].
Application in Sound absorption

The impact of noise was revealed to induce very serious health issues. In order to improve
sound barrier properties of the used materials, previous studies have proven the advantages of
applying electrospun fibers. In fact, the continuous porous structure and high surface to volume
ratio makes it perfect for the increase of the interaction between air and the material surface
[57] [61]. Accordingly, nanofiber mats of polyacrylonitrile (PAN) and polyurethane (PU) were
used to reinforce a commonly used combination for sound absorption which is composed of
wool and polyester nonwovens. The acoustic properties of the resulting composite material
were investigated, and it was stated that increasing the number and the weight per surface unit
of nanofiber mat layers led to the increase of the effectiveness of sound proofing at both low

and mid frequencies, contrarily to conventional materials [62].

1.3 Characterization of nanofibers

Nanofibers display a unique set of features and properties. These features include nano-sized
cross-sectional dimension which makes analysis a difficult task. Despite several years of
advanced research about nanofibers properties and potential of use in enormous applications, a

clear understanding of the origin of their properties is still fragmentary because of the
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complexity of characterizing such small-sized structures. However, an evolving interest in
properly understanding the properties of nanofibers led to the application of several
combination of characterization techniques and other newly emerging techniques, in order to

overcome these challenges.

1.3.1 Methods of nanofibers characterization
Structural characterization

Physical properties of nanofibers are tightly related to their morphological aspects, such as the
diameter, the uniformity and the defects existing within nanofibers, as well as the molecular
conformation and composition. Therefore, evaluation of these aspects and their dependence on
processing parameters seems crucial. Accordingly, several conventional and emerging
techniques are being applied to investigate the structure of nanofibers for a better understanding

and a wiser application of these materials [63].

Among these techniques, Scanning Electron Microscope (SEM) has provided relatively high-
resolution images for the tested samples surfaces, giving that the magnification of an optical
microscope is inadequate for characterizing nanofibers in the lower nanometer range. SEM is a
suitable technique for conductive materials such as carbon nanofibers. Nevertheless, for non-
conductive polymers an extra step needs to be realized, that is a coating with a thin layer of
gold, which will damage the sample. Though, it remains one of the most widely used techniques
to determine nanofibers diameters and identify the superficial defects [64]. An alternative to
coating samples in SEM is to use environmental scanning electron microscopy (ESEM) [65].
This technique allows to examine samples with minimum specimen preparation prior to
measurement, and to carry out imaging on wet samples as vapor is tolerated in the sample
chamber [66].

Transmission electron microscopy (TEM) is another alternative for morphological
characterization. It overcomes the limit of scanning electron microcopy, since it doesn’t require
coating of samples and allows the investigation of thin nanofibers with diameters smaller than
200 nm. It, also, enables investigation of nanofibrous materials with advanced structures such
as bi-component nanofibers with core-shell structure [67]. Moreover, the beam of electrons
transmitted through the sample varies according to the planar orientation of atoms, which
reveals informations about the crystallographic arrangement and orientation within the studied

material. For instance, TEM analysis was conducted to investigate the arrangement of multi
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walled carbon nanotubes (MWNT) within electrospun nanofibers of poly(ethylene) oxide
(PEO) [68].

Furthermore, Atomic Force Microscopy (AFM) has been used for its high-resolution probe
microscope since it is a key-tool for nanoscale imaging and handling of materials at the nano-
scale. Its micro-scaled cantilever with a pointed end is used to investigate materials surfaces.
When the tip comes into contact with the surface, the cantilever is deformed by the forces
between the material’s surface and the tip, giving the possibility to assess several types of forces
such as Van der Waals forces and other chemical bonding [63]. Wang et al. investigated the
melting phenomenon of single PEO nanofibers by means of AFM which revealed a decrease of
the melting temperature with decreasing nanofiber diameter [69].

Another important aspect of nanofibers that plays an increasingly prominent role in numerous
applications such as drug delivery and filtration, is their porous morphology that can be
obtained by adjusting electrospinning parameters like the relative humidity [49]. This aspect
may be investigated by mercury porosimetry, a technique that is generally used as a standard
procedure to determine pore size and distribution. Practically, mercury is introduced to a
vacuum dried sample, then pressured to inter the pores within the tested materials [6]. An
example of application of this technique is the investigation of the applicability of nanofibers
of poly (D-L, lactide-co-glycolide) (PLGA) as a scaffold for tissue engineering. Results of
mercury porosimetry allowed the estimation of pore size, volume and distribution, resulting in

the fact that the formed pores are adequate for cell migration [70].
Chemical characterization

Fourier transform infrared spectroscopy (FTIR) is among the classically used technique for
investigating the chemical composition of polymer nanofibers. Based on the interaction
between the infrared radiation and the molecular bonds, a spectrum is obtained presenting
absorption peaks with different intensities. The absorption peak intensity is related to the
amount of the considered functional group within the material, and the frequency is related to
the type of bond [71].

Along with the identification of molecular bonds, this technique may track the presence of
residual solvent within nanofiber mats. A specific feature of this technique was particularly
applied to study the macromolecular orientation within nanofibers, which is polarized FTIR;

allowing the estimation of a dichroic ratio determined from orthogonal and parallel infrared
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radiation to the fiber axis [72]. Other spectroscopic techniques are used for investigating the

structure of nanofibers such as Raman spectroscopy and nuclear magnetic resonance (NMR).
Mechanical characterization

Nanofibers bring promising features in several fields that generally require high stress and strain
levels and may lead to a deformation or a damage of these structures. Therefore, a number of

methods for mechanical characterization were developed for both mat and single nanofibers.

Tensile testing is considered to be among the challenging techniques for mechanical behavior
investigations of nanofibers, because it requires direct manipulation of the fibers. Previously,
different setups and testing protocols were implemented to be suitable for testing nanofibrous
samples. In an attempt to investigate the tensile behavior of single and mats of polycaprolactone
(PCL) nanofibers, Tan et al. [73] used a Nano-tensile testing system. Due to the small sample

size, some modifications were brought on the electrospinning setup, specifically the collector.

(A) (B)
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Figure 1.14 Nano-tensile testing system (A) the metallic frame used as a collector with an
illustration of the partitioning of the cardboard for easier handling of nanofibers (B) the
sample holder (cardboard) mounted on the tensile tester. Modified from[73]

As shown in Figure 1.14, a metallic frame was used as a collector to obtain aligned nanofibers,
which is needed to avoid their bending or deformation when testing the mat. Another frame
made of cardboard was glued on the metallic one using double-sided tape in order to facilitate

the manipulation of nanofibers and avoid their slippage and altering. Results revealed high
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extensibility of PCL nanofibers which is of an importance for the design of biodegradable

scaffolds.

Further setups were developed for a better investigation of the mechanical behavior of
individual nanofibers. Considering the nano-sized fibers, several approaches established a
combination of AFM cantilever as the measuring load to carry out tests inside a scanning

electron microscope (SEM) or a transmission electron microscope (TEM) [75].

For example, the setup illustrated in Figure 1.15 allowed the investigation of the stress-strain
behavior of PEO nanofibers with a diameter of 700 nm [74].

AFM cantilever

tip ‘
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y Glass fiber
X Superglue Single nanofiber

ki Microscope stage
Microscope Masking P g

lens tape

Figure 1.15 Illustration of a Nano tensile setup using AFM cantilever developed by Tan et
al. Modified from [74]

The apparatus consists of a piezoresistive AFM cantilever, a microscope stage that serves as
the actuator by applying the elongational deformation on the nanofiber and a camera to track
the deformation of the nanofiber morphology during the test. Deflection of the cantilever tip
results in a linear change of the resistance. Therefore, it is attached to a multimeter so that the
resistance resulting from its deflection may be transformed into load measurements. A glass
fiber is attached from one side to the tip and from the other side to the sample, facilitating the

attachment of the fiber and allowing the use of the tip to test other samples.

Another setup was established by Naraghi et al [76] based on a microelectromechanical system

(MEMS) with an integrated blade-spring load cell adjusted with an ion beam. Within this

apparatus, the tested nanofiber is attached to the blade-spring load cell from one end. On the

other end, the nanofiber is attached to a fix grip related to a tip-less AFM cantilever with epoxy

adhesive. (Figure 1.16). In this work, the tested samples are PAN nanofibers with a diameter

range of 300 to 600 nm. The displacement of the fiber is investigated through optical
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microscopy that allows to assess the displacement of the fiber grip and the deflection of the
beam supporting the load cell. Then, it is compared by digital image correlation to the unloaded
configuration so that the stress and strain values can be determined. It was found that thinner

nanofibers presented higher strength and lower ductility, unlike their thicker counterparts.

AFM cantilever i

Figure 1.16 Test platform developed by Naraghi et a. Modified from [76]

A common outcome of these investigations is that nanofibers mechanical behavior is different
from their bulk counterparts and depends on nanofibers characteristics. Correspondingly,
nanofibers investigated in the above-mentioned studies showed an increase in strength and
toughness with the decrease of their diameters, whereas thick nanofibers presented mechanical
properties similar to the bulk material. This behavior has been attributed to the fact that
electrospun fibers underwent high elongational deformation during the fabrication process
leading to the macromolecular orientation within their polymer chain [64] [76] [77].

1.3.2 Characterization of molecular orientation within nanofibers

Molecular orientation within electrospun nanofibers is an intriguing characteristic that is
frequently noted to have a major impact on their behavior, though its investigation remains
challenging. With the development of different setups able to characterize single nanofibers, a
number of studies have gained insight into the relationship between molecular orientation and
nanofibers properties. This was achieved by tracking the signature of polymer chain orientation
through the study of nanofibers mechanical properties, crystalline structure and thermal

behavior, which will be treated in the following sections.
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It is noteworthy that in the following part, the term “alignment” will designate the macroscopic
arrangement of nanofibers within a mat and the term “orientation” will be used to describe the

polymer chain macromolecular orientation within a single nanofiber.

1.3.2.1 Mechanical behavior of nanofibers
As mentioned in the previous section, several techniques have been implemented to investigate
the mechanical behavior of nanofibers. Regarding nanofiber mats, their properties were found
to depend on: the microstructure of individual nanofibers composing it, the porosity, the density
of nanofibers within the studied mat as well as the alignment of nanofibers. As a matter of fact,
it has been stated that the alignment of nanofibers helps improving Young modulus of the mat
as it increases the homogenous stress distribution, when testing the sample according to the
main direction of nanofibers [78]. It is the case of poly(butylene)terephthalate (PBT) nanofiber
mats that have been electrospun using a rotating drum as the collector, to obtain aligned
nanofibers. An increase of the strength and the modulus of the investigated nanofiber mats by
a factor of 4 was noted, when the rotating velocity of the drum increased from 4 to 17.5 m/s
[79]. Similar phenomenon has been stated for poly(L-lactide) (PLLA) nanofiber mats, when
take-up velocity was found to have a major impact on both molecular orientation and alignment
of nanofibers. Also, tensile strength determined by nano-indentation method was noted to be

higher for aligned nanofibers comparing to randomly deposited nanofibers [80].

As stated in the aforementioned paragraph, the enhancement of equipment allowing the
characterization on the nano-scale have led to an increasing interest in investigating individual
nanofibers. Therefore, an extremely interesting aspect of single nanofibers behavior was
discovered, which is the dependence of their mechanical behavior on their size. This was first
stated by Tan et al [81] studying the physical properties of PLLA nanofibers by means of AFM
imaging and three-point bending test. They noticed a drastic increase in Young modulus when

nanofiber diameters were smaller than 350 nm (Figure 1.17).
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Figure 1.17 Variation of elastic modulus with nanofiber diameters of PLLA electrospun
nanofibers. Modified from[81]

Further studies stated the same phenomenon, for poly (2-acrylamido-2-methyl-1-
propanesulfonic acid), poly (AMPS), which is known for its poor mechanical properties in bulk.
When electrospun, it showed an increase of Young modulus compared to its bulk counterpart
and an exponential increase of this modulus with the decrease of nanofibers dimeter [79].
Moreover, different polymers were electrospun and the same observation was stated and the
most common hypothesis of explanation is that the improvement of nanofibers behavior is

related to a molecular orientation of thinner nanofibers.

Nevertheless, several studies tried to deepen the investigation to understand the origin of this
behavior, by implementing different models and theories. Three main models were mostly

reported in literature.

The first model was implemented by Ji et al [82], considering that during electrospinning,
nanofibers form a thin external layer in which molecular chains are oriented due to the high
stretching forces and surface tension in the outermost region of the fiber. They presumed that
the degree of molecular orientation is related to the relative amount of monomers in contact
with the surface compared to the amount of monomers within the sample. Therefore, as the
fiber gets thinner molecular chains orient easier through the entire fiber. Besides, the polymer

chains cover both surfaces when the nanofiber diameter decreases, so that the opposite sides of
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the fiber are physically coupled, further strengthening the fiber. Contrarily, when the fiber
thickens both surfaces are decorrelated and the amount of molecular chains in surface decreases
compared to the inner fraction of molecular chains with a random coil conformation, leading to
a bulk-like behavior (Figure 1.18).

(B)

Figure 1.18 Model of the molecular chain orientation (A) Thin nanofibers with polymer
chain oriented through the entire fiber (B) Thick nanofibers with oriented molecular chains
on the surface extending to bulk-like random coils. Modified from [83]

Another model was later established considering the nanofiber to be formed by a “core-shell”
configuration. This was noted to be related to electrospinning parameters, namely the
concentration of polymer solution and the evaporation rate of the solvent [84]. As a matter of
fact, it has been proposed that faster solvent evaporation takes place at the surface of the
polymer jet, forming an external layer that is highly enriched in polymer compared to the core
[79]. The difference between the outer and the inner parts during nanofibers formation, was
attributed to a competition between the evaporation rate of the solvent and diffusion from the
core which is rich in solvent to the shell in which the polymer concentration is higher. In other
words, if the evaporation rate of the solvent is high, the surface thickens quickly acting like a
barrier which hinders the solvent diffusion. The extreme case is that as the evaporation of the
solvent progresses, the atmospheric pressure tends to deform the external layer till it collapses,
leading to the formation of ribbon-like nanofibers (Figure 1.19).
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Contrarily, for lower evaporation rates there will be no barrier preventing or delaying the
diffusion of the solvent from the core to the outer surface. Hence when the solvent evaporates,
cylindrical fibers are formed [85] [86] [87].

Figure 1.19 Flat ribbon electrospun from a solution of 10% poly (ether imide) in hexafluoro-
2-propanol [87]

Further studies have investigated the kinetics of solvent evaporation and assumed that the
residual solvent within nanofibers may induce post-processing modification of the
configuration, like the relaxation of the orientation [79] [88].

Experimental support for the “core-shell” model was provided by the study of Stachewicz et
al. [89] during which they investigated the mechanical behavior of polyvinyl-alcohol (PVA)
single nanofibers. In this work, AFM imaging of the cross-section of PVA nanofibers that were
prepared by Focused lon Beam (FIB), has revealed the presence of a stiffer shell, the thickness

of this shell was nearly constant when varying nanofibers diameters.

The Young modulus values of PVA nanofibers with varying diameters were quantified by AFM
three-point bending and were found to increase as nanofibers diameter decreases (Figure 1.20).
This trend was explained by the fact that during electrospinning, the polymer jet undergoes high
elongational deformation specifically at the surface of this jet due to a rapid solvent evaporation
and a high electrical field leading to a higher shear stress at the surface of the jet. Therefore,
PV A nanofibers were considered as composite structures formed by a shell region of oriented
polymer chains and an isotropic core. Correspondingly, a “two-phase” model was implemented

defining the Young modulus as a function of volume fraction of the core and the shell region.
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It was reported that the elastic modulus of the shell region was higher than the modulus of the
core region, and that the properties of the nanofibers are increasingly governed by the shell

region when their diameter decreases [89].
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Figure 1.20 Variation of the elastic modulus as a function of electrospun PVA diameters.
Modified from [89]

An alternative explanation of the size effect of nanofibers on their mechanical behavior was
reported in another model, relating this phenomenon not only to a surface effect as mentioned
in previous approaches, but to the formation of a supramolecular structure within the amorphous
phase of the studied nanofibers. It is in their investigation about polyamide 6,6 (PA66) that
Arinstein et al. [90] [91] studied these structures via elongation tests. It revealed an abrupt
increase in Young modulus when nanofibers diameters decreased below 500 nm. However,
their experimental results didn’t present any abrupt change in the degree of crystallinity, neither
orientation of the crystallites along the fiber axis nor the orientation of the macromolecules
within the amorphous part of the fiber. Therefore, the approach suggested to explain this
mechanical behavior, is that the amorphous phase contains anisotropic regions consisting of
directional-correlated sub-chains that are partially oriented along the nanofiber axis. In order to
introduce an efficient explanation and to be able to establish a mathematical model, these
regions were schematically presented as “ellipsoid-like particles” (Figure 1.21). It is the
anisotropic “‘ellipsoid-like” regions that are considered as the structural element of the
supramolecular structure of the amorphous phase. Accordingly, nanofibers are considered as

composite materials formed by the above mentioned ordered regions surrounded by thin
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amorphous polymer layers. When stretching the nanofiber along its axis, the ordered regions

are assumed to undergo relative rotation that depends on the diameter of the studied nanofiber.

Fiber axis

I\“/
‘.

Figure 1.21 Schematic illustration of the internal structure of an electrospun nanofiber
composed of ellipsoid-like ordered regions surrounded by thin amorphous layers (A)
Longitudinal section of the nanofiber (B) Cross section of the nanofiber [90]

Further investigations related the improvement of mechanical behavior to the orientation within
the amorphous phase. For instance, Papkov et al. [92] studied the mechanical behavior of PAN
individual nanofibers using a nano-tensile testing machine, and noticed a simultaneous increase
of the strength, toughness and modulus with the decrease of nanofibers diameters. Intriguingly,
and in contrast with the previous observation of Arinstein et al, the improvement of the
mechanical properties was accompanied by a decrease of crystallinity. They attributed this
behavior to an enhancement of the molecular orientation due to the high elongation strains
during electrospinning, and to the rapid solvent evaporation, hindering the crystallization

process.

To summarize, the aforementioned models presented different approaches to how the molecular
orientation of nanofibers impact their mechanical behavior and how it results from a complex
combination of electrical, mechanical and mass-transfer phenomena that takes place when

developing nanofibers.

1.3.2.2 Microstructure of nanofibers

Studies at the mat level

The electrospinning process allows the production of nanofibers on a millisecond scale
revealing new features within the microstructure of the resulting nanofibers, such as a different
crystallization behavior compared to bulk materials. As a matter of fact, the impact of the
ultrafast solvent evaporation and high elongational deformation was compared to a rapid

quenching process inducing, mostly, the formation of mesophase or polymorphic structure.
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Few researches have investigated the impact of electrospinning on the formation of crystalline
structure. One of the first studied polymers, in this matter, is polyamide 6, due to its
polymorphic composition. Its structure was found to be governed mainly by two crystalline
forms with different percentages according to the processing conditions; a crystals designated,
normally, as the thermodynamic stable form and vy crystals designated as less stable
thermodynamically or also metastable. [93] [94] When electrospun, PA6 nanofibers structure
was noticed to modify, in a way that it is governed by y-crystalline form. This was attributed to
the rapid solidification of the polymer jet during electrospinning, leading to a rapid
crystallization favoring the formation of y crystals [95] [96]. In the same vein, Giller et al [97]
studied the kinetics of solvent evaporation and its impact on the a/y ratio by electrospinning
into closed chamber, where they varied the concentration of the vapor solvent. They noticed a
gradual increase of a crystals for a slow rate of solvent evaporation. Contrarily, a fast solvent
evaporation led mainly to the formation of y crystals. They accorded this phenomenon to the
fact that solvent evaporation kinetics may be so fast that it overcomes the crystallization kinetics
giving rise to a crystalline structure governed by vy crystals. Moreover, X-ray diffraction and
polarized FTIR investigations of PA6 nanofibers with an average diameter of 200 nm have
revealed a majority of y form within its crystalline structure and have shown a preferential

orientation of y crystals along the fiber axis [96] [98].

Another example of the modification of the molecular structure arrangement of nanofibers was
illustrated by a study on poly (vinylidene fluoride) (PVVDF) which is known for its polymorphic
structure that can reach till five different crystalline forms depending on the processing
conditions. Three main forms can be mentioned which are; nonpolar a, polar y obtained
generally by melt crystallization and polar 3 obtained following a mechanical treatment such
as drawing. In their study, Yee et al.[99] have electrospun PVDF nanofibers using a rotating
mandrel as collector to obtain aligned nanofibers. The nanofibers microstructure was noticed
to be governed by B crystals, and its spatial arrangement was reported to be extended and
oriented along the fiber axis. During electrospinning, different rotation speeds were applied and
no significant modification in the degree of orientation nor in the polymorphic behavior was
noted. Therefore, the orientation of  crystals was explained by the forces applied by the electric
field rather than the mechanical shear induced by the rotation speed of the collector.

The studies mentioned above have been realized on nanofiber mats, which means that the
resulting informations relate to an average of a wide bundle consisting of different

morphologies and probably some heterogeneities and defects leading to uncertainties and lack

41



State of the art

of understanding of some phenomena. Therefore, a particular attention has been devoted to the

characterization of individual nanofibers.
Studies at the single nanofiber scale

Selected Area Electron Diffraction (SAED) is among the emerging techniques for single
nanofibers investigation. One of the first studies realized by this technique, investigated
electrospun PA6 nanofibers with a diameter of 50 nm for a fiber length of 600 nm. Results
revealed the presence of orientational order along the fiber axis, though with regions more
oriented than others along the tested segment of the nanofibers. Such heterogeneity was
expected considering the instabilities that the polymer jet undergoes during electrospinning
[95]. Similar investigations have been realized on single nanofibers of polyethylene (PE)
obtained by high-temperature electrospinning. Processing parameters were varied in a way to
have a wide range of nanofiber diameters from 150 nm till several micrometers and different
morphologies; circular and ribbon-like. SAED experiments showed different molecular
arrangement according to nanofibers diameters; for diameters thicker than 1pum nanofibers were
isotropic and for diameters ranging from 400nm till 1um a preferential orientation was detected.
High degree of orientation was noted for nanofibers thinner than 400 nm [100].

Nevertheless, few studies couldn’t reveal highly efficient informations about molecular
orientation by means of SAED. For instance, in their work about individual PAN nanofibers,
Papkov et al [101] explained that SAED results exhibited weak and diffuse ring from which
an effective signature of orientation wasn’t possible to detect. This might be explained by the
fact that SAED is restricted to the analysis of crystalline phase and was reported to be effective
mostly for polymers with relative high degree of crystallinity. It is also due to the fact that
electrospinning process hinders the crystallization because of the rapid solidification of the
polymer jet and to the fact that the properties of nanofibers are expected to depend strongly on

the orientation of the amorphous phase [101] [79].

Another technique was found to be useful for single nanofibers microstructure investigations
which is the confocal Raman spectroscopy. This technique is expected to reveal information
about molecular orientation in both crystalline and amorphous phases [79]. It has been reported
that Bellan et al. [102] were the first to suggest the use of this technique for the investigation
of individual PA6 nanofibers with diameters around 280 nm. Observations were realized in
different spots on the same nanofiber, and the resulting spectra showed significant molecular

orientation but with different levels, which was accounted for the inhomogeneity of the
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electrospun fiber. The degree of orientation was quantified using orientation function
designated as “Hermann’s function”. In spite of quantitative characterization of molecular
orientation, this technique was limited by the quality of the spectra leading sometimes to

anomalous values of orientation.

In the same context, individual nanofibers of poly (ethylene terephthalate) (PET) with diameters
down to 500 nm were investigated. Raman spectra with a good signal-to-noise ratio were
recorded and quantitative information about the crystallinity and chain conformations were
obtained. It was noticed that tested nanofibers presented a high orientation level with a
relatively low crystallinity, and some orientation aspects were attributed to the presence of a
highly anisotropic mesophase [103]. This study highlighted the possibility of a high degree of

orientation even within a nanocrystalline polymer.

Further advances in nano-sized investigations led to the emergence of other techniques that may
allow deeper characterization of structural conformation and orientation within nanofibers. An
example of a rising technique is infrared spectroscopy coupled with a photothermal detection
by an AFM tip (AFM-IR). It involves irradiating a spot or region of the sample by a tunable IR
laser light and measuring the resulting photothermal expansion of the sample with a tip of AFM,

allowing a higher spatial resolution and more precise investigations of nanofibers [104].

Gong et al. [105] have proceeded with this technique in their study of nanofibers with diameters
ranging from 270-500 nm, electrospun from poly[(R)-3- hydroxybutyrate-co-(R)-3-
hydroxyhexanoate] (PHBHx) which is a polymorphous copolymer well known for its high
potential of use in the medical field. Investigations with AFM-IR proved a modification within
the crystalline composition of the nanofibers which is expressed by the appearance of a new
polymorphic form when electrospinning aligned nanofibers, designated as strain-induced -
form. Also, it allowed to study the impact of the collector used during electrospinning on the
molecular orientation of the resulting structure, and to determine the orientation degree within
a nanofiber which couldn’t be possible by standard FTIR, because of the smearing within the
spectra resulting from the averaging over a distribution of several nanofibers.

This technique was also applied for several other electrospun nanofibers such as
polyacrylonitrile (PAN) and poly (vinylidene fluoride) (PVDF) [106]. Figure 1.22.A illustrates
an AFM image of PVDF nanofiber with a diameter of 475nm. Infrared spectra perpendicular
and parallel to the fiber axis were recorded at the green spot and showed preferential polymer

chains orientation along the fiber axis. Results of the same experiment on a wider range of
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diameters revealed an increase of the molecular orientation, along the fiber axis, with the
decrease of nanofibers diameters, through the determination of the dichroic ratio allowing the

quantification of molecular orientation (Figure 1.22.B).

Furthermore, AFM equipped with a heating chamber was applied for investigating the thermal

properties of single nanofibers and their evolution as a function of nanofibers diameters.
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Figure 1.22 AFM-IR results on PVDF single nanofibers (A) AFM image (B) IR dichroic
ratio determined from polarized AFM-IR along individual fiber of uniform diameter at
different locations marked in (A). Modified from [106]

Using this apparatus, Wang et al. [69] were able to determine the melting temperature of single
PEO nanofibers and found a decrease of this value when decreasing nanofibers diameters, that
was more pronounced for diameters lower than 300 nm. The same observation was noted for
the corresponding nanofiber mats after analysis with a differential scanning calorimeter (DSC).
Also, the crystallinity degree, quantified by DSC measurements, was found to decrease when
decreasing nanofibers diameters. The experimental results found in this work fitted a model
developed previously based on Gibbs-Thompson equation (Figure 1.23)[107].

Their hypothesis to explain the above described behavior, is that the variation of the melting
temperature (Tm) of nanofibres is determined by two competing mechanisms. The first one is
related to the decrease of Tm with decreasing nanofibers diameters due to the presence of
polymer chains with higher mobility at the surface of the fiber, comparing to the ones in the
inner part of the fiber, and the increase of its fraction when the fiber gets thinner. The second

mechanism is related to the increase of Tm for thinner nanofibers due to a higher degree of
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orientation of the polymer chains in the fiber. In this case, the enhanced polymer chain mobility

at the surface overcomes the orientation effect.
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Figure 1.23 Plot of the melting temperature (Tm) as a function of PEO nanofibers diameters
determined by AFM with the melting temperature of PEO film. The black curve presents the
model used in this study [69]

Similar results were found for nanofibers electrospun from poly (ethylene-co-vinyl acetate)
(PEVA) copolymers when determining their melting temperature by means of shear modulation
force microscopy (SMFM) equipped with a heating chamber purged with nitrogen [108]. This
technique allows the measurement of the lateral deflection amplitude of the cantilever, from
which the shear modulus of the nanofiber is determined. When heating, the modulus decreases
resulting with a large increase of the deflection. The discontinuity in the deflection is indicative

of the nanofiber melting.

The decrease of melting temperature with decreasing nanofibers diameter was explained
according to a hypothesis that relates this phenomenon to the difference of entanglement density
of polymer chains between thin and thick nanofibers. The explanation is based on the
electrospinning process during which the polymer jet undergoes high elongational stretching
combined with fast solvent evaporation, leading to the formation of polymer chains in a non-
equilibrium state. The regain of equilibrium state is expected to be hindered, resulting in
additional entropy that would increase as the concentration of the polymer solution decreases
which means as thinner nanofibers are formed, leading to a decrease of the melting temperature
[109].
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Contrarily, different trend was reported when investigating single PVDF nanofibers whose
melting temperature was noticed to increase when decreasing nanofibers diameter (Figure
1.24). Local thermal analysis (LTA) technique was used in this study, allowing to determine
the melting temperature at a precise spot of the nanofiber via a high resolution heating AFM
probe [110]. Melting temperatures around 220-230°C were obtained for nanofibers with
diameters < 200 nm which is notably higher than that of a bulk PVDF that was reported to be
around 170°C.
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Figure 1.24 Plot of the melting temperatures Tm of single PVDF nanofibers as a function of
their diameters [110]

The theory presented in this work relates the increase of melting temperature to a higher
molecular orientation within thinner nanofibers resulting from a higher impact of the
elongational forces and rapid solvent evaporation. Consequently, this higher polymer chains
orientation would facilitate, according to the authors, the crystallization resulting int the

formation of bigger and more perfect crystals, which leads to higher melting temperature [110].

The effect of molecular orientation was further explained when investigating a nanofiber
presenting imperfections designated as “beads” that are accounted in literature to the instability
of the jet of polymer solution [22]. The dichroic ratio determined by AFM-IR and the melting
temperature determined by local thermal analysis showed similar patterns. At the center of the
beaded area, the value of the dichroic ratio indicated no preferential molecular orientation and
lower melting temperature were determined at the same spot. However, in the straight parts of
the fiber, away from the beaded area, melting temperature increases as well as the dichroic ratio

indicating a preferential orientation along the fiber axis, confirming the hypothesis that the
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melting behavior of nanofibers is governed by molecular orientation of polymer chains within

these nanofibers (Figure 1.25).
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Figure 1.25 (A) AFM image of beaded PVDF nanofiber. The purple marks correspond to
the spots at which melting temperature and AFM-IR were investigated (B) Dichroic ratio
determined by AFM-IR for the investigated spots (C) Melting temperature of the investigated
spots [110]

The inconsistencies of the above-mentioned results about the microstructure of nanofibers
emphasize the hypothesis that electrospun nanofibers mechanical and thermal properties are
defined by several competing mechanisms that depend on the studied polymer and the
electrospinning parameters. It is, though, worthy to note, that molecular orientation is

considered as one of the driving forces of the particular behavior of nanofibers [79].

Accordingly, molecular orientation within nanofibers remains a subject for progressing
research considering its high impact, not only on the mechanical properties of the resulting
fibers, but also on specific applications requiring this peculiarity. For instance, highly oriented
nanofibers were found to be extremely interesting for certain tissue engineering scaffolds to
guide cell growth with a desired anisotropy, and also for applying electric stimuli to control the
adhesion of certain cell types by blending electrospun conductive materials with polymers
[111].
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1.4 Conclusion

Nanofibers development has a history of centuries of discoveries and results. It is due to the
impressive dual of nano-macro structure providing a simple way to bridge scales, that
nanofibers are readily applicable for a large range of macroscopic applications. Notable
examples including sustainable applications in water treatment and agriculture as nano-bio

composites, in food packaging and in the field of renewable energy. [112] [113]

In this chapter, the history of the formation of nanofibrous materials was assessed with a focus
on the mostly used techniques nowadays which is electrospinning, as well as its governing
parameters that impact significantly the structural and morphological properties of nanofibers.
Emerging techniques and challenges of characterizing these nano-sized structures have been
also assessed. A specific aspect of nanofibers has been presented, which is the high degree of
polymer chain orientation compared to the bulk of the same material, that is expected to be
related to the high elongational deformation and rapid solidification of the polymer jet during
electrospinning. It is a compelling feature that is found to govern several characteristics of the
resulting material such as its mechanical behavior and applicability in functional fields. Despite

its interest, the understanding of this aspect is still fragmentary and a subject for controversy.
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2.1  Materials and manufacturing technique

In this study, nanofibers developed from two different polymers: polyamide 6 (PA6) and
polyacrylonitrile (PAN) were investigated. In the following part, a brief overview of the
electrospinning setup and both polymers will be presented along with their manufacturing

parameters. Then, the nanofibers characterization techniques used in this work will be reported.

It is noteworthy that all samples have been developed by the partners of this project, in the
Department of Mechanical and Materials Engineering within the University of Nebraska
Lincoln in USA.

2.1.1 Electrospinning setup
As mentioned in the first chapter, electrospinning is considered as a simple technique for
producing nanofibres with diameters on the nanometer scale [1]. Different setups of this
technique were developed. In the case of this work, a basic horizontal setup was used. It consists
of a needle with a syringe as the emitting source of the polymer solution, a stationary plate
covered with aluminum foil as collector and a high-voltage source (Figure 2.1).

Polymer solution jet

Syringe Needle v

Syringe pump

Collector

Figure 2.1 Schematic illustration of the electrospinning setup used in this work

2.1.2 Polyacrylonitrile (PAN)
Polyacrylonitrile is a linear polymer with the molecular formula [CsH3N] » (Figure 2.2). It may
be formed either by free radical polymerization of acrylonitrile or by copolymerization.
Monomers like vinyl acetate and methyl acrylate are mostly used for this purpose[2]. The

crystalline structure of polyacrylonitrile is subject for controversy, it was considered in
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literature to be a “laterally ordered” structure or also a para-crystalline structure with an

hexagonal conformation [3] [4].

This polymer is well known for its thermal stability, high melting temperature and its great
carbon yield ; more than 50% of the original mass can be transformed into carbon [5][6]. These
interesting properties are related to the particular chemical structure of PAN composed of strong
intermolecular forces, hydrogen bonding and the presence of the -C=N adjacent groups that
restricts the bond rotation leading to a stiff chain [7]. As a matter of fact, polyacrylonitrile is
considered the most widely used polymer as a precursor for carbon fibers. It has been proved
that the resulting fibers present higher mechanical and structural properties than those

developed from other precursors such as pitch. [8] [9]

—+CH—CHA
C=N

Figure 2.2 Molecular formula of polyacrylonitrile

In order to obtain PAN-based carbon fibers, a heating process with three main steps is generally
followed. Starting by an oxidative stabilization so that the fibers maintain their properties while
undergoing the second step which is carbonization and then graphitization. The former involves
heating fibers at a temperature range of 180-600°C and keeping them under tension through the
entire process. For the fibers to be stabilized, they are subject to several steps including
oxidation, dehydrogenation and aromatization, during which the molecular chain endures major
modifications. For instance, the formation of a back-bone containing oxygen which helps
creating activation centers for cyclization, the conversion of triple carbon nitrogen bond-C=N
into a double bond -C=N, and the formation of aromatic rings [2] [5]. The obtained structure is
further heated at a temperature range of 800-3000°C to be carbonized in inert environment, a
step at which non-carbon elements are removed and a highly cross-linked structure is formed
[2] (Figure 2.3).
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Figure 2.3 lllustration of some steps of the process of converting PAN fiber into carbonized
structure. Modified from [2]

PAN nanofibers are of interest in this study for their high surface-to-volume ratio and their
promising mechanical properties that outcome those of bulk materials. As a matter of fact, the
mechanical behavior of single PAN nanofibers was investigated and it was reported that the
modulus, toughness and strength increase simultaneously with the decrease of nanofibers
diameters, a behavior that cannot be provided in case of bulk polyacrylonitrile[10]. Moreover,
the growing research have led to the application of PAN nanofiber mats in a wide range of
fields, among which the manufacturing of electrochemical, photoelectric and fluorescent
sensors. For example, electrochemical sensors formed by PAN-based nanocomposites have

revealed high sensitivity and high stability [11].

In this work, PAN nanofibers were obtained by dissolving PAN, purchased from Pfaltz and
Bauer, Inc® having an average molecular weight of My = 150000 g/mol, in N,N-
dimethylformamide (DMF) purchased from Sigma-Aldrich® . The electrospinning parameters
were chosen as following; a working distance (needle-tip to collector distance) of 20 cm, an
applied voltage of 12 kV, a feed rate of 0.06 mL/h and a 20-gauge needle with a 1 mL syringe
was used. Nanofibers were electrospun from three different solution with 8, 10 and 12wt% of

polyacrylonitrile in DMF resulting with an average nanofiber diameter of 237, 482 and 800 nm,
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respectively. SEM images and diameter distribution of the obtained nanofiber mats are

illustrated in (Figure 2.4).
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Figure 2.4 SEM images of the electrospun PAN nanofiber mats with different average
nanofiber diameter with the corresponding diameter distribution (A) 237 nm
[magnification = 10 000%, scale bar =1 um| (B) 482 nm [magnification =10 000%, scale
bar =1 um] (C) 800 nm [magnification= 25 00x%, scale bar =1 um]

66



Experimental section

2.1.3 Polyamide 6 (PA6)
Polyamide 6, also designated as nylon 6, is a semi-crystalline thermoplastic polymer obtained
by anionic polymerization of e-caprolactame. Figure 2.5 illustrates its chemical formula. It is
an aliphatic polymer whose microstructure is governed by strong interchain interaction
resulting from hydrogen bonds formed between amide groups of adjacent chains and dipole-

dipole interactions[12] [13].

—HCH,~+—C—NH+—

L O - n
Figure 2.5 Illustration of the chemical formula of polyamide 6 (PA6)

Polyamide 6 is well known for its polymorphic structure, that is the formation of different
crystalline forms depending on the crystallization conditions. Previous studies have revealed at
least four different crystalline forms, but it has been suggested, later, that PA6 can be considered
to be formed mainly by two forms which are a and y forms. [14] The main difference lies in the
molecular arrangement. It was reported that hydrogen bonds are formed between anti-parallel
chains within the o crystalline form and between parallel chains within the y crystalline form
(Figure 2.6) [13] [15].

(A) (B)

®N
® C
0

a

Figure 2.6 Schematic illustration of PAG crystalline fomrs (A) a crystalline form (B) y
crystalline form [16]
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Nylon 6 is widely used in engineering applications for its high chemical stability, mechanical
properties and high performance/cost-effective ratio[13]. The nanofibrous structure of PA6 has
been studied extensively and several researches have proven its applicability in several fields.
In combination with polystyrene (PS), PA6 nanofibers have performed efficiently as
superhydrophobic membranes for water repellency, self-cleaning and contamination prevention
applications[17]. They have also shown appreciable performance for water waste and air

filtration as well as micro-sized particles separation [18] [19]

Moreover, polyamide 6 nanofiber mats have been used in some biomedical applications. For
instance, PAG6 /lecithin and PA6/Chitosan based composites were used as scaffolds for cell
culture and found to be suitable for cell development. An example of human osteoblast cells
implementation revealed growth and good interconnectivity of the cells which led to potential

use of these composites in tissue and bone regeneration applications [20].

In this work, PA6 nanofiber mats were electrospun from PA6 (Sigma-Aldrich®, USA, My =
10 000 g/mol) solutions in formic acid (Sigma-Aldrich®, USA) in a 1 mL syringe using a 22-
27-gauge needles and a feed rates of 0.6-2 mL/h. The applied voltage during electrospinning is
16.5 kV. Fibers were collected on a stationary target at a distance of 20 cm from the spinneret.
The samples were electrospun from 12, 20 and 28 wt% of PA6 in formic acid, resulting with
average nanofiber diameters of 60, 133 and 325 nm respectively. SEM images of the
electrospun nanofiber mats and the corresponding diameter distribution are shown in Figure
2.7
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Figure 2.7 SEM images of polyamide 6 nanofiber mats with different average nanofiber
diameter (A) 60 nm [magnification =25 000%, scale bar =1 um] (B) 133 nm
[magnification =25 000%, scale bar =1 um] (C) 325 nm [magnification =10 000x%, scale
bar=1 um|
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2.2 Characterization methods
A set of characterization methods were used in this study to investigate different aspects of
nanofiber mats. Techniques investigating the crystalline structure and its potential modification
depending on the size of the nanofiber, were used. Chemical composition was also assessed, as
well as thermal properties, allowing a deeper understanding of the possible structural anisotropy

within nanofibers with regards to the variation of electrospinning parameters.

2.2.1  Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a quantitative analytical technique that allows the study of
thermal stability of a material by measuring the weight of a sample as a function of temperature
or time. The sample is typically heated according to a customized protocol which may be
isothermal or non-isothermal. During this process, a weight loss occurs due to several

phenomena such as evaporation of volatile constituents or thermal decomposition. [21]

Crucible
Furnace
Thermocouple
. Compensation
Sample carrier —,
N 30
T
Balance

Figure 2.8 Schematic lillustration of a thermogravimeter

In this work, experiments were carried out using a Netzsch TG 209 thermogravimeter. This
apparatus consists of a micro-balance connected to an alumina crucible inside a furnace with a
temperature programmer and controller thermo-balance (Figure 2.8) [22]. Samples were cut
and put in the crucible, then heated at 20 K/min till 800°C, after a calibration run with the same

protocol and an empty crucible.

2.2.2  Modulated-Temperature Differential Scanning Calorimetry (MT-DSC)
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Differential scanning calorimetry is a technique that allows a quantitative and qualitative
assessment of thermal events related to a phase transformation such as crystallization and
melting, or a structural evolution of a material, such as physical aging. The principle of a heat
flux DSC instrument consists in quantifying the difference in the amount of heat required to
increase the temperature of a sample and a reference. (Figure 2.9) Accordingly, the apparatus

determines the associated heat flow as a function of time and temperature.

Measuring Cell

Reference Sample
_[ Heat flux |
“ sensor
I L 4
&) @
e @
Furnace
Purge gas

Figure 2.9 Schematic illustration of a heat-flux DSC

As mentioned before, during DSC measurements, the studied material may undergo several
events like glass transition/evaporation or recrystallization/melting. These events may occur at
the same temperature range leading to an overlapping of thermal phenomena that cannot be
distinguished. As a matter of fact, within this kind of DSC the imposed temperature program is
either isotherm or has linear variation of the temperature with time which may be expressed as

following;

Where T is the temperature at the time t and T; the initial temperature and f the scanning rate.
The resulting heat flow measured by a standard DSC was stated to be determined as following
[23];
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dQ

p=—=CB+fET) 2

Where f (t, T) represents the part of heat flow related to the kinetic events, also stated as “non-

reversing heat flow ¢ngr”. The other contribution is related to thermodynamic events, referred

to as “reversing heat flow ¢r” and can be stated as the product of the complex heat capacity and

the scanning rate C*g.

In the case of Modulated-temperature DSC (MT-DSC), Reading et al. [24] proposed the idea
of superimposing a sinusoidal modulation on the linear ramp as a way to dissociate the thermal

signal related to kinetic events from the one related to thermodynamic events.

Temperature (°C)

20 21 22 23 24
Time (min)

Figure 2.10 Ilustration of a sinusoidal oscillation superimposed to a linear heating
ramp.Modified from [23]

An illustration of this principle is presented in Figure 2.10 and further explained with the
following equation [25];

T=T, + Bt + Asin(wt) (3)

In which A is the amplitude of the sinusoidal oscillation, o is the angular frequency with

p= 27/ w is the period. So, the modulated heat flow can be presented as;

aqQ
¢ = i C*(B + Aw cos(wt)) (4)
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Where C” is the complex heat capacity and it can be defined as;

A @AC*

cr =

(5)

Where Anr and Ag are the modulation amplitudes of the heat flow and the scanning rate
respectively. Thermodynamic events are related to the vibrational and translational motions of
the molecules within the sample. These motions are very fast and can easily follow slights
modulations of the sample temperature. Contrarily, Kinetic events are not able to follow these
temperature variations. The reversing heat flow @r and the non-reversing heat flow @nr may

be estimated by the following equation [25];

o, Aur
¢pr=C'B = E (6)
dnr = ¢ — P = C"Aw cos(wt) (7)

Experimentally, a phase lag ¢ is measured between the heating modulation and the "total heat

flow", which is the global response of the calorimeter. Considering this phase lag, two

components of the apparent heat capacity C*, the “reversing heat capacity” C" and the “non-

reversing heat capacity” C"’, respectively related to the reversing heat flow ¢ and the non-

reversing heat flow ¢, , can be distinguished. These two components are calculated as

indicated in the equation below;

C =|C*|cos¢ (8)

C = |C*|sing (9)
In the framework of this study, the used calorimeter is a DSC Q2000 (TA instruments) with a
nitrogen gas flow of 50 mL/min. A full calibration procedure in temperature and energy with
several steps was carried out; starting with the baseline run by heating an empty cell over the
same temperature range that will be used for the sample’s experiments, then running two
sapphire disks to obtain Tzero cell resistance and capacitance values. Afterwards, a calibration
step is carried out with a standard indium at the same heating rate of the subsequent experiment,
evaluating the melting endothermic peak. A final run with sapphire is realized for specific heat
capacity calibration through the calculation of the cell constant calibration Kcp. This factor
corrects the apparent heat capacity of the sample, it is averaged on the investigated temperature

range and calculated from the theoretical and experimental heat capacity values. As for the
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sample preparations, nanofiber mats were cut, folded then encapsulated in Tzero DSC

aluminum alloy pans.

Two modulation modes were used for experimentations; the “Heat only” because it enables a
better investigation of the melting behavior without risk of recrystallization, or distortion of the
modulation response because of a negative instantaneous heating rate. The parameters chosen
for this mode are; an amplitude of £0.318 K, a period of 60 s and a heating rate of 2 K/min. The
second temperature-modulation mode used in this work is the “Heat cool” for a better
investigation of the glass transition due to a large amplitude of modulation temperature, and the
modulation parameters are; an amplitude of +2.5 K, a period of 100 s and a heating rate of 1

K/min.

2.2.3  Fast Scanning Calorimetry (FSC / Flash DSC)

Ongoing investigations to improve the thermal analysis of materials have led to the
development of the Fast Scanning Calorimetry. This technique allows very high scanning rates
applied on very small samples which delays or totally inhibit kinetic thermal events, enabling
the investigation of the kinetics of fast transformations. It is a power-compensated DSC
apparatus, in which the sample and the reference are placed in separated furnaces. A linear
temperature ramp is applied to both the sample and the reference. Because of the thermal events
occurring to the sample, a different power is required to keep the sample and the reference at
the same temperature; this difference is measured and converted to a heat flow signal [26] [27].

In this study, FSC measurements were realized using a Flash DSC 1 apparatus from Mettler
Toledo equipped with Huber TC100 IntraCooler. The experiments were carried out using a
power-compensation MultiSTAR UFS1 twin-chip sensor, based on MEMS technology,
consisting of two sides; reference and sample working as two independent furnaces. The chip
sensor is mounted on a stable ceramic with electrical connections. (Figure 2.11) The
temperature resolution is determined by the time constant of the sensor which is about 1
millisecond, about thousand times less than a standard DSC. The heat flow is measured through
sixteen thermocouples, eight for each side. They are arranged symmetrically in the form of a
star around the measurement area on the sample and reference sides of the sensor. The
measurement area of the chip is made of a silicon nitride and silicon dioxide coated with a thin
layer of aluminum in order to provide homogeneous temperature distribution across the sensor
[26].
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(A) (B)

B

24 mm 1'7 mm

Figure 2.11 (A) MultiSTAR UFS1 ceramic sensor chip (B) MEMS chip containing two
compartments, the upper one corresponds to the sample and the lower one to the reference
(C) The upper part of the MEMS chip with a sample placed on the sensitive area of the
sensor

Prior to use, each empty sensor chip is calibrated following the recommendations of the
manufacturer. In our case, before putting the sample on the sensitive area of the sensor, a droplet
of silicone oil was used to improve the thermal contact between the sample and the sensor.

Experiments were performed under a 20mL/min nitrogen flow gas.

In order to estimate the mass of the sample, several procedures were proposed. In our case,
depending on the tested material, two procedures were followed. For polyamide 6, samples
were melt-quenched to their amorphous state at a scanning rate of 1500 K/s and the mass value
is determined by comparing the heat flow at glass transition Ah (FSC) determined by FSC and
the heat capacity step at glass transition of a fully amorphous material that can be found in

literature 4Cy, = 0.47 J/(g.K) [28], according to the following equation;

_ AR(FSC)
™= B(FSC) * AC°,

(10)

With S(FSC) the heating rate in FSC.

For PAN nanofiber mats, samples were heated till melting at scanning rates ranging from 1500
K/s and 3000 K/s. Then, the sample mass was determined by comparing the heat flow at glass
transition from FSC measurement Ah(FSC) to the heat capacity step at glass transition

determined by MT-DSC AC, (MT-DSC), according to the following equation [29].
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B AR(FSC)
~ B(FSC) * AC,(MTDSC)

m (11)
During FSC measurement, a delay of the heat transfer between the sample and the sensor takes
place because of the high scanning rates and the geometry of the sample, leading to a shift of
the temperature. Hence, the measured thermal events appear to happen at higher temperatures.
This temperature gradient is referred to as the thermal lag. Its correction has been widely
discussed in literature and realized by the melting of an indium piece placed on the top of the
sample[30] [31]. More recently, Schawe et al [32] proposed another method with two thermal
corrections, dynamic and static for more accurate results. The dynamic thermal lag ATp was
calculated as the half distance between the heating and cooling at the same scanning rate. The
static thermal lag ATs is determined as the third of the distance between the onset of the melting
temperatures of two indium pieces, one placed on the reference and the other placed on the top

of the sample.

2.24  Wide angle X-ray diffraction (WAXD)
X-ray diffraction is an analytical technique used to determine the spatial organization of atoms
or molecules in ordered structures. It is mainly used to characterize and quantify the crystalline
phase in semi-crystalline microstructures. The principle of WAXD is based on the bombarding
of a sample with an X-ray beam and the measuring of intensity related to the diffracted rays as
a function of the scattered angle 26. Regular or irregular arrangements of atoms or molecules
lead X-rays to diffract or scatter, respectively, into many specific directions after elastic
interactions with electronic clouds from the sample. (Figure 2.12) As a consequence, high

intensity diffraction peaks or low intensity halos may be recorded.

The crystalline domains of a sample are detected through the presence of diffraction peaks,

which are generally analyzed with the Bragg's law: [33]

nd = 2d sin(0) (12)
Where n is an integer referred to as the order of diffraction, 4 is the wavelength of the incident
X-ray beam, d is the space between diffracting planes in the crystalline lattice and 4 is the angle

between the incident and the scattered rays.
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X-Ray Source X-Ray Detector

Sample Stage'

Figure 2.12 Schematic illustration of a Wide-angle X-ray diffraction apparatus in a 0 :20
configuration (reflection mode)

In this work, measurements were performed on a Malvern Panalytical Empyrean X-ray
diffractometer. The generator was setup on 35 kV and 40 mA and a copper Cu K, radiation
(A=0.154 nm) was used. Two types of measurements were realized, room temperature and with
temperature variation. In the first case, XRD spectra were registered from 5 to 50° with a step
size of 0.02°/s.

Heating chamber

X-ray detector

Crucible

X-ray source Sample holder

Figure 2.13 Panalytical X-ray Diffractometer (A) With HTK 1200N heating chamber and
the sample held inside the chamber (B) The sample holder
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For measurement with temperature variation, an HTK 1200N high temperature oven-chamber
was used under vacuum. (Figure 2.13) The heating range was from 25°C till melting at a heating
rate of 2K/min and an XRD scan was registered each 10°C. This protocol was used to study

PA6 nanofiber mats.

2.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a non-destructive technique used mainly for the investigation of chemical composition
of materials, based on the determination of the interaction between an IR radiation and the
chosen sample to study. It enables qualitative and quantitative investigation by measuring the
frequencies at which the sample absorbs the IR radiation and also the intensities of these
absorptions. [34] The infrared region of the electromagnetic spectrum extends from the visible

to the microwave, and can be divided into ;

e Near (NIR, v=10 000 — 4000 cm™)
e Middle (MIR, v=4000 — 200 cm™)
e Far (FIR, v=200— 10 cm™)

The principle of the FTIR is as following; a sample is irradiated by infrared light and the
reflected or transmitted light is measured. The investigation of the amount of absorbed light by
the molecules is wavelength dependent and it is due to the vibrations of molecules. As a matter
of fact, the energy associated with vibrations of interatomic bonds within a molecule is close to
that of infrared light, so that molecules absorb infrared light and vibrate. The vibrations that can
be induced by infrared light are limited to those involving a change in dipole moment. For
instance, infrared absorption does not occur if the vibrations of bonds between atoms cancel
each other. The result of an FTIR analysis is illustrated as a spectrum of transmittance or

absorbance intensities as a function of wavenumber (cm™).

In the framework of our study, a Thermo Fischer Scientific Nicolet iS10 FTIR spectrometer
was used with an attenuated total reflectance (ATR) accessory. Spectra were registered on a
wavenumber range of 400-4000 cm™, a resolution of 4 cm™ and a scan number of 250.

The principle of the ATR-FTIR is as following; the infrared light is introduced to a suitable
prism at an angle exceeding the critical angle for internal reflection, developing, therefore, a
special type of electromagnetic irradiation referred to as “evanescent wave” at the reflecting
surface. Interaction of this evanescent wave with the sample determines ATR spectrum

recording [35].
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2.2.6  Scanning Electron Microscopy (SEM)
SEM is a widely used technique to investigate the surface features of a material. Its resolution
is noted to be 1000 times higher than a light microscope. As its hame suggests, this apparatus
is based on a finely focused beam of electrons to produce image of a sample placed in a vacuum
chamber. More specifically, an incident beam is accelerated through an anode, condenser lenses
and objective lens to interact with the sample surface, leading to the emission of electrons such

as secondary electrons, back-scattered electrons and X-rays. (Figure 2.14) [36].

In this work, a JOEL 7900F scanning electron microscope was used. Samples were coated with

a platinum thin layer for 4 minutes before undergoing the microscope.

Electron source |
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Condenser
lenses
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. . _—
Objective
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Back-scattered electron
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X-ray detector
v % @ Secondary electron
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Figure 2.14 Schematic illustration of scanning electron microscope [37]
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3.1  Molecular orientation within PAN nanofibers: previous studies
3.1.1 Scope of the study

Polyacrylonitrile (PAN) is amongst the most used precursors for producing high performance
carbon fibers owing to its properties. The chemistry of PAN is of a specific interest for its
thermal stability due to its very high melting temperature and for yielding great amount of
carbon [1]. A growing interest in improving the performance of carbon fibers, have led to the
investigation of another class of this material, that is nanofibers. In case of application as
reinforcement of composite materials, it is believed that reducing fibers diameters, improves
their interactions with matrix, increases the shear strength and helps reducing the size and
number of defects that may be present in the structure. Accordingly, Arshad et al[2] investigated
carbon nanofibers obtained from PAN electrospun fibers, with diameters varying from 150-500
nm, and reported that the average tensile strength of a single PAN-based carbon nanofiber was
three times higher than previously studied carbon fibers. In the same vein, Papkov et al [3]
revealed a simultaneous improvement of the toughness, modulus and strength of PAN
nanofibers along with decreasing nanofibers diameters. This outstanding behavior was
attributed to a low degree of crystallinity along with molecular orientation, both resulting from
nanofibers fabrication process.

For a better understanding of the origin and control of the above described peculiar behavior,
Araujo et al[4] have studied the signature of molecular orientation within PAN nanofibers with
average diameters varying from 232-785 nm, by combining calorimetric analysis (MT-DSC)
and dielectric relaxation spectroscopy (DRS). MT-DSC analysis of these samples allowed the
determination of the corresponding glass transition temperature (Tg) along with the heat
capacity step at Ty. By decreasing nanofibers average diameters, a broadening of the glass
transition was noticed and an increase of its mid-point values, along with an increase in the heat
capacity step at Tq. Knowing from previous work that PAN nanofibers possess relatively low
crystallinity, the increase in glass transition temperature was designated as a signature of a
constrained amorphous phase. Moreover, DRS analysis provided informations about the
signature of a-relaxation, which is the dielectric signature of the glass transition. It showed at
temperatures higher than that of calorimetric glass transition (the one detected by MT-DSC),
precisely 20°C above Tg, that nanofibers with different average diameters presented the same
behavior. Being at temperatures well below the melting of PAN nanofibers, this change could
not be caused by the disappearance of the crystalline phase. It was rather attributed to the

slackening of the initially oriented molecular chains, when crossing the glass transition.
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The results mentioned so far, illustrate the impact of nanofibers diameters variation on the
molecular dynamics around glass transition. This was explained by a constrained amorphous
phase with an increased chain rigidity for the thinnest nanofibers, being a signature of higher
molecular orientation when decreasing nanofibers diameters. However, whether the orientation
is maintained during storage remains to be investigated. This information would be of particular
interest for applications that require a long-lasting durability. For this purpose, the nanofiber
mats were stored under ambient conditions during three years after their fabrication.
Subsequently, structural characterization was performed and the orientation was investigated

using molecular dynamic studies.

It is noteworthy that the above-mentioned investigations were realized on relatively high mass
of PAN nanofiber mats, that is a large amount of randomly macroscopically aligned fibers and
higher porosity within nanofibers, that may lead to relatively high uncertainties. Additionally,
it was noted, by means of DRS, that by heating above the glass transition temperature the
orientation effect vanishes and samples with different average diameters present the same
behavior. ldeally, the impact of aging during storage should be tracked from the structural
relaxation process occurring in the glassy state, since it is more representative of realistic
conditions. This could be performed by studying the impact of the nanofiber size on the physical
aging kinetics. However, such study is generally incomplete when using a standard DSC, or
even, modulated temperature DSC. Indeed, the calorimetric investigation of physical aging
involves two heating scans: the first one for the aged material and the second scan recording
the response of the rejuvenated one. Unfortunately, on a first heating to temperatures above
glass transition, a slackening of the orientation will take place (which is the case for the above-
mentioned study) and on a subsequent heating there will be no sign of orientation within the
studied samples. In other terms, the second scan will not contain the expected information
regarding oriented and rejuvenated material but information regarding rejuvenated and

unoriented material.

Aiming to overcome these limits, nano-sized samples will be tested in our work to be more
suitable for investigating nanofibrous structures, by means of Fast Scanning Calorimetry that
allows the study of sample weights as low as 10 ng and having dimensions smaller than 0.5
mm. As mentioned in the previous chapter, this technique enables the widening of the scanning
rate range to thousands of kelvins per seconds. This will help avoiding irreversible kinetic
events during the study of structural recovery around glass transition temperature. Therefore, a

study of the physical aging kinetics of PAN nanofiber mats was realized, in this work, in order
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to track, more closely, the polymer chain orientation signature within the amorphous phase of

electrospun polymer solution.

In the following part, a brief definition of the physical aging phenomenon and related concepts

used for the interpretation of the collected data will be presented.

3.1.2  Concept of physical aging
Physical aging is a reversible phenomenon that describes the time and temperature dependence
of a polymer’s amorphous phase behavior below its glass transition [5] It is widely known to
occur within glassy materials due to their out-of-equilibrium state, induced by their formation

process.
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Figure 3.1 llustration of the temperature dependence of thermodynamic properties of
glass forming liquid and the time dependent properties of a glassy out-of-equilibrium
material in order to regain equilibrium state: Tx Kauzmann temperature, Ty is the
aging temperature, Ty the glass transition temperature and Ty, the melting temperature

88



Characterization and physical aging of polyacrylonitrile nanofiber mats

As illustrated in Figure 3.1, the process involves generally cooling down the material from its
molten state at very high rates, avoiding its crystallization. Thus, the molecular movements
slow down to an extent that the relaxation time is way higher than that available by the imposed
cooling rate. The resulting “frozen in” state of this material leads to the deviation from the
equilibrium line and to undergo the glass transition [6]. Being in an out-of-equilibrium state,
the glassy material displays an excessive amount of thermodynamic entities that will be reduced
slowly to approach a new metastable equilibrium state corresponding to the extrapolation of
thermodynamic quantities of the liquid-like state. This is known as physical aging phenomenon
triggered by structural relaxation [7] [8] [9]. The same figure presents the first-order transition
through which the crystalline state of the system reaches the liquid-like state, on increasing the
temperature. This is accompanied by an instant increase of the thermodynamic properties at Trm,
the melting temperature. Upon cooling, the entropy difference between the liquid-like and the
solid states decreases. The Kauzmann temperature is designed as the temperature at which this

difference equals zero [8]. In our work, this notion won’t be further referred to.

Aged il Aged
Rejuvenated ** Rejuvenated

(a) 0 (b)

_____

Enthalpy
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T T; T, T(°C) Temperature (°C)

Figure 3.2 Schematic representation of (a) the temperature dependence of the enthalpy of a glassy
material upon aging (b) heat flow of an aged and rejuvenated glassy material. Tag: aging
temperature, Tg: glass transition temperature and Ts: fictive temperature

The physical aging can be investigated using several techniques, by observing the evolution of
the aged system’s macroscopic properties or thermodynamic quantities such as enthalpy in the
case of calorimetric analysis. As explained above, the out-of-equilibrium glassy system reaches
a lower energetic state while decreasing its excess of enthalpy. Being in this state was found to
delay the recovery of the equilibrium upon a subsequent heating. This delay is presented in
Figure 3.2.a by the hatched area. Therefore, when an isothermal heat treatment is applied on a

glass, the response during a subsequent heating is illustrated by an overshoot of enthalpy
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superimposed to the glass transition (Figure 3.2.b). This is related to the amount of energy

released to regain equilibrium.

The enthalpy recovery of an aged system at a defined temperature (Tag) and duration (tag) is
determined by the integration of the difference between the scans of an aged and a rejuvenated
sample, according to the following equation [10];

T;

AH(Tog,t0y) = J |C,2(T) — Cy(T)].dT (1)

T;

With Cg‘g (T) and Cj(T) present respectively the heat capacity of the aged and the

rejuvenated glass and Ty, T2 are two arbitrary temperature values slightly above and beyond the

glass transition temperature, for which the heat capacity of aged and rejuvenated systems is

identical. The total enthalpy loss AH,, , defined as the enthalpy lost when the structural
relaxation is fully accomplished, depends on the aging temperature Tag, the glass transition

temperature T, and the heat capacity step at glass transition AC,,. It is estimated by the following

equation;
AHo = AC, X (T, — Tyy) (2)

3.1.3 Concept of fictive temperature
The structural relaxation phenomenon may be investigated through the fictive temperature T+
concept. It is defined as the temperature at which the properties of the studied material,
undergoing the structural relaxation, would be at equilibrium [11]. Under zero aging time, the
fictive temperature is equal to the glass transition temperature. This temperature is expected to
come closer to Tagas the aging time increases. Therefore, studying the fictive temperature as a
function of aging time may provide informations about the structural relaxation kinetics. The
value of fictive temperature is estimated from calorimetric investigations by the matching area

method (Figure 3.3) according to the following equation [12] ;

TZ TZ
f (Cp,l - Cp,g)dt = f (Cp - Cp,g)dt (3)
f Ty

Where T1and T are arbitrary temperatures above and beyond the glass transition, in a way that
Cp=Cp,gat Trand Cp= Cp,1 at T2. Cp is the heat capacity of the sample, Cp, gand Cp, corresponds
respectively to the extrapolation of the heat capacity lines of the liquid and glassy state of the

90



Characterization and physical aging of polyacrylonitrile nanofiber mats

sample. Following the evolution of the fictive temperature with time is thus an alternative way
to depict the structural relaxation. In our study, the calculation of the enthalpy recovery has
been preferred though.

C

Heat Flow (mW)

p, liquid I

cp, glass

Fictive temperature (T;)

v L} v L} v L] v L] v T v L] v L] v
50 60 70 80 90 100 110 120
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Figure 3.3 Schematic illustration of the matching area method used to estimate
the fictive temperature; C; iiquia Heat capacity of the liquid state, Cy, giass Heat
capacity of the glassy state

In this chapter, the signature of the molecular orientation within PAN nanofiber mats has been
tracked by investigating their amorphous phase through physical aging, crystalline phase
through Wide-angle X-ray diffraction (WAXD) and chemical structure by Fourier Transform
Infrared spectroscopy (FTIR). The latter are accompanied with relatively high uncertainties
since they rely typically on large amount of material to get a sufficiently clear signal for
interpretation. However, in this case, the resultant signals allowed the estimation of the

crystalline phase and the identification of the molecular composition of each sample.

3.2 Evaluation of polymer chain orientation

3.1 Spectroscopic analysis
Polyacrylonitrile has been considered to have a low crystallinity degree because of its weak and
diffuse X-ray diffraction pattern [13]. As a matter of fact, previous studies seem to be

controversial regarding its microstructure. Among the proposed explanations, Dalton et al [14]
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investigated PAN fibers and reported two main equatorial reflections indicating order
perpendicular to the fiber axis, which have been interpreted as an hexagonal conformation. It
has been stated as well that PAN microstructure is formed by a single para-crystalline phase, a
“laterally ordered” phase, or a two phased structure with both ordered and disordered regions
[15] [16]. Moreover, in a way to examine the crystalline structure of polyacrylonitrile, other
studies have established a pattern as following; dry PAN-based structures such as powder,
molded films and fibers possess a hexagonal packing with no chain axis order. On the other
hand, PAN-based structure involving solvent use within their fabrication process, display an
orthorhombic packing because of a distortion within the original hexagonal packing triggered
by, in some cases, the co-crystallization of the solvent due to its involvement in hydrogen-
bonding interaction with nitrile groups [17]. However, under certain circumstances like high
drawing, the solvent is expected to be expelled and the chains to reorganize in a hexagonal

conformation.

Due to the disagreement in literature about polyacrylonitrile crystal structure and its diffuse
signal, it was worth investigating the X-ray diffraction pattern of PAN nanofiber mats in our

study having the average nanofibers diameters 273, 482 and 800 nm.

(100)

800 nm

Intensity (a.u)

T T T T T T T T T T T T T rT1"
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Wavenumber (cm™)

Figure 3.4 WAXD spectra of PAN nanofiber mats recorded at room temperature
within a scan range of 5 to 36° and a step size of 0.01
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The experimental WAXD spectra illustrated in Figure 3.4 exhibit a main peak around 26=17°,
which may can be indexed as (100) reflection [18], with a diffraction spacing (d-spacing)
around 0.52 nm that is followed by a broad halo centered around 26=27°. As mentioned in the
previous paragraph, it is difficult to ascertain the structure of polyacrylonitrile. However, in our
case, the spectra present similarities with the XRD spectrum of PAN cast film and of drawn
polyacrylonitrile investigated in earlier studies and considered to adopt a rod-like hexagonal
conformation [17] [19]. Further analysis is presented in the following part estimating the degree
of crystallinity of PAN nanofiber mats by the deconvolution of the corresponding WAXD
spectra. The degree of crystallinity of each sample is estimated by dividing the area
corresponding to the crystalline phase by the sum of the crystalline and the amorphous phases.
It is noteworthy that the deconvolution parameters and crystallinity degree should not be

considered as absolute values, they were used to describe the trend of crystalline phase.

Due to the lack of information in literature about the deconvolution of PAN spectra, several fits
have been tested and two amorphous halos were finally used to depict the amorphous phase.
The position of the amorphous halo was chosen based on a previous study in which the
diffraction peak at 206= 17° was considered to include both the crystalline and amorphous

contributions [20].

Table 3.1 Position 26, FWHM, crystallinity ratio obtained from fitting the WAXD
experimental spectra of PAN nanofiber mats

Nanofibers diameters 20 (°) FWHM (°) Xc
(nm) crystalline  amorphous  crystalline amorphous (%)
237 17 17 26.4 2.16 8.47 1177 28
482 17 17.39 26 2.43 8.24 117 30
800 17.2 16.92 26.8 2.29 798 1059 33
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Figure 3.5 and Table 3.1 show a crystallinity degree that decreases slightly when the average
diameter of nanofiber mats decreases. An intuitive explanation of this behavior would be related
to the electrospinning process during which the rapid solidification of polymer jet solution may
have hindered the formation of crystals. Therefore, when the diameter of nanofibers decreases
the impact of this rapid solidification is expected to be higher, considering the fact that thinner

nanofibers, in our case, are electrospun from polymer solution less concentrated in PAN.

As mentioned in section 3.1.1 , previous investigations conducted on PAN nanofiber mats by
Papkov et al [3] [21] revealed a decrease of the crystallinity degree when decreasing nanofibers
diameters. Combined with a simultaneous improvement of toughness and modulus, this
behavior was attributed to a high molecular orientation along the fiber axis induced by the high
elongation of polymer jet during electrospinning. The high orientation is expected to contribute
to the increase of the modulus and the low crystallinity to the increase of the toughness. In the
same context, Gu et al [22] investigated the molecular orientation of macroscopically aligned
PAN nanofibers with an average diameter range of 130 to 280 nm. Contrarily to cast film, the
2D X-ray diffraction pattern of electrospun nanofibers illustrated arcs indicating preferred
crystal orientation. Different observations were earlier noted by Fennessey et al [23] in their
investigation of PAN nanofibers electrospun using a stationary and a rotating collector. They
stated that in the first case, no sign of orientation was illustrated in the 2D WAXD pattern.
However, when increasing the rotating speed of the collector higher crystallinity and molecular
orientation were stated by the appearance of pronounced arcs on the WAXD pattern and the
increase of an orientation factor along with the decrease of nanofibers diameters. They
considered that molecular orientation was mostly triggered by mechanical forces resulting from
the rotation of the collector, and that polymer chains may have been oriented during
electrospinning on a stationary collector but lost this orientation due to their relaxation after

electrospinning.

Based on the previous mechanical properties of PAN nanofibers within the same range of
nanofibers diameters as ours, the hypothesis adopted in our study is that the slight decrease of
crystallinity along with the decrease of nanofibers diameters is related to the molecular
orientation of polymer chains within nanofibers, even though it could have been partially
relaxed after electrospinning. Further investigations were conducted by FTIR spectroscopy and

will be presented in the following part.
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Figure 3.6 FTIR spectra of PAN electrospun nanofibers with average nanofiber diameter
of 237, 482 and 800 nm (a) spectra with a wavenumber range of 800-3800 cm™ (b)Spectra
from 2200-3200 cm™ to illustrate the evolution of (-CH2) functional group
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Figure3.6.a illustrates the absorbance peaks and their corresponding functional groups of PAN
electrospun nanofibers. The three nanofiber mats revealed two main peaks at 2242 cm™ and
1454 cm that were attributed in literature to the stretching of nitrile group and the bending of
the methylene group respectively. It showed, also, peaks at 2930 cm™and 2870 cm™ that were
related to CH, stretching. At lower wavenumbers, the absorbance peak at 1360 cm™ was related
to -CH bending, the peak at 1260 cm™ to -CH wagging and the peak at 1075 cm™ was designated
as -CHy stretching [24] [25]. Moreover, the presence of absorbance peaks in the wavenumber
range of 1600-1745 cm™ can be noticed for all the tested samples. These peaks are generally
reported in literature to correspond to -C=0, C=C, N-H functional groups, which appearance is
usually related either to the presence of additives or comonomers such as vinyl acetate (VA)
and methyl methacrylate (MAA) [24] [26] [27], or during the first stages of thermal treatment
of polyacrylonitrile in order to obtain carbon fibers [28] [29]. Considering that none of these
conditions were present in our case, we suggest that these peaks may result either from a
residual solvent (peak at 1600 cm™) or a probable chemical aging that took place during the
storage of PAN nanofiber mats.

According to Figure 3.6.b the intensity of the absorbance peaks corresponding to -CH> at 2930
cm? and 2870 cm™ decreases slightly with the decrease of nanofibers diameters. These
functional groups were considered in previous studies to have transition dipole moment
perpendicular to the polymer chain axis [25]. This might be considered as a signature of a
conformational change of the polymer chain to be more oriented along the fiber axis.
Furthermore, in an attempt to quantify this signature, we chose to estimate and compare the

ratio (11260/1450)0f the intensity related to the peak at 1260 cm™ (I 1260) attributed to -CH

wagging with a dipole moment parallel to the chain axis, by the intensity of the absorbance

peak at 1450cm™ (I 1450) attributed to -CH,. The value of (I1260 /1450) was found to increase

from 0.41 for the thickest nanofiber to 0.44 for the thinnest nanofiber, which goes along with

the suggestion of the orientation according to the fiber axis.

Similar outcome has been stated for individual PAN nanofibers with diameters ranging from
300-500 nm investigated by polarized atomic force microscopy-infrared technique (AFM-IR),
in which the dichroic ratio was obtained from the directional absorbance parallel and
perpendicular for specific absorbance peaks; 1450 cm™ related to -CH; bending and1264 cm™
related to -CH wagging. For instance, the dichroic ratio of the perpendicular band at 1450 cm™
was noticed to decrease when decreasing nanofibers diameters indicating a higher degree of
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parallel orientation of the polyacrylonitrile backbone [30]. These results were considered to be
consistent with a previous study conducted by Papkov et al [31] that used Raman spectroscopy
and in which the orientation of polymer chains in the direction of the nanofiber axis was

associated with the high strain experienced by the polymer jet during electrospinning.

As previously stated, we can conclude that PAN nanofibers in our case may have undergone a
mild chemical degradation but still have a potential residual orientation. In the following part,

we will investigate another aspect of these nanofibers which is related to their thermal behavior.

3.2  Thermal analysis
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Figure 3.7 In-Phase heat capacity recorded at 1 K.min-1 with an amplitude of £2.5 K
and a period of 100s for PAN nanofiber mats with different diameters (dashed lines
are put to show the baselines of glass heat capacity C,, gand liquid heat capacity Cp, .
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Table 3.2 Characteristics of glass transition of PAN electrospun nanofibers obtained by MT-

DSC
Nanofiber mat diameters (nm) T4(°C) AC, (J/(g.K))
237 93+0.5 0.35+£0.01
482 91+05 0.38+£0.01
800 90+ 0.5 0.36 £0.01

Figure 3.7 illustrates the results of MT-DSC experiments conducted on the PAN nanofiber
mats. And values of the obtained glass transition temperature (Tg) estimated at the mid-point of
the heat capacity step as well as the corresponding heat capacity are stated in Table 3.2. Taking
into consideration the uncertainties related to the estimation of these values, a slight increase of
Tg is noticed when decreasing nanofibers diameters.

As mentioned in the first part of this chapter, this increase has been stated previously by Araujo
et al [4] in their study of PAN nanofiber mats combining MT-DSC and DRS techniques. They
revealed that by reducing nanofibers diameters, the glass transition gets wider and its mid-point
evolves towards higher temperatures (an increase of 10°C) indicating a constrained amorphous
phase. Moreover, DRS allowed the determination of the dielectric signature of the glass
transition and indicated a slowdown of the relaxation dynamics of the amorphous phase for
thinner nanofibers crossing the glass transition. This result was accounted for a higher polymer
chain orientation. It is worth mentioning that the shift of the glass transition in the present work
is less spectacular. This could be the consequence of a gradual loss of the orientation during the
prolongated storage, which would be consistent with the signature of chemical structure
evolution recorded in the infrared spectra (Figure 3.6).

Moreover, the slight increase in glass transition temperature revealed by MT-DSC, combined
with the slight decrease in crystallinity obtained from WAXD experiments (Table 3.1) as the
diameter of PAN nanofibers decreases, may be associated with a constrained amorphous phase
through the effect of molecular orientation due to the extensional forces applied during

electrospinning.

Further investigations were carried out on PAN nanofiber mats using Fast Scanning
Calorimetry in order to determine their melting behavior. Indeed, it is known that

polyacrylonitrile presents a high melting point whose investigation is highly challenging, due
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to the fact that PAN undergoes degradation prior to melting or in the same range of temperature
[32]. The origin of this degradation was accorded, in literature, to a crosslinking reaction within
the polymer structure that takes place during heating. As a matter of fact, polyacrylonitrile can
experience a structural modification involving the formation of aromatic cycles designated as a

ladder structure that is thermally stable and therefore prevents melting [1] [33] [34].

Many researches have been realized in an attempt to determine the melting temperature of PAN.
For instance, Frushour et al [35] studied the melting behavior of polyacrylonitrile by
incorporating copolymers which led to a depression of PAN melting temperature and enthalpy.
They developed a model according to which melting temperature was estimated as a function
of copolymer composition and the amount of temperature depression. Bajaj et al [36] [37] have
also attempted to estimate PAN melting temperature using water as a plasticizer, though the
resulting temperature (170~180°C) seemed lower than the expected one. They have tried
heating at relatively high rates at 160°C/min but it was reported that the recorded melting peak
includes an overlapping of both an exothermic and an endothermic reaction. In this context our

attempt to determine this temperature is presented in the following part.
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Figure 3.8 Heat flow recorded for PAN nanofiber mats obtained by FSC at 180 000 K/min
normalized by the mass of each sample

Table 3.3 Glass transition, melting temperature and enthalpy of melting of PAN nanofibers
mat obtained by FSC

Nanofiber mat diameters (nm) T4(°C) Tm (°C) AH,, (J/(9.K))
237 1071 3331 24
482 1031 3311 25
800 1021 332+1 27
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Figure 3.8 illustrates the heating scans of the nanofiber mats, showing a step-like signal
corresponding to the glass transition, and a single endothermic peak around 332°C (depending
on the fibers diameters) and no sign of an exothermic reaction. This may be explained by the
very high heating rate 180 000 K/min allowing to avoid cold crystallization and cyclization of
the molecular chain conformation that usually leads to the degradation of the samples. Similar
results were obtained recently by Furushima et al [38] on polyacrylonitrile powder. In their
work, they investigated the thermal behavior of PAN by heating at different scanning rates
varying from 10 K/min till 200 K/min. The latter heating rate allowed the observation of an
endothermic peak along with an exothermic one prior to melting. Further experiments were
realized by FSC and heating at 120 000 K/min allowed the observation of a neat melting peak
and values of melting temperature were around 350°C.

According to Table 3.3, the glass transition temperature presents the same trend as that obtained
by MT-DSC, namely a slight increase as the nanofiber diameter decreases. The melting
temperature is mainly the same regardless of the nanofiber size. The value of the enthalpy of
melting was also estimated by integrating the area under the melting peaks and it was found to
decrease with decreasing nanofibers diameters, which is consistent with the results obtained by
WAXD. Therefore, we can assume that these results are consistent with the previous conclusion
that they are related to the signature of a higher molecular orientation.

As mentioned above and in the second chapter, the Fast Scanning Calorimeter is used to
investigate nano-sized samples with a high scanning rate. This induces a delay of the heat
transfer between the heater and the sample which leads to a shift of the characteristic
temperatures in a way that the measured thermal event appears to occur at higher temperatures.
In this work, the values of characteristic temperatures were corrected after calculation of

thermal lag according to the method explained in chapter 2 (Table 3.4).

Table 3.4 Glass transition temperature and melting temperature after thermal lag correction

Nanofiber mat diameters (nm) T4(°C) Tm (°C)
237 971 3231
482 94+1 3221
800 931 3231
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3.3 Study of structural relaxation of PAN nanofiber mats
Understanding the physical aging of glassy polymers and the evolution of their thermodynamic
properties is generally crucial to gain knowledge about the evolution of their performances over
the time, such as their mechanical or barrier properties.

Bh =|Bc |= 1500 K/s

T>Tg

Bh Tg

Tag = Tg- 15°C
tag:0.06-60000s

Temperature (°C)

Time (s)

Figure 3.9 Schematic illustration of the aging protocol applied on PAN
nanofiber mats

In this work, the physical aging of PAN nanofiber mats is investigated as a mean to monitor the
evolution of the molecular mobility within nanofibers. The Kinetics of structural relaxation are
studied by aging three different PAN nanofiber mats as well as their bulk counterpart,15°C
below their respective glass transition temperatures that were determined upon cooling (Tag =
Tg, cool -15°C). The protocol associated to these experiments is illustrated in Figure 3.9. First, a
heating up to 40°C above Ty, and a subsequent cooling ramp till -70°C were applied to remove
any residual tension within nanofibers and determine glass transition temperature from cooling.
A subsequent heating-cooling ramp was applied, this time, till 15°C below Tg, coo. This
temperature was maintained for different aging durations tag = 0.001- 1000 min. Afterwards,
two heating-cooling ramps were realized in order to record the response of the aged and
rejuvenated system. Then, samples were heated until reaching the melting temperature and the
same aging process was repeated for the bulk obtained from molten nanofiber mats. The whole

process was realized with the same heating (Bn) and cooling rates (), that is £ 1500 K/s.
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Figure 3.10 Heat flow recorded after aging of PAN nanofiber mats obtained by
FSC at the same heating and cooling rate £1500 K/s for different average
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The normalized heat flow curves recorded upon physical aging for the different tested samples,
are shown in Figure 3.10 and reveals a sequence of endothermic peaks superimposed on the
glass transition. It can be noticed that the enthalpy recovery increases with increasing aging
time and its peak shifts towards higher temperatures. The same phenomenon has been
classically reported in the literature, when studying the physical aging of several materials in
the glassy state [8] [39].

AHy, ( Tag™ Ty coot = 15 °C)

237 nm 482 nm 800 nm A PAN Bulk é

Enthalpy recovery (J/g)
P>
HP>

, . , . T , 1 . T , T
Log(t (min))

& =
J
N
'
-

Figure 3.11 Enthalpy recovery as a function of aging times of PAN nanofibers with the average
diameters 237nm (orange circles) 482 nm (yellow squares) 800 nm (blue triangles) bulk PAN
(empty triangles), the pink dashed line is to guide the eye

Figure 3.11 illustrates the enthalpy recovery associated to the aged samples that was estimated
by integrating the difference between heat capacities of the aged and the rejuvenated sample.
Besides, the expected total enthalpy loss (AHw) Was determined depending on the heat capacity
step at the glass transition, the glass transition temperature, and the aging temperature, as
explained in section 3.1.2. The estimated AHe corresponding to the investigated samples was

found to vary between 5.2 J/g and 5.7 J/g depending on the nanofiber diameter value.
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It can be noticed that for short aging times, all the samples present nearly the same recovery
kinetics. However, for longer aging times the kinetics are considerably different. This can be
seen in the behavior of the thinnest nanofiber where the aging kinetics present a delay compared
to the thickest nanofiber and the bulk, expressed by a plateau-like phenomenon mainly after 5
minutes of aging. On the other hand, the nanofiber mat with an average diameter of 800 nm
showed one step aging kinetic with no clearly visible intermediate plateau. It is noteworthy that
the behavior of the thickest nanofibers is more likely to resemble to the response of the bulk
sample. Similar behavior to that of thin nanofibers was reported by Cangialosi et al [40] in their
study of physical aging of Polystyrene (PS). Upon aging at temperatures close to the glass
transition, two-step aging kinetics have been noted and explained as following; a first decay of
the enthalpy recovery of secondary relaxation due to localized molecular mobility and a second
decay related to the relaxation of the main polymer chain. Therefore, our hypothesis of
explanation is that, this delay of aging kinetics within nanofibers when reducing their diameter
is either related to a geometric confinement effect due to the nano-sized structure or to a
restrained molecular mobility induced by the orientation of polymer chains during

electrospinning.

The physical aging of confined structures has been widely investigated in literature and remains
subject to controversy and dependent on the form of confined structure, whether it is free-
standing or supported films, nanoparticles or nanocomposites [41] [42]. For instance, the study
of physical aging of poly (methyl methacrylate) PMMAV/silica and PS/silica nanocomposites
revealed accelerated aging kinetics for both structures compared to their bulk counterparts.
Meanwhile, the dynamics of segmental mobility probed by DRS showed no difference between
the bulk PMMA, PS-based nanocomposites and bulk along with a decrease in the calorimetric
glass transition temperature. This was explained by the free volume holes model described as a
diffusion of free volume within a glassy out-of-equilibrium material due to its spontaneous

densification towards its surface [43].

More recently, Perez-De-Eulate et al [44] studied the structural recovery of 3D confined
structures; polystyrene nanospheres with diameters varying from 230 nm to 500 nm, using fast
scanning calorimetry. The physical aging results revealed two aging mechanisms of equilibrium
recovery similar to those mentioned in the previous paragraph. Faster aging Kinetics for
nanospheres compared to bulk PS and the increase of these kinetics when reducing nanospheres
diameter were also found and attributed to a geometric confinement effect. Different observations

were noted by Monnier et al [45] when investigating the physical aging kinetics of co-extruded
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multilayer of amorphous polylactide (PLA) and polystyrene (PS), by means of FSC, and
reported a decrease of the aging rate of constrained PLA within multilayer film in comparison
with the amorphous bulk. This result was attributed to the presence of capped interfaces in
multilayer systems, and partially to the fabrication process during which the samples underwent

high elongation and shear rates.

Based on the previously reported studies and according to our results, we may conclude that
the slowing down of aging kinetics with the reduction of nanofibers diameters cannot be
explained a geometrical confinement effect but rather by a restrained molecular mobility that
may be caused by a molecular orientation due to high elongational deformation during

electrospinning.
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3.4  Conclusion

In this chapter; electrospun polyacrylonitrile nanofibers with average diameters of 237nm,
482nm and 800nm were studied. WAXD results revealed a low crystallinity that decreased
slightly with decreasing nanofibers diameters which can be intuitively explained by

electrospinning process since it involves rapid solidification that hinders the crystallization.

Further investigations via FTIR spectroscopy allowed the estimation of specific infrared bands
ratio leading to the hypothesis of a better orientation toward the fiber axis direction for thinner
nanofibers. It showed also, the signature of a probable mild chemical degradation of PAN
structure because of the storage. On the other hand, MT-DSC results illustrated a slight increase
of the glass transition temperature determined at the mid-point of the heat capacity step.
Combined with the decrease of the crystallinity and the probable preferential orientation along
the fiber axis, this result was attributed to a restrained molecular mobility within the amorphous
phase. Therefore, it was convenient to investigate the polymer chain mobility in the amorphous
phase by the investigation of the physical aging of PAN nanofibers. These studies were
conducted at aging temperature relatively close to the glass transition and for different aging
times that resulted in two main findings. The first related to a double relaxation mechanism and
the second to the slower aging Kinetics both apparent in the thinner nanofibers contrarily to
thicker nanofibers and bulk PAN which was justified in our case by a restrained mobility
induced by the macromolecular orientation of polymer chains during electrospinning.

It is worth noting that studying PAN nanofibers using fat scanning calorimetry allowed the
determination of their melting temperature, an information that is hardly accessible by

conventional thermal analysis techniques since PAN undergoes degradation prior to its melting.

Overall, we believe that the different behavior of the thinnest nanofibers can be driven by a
residual molecular orientation of polymer chain despite the probability of a partial relaxation

of this orientation during storage.
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Polyamide 6 (PA6), also known as Nylon 6, is amongst the first synthetic polymers to be
developed. It was patented in 1938 by I.G. Farbenindustrie in Germany and gained interest
because of its important role in the history of polymers, particularly during the second world
war when its industrial development was accelerated to be used in military applications [1].
Later on, improvement of the processability of nylon 6 helped broadening the range of its
application to include both apparel and industrial fields [2]. For instance, its high elastic
recovery and abrasive resistance led to its wide use in garments, carpet fibers and ropes [3].
Moreover, its high tensile strength and impact resistance have brought it to be largely used as a

thermoplastic polymer for engineering applications [4] [5] [6].

The growing interest in improving polyamide 6 properties was the incentive to discover the
potential of its nanofibrous form, owing to its lightweight and high surface-to-volume ratio
among other compelling features. [7] As mentioned in the first chapter, depending on the
manufacturing parameters, several polymer nanofibers have shown impressive mechanical
properties, and polyamide 6 nanofibers are not an exception to this behavior. It was reported
that introducing PA6 nanofiber mats to a fiber glass/epoxy composite material resulted in higher
shear stress and minimal formation of delamination cracks between glass fiber layers [8].
Further studies were realized on both mat and single PA6 nanofibers, and revealed interesting
mechanical behavior such as a tensile strain of 250% [9]. Electrospun PA6 nanofibers have,
also, presented a crystalline structure that differs from its bulk counterpart. Having a
polymorphic structure, PA6 has been noted to form different ratios of the two main types of
crystals constituting its crystalline structure. The understanding of this behavior, its dependence
on electrospinning parameters and its impact on the mechanical properties of nanofibers has
been the objective of previous studies [10] [11]. In this chapter, our approach for understanding
the behavior of PA6 nanofibers will be presented through a combination of spectroscopic and

thermal analysis.

A simple depiction of the microstructure of semi-crystalline polymers can be realized according
to a “two-phase model”, considering the microstructure to be formed by a crystalline phase in
which polymer chains form crystal lattice, and an amorphous phase that is defined by the
absence of a long-range order [12]. However, it was noted that the decoupling between
crystalline and amorphous phases is incomplete due to the continuity of partially crystallized
macromolecules through the phase boundary, leading to the formation of an intermediate
nanophase. This interphase includes an amorphous portion of macromolecules with a restrained

mobility because of the surrounding crystalline portion, and it is referred to as the rigid
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amorphous fraction (RAF). Oppositely, the unconstrained part of the amorphous phase is
defined as the mobile amorphous fraction (MAF) [13] [14] [15]. Together with the crystalline
phase, these amorphous fractions define the “three-phase model”. The amount of these fractions

can be determined as following [15];

AH
XC = f/AHfo (1)

Where Xc is the degree of crystallinity, AH is the enthalpy of melting of the studied material
and can be determined experimentally and AH;° is the enthalpy of melting of the 100%

crystalline material which is, in the case of polyamide 6, equal to 240 J/g [16]. The amount of
rigid amorphous fraction Xrar and mobile amorphous fraction Xwar can be determined from
the degree of crystallinity Xc and the heat capacity step at glass transition AC,, according to the

following equations;

AC
Xmar = p/Acpo (2)

Where AC,° is the heat capacity step at glass transition for a 100% amorphous material This

value can be found in literature. In the case of polyamide 6, this value was extracted from the
ATHAS data base and it is equal to 0.47 J/(9.K). [17]

Xpar =1 — Xyar (3)

4.1  Glass transition in polyamide 6 nanofibers
The focus in this section lies on the glass transition, considering its importance to determine the
end-use properties of the studied polymer and to understand potential structural modifications

in the amorphous phase.

4.1.1 Impact of moisture absorption

As mentioned in Chapter 2, three nanofiber mats were electrospun from 16 wt%, 20 wt% and
28 wt% of polyamide6 in formic acid, resulting an average nanofiber diameter of 60, 133 and

325 nm respectively.
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Figure 4.1 Heating scans of PA6 nanofiber mats recorded by TGA at 20 K.min™

Table 4.1 Degradation temperatures of PA6 nanofiber mats at 10% and 90% of weight loss

Maximum
temperature of
derivative curve (°C)

Nanofibers T10% (°C) Tooo (°C)
diameter (nm)

60 376 441 423
133 381 440 425
325 373 437 421

According to the results of thermogravimetric analysis presented in Figure 4.1 and Table 4.1,
all the tested samples display a one-step degradation with minor differences in onset
temperature defined, in this work, as the temperature at 10 % of weight loss, and in endset
temperature defined, in this work, as the temperature at 90% of weight loss. Additionally, a
decrease of sample weight at low temperatures is noted and it may be explained by the presence

of residual solvent or moisture within nanofiber mats.

It is noteworthy that the nanofiber mats investigated in this work were electrospun three years
prior to the start of our current study, in the Department of Mechanical and Materials

Engineering in the University of Nebraska Lincoln, and were tested by temperature modulated
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DSC (MT-DSC) in our laboratory. Afterwards, the samples were stored at room humidity and
temperature. In the current study, the same samples were investigated by means of MT-DSC
before and after being dried in oven under 40°C for 24h and then put in a desiccator under

vacuum.
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Figure 4.2 Heat capacity recorded by MT-DSC at 1 K.min™ with a modulation amplitude of
+2.5 K and a period of 100 s(a) Results of experiments realized three years earlier to the
current study (b) Results of the current study (dashed lines present baselines of the glassy
and liquid state)
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Table 4.2 Comparison of glass transition temperature estimated by MT-DSC for previous
and current results

Glass transition temperature (°C)

Nanofibers diameters current result
(nm) Previous result (3 years ago) Ssefgre After drying
rying
60 8 73+1 74+05
133 74 701 72+04
325 74 68+ 1 71+04

Glass transition temperature (Tg) was determined at the mid-point of the heat capacity step for
PAG electrospun samples at different stages of this study as presented in Figure 4.2 and Table
4.2. A remarkable decrease of Tg can be noted after three years of storage at room humidity
and temperature, which increased later after drying the samples. An intuitive explanation of this
behavior may be related to the absorption of the surrounding humidity that acted as a plasticizer
leading to such a decrease in Tg values. This hypothesis is mostly plausible considering the

hygroscopic nature of PA6 and its structure that is governed by hydrogen bonds

and polar groups facilitating the interaction with the surrounding environment. Therefore, by
simple exposure to humidity, a part of hydrogen bonds may break and reconnects with water
molecules. Acting like a plasticizer, these molecules induce an increase of chains mobility

leading, in this case, to a decrease in glass transition temperature [18] [19].

Similar trends have been reported earlier while studying the hydration phenomenon and its
impact on the mechanical properties of PA6 [20] [21] [22]. For instance, Parodi et al [23]
investigated PA6 films placed under different relative humidity percentages 0, 35, 50 and 75
RH%, by means of dynamical mechanical thermal analysis (DMTA). They found that the
values of glass transition temperature downshift from 60°C for a dry sample to -20°C for a
sample soaked in water. This decrease was considered to be responsible for the decrease of the
yield stress noted after tensile tests for the studied samples. The theory of explanation was that
the hydration phenomenon led not only to an increase of the amorphous phase mobility but also
to an increase of the amorphous structure at the boundaries with the crystalline phase,

facilitating the deformation of crystal lamellae.
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To conclude, exposing PA6 to a humid environment, depending on the temperature and relative
humidity values, is considered to impact in a major part the amorphous phase by increasing its
mobility that leads to the glass transition temperature depression, which has a direct impact on
the mechanical properties such as the decrease of strength and stiffness, therefore, limiting its

application in the engineering field [25].
4.1.2 Impact of nanofibers diameter

The glass transition temperature was noted to depend on the chemical structure, the preparation
process, the annealing treatment and the geometry of the investigated polymer. A great focus
was devoted to the understanding of the geometry, namely the size, effect on the glass transition
behavior of polymers with reduced length scale in one or more dimensions, since a significant
change of this transition’s temperature was reported compared to their bulk corresponding
material [26] [27]. This change of behavior was attributed, in previous studies, to the
“confinement effect” implying that when decreasing a polymer material dimensions the near-

surface region exhibits a behavior different from its inner part [28].

In our case, we investigated the reduced size of nanofibers and its impact on their physical
properties by tracking the variation of the glass transition temperature, the degree of
crystallinity X, the amount of the rigid amorphous fraction Xz, and the mobile amorphous
fraction Xy 45

Table 4.3 Characteristics of glass transition determined by MT-DSC for different diameters
of nanofiber mats after being dried

Nanofiber mats diameters (nm) (ng) R /A(gfk)) Xc (%) Xuar (%) ?(%*)F
0 7405 0.14£0001 33:05 30:01 3704
133 72+04 014+0.003 32+05 30+03 38+05
205 71404 01540001 31+05 32+03 37+05

According to Table 4.3 and considering the uncertainty of the estimated values, a slight increase
of the glass transition temperature is noted while the degree of crystallinity remains almost the
same when decreasing nanofibers diameters. The explanation of this behavior remains object
of controversy in literature when it comes to investigating the size effect of polymer materials.
For example, Wang et al [29] determined the glass transition temperature of single polyvinyl
alcohol (PVA) nanofibers by means of AFM nanomechanical indentation and three point
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bending, and revealed a decrease of 7°C of the glass transition temperature when decreasing
nanofiber diameters from 600 nm to 100 nm. They explained this behavior by consideration of
a probable polymer chain confinement at the fiber surface. In other words, they presumed that
molecular chains with high mobility are present near the surface of the fiber with a volume
fraction that increases when decreasing nanofibers diameter. Their results fitted a previous
theoretical model and simulation highlighting size dependence of the glass transition
temperature in spatially confined polymers [30] [31].The model itself was based on a
phenomenon extensively studied in literature, that is the confinement effect in thin films. For
these structures, the deviation of Tg from the bulk value was reported to be related to the
presence of free interfaces which is the case of freestanding films, or the lack of free interfaces
which is the case of films supported on a substrate [32]. As a matter of fact, the presence of the
free surface was considered to enhance the local short-range mobility leading to a decrease of
the glass transition temperature. On the other hand, for supported films and in the presence of
a polymer surface-substrate interaction, the local short-range mobility is expected to be
hindered leading to an increase in the glass transition temperature [26] [33] [34].

Regarding nanofibrous structures, another study conducted by Ji et al [35] reported no change
in the glass transition temperature when varying polystyrene (PS) nanofibers diameter, however
for a diameter range of 600 nm till 17um. Their perception is that during electrospinning, the
polymer jet solution undergoes high shear forces due to the applied electric field coupled with
the rapid solidification of the polymer jet, leading to a high molecular orientation. Being heated,
a gradual loss of this orientation takes place until reaching equilibrium at the glass transition

temperature.

When compared to the abovementioned explanations, our results can be interpreted differently
considering the slight increase of Tg contrarily to the trend reported for thin films and having
nanofibers way thinner than those studied by Ji et al. In fact, the behavior of PA6 nanofibers in
our work, can be accounted in part to the high molecular orientation of polymer chains in the
amorphous phase due to the elongational forces and rapid solidification of the polymer jet,
whose impact can be more significant for thinner nanofibers leading to a higher molecular
orientation. The other part may be related to the formation and the slight increase of the rigid

amorphous fraction (RAF) when decreasing nanofibers diameters as shown in Table 4.3.

In this matter, several studies have revealed the presence of a rigid amorphous fraction within

semi-crystalline polymers and its impact on the polymer properties such as mechanical and gas
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barrier properties [36] [37]. Being tightly related to the crystalline phase, the RAF was
considered to behave similarly and act like a stress transfer point leading to an increase of the
elastic modulus [38]. Though, with regards to the barrier properties, the RAF was considered
to be closer to the behavior of an unconstrained amorphous phase due to its higher free volume
comparing to the crystalline phase, resulting with different diffusion rates [37] [39]. It has been
also mentioned that the formation of the rigid amorphous fraction is governed by the
crystallization conditions such as the crystallization temperature and rate [40] [41]. Moreover,
the presence of this fraction has been studied within nanosized structures such as
nanocomposites of PMMA (polymethyl methacrylate)/SiO; (silicone dioxide) [42] and PTT
(polytrimethylene terephthalate)/ MWCNT (carbon nanotubes).[43] It was reported that adding
MWCNTSs to PET nanofibers induced an increase of the rigid amorphous fraction from 11% to
33% when the degree of crystallinity remained almost the same. This increase is thought to be
related to the fact that adding MWCNTSs created interfacial interactions with the polymer matrix
that may have triggered a strong restriction of the polymer chain mobility that was emphasized
by the orientation of MWCNTSs along the fiber axis due to the high elongation of PTT/MWCNT
jet during electrospinning [43] [44]. The presence of RAF was noted even in the absence of
nanoparticle fillers within nanofibers. It is the case of highly aligned PLA electrospun
nanofibers, for which an amount of 11% of RAF was determined when using a drum rotating
with a rotation speed of 2500 rpm. This was explained by the molecular orientation induced by
the mechanical force applied using a rotation drum as a collector, Columbic force due to the
electric field applied during electrospinning coupled with the high surface to volume ratio and
the air-polymer interface serving as “virtual” constraint leading to the formation of the non-
crystalline oriented structure defined in this work as the RAF [45]. In the case of our study, the
collector is a stationary plate but still the formation of the RAF can be attributed in part to the
nanofibrous form that may have created a restrictive environment along with high elongational

forces that hindered the mobility of polymer chain segments within the amorphous phase.

The orientational order in nanofibrous structure developed during electrospinning and the
spatial restriction induced by the decrease of their diameters were considered, in this work, as
driving forces for the slight increase of the glass transition temperature and the mobility
restriction of a portion of the amorphous phase that was designated as the rigid amorphous
fraction. For a better understanding of the impact of this behavior, a combination of thermal

and WAXD analysis was conducted.
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4.2  Crystalline structure of PA6 nanofibers: identification and distribution of
crystalline population

Polyamide 6 is well known for its polymorphic structure, generated by strong intramolecular
and intermolecular interactions such as hydrogen bonds. Its crystalline phase may consist of
two or more forms depending on the crystallization and processing conditions [18]. Several
crystalline and metastable forms were reported in literature such as the presence of a
mesomorphic B form that was distinguished by a random distribution of hydrogen bond layers
perpendicular to the main chain axis [46] [47]. However, two main forms are more frequently
considered to figure in the crystalline structure of polyamide 6, a and y forms (Figure 4.3) [48].
The a crystalline form is defined as a monoclinic lattice with hydrogen bonds formed between
anti-parallel chains. It is considered to have a planar zigzag conformation with crystallographic
reflections along (200), (002/202) planes and intersheet distance, or also called d-spacing, of d
o0y~ 0.37 nm and d (o21202) = 0.44 nm. On the other hand, the y form is reported to have a
pseudohexagonal packing with twisted conformation, hydrogen bonds formed between parallel
chains and crystallographic reflections along (001), (200/201) and intersheet distance of d (oo1)
~0.41 nm [16] [49] [50].

o
(62« 2o

5
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Figure 4.3 Schematic illustration of the atomic configuration of polyamide 6 (a)a and (b) y
crystalline forms [51]
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Figure 4.4 WAXD diffraction spectra of PA6 nanofiber mats and film. Dashed lines
designate a (black lines) and y (red line) diffraction peaks

Figure 4.4 illustrates the WAXD spectra of the electrospun PA6 nanofiber mats and a PA6 film
with a thickness of 110 um. The latter was formed by compression molding of PA6 pellets at
melting temperature for 5 min and then cooled down at room temperature. The experimental
spectrum of this film displays two external diffraction peaks at 26= 20.3° and 26= 23.8°
corresponding to a-crystals and a third peak at 260= 21.4° that may correspond to the presence
of y-crystals [16] [52]. Regarding nanofiber mats, WAXD spectra present a pronounced central
peak at 20= 21.4~21.7° corresponding to y-crystals and two a-crystal peaks at 26=20.2° and
26=23~23.7°.

A difference between the spectra of nanofiber mats and of the film is noticeable; the intensity
of a-crystal peaks is higher for the film and the y-crystal peak is more pronounced in nanofiber
mats. This can be related to the processing conditions of polyamide 6. Indeed, it is generally
believed that slow cooling or isothermal crystallization at temperatures higher than 140°C
promote the formation of a-crystals. Oppositely, it was reported that y-crystals prevail when
fast cooling, rapid crystallization or isothermal crystallization at temperatures lower than 130°C

are involved in the manufacturing process such as melt spun fibers and cast films [53] [54] [55].
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Being electrospun, PA6 nanofibers underwent rapid solidification due to the fast solvent
evaporation which may have led to a predominance of y-crystals comparing to the film [56]
[57].

In order to investigate the crystalline conformation in the abovementioned electrospun nanofiber
mats, deconvolution of their corresponding XRD spectra along with the estimation of the amount

of each crystalline form within nanofibers are presented in the following part. Therefore, we

defined A, as the amount of a-crystals, Ay as the amount of y-crystals, Ay /4 O the ratio of the

amount of y by o crystals as a way to quantify the variation of the different crystalline
conformations and X, as the crystallinity degree. The amount of each crystalline conformation
was estimated by dividing the area under the curve of each conformation by the sum of the areas
corresponding to the crystalline phase. It is worth precising, that the deconvolution parameters
and crystallinity ratios should not be considered as absolute values, they were used to describe
the trend of crystalline phase and that the positions of the crystalline forms as well as the

amorphous halo were chosen according to previous studies [16] [52].

Table 4.4 Position 20, FWHM (Full Width at Half Maximum), Ay/aand X obtained from
fitting of the WAXD experimental spectra of PA6 nanofiber mats

Nanofibers diameters 20 (°) FWHM (°) Ay/ Ao Xc (%)
(nm) W Y a w Y a
60 202 217 235 1 1.7 2.2 1.22 69
133 202 214 231 1.9 1.6 2.2 1.09 69
325 202 215 234 1.4 1.3 2.3 0.67 67
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According to Figure 4.5 and Table 4.4 , the value of Ay/a increases when nanofibers diameter

decreases suggesting that the microstructure of the thinnest nanofiber is governed mainly by vy-
crystals. Similar observation was noted when investigating electrospun mat from 15% of PA6
in HFIP for which the Raman spectrum was found to be identical to a cast film treated in
aqueous potassium iodine/iodine (K1/I2) that is known to promote y-crystals formation [58].
Moreover, by comparison to the Raman spectrum of bulk PAG, the peaks related to a C-C
stretching, the signature of a trans-planar o conformation, decreased in intensity and shifted to
a lower wavenumber and the peaks related to trans amide group weren’t observed in PA6
electrospun spectrum, indicating a difference in the backbone of PAG structure. Meanwhile, gel
permeation chromatography (GPC) was applied on pre-spun and electrospun PA6 and showed
that the molecular weight for both samples are within the accuracy of the technique highlighting
the absence of any denaturing or polymer chain degradation. Therefore, the decrease of the
Raman peak associated to a conformation with the change of the molecular arrangement of the
polymer chain were believed to be a signature of the predominance of y crystals that is
considered to be resulting from the high stress applied during electrospinning prevailing the

kinetics of a crystals formation [59].

To gain more insight into the predominance of this conformation it is necessary to explain the
formation of both polymorphic a and y forms within PA6 crystalline structure. As a matter of
fact, a common concept was reported in literature explaining the formation of the crystalline
phase according to a chain folded topology involving short molecular folding loops that
connects adjacent chain stems [60] [61] [62]. It is believed that when chains are folded
repeatedly, intramolecular hydrogen bonds are formed which inevitably cause the adjacent
chain to be in opposite direction. This packing was considered to lead to the formation of a-
conformation [61]. Depending on the crystallization conditions, an alternative packing, y
conformation, was also reported in literature whose major feature is the formation of hydrogen
bonding between parallel chains. Being inconsistent with the chain-folding arrangement, the
hydrogen bonds are expected to be intermolecular. The chain folded topology is believed to
imply a high degree of crystallinity, because in the case of low crystallinity (X, < 35%) the
amorphous layers are believed to be as twice as thick as the crystalline lamellae of the semi-
crystalline structure. Therefore, the contour length of a chain fold should be on average twice
as long as the chain stem to which it is connected. In other words, an amorphous chain segment
that exits the crystal will follow a random trajectory and has little chance to fold back to the

closest adjacent chain stem forming a non-adjacent loose chain folding, hence the inability to

129



Size effect on the polymorphic crystalline structure of PA6 nanofiber mats

form a regular chain folding as described for high crystalline PA6 [54] [63]. It was also stated
that the high or low degree of crystallinity does not favor any crystalline conformation, being
highly dependent on the formation process and crystallization kinetics [54]. Electrospinning is
among the techniques that was found to induce both high and low crystallinity degree
nanofibers depending on the electrospinning parameters and the spun polymer [64]. The
structures formed by electrospinning are described as very similar to those produced by
processing techniques involving rapid crystallization such as melt-spinning, where the
formation of y crystals is thought to be faster and more prevalent than the formation of o crystals
due to kinetic factors, rapid cooling conditions, and not specifically due to a strain-induced
conformation [65]. In this context, Kim et al [66] investigated electrospun PA6 nanofibers with
an average diameter of 60 nm by Wide angle X-ray scattering. The spectrum of this sample
revealed two peaks at 20 = 10° and 26 = 21° attributed to y crystal conformation, compared to
a bulk PA6 with peaks attributed to both y and a crystals. These results are consistent with the
behavior of a melt-spun PAG as described in previous studies [67]. They were explained by the
high shear stress during electrospinning, that led to a change in the spatial arrangement of the
molecules resulting in a twist of hydrogen bonds within the amide groups and leading to a
shortening of the chains which is considered as a feature of y crystal conformation. Indeed,
nuclear magnetic resonance (NMR) and FTIR experiments have revealed the formation of
shorter H-bonds within the y conformation [61] [68]. However, Chung et al [57] revealed
contradictory results when investigating PA6 nanofibers with an average diameter ranging from
70 to 370 nm for which WAXD patterns illustrated an increase of the intensity of peaks relative
to o crystals when decreasing nanofibers diameters. This was explained by the formation of a
highly packed crystalline phase that is believed to be induced by a high degree of chain
stretching and packing due to the decrease of chain entanglement for low concentrated polymer
solution. This might be related to mechanical forces applied on the polymer jet due to the use

of a rotating collector.

The trend of the predominance of y crystals within electrospun nanofibers has been reported in
several studies, though the explanation of this trend was considered to be mainly kinetic. As a
matter of fact, polymorphic phases of PA6 were noted to display different densities; p (o) =
2.13 g/cm®and p(y) = 1.18 g/cm? [69]. Having a higher density value, the a crystal conformation
needs more crystallization time than the y conformation, which means when rapid
crystallization conditions are favored the PAG6 structure is more likely to develop y

conformation.
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Regarding our XRD results and according to the above-mentioned explanation about the
arrangement of crystal conformation within PA6, we may suppose that o crystals are formed
according to the chain folding topology. However, being electrospun, the polymer solution jet
solidifies rapidly which means that the solvent evaporation rate is expected to be faster than the
crystallization kinetics preventing the molecular chains to register in an anti-parallel
arrangement. When reducing the diameter of the nanofibers by electrospinning a polymer
solution that is less concentrated in PAG, the impact of rapid solidification should be even more
pronounced. Subsequently, the likelihood of the molecular chains arranging in a conformation

decreases as the diameter of nanofibers decreases.

It is worthy to mention, that in our case the degree of crystallinity obtained by WAXD (Table
4.4) are higher than that obtained by MT-DSC (Table 4.3) . At the same time, the sum of the
value of the crystallinity degree together with the mesophase fraction or what we designated as
rigid amorphous fraction in our work, is relatively close to the value of crystallinity degree
determined by WAXD. This may be explained by an overestimation of the crystalline degree
during the deconvolution considering the fact that we didn’t assign a precise peak for this rigid
amorphous fraction. More importantly, in both cases the degree of crystallinity do not vary
considerably for the different nanofiber mats and as mentioned earlier the degree of crystallinity
does not impact necessarily the distribution of the polymorphic crystalline conformations, being

dependent mainly on the crystallization conditions [54].

In the following part, FTIR spectroscopy was performed on the nanofiber mats and the PA6
film to identify and distinguish, more precisely, these crystal conformations. All the spectra

were normalized according to amide Il absorbance band [70].
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Figure 4.6 FTIR spectra of PA6 nanofiber mats with an average diameter of 60, 133 and 325

nm and a PAG film with a thickness 110 um

Figure 4.6 illustrates the absorbance peaks along with the corresponding functional groups
classically found in PAG6 [72]. All the investigated PA6 samples showed main absorbance peaks
at; 3300 cm™ related to hydrogen bonded -NH, 2932 and 2860 cm™ related respectively to CH;
asymmetric and symmetric stretching, 1640 cm™ related to the carbonyl C=0 stretching (amide
I) and 1543 related to C-N stretching and -NH in plane bending [73]. To shed the light on the
differences between FTIR spectra, we focused on the 1300-800 cm™ wavenumber range, that

has been used in previous studies to distinguish the two crystalline forms of PA6 (Figure 4.7)

[70] [71].
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Figure 4.7 FTIR spectra with designation of o and y absorbance peaks

Table 4.5 Assignement of FTIR absorbance peaks of a and y crystal conformation[70] [71]

Wavenumber (cm?)

Functional group Crystal conformation

833

929

958

975

1235

1280

-CHz rocking a

-CO - NH in plane a
-CO - NH in plane o
-CO — NH in plane Y
CH, wagging/twisting Y
CH, wagging and amide Y
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According to Figure 4.7, the intensity of the absorbance peaks at 975 cm™, 1235 cm™ and 1280
cm? corresponding to the y crystal conformation increases as the diameter of nanofibers
decreases, and conversely, the intensity of the absorbance peaks corresponding to «
conformation decreases with decreasing nanofiber diameter. In an attempt to quantify this

variation, we chose to compare the absorbance at two wavenumbers 1235 cm™ and 1203 cm™

corresponding respectively to y and o conformations. An absorbance ratio Iy 7, Was determined

and was found to increase from 1.09 to 1.27 when decreasing nanofiber diameter from 325 nm
to 60 nm. Considering the uncertainties of these calculations we can assume that the
microstructure of the thinnest nanofiber entitles a higher amount of y crystals. This result can
be considered as in accordance with the one obtained by WAXD (Table 4.4) despite the slight

difference regarding the y/a ratio where a higher amount of a crystals was noticed within the
crystalline structure of the thickest nanofiber.

Similar investigations were conducted by Rabolt et al [74] on PA6 nanofibers electrospun by
two different techniques “AFM probe-tip electrospinning” and “syringe-needle
electrospinning”, the first giving access to thinner nanofibers with low polymer solution
concentration and higher electric potential. FTIR spectral data of both nanofiber mats,
illustrated a higher absorbance peak at 977 cm™, attributed to y crystal conformation, for the
thinner nanofibers and lower absorbance peak at 1200 cm, attributed to a crystal conformation.
Though WAXD spectra revealed a predominance of y crystals for both nanofiber mats
comparing to a PA6 film obtained by spin coating of the same electrospinning solution, it is
believed that the difference in FTIR spectra is due to a more pronounced impact of the rapid
solvent evaporation and high stress on the polymer jet solution, considering the fact that the
AFM-based process is supported by a higher localized electric potential. Meanwhile, Lee et al
[73] stated different distribution of y and o conformations when studying electrospun PA6
nanofibers collected on a rotating cylinder with a take-up ranging from 0 to 900 m/min, by
means of polarized FTIR. A shift of the peak corresponding to the asymmetric CH; stretching
(initially at 2930 cm™) to higher wavenumbers was revealed in the perpendicular polarized
spectra while no change was noted in the parallel spectra, when increasing the take-up speed
which means decreasing the diameter of nanofibers. This shift was attributed to a relatively
higher content of a crystals, since the polymer chains are more tightly packed in this crystalline
form. Therefore, they hypothesized that the take-up speed of the collector may have contributed
to the molecular arrangement in the o form at the expense of the y form. Similar outcome has

been reported by Vasanthan [75] in his work about drawn PAG fibers at different draw ratios
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(DR=1, 2, 3 and 4). Indeed, FTIR spectra illustrated an increase in the absorbance of the peak
at 930 cm™ corresponding to a crystals simultaneously with a decrease in the absorbance of the
peak at 973 cm™ corresponding to y crystals when increasing the draw ratio. This trend was
explained by a strain-induced crystallization of the a crystalline form combined with a crystal-
crystal (y-to- o) transformation at high draw ratio (DR=4). Strain-induced crystallization was
also studied for uniaxially PA6 quenched films and it was reported that the crystalline structure
formed initially by a predominance of a mesomorphic B conformation transforms into a

conformation [76].

The above-mentioned discrepancy in the distribution of crystalline conformations within PA6
structure is mainly due to different crystallization and processing conditions. Indeed, it can be
concluded that film or fiber drawing and even electrospinning using a rotating collector led to
a strain-induced conformational changes favoring the formation of a crystals. In contrast,
WAXD and FTIR spectra in our case illustrated a predominance of y crystal conformation that
is more pronounced for thinner nanofibers and that is mainly related to the rapid solidification
of the polymer solution jet and mildly to the contribution of electric elongational deformation

forces.

4.3  Temperature dependence of the crystalline structure

In this part, the thermal behavior of electrospun nanofiber mats is investigated to gain more
insight into the thermal stability of the two polymorphic phases that form the crystalline phase
of PA6 nanofibers. The analysis was performed using means of MT-DSC, FSC and high
temperature WAXD.
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Figure 4.8 Heat flow recorded by MT-DSC at 2 K.min™ with an amplitude of +0.32 K and a
period of 60s for PA6 nanofiber mats

Table 4.6 Melting temperature, Enthalpy of melting and crystallinity degree of PA6
nanofiber mats

Nanofiber mats diameters (nm) Ty (°C) AH((]/9) Xc(%)
60 223 79 33
133 224 77 32
325 222 75 31
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Figure 4.8 illustrates a complex melting behavior of nanofiber mats including a melting peak
accompanied with a shouldering. For the thinnest nanofiber mat, a shouldering appears at 217°C
followed by a main peak at 223°C. Similar behavior was noted for nanofibers with an average
diameter of 133 nm with a shouldering at 219°C followed by a main peak at 224°C. Unlikely,
the thickest nanofiber mat presents an inversion of this shouldering-peak trend revealing a main
peak at 222°C followed by a shouldering at 228°C. Two main hypotheses may explain the
origin of this behavior; the polymorphic structure of PA6 with o and y crystalline forms melting
at different temperatures or the melting of crystallites of the same crystalline form, but with

different degree of imperfection due to the electrospinning process.

Previous studies revealed similar complex melting behavior for polyamide 6 samples processed
under different conditions. For instance, PA6 film prepared by melt-pressing and quenching in
liquid nitrogen was heated till melting at 10°C/min. The DSC curve illustrated a main peak at
220°C neighbored with a melting shoulder around 193°C. It was stated that quenching the
sample prevented a full growth of the crystallites which led to the formation of crystals with
different degree of defects. Therefore, after high temperature WAXD experiments, it was
concluded that the small shoulder may correspond to the melting of imperfect a and y crystals
and the higher temperature peak corresponds the melting of less-defected o and y crystals [77].
In the same work, the DSC results of PA6 powder obtained from a nylon 6 resin dissolved in
formic acid and precipitated in water, showed the shoulder-peak phenomenon that was
attributed in this case to the melting of o crystals with different degree of perfection. Moreover,
thermal dependence of the polymorphic structure of PA6 crystallized from the molten state was
widely analyzed [78] [79]. In this context, the melting behavior of PA6 yarn from the molten
state was assessed, by varying the annealing temperature, duration and scanning rate.
Proceeding at low heating rates (10 K/min) after annealing for 15 min at a temperature range
from 90°C to 150°C, a sharp endothermic peak with a shouldering was observed. Two
hypotheses were suggested to explain this behavior; the first one attributed both shouldering
and sharp peak to the melting of reorganized crystals and metastable crystals formed during
slow heating, and the second hypotheses accorded the shouldering to a mesophase-crystal

transition followed by the melting of the reorganized crystals [80].

Another illustration of this phenomenon was reported for electrospun nylon 6 nanofibers with
two different diameters; 100 and 250 nm. Both samples were tested in DSC with a heating rate
of 10°C/min and showed a sharp melting peak with two small endothermic events prior and
following the melting phenomenon [81]. Considering that the microstructure of these
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nanofibers was thought to be mainly formed by y-crystals, the first endothermic event and the
main peak were assigned to the melting of this crystalline conformation, deriving from the high
degree of elongational deformation during electrospinning. The higher temperature shouldering
was attributed to the melting of the small amount of a-crystals within the microstructure.
Although, 1D XRD didn’t show a well-defined a-form peak, the existence of this crystalline
form was confirmed by 2D X-ray diffraction and FTIR. These findings support the observation
of a previous study conducted by Liu et al [82] in which the shoulder-peak melting phenomenon
of PA6 nanofibers was explained by either melting of y crystals followed by the melting of a

crystals , or a melting-recrystallization phenomenon of vy into a crystalline form.

The melting temperature of both polymorphic forms has been subject to controversy. Indeed,
their thermodynamic melting temperatures, considered as the melting of perfectly organized a
and vy crystals, were determined theoretically and found to display a minor difference T, (@)~
228 °C and T,% (y)= 225°C, contrarily to usual experimental observation of a notably lower
melting temperature of y crystals followed by a probable organization into a crystalline form.
Therefore, in the case of our study, high temperature WAXD experiments were conducted to
provide a clear understanding of the thermal stability of the crystalline structure of electrospun

nanofibers.
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Figure 4.9 WAXD intensity profiles of heated samples from room temperature until 230°C at
2 K/min, XRD scans were recorded every 10°C for electrospun PA6 nanofibers with
diameters of (a) 60 nm (b) 325 nm and (c) PAG6 film with a thickness of 110 um
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Figure 4.10 Temperature dependence of diffraction spacing (d-spacing) of electrospun PA6
nanofibers with the following diameters (a) 60 nm (b) 325 nm and PAG film with a thickness

of (¢) 110 um
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Figure 4.9.a illustrates the WAXD intensity profile of electrospun nanofiber mat with an
average diameter of 60 nm. Upon heating, the diffraction peaks related to a crystalline
conformation initially reported at room temperature at 20 (o) = 20° and 20 (02) =23°, were
noted to disappear at temperatures around 100°C and a new peak appears at 170°C at 26 = 22°.
Meanwhile the diffraction peak corresponding to y crystals at 20 =21° remains almost the same
until melting. Similar phenomenon is noted for electrospun nanofibers with an average diameter
of 325 nm (Figure 4.9.b), though with higher intensity of the peaks related to a conformation
and the one appearing near melting temperature. The WAXD profile of PA6 film (Figure 4.9.c)
revealed different feature with two peaks at 26 (a1) = 20.2° and 260 (a2) = 23°, corresponding to
a crystals, that decreased in intensity as the temperature increases. At 110°C, both peaks grow
closer and slightly merge to form a one large peak at 140°C. On further heating, new peaks
appear at 20 = 20.7° and 20 = 22.5° until melting.

The thermal dependence of Bragg spacing (d-spacing) was also determined for these samples.
For both electrospun nanofibers (Figure 4.10.a , Figure 4.10.b) d-spacings of a1 (200) and o2
(002/202) slightly decrease and then increase upon heating which can be related to thermal
expansion of the crystal lattice [83]. On the other hand, the d-spacing corresponding to y crystals
for both nanofiber mats revealed minor increase, though remained steady until the melting
temperature. Regarding the PA6 film (Figure 4.10.c) d-spacing related to a1 (200) decreases
along with an increase of the d-spacing related to a» (002/202) until 140°C. On further heating

d-spacings values evolve inversely until reaching the melting temperature.

Similar observations to those as described have been reported in literature. For instance, the
intensity profile of a PA6 powder showed the same phenomenon noted for PA6 film in our
study, of the disappearance of peaks related to the a-crystalline conformation and the
appearance of two peaks at different positions at higher temperatures, designated as o1” at 20
=21° and a2” at 20 =22.7°. This behavior was attributed to a transition, triggered by heating,
from low-temperature monoclinic crystalline structure o to a high-temperature crystalline
structure a’, that was estimated to be also monoclinic [84]. Moreover, the d-spacings were noted
to vary and it was related to a modification of the distance between the planes of the H-bonded
chains and H-bonded sheets. However, the presence of both peaks at high temperatures was
thought to be related to the maintain of the integrity of H-bonds during heating. This suggestion
was confirmed by NMR experiments revealing a change of the C-C bonds linked to amide
groups from a trans-conformation to gauche conformation that may result from rotational

vibrations of the molecules in the crystal over a small angular range due to the increase of
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temperature. Therefore, it was suggested that during heating the sample undergoes a
conformational structural change while maintaining its integrity. This crystal-crystal (a - ")
transition was noted as a feature of the Brill transition within polyamide 6. Later, this
phenomenon was further studied for different polyamides such as PA6, PA66 and PA11 and
several hypothesis were suggested to explain the Brill transition like the presence of crystallites
of various stabilities, rotational vibration of the methylene group induced by a high chain
mobility when heating or the modification of the H-bonds distribution to be randomly arranged,

though keeping the same density throughout the heating process [83] [85] [86].

In the same context, Ramesh et al [87] investigated PA6 film chemically treated by potassium-
iodine/iodine treatment (KI/I) to obtain a crystalline structure deemed to be formed strictly by
v conformation. The high temperature WAXD profile of this sample illustrated a peak at 20
=21.47° that was maintained almost the same until the melting temperature along with its
corresponding d-spacing. This behavior was attributed to the stability of the y crystals that is
related to the stability of the intersheet H-bonds. Similarities with these results have been
reported for quenched PAG6 film, where y conformation was noted to persist to high
temperatures though with a slight decrease in intensity and the development of an a-like high

crystalline structure around 180°C [77].

Further studies were conducted by Cho et al [81] by means of high temperature WAXD on PA6
electrospun nanofibers from solution and from melt. The resulting intensity profiles suggested
that nanofibers electrospun from solution illustrated a stable y crystalline conformation along
with an appearance of peaks related to the o conformation prior to melting, contrarily to
nanofibers electrospun from the melt illustrating a y to a transition around 185°C. It was
concluded that despite being electrospun from the melt, the polymer jet underwent rapid
quenching due to enhanced heating transfer which led to the formation of a metastable y crystals
that transforms into a stable a crystals on heating. Another example of studies conducted on
PAG electrospun nanofibers was introduced by Wang et al [88]. They investigated nanofibers
with different average diameters. For instance, the WAXD intensity profile of nanofibers with
an average diameter of 310 nm, illustrated both peaks corresponding to a crystals at room
temperature that vanished on the temperature range from 100 and 180°C and the central peak
at 21° corresponding to vy crystals that was preserved up to its melting suggesting, also, its

thermal stability.

Based on the findings of the previous studies, the temperature-dependent WAXD profiles of
PAG electrospun nanofibers in our case suggest a high thermal stability of the y crystalline
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structure till its melting contrarily to a transition of the o crystals to a high temperature form a".
Accordingly, the complex melting phenomenon illustrated in Figure 4.8. may be attributed as

following;

- For PAG nanofibers with an average diameter of 60 nm, the shouldering and the melting
peak may correspond to that of the high temperature o followed by the melting of y
crystals. This assignment can be true for 133 nm diameter nanofibers.

- For nanofibers with an average diameter of 325 nm, the main peak may be related to the

melting phenomenon and the shouldering at higher temperature to the a” crystals.

Thus far, the thermal behavior and the stability of polymorphic phases have been studied by
MT-DSC and high-temperature WAXD that enabled an explanation of the complex melting
phenomenon. These experiments were realized at low heating rate leading to the reorganization
of the formed crystals during heating. Therefore, in the following part the samples are further
investigated by Fast Scanning Calorimetry using a higher heating rate to prevent this
reorganization and have a visualization that is as accurate as possible of the melting point of

each polymorphic phase.
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Figure 4.11 FSC heating scans of PA6 nanofiber mats with different nanofibers diameters
normalized to the sample mass and the heating rate 120 000 K.min™

Table 4.7 Melting temperature values of PA6 nanofiber mats obtained by FSC experiment
with a heating rate of 120 000 K.min™

Nanofiber mats diameters (nm) Tm1 (°C) Tm2(°C) Tms3(°C)
60 166 200 215
133 164 185 203
325 164 182 200
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Figure 4.11 and Table 4.7 illustrate several melting temperature values for the studied
electrospun nanofiber mats. Three main peaks can be distinguished with different temperature
values; a first peak around 164°C, a second peak that varies from 180°C for the thickest
nanofiber mat to 200°C for the thinnest nanofiber mat and a third melting peak > 200°C

depending on the fiber diameter.

Comparing to results obtained by heating the nanofiber mats at 2 K.min (Table 4.6), the
maximum melting peak shifted to lower values when heated at 120 000 K.min* which may
indicate the hindering of crystal perfectioning by reorganization. Similar explanation was stated
by Steyaert et al [89] when investigating PAG6 electrospun nanofibers at different scanning rates
ranging from 20 to 1000 K.min"tand by Furushima et al [80] for isothermally crystallized PA6
film, where the maximum melting point was noted to shift to lower temperatures. Furthermore,
with regard to results obtained by high temperature WAXD that show a disappearance of a
crystals justified by its gradual transition to a higher temperature o structure along the
temperature range of 100-180°C, we might consider that by fast heating this transition was
hindered, suggesting that Tm1 Tm2 may correspond to the melting of o crystals, and the Tmz would
correspond to the melting of y crystals considering its thermal stability that is justified by the

interpretations stated earlier in this section.

Overall, the investigation of the melting behavior of PA6 electrospun nanofibers at both high
and low heating rates in our study suggest a high thermal stability of the y crystalline
conformation, specifically for the thinnest nanofiber mat presenting the highest melting peak.
This finding might seem contradictory considering the fact that nanofibers are produced by
electrospinning, a technique that involves rapid solidification of the polymer jet due to fast
solvent evaporation on extremely short timeline, leading to the formation of crystals with
relatively high degree and different levels of imperfection. This contradiction is thought to be
related to the presence of hydrogen-bonds within the crystalline structure of PA6. Though it
remains subject of controversy, several studies suggested that the H-bonds are stronger in y than
in the a crystalline structure using NMR, FTIR and molecular dynamics [90] [91], which can
contribute to the fact that y crystals remain mainly unchanged until its melting. This behavior
can also be accounted for a high orientational order within the microstructure of nanofibers, as
explained in section 4.1.2, triggered by a combination of relatively high and rapid elongational

deformation along the fiber axis [89] [11].
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44  Conclusion

The crystalline structure of polyamide 6 electrospun nanofiber mats with average nanofiber
diameter of 60 nm, 133 nm and 325 nm were investigated. MT-DSC analysis revealed a slight
increase of the glass transition temperature and a restriction of the mobility of a portion of the
amorphous phase that was identified as a rigid amorphous fraction, when the diameter of
nanofibers decreased. The degree of crystallinity being mainly the same for the nanofibers,
these phenomena were accorded to a high molecular mobility induced by the stretching of the
polymer jet that has a higher impact on the less concentrated polymer solution and to spatial

restriction induced by the decrease of their diameters, respectively.

Then, the impact of the diameter of nanofibers on the polymorphic structure of PA6 was studied
by WAXD and FTIR. The fractions of y and a crystals were quantified for each sample, and an
increase of the amount of y crystals was noted, along with the appearance of a more pronounced
peak intensity associated with the y crystals when decreasing the diameter of nanofibers. The
decrease of the probability of molecular chains arranging in o conformation was explained by
slow crystallization kinetics of this conformation comparing to y crystals, implying that the PA6

structure is more likely to develop the y conformation under fast crystallization conditions.

Furthermore, the polymorphic phase stability was investigated through the melting behavior of
PAG nanofiber mats. Low heating rate experiments conducted by MT-DSC revealed a complex
melting behavior that was further explained by high-temperature WAXD. Results illustrated a
high thermal stability of y crystals remaining mostly unchanged until their melting, compared
to a probable melting/reorganization phenomenon that accompanied the transition of o crystals
to a higher temperature o” crystalline conformation. Being electrospun, the crystalline structure
presents relatively high imperfections and heating at low scanning rates would allow their
perfectioning. Therefore, FSC experiments were conducted at a high scanning rate to
approximate the perfection-free melting of the crystals and the results confirmed the suggestion
of the thermal stability of the y crystalline conformation. This was attributed to the H-bonds

being stronger in y conformation helping to maintain its integrity until melting.

Overall, thermal stability of y crystals and their predominance with the decrease of nanofibers
diameters can be attributed to the orientational order of polymer chains along the fiber axis
generated by elongational electric forces combined with a spatial restriction due to the small

size of the electrospun nanofibers.
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Conclusions and perspectives

Electrospun nanofibers have gained a huge amount of interest for the last few years by paving
unprecedented advancements in several emerging applications, due to high tunability of their
properties. More recently, nanofibers have evidenced compelling mechanical performance
compared to bulk commercialized materials that were related to a high molecular orientation.
However, the understanding of the microstructure-properties relationship within nanofibers is

still fragmentary and the study of the molecular orientation remains challenging.

In this context, this research work was conducted in order to bring more understanding to the
microstructure of nanofibers by investigating the signature of molecular orientation within two
different nanofibrous polymers; polyamide 6 (PA6) and polyacrylonitrile (PAN). These
polymers were chosen for their wide application in engineering and technical use such as carbon
nanofibers in the case of polyacrylonitrile. Investigations were carried out using spectroscopic
and thermal analysis that have provided crucial knowledge about the impact of the nanosized
structure on the crystalline phase of PA6 and the tunability of its polymorphic aspect and on

the amorphous phase of PAN nanofibers by investigating its structural relaxation kinetics.

In the first part of the work, three PAN nanofiber mats with different average diameter were
investigated. According to results obtained by WAXD a low crystallinity was revealed with a
slight decrease of its value when decreasing nanofibers diameters. Concurrently, MT-DSC
revealed a slight increase of the glass transition temperature. Together with the FTIR results
illustrating a preferential orientation in the direction of the fiber axis, the decrease of the
crystallinity coupled with the increase of the glass transition temperature as the nanofibers
diameter decreases was accorded to a restrained molecular mobility in the amorphous phase.
Then, physical aging studies were conducted in order to track the signature of this molecular
mobility restriction. Interestingly and in contrast to the behavior of other nanoscaled structures
like nanocomposites and nanospheres, our results revealed a slower aging kinetics for the
thinner nanofibers. This was explained by a higher molecular orientation induced by high and
rapid elongational deformation of the polymer jet solution during electrospinning. Also, the
melting behavior of PAN nanofibers was investigated by means of Fast Scanning Calorimetry
that allowed, through high scanning rates faster than the crystallization kinetics, to avoid or
retard the degradation of this material which usually takes place prior to melting. The enthalpy

of melting determined by this experiment supports results obtained by WAXD.
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To the best of our knowledge, physical aging of polymer nanofibers was investigated for the
first time within the framework of our study as well as the determination of PAN nanofibers

melting temperature.

Then, two main aspects related to PAG6 electrospun nanofiber mats with three different average
diameters were studied. First, the glass transition temperature was evaluated by MT-DSC which
illustrated a slight increase of its value as the diameter of nanofiber decrease along with the
restriction of the mobility of a portion of the amorphous phase that we designated as rigid
amorphous fraction. The crystallinity degree being almost the same for all the samples, this
aspect was accorded to a higher molecular orientation induced by the stretching of the polymer
jet, that has a higher impact on the less concentrated polymer solution which means as the
diameter of the nanofibers decreases. On the other hand, the polymorphic aspect of PA6
nanofiber mats was investigated. WAXD and FTIR experiments allowed the quantification of
the amount of y and o crystalline conformations and revealed an increase of the y/a ratio when
nanofibers diameters decrease, which was explained by slow crystallization kinetics of o
conformation comparing to y crystals, implying that the PAG structure is more likely to develop
the y conformation under fast crystallization conditions. Thermal stability of both
conformations was analyzed by investigated the melting behavior of PA6 using MT-DSC which
evidenced a complex melting behavior resulting from the reorganization of crystals with
relatively high degree of imperfection formed during electrospinning. This phenomenon was
further clarified using High Temperature WAXD that illustrated a high thermal stability of y
crystals remaining mostly unchanged until their melting, compared to a probable
melting/reorganization phenomenon that accompanied the transition of a crystals to a higher
temperature o” crystalline conformation. Heating at high scanning rate using FSC helped
preventing the reorganization phenomenon and results confirmed the suggestion of the thermal
stability of the y crystalline conformation that was attributed to the orientational order of

polymer chains along the fiber axis generated by elongational electric forces.

This work allowed to investigate a particular feature of the crystalline structure of PA6
electrospun nanofibers which can be of great interest for the choice of application of PAG, since
both polymorphic crystalline phases showed different mechanical behavior in previous studies.
Therefore, by changing electrospinning parameters it is possible to tune the crystalline

composition within nanofibers.
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It is worth mentioning that in this study, the investigated electrospun nanofiber mats were
developed several years prior to the investigation which may have led to a gradual relaxation
of the molecular orientation. Therefore, as a short-term perspective, it would be interesting to
investigate newly electrospun nanofiber mats with the same electrospinning parameters as ours
to track the impact of environmental aging at room temperature conditions, i.e., under possibly
combined actions of UV, oxygen and humidity, which is of an extreme interest for applications

requiring a long-time use.

Another perspective would be related to the newly developed characterization methods that are
more suitable for single nanofiber investigations and can provide more accurate understanding
of the nanofibers features by avoiding the averaging over several hundreds of nanofibers within
a mat. Working on a unitary nanofiber would allow a straightforward correlation between the
orientation state and the investigated physical properties, whereas the distribution of orientation
among the fibers is essentially unavoidable with the current means of investigation as they are
designed to characterize mats. Finally, it would be interesting to extend this research work on
a wider range of polymer systems including recycled or bio-based materials, to investigate a
possible generalization of the structural relaxation kinetic slowing down with the nanofiber

diameter decrease.
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Abstract

Electrospun nanofibers have emerged as a new class of materials that combines both
lightweight and compelling mechanical properties, promising a new area of less expensive and
more efficient materials to be used in a wide range of applications. However, the structure-
properties aspect of nanofibers has not been fully elucidated due to difficulties associated with
their nanostructure. The aim of this research is to contribute to the understanding of a particular
feature of nanofibers which is the molecular orientation, a feature that is generally mentioned
to explain the properties of electrospun fibers, by the study of the polyamide 6 (PA6) and
polyacrylonitrile (PAN) nanofiber mats. This study was conducted using spectroscopic
techniques and thermal techniques. The Fast Scanning Calorimetry (FSC) allowed to trace the
signature of molecular orientation in PAN nanofiber mats by the investigation of their structural
relaxation kinetics, that was found to be slower as nanofibers diameters decrease. The study of
the crystalline structure of PA6 nanofiber mats revealed the predominance of a polymorphic
crystalline conformation and its higher thermal stability for thinner nanofibers, which illustrated
the tunability of the nanofibers crystalline structure when varying their processing parameters.

Keywords: nanofibers, structural relaxation, polymorphic structure, fast scanning calorimetry
Resumé

Les nanofibres électrofilées représentent une nouvelle classe de matériaux combinant a la fois
Iégereté et propriétés mécaniques exceptionnelles ayant un énorme potentiel d’application dans
plusieurs domaines. Cependant, I'aspect structure-propriétés des nanofibres n'est pas encore
maitrisé en raison des difficultés liées a leur structure nanométrique. L’objectif de ce travail est
de contribuer & la compréhension d’une caractéristique particuliére des nanofibres qui est
’orientation macromoléculaire, un critére généralement cité¢ quand il s’agit des propriétés des
nanofibres, par I’étude des mats de nanofibres en polyamide 6 (PA6) et polyacrylonitrile (PAN).
Cette étude a été menée a l'aide de techniques spectroscopiques thermiques. La calorimétrie
différentielle a balayage rapide (FSC) a permis de sonder la signature de l'orientation
macromoléculaire dans les mats de nanofibres de PAN par I'étude de leur cinétique de relaxation
structurale, qui s'est avéree plus lente lorsque le diamétre des nanofibres diminue. L'étude de la
structure cristalline des mats de nanofibres de PAG a revélé la prédominance d'une conformation
cristalline polymorphe avec une meilleure stabilité thermique pour les nanofibres les plus fines.
Mots clés: nanofibre, relaxation structurale, structure polymorphique, calorimétrie

différentielle a balayage rapide
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