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CHAPTER 1 General introduction

_1.1 Definition of nanofiber |

With the rapid development of nanotechnology, thf;re have been a significantly
increasing number of studies on nanofibers and their applications. The International
Standards .Organization (ISO) considers nanomaterials to be materials that are
typically but not exclusively below 100 nm in at least one dimension. However, in
informal nonwovens, textile, and other engineered fibers industries, it has been well
accepted that nanofibers are fibers with the diameter smaller than 1000 nm [1, 2]. In
1992, carbon nanofibers were discovered to grow spontaneously by deposition from
carbon vapor [3]. After that, many other techniques have been developed to fabricate
nanofibers such as electrospinning [4, 5], self-assembly [6, 7], phase separation [8,
9], etc. Due to the nanoscale diameter,'nanoﬁbers possess high—surface-to—volume'
ratios which help to enhance interactions between the nanofibers and targeted
substrates in different fields compared to other micro- to macro-size materials. Thus,
employing nanofibers could be a promising approach for the advanced developmeﬁts
in science and technplogy. In this chapter, we aim to summarize the techniques for

" producing nanofibers and recent achievements in their applications.
1.2 Fabrication methods of nanofibers
1.2.1 Electrospinning

Electrospinning is a technique using electrostatic forces to fabricate nanofibers.

As shown in Figurel-1, when a high voltage is applied to the droplet of a polymer

solution, the molecules of the solution becomes charged and an “electrostatic

repulsion occurs, which counteracts the surface tension of the droplet. When the high

voltage increases to a critical point, a jet of the solution is erupted from the liquid

surface. As the solvent evaporates, further stretching of the charged jet under the

electrostatic forces will push it into a bending instability stage. The elongation and

.thinning of the charged jet due to this instability lead to the formation of continuous
fibers with diameters in nanoscale. Based on this principle, different electrospinning

setups as Well' as different types of collectors have been designéd to create various

nanofibrous architectures [4, 5].
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Figurel-1 The process of electrospinning

The shapes and dimensions of the fibers formed depend on a large set of
parameters, for example, the properties of the polymer itself (such as molecular
weight, molecular-weight distribution, and solubility), as well the properties of the
polymer solution (such as viscosity, surface tension, and electrical conductivity) [4].
The vapor pressure of the solvent and the relative humidity of the surroundings can
also have a significant impact. Furthermore, the properties of the substrate, the feed
rate of the solution, and the field strength and geometry of the electrodes (and
therefore, the form of the electric field) play a major role in fiber formation. Lower
diameter fibers with uniform morphologies were prepared by electrospinning of
poly(vinylidene fluoride) (PVDF) with tetrabutylammonium chloride (TBAC),
whereby TBAC increased the electrical conductivity of the solution [10]. Electrically
induced double layer in combination with the polyelectrolytic nature of solution was
also anticipated as a method for formation of high-aspect-ratio polyamide-6
nanofibers with diameters as small as 9-28 nm [11].

Commonly, randomly oriented fibers are deposited on a flat collector plate
forming a nonwoven mat of fibers. Another approach commonly applied is using a

spinneret containing two needles to produce composite nanofibers [12]. Moreover,
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many different types of molecules can be incorporated into the fibers and a wide
range of poliymers are electrospun in varying fiber diameters ranging from <100 nm
to micrometer levels via electrospinning. Controlled fiber deposition techniques are
also applied for the preparation of aligned nanofibers, on a rotation drum or a
rotating disk. Using a collector designed of two conductive strips separated by a void
gap “of desired width, uniaxially aligned nanofibers were produced too. The
alignment of the fibers could induce cell elongation and reorganize the cytoskeletal
structures that regulate the cell adhesion and morphology. However, electrospinning
has limitations of low productivity, as solutions are usually fed at a‘low rate so as to
produce fibers of low diameter.

Various structural variations of the nanofibers include careful design of core-shell
nanofibers, porous scaffolds or even multilayered fiber structures. Electrospun
nanofibers of these architectures can act as drug delivery reservoirs for controlled
and timely release of drugs, proteins, antioxidants, and other molecules to the site of
tissue repair. The use of molten polymers to produce electrospun mats introduced as
““melt electrospinning’ is an environmentally benign process since it implies a
solvent free approach [13]. Cellular infiltration within the electrospun scaffold
remains a great challenge and methods such as cell electrospraying are also
- concurrently performed during the fabrication of a vascular conduit [14]. Benefits of

electrospinning technique are plenty, but challenges of obtaining a three-dimensional
(3D) scaffold by electrospinning still remains a field of exploration.

Nanofibrous and microfibrous 3D scaffolds of desired shape and size are more
preferred as implantable materials compéred to the electrospun 2D scaffolds.
Compared to electrospinning, the major advantage of self-assembly is that it can
| produce fine nanofibers smaller than 10 nm and these nanofibers could be applied as
injectable scaffolds for tissue regeneration. Pore sizes (interspace among nanofibrous
mats) of 5-200 nm are insufficient for cell migration and proliferation [15]. In this
respective, both electroépinning and self-assembly have one common drawback, of
incapaﬁﬂity to control the pore size and pore structure of the scaffolds. The challenge
to integrate nanofibers into useful devices requires well-controlled orieritation, size,
and other target characteristics of the nanofibers. Reproducibility in locating them in

specific. positions and orientations still remain to be faced.
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1.2.2 Self assembly

Self-assembly is a type of process in which a disordered system of pfe—existing
components forms an organized structure or pattern as a consequence of specific,
local interactions among the co’mpo(nent‘s themselves, without external direction.
When the constitutive components are molecules, the process is termed molecular
self-assembly. For nanofiber fabrication, self assembly is a bottom-up process in .
which small molecules spontaneously éssemble into well-ordered nanofibers. The
formation of this structure is induced by many interactions, including m—m stacking,
hydrogen bonds, non-specific vander Waals interactiohs, electrostatic interactions,
and repulsive steric forces [6]. Normally, the basic molecules to fabricate nanofibers
using this technique are peptide amphiphiles (PA). They consist of a dialkyl chamn
moiety (hydrophobic corﬁponent/tail group) attached to an N-a-amino group of a
peptide chain (hydrophilic component/head group) [7]. The peptides can be
self-assembled by mahfy reagents such as acid, divalent ion, and covalent capture, etc
[6].

Bioactive sequences were introduced within PA with formation of the triplé helix
structure by Malkar et al [16] and it demonstrated rhuch similarity to the native
self-assembled triple helix of the extracellular matrix (ECM). The self-assembly 6f
PAs into nanofibers was dex‘felvoped by ehgineering of the peptide head group of the
PA by controlling the pH of the solution [17]. With advances in this field, even the
osteogenic differentiation of mesenchymal stem  cells (MSCs) was possible in
self-assembled PA nanofibers containing RGD peptide sequences [18]. Moreover,
PAs can be self-assembled reversibly into nanofibers and hence it could be applied.
for versatile material fabrications. It produced nanofibers in high yield with low
polydispersity, enabling further exploration of this method for developing “‘smart™

biomaterial scaffolds for effective tissue regeneration.
1.2.3 Phase separation

Thermally induced phase separation was commo'nly employed during the early
days to produce porous polymeric scéffolds. The method was explored further to
produce nanbﬁbrous 3D structures from a variety of biodegradable polymers by Ma
and Zhang et al. [8, 9]. Scaffolds with porous structure and interconnected spaces are

greatly suitable for implantation, mainly because the continuous fibrous network
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provide intérconnecting mechanical support for cell attachment, proliferation, and
migratidn [19]. The selection of proper solvent is considered as one of the most
critical step of nanofibrous structure formation during this process. The formation of
the nanofibrous structure is postulated to be caused by spinodal liquid—liqmd phase
separation of the polymer solutions and consequential crystallizatibn of the polymer
rich phase. The method does not require specialized instruments and it also allows
for batch to batch consistency, while the architecture and scaffold properties can be
controlled easily by varying the polymer concentration, gelation temperature/time,
solvent, and freezing temperature [8, 9]. Such 3D macroporous structures are
advantageous to the cells to absorb nutrients, receive signals, and to discard wastes.
The presence of both nano- and macro-structures at the nanofiber level provides

additional benefits to cell distribution and response [9].

Table 1-1. Advantages and disadvantages of fabrication methods of nanofibers.

Fabrication approach Advantages Disadvantages

1. nanofibers are long

and continuous

2. flexibility in material 1. small pore sizelt’

selection 2. difficult to get fibers

Electrospinning .
3. various architectures with diameter less than 50

or patterns can be nm

created, bulk structure

can be formed

1. limited material
selection

Self-assembly | setup was not needed 2. only short nanofibers

(usually less than mm
scale) can be

fabricated

simple bulk structure can o ) )
Phase separation limited material selection

easiiy be formed
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1. 3 Applications of nanofibers via electrospinning

1.3.1 For composites applications

One of the most important applications of conventional ﬁbers,‘ especially

engineering fibers such as carbon, glass, and Kevlar fibers, is to be used as
reinforcement fillers in composite developments [20]. With these reinforcements, the
composite materials can provide superiof structural properties such as high modulus
and strength to weight ratios, which generally cannot be achieved by other
engineered monolithic materials alone. Thus, nanofibers will also eventually find -
important applications in making nanocomposites. This is because nénoﬁbers can
have even better mechanical properties than micro fibers of the same materials, and
hence the superior structural properties of nanocomposites can be anticipated.
* Moreover, nanofiber reinforced composites may possess some additional merits
which cannot be shared by conventional (microfiber) composites. For instance, if
there is a difference in refractive indices between fiber and matrix, the resulting
composite becomes opaque or nontransparent due to light scattering. This limitation,
however, can be circumvented when the fiber diameters become significantly smaller
than the wavelength of visible light [21]. Perhaps the majority work in the current
literature on nanofiber composites is concerned with carbon nanofiber or nanotube
reinforcements. These nanofibers or nanotubes are generally not obtained through
electrospinning. - ‘

Several comisrehensive reviews have summarized the researches done until very
recently on thése composites [22-25]. On the other hand, so far polymer nanofibers
made from electrospinning have been much less used as composite reinforcements.
Only limited researchers have tried to make nanocomposites reinforced with
electrospun  polymer nanofibers. -Information on the fabrication and
structure-property relationship characterization of such nanocomposites is believed
to be useful, but is unfortunately not much available in the literature. Reneker [26]
investigated the reinforcing effect of electrospun hanoﬁbérs of polybenzimidazole
(PBI) in an epoxy matrix and in a rubber matrix. The PBI polymer was electrospun
into non-woven fabric sheets, which were treated with aqueous sulfuric acid and
other procedures for composite fabrication [27]. The rubber matrix was mixed with

the chopped fiber fabrics which were made by cutting the nonwoven nanofiber sheets
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into 0.5 cm squares, and was compression molded into composite samples. Fiber
contents of 3-15% by weight were determined by extracting the fibers from the
uncured mixture with toluene. Tensile, 3-point bending, double torsion, and tear tests

were performed for the epoxy and rubber nanocomposites, réspeotively. As the tested

samples were in normal dimensions, relevant testing standards were followed. It was

found that with increasing content of fibers, the bending Young’s modulus and the

fracture toughness of the epoxy nanocomposite were increased marginally, whereas

the fracture enefgy increased significantly. For the rubber nanocomposite, however,

the Young’s modulus was ten times and the tear strength was twice as large as that of

the unfilled rubber material. Bergshoef and Vancso fabricated a nanocomposite using
electrospun Nylon-4, 6 nanofiber nonwoven membranes and an epoxy matrix [28].
After electrospinning, the membranes were washed with ethanol and dried at room
temperature and atmospheric pressure, and then were impregnated with the epoxy
resin by dipping them into the diluted resin. The composite film samples were
obtained after the resin impregnated membranes were cured at room temperature.
Tensile tests were conducted for the composite as well as the monolithic matrix films.
It was reported that both the stiffness and strength of the composite were
significantly higher than fhose of the referen'ce matrix film although the fiber content
was low. A US patent was issued to Dzenis and Reneker f29] who proposed using
polymer nanofibers in between laminas of a laminate to improve delamination
resistance. They arranged PBI nanofibers at the interfaces between plies of the
laminate without a substantial reduction for the in-plain properties and an increase in
weight and/or ply thickness. ,

It was reported that by incorporating electrospun PBI nanofibers of 300-500 nm
diameters in-between a unidirectional composites made of graphite/epoxy prepregs
of T2G190/F263, Mode I critical energy release rate Gy, increased by 15%, while an
increase of 130% in fhe Mode II critical energy release rate Gy, was observed. Up to
date, the polymer composites reinforced with electrospun nanofibers have been
developed mainly for providing some outstanding physical (e.g. optical and electrical)
and chemical properties while keeping their appropriate mechanical performance.
For instance, in the report by [21], the epoxy composite with electrospun nylon 4, 6

nanofibers of 30-200 nm diameters exhibited a characteristic transparency due to the
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fiber sizes smaller than the wavelength of visible light. It is also noted that single
wall carbon nanotube (SWNT) reinforced polyimide composite in the.form of
nanofibrous film was made by electrospinning to explore a potential application for
spacecrafts [30]. Carbon nanofibers for composite applications can also be |
manufactured from precursor polymer nanofibers [31-35]. Such kind of continuous
carbon nanofiber composite also has potential applications as filters for separation of
small particles from gas or liquid, supports for high'temperature catalysts, heat
management materials in aircraft and semiconductor devices, as well as promising
candidates as small electronic devices, rechargeable batteries, and supercapacitors
[36-50].

Due to limited number of papers published in the open literature, many important
issues relevant to nanocomposites reinforced with electrospun polymer nanofibers
have essentially not been taken into account yet. For instance, it is well known that
the interface bonding between a polymer fiber and a different polymer matrix is
generally poor. How to modify this bonding for polymer nanofiber polymer matrix
composites seems to have not been touched at all, although there are a vast number |
of publications on this topic for traditional fibrous composites in the literature.
Furthermore, little work has been done on the modeling and simulation of the
mechanical properties of nanofiber composites. Although many micromechanics
models have been developed for predicting the stiffness and strength of fibrous
composites [51], whether they are still applicable to nanofiber composites needs to
be verified [52]. Compared with its counterpart for conventional fibrous composites,
one of the main barriers to the implementation of such work for nanofiber
composites is that one does not know the mechanical behavior of single polymer
nanofibers. .

Several reasons can be attributed to the less development of electrospuri polymer
nanofiber reinforced composites. First of all, not sufficient quantity of uniaxial and
continuous nanofibers has been obtained and could be used as reinforcements. Tt is

- well known from composite theory and practice that the superior structural properties
can be achieved only when fibers are arranged in pre-determined directions such as
in unidirectional laminae, multidirectional laminates, woven or braided. fabric
reinforced composites. To make these composites, continuous fiber bundles are

necessary. The nonwoven or randomly arranged nanofiber mats, as collected to date
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from electrospinning, generally cannot result in a significant improvement in the
mechanical properties of the composites with their reinforcement. Another reason
may be that polymers yielding these fibers are generally considered as less suitable |
for structural enhancement. Although carbon nanofibers are principally achievable
from post—process‘ing of electrospun precursor polymer nanofibers such as
polyacrylonitrile (PAN) nanofibers [53-54], these fibers seem to have not been
obtained in large quantity of continuous single yarns yet. Thus, extensive workboth
from the standpoint of nanofiber composite science (fabricat_idn, characterization,
modeliﬁg and simulation) and from industrial base (épplications) viewpoint is

necessary in the future.
1.3.2 For biomedical applications

Almost all of the human tissues and organs are deposited in nanofibrous forms or
structures. Examples include: bone, collagen, cartilage, and skin. All of them are
characterized by well organized hierarchical fibrous structures realigning in
nanometer scale. As such, cufrent research in electrospun polymer nanofibers has
focused one of their major applications on bioengineering. We can easily find their
promising potential in various biomedical areas.

a. Medical prostheses

Polymer nanofibers fabricated via eiectrospinning have been proposed for a
number of soft tissue applications such as blood vessel, Vasculaf, breast, etc.
[55-61].In addition, electrospun biocompatible polymer nanofibers can also be
deposited as a thin porous film onto a hard tissue prosthetic device designed to be
implanted into the human body [62-64]. This coating film with gradient fibrous
structure works as an interphase between the prosthetic device and the host tissues,
and is expected to efficiently reduce the stiffness mismatch at the tissue/device
interphase and hence prevent the device failure after the implantation. |
b. Tissue template

For the treatment of tissues or organs in malfunction in a human body, one of the
challenges to the field of tissue engineering/biomaterials is the design of ideal
scaffolds/synthetic matrices that can mimic the structure and biological functions of
the natural extracellurlar matrix (ECM). Human cells can attach and organize well

around fibers with diameters smaller than those of the cells [65]. In this regard,
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nanoscale fibrous scaffolds can provide an optimal template for cells to seed, migrate,
and grow. A successful regeneration of biological tissues and organs calls- for the
development of fibrous  structures ‘with fiber architectures beneficial for cell
deposition and cell proliferation. Of particular interest in tissue engineering is the
creation of reproducible and biocompatible three-dimensional scaffolds for cell
ingrowth resulting in bio-matrix composites for various tissue repair and replacement
procedures. |
Recently, people have started to pay attention to making such scaffolds with
synthetic biopolymers and/ér biodegradable polymér nanofibers [66-81]. It is
believed that converting biopolymers into fibers and networks that mimic native
structures will ultimately enhance the utility of these materials as large diameter
fibers do not mimic the morphological characteristics of the native fibrils.

c. Wound dressing

Polymer nanofibers can also be used for the treatment of wounds or burns of a
human ékin, as well as designed for haemostatic devices with some unique
characteristics. With the aid of electric field, fine fibers of biodegradable polymers
can be directly sprayed/spun onto the iﬁjured location of skin to form a fibrous mat
dressing Fig. 1-2, which can let wounds heal by encduragingthe formation of normal
skin growth and eliminate the formation of scar tissue which would occur in a
traditional treatment [82-84]. Non-woven nanofibrotis membrane mats for wound
dressing usually have pore sizes ranging from 500 nm to 1 mm, small enough to
‘protect the wound from bacterial penetfation via aerosol particle capturing
mechanisms. High surface area of 5-100 mz/g is extremely efficient for fluid

absorption and dermal delivery.

10
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Figure 1-2. Nanofibers for wound dressing (www.electrosols.com)

d. Drug delivery and pharmaceutical composition

Delivery of drug/pharmaceuticals to patients in themost physiologically acceptable
manner has always been an important concern in medicine. In general, the smaller
the dimensions of the drug and the coating material required to encapsulate the drug,
the better the drug to be absorbed by human being. Drug delivery with polymer
nanofibers is based on the principle that dissolution rate of a particulate drug
increases with increasing surface area of both the drug and the corresponding carrier
if needed. Kenawy et al. investigated delivery of tetracycline hydrochloride based on
the fibrous delivery matrices of poly (ethylene-co-vinylacetate), poly(lactic acid),
and their blend [85]. In another work by [86], bioabsorbable nanofiber membranes of
poly(lactic acid) targeted for the prevention of surgeryinduced adhesions, ware also

used for loading an antibiotic drug Mefoxin. Preliminary efficiency of this nanofiber

11
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membrane compared with bulkfilm was demonstrated. Ignatious and Baldoni [87]
described eiectrospun polymer nanofibers for phafmaceutical compositions, which
can be désigned to provide rapid, immediate, delayed, of modified diséolution’, sucﬁ
as sustained and/or pulsatile release characteristics. As the drug and carrier- materials
can Be mixed together for electrospinning of nanofibers, the likely modes of the drug
in the resuiting nanostructed products are: (1) drug as particles attached to the
surface of the carrier which is in the form of nanofibers, (2) both drug and carrier are.
nanofiber-form, hence the end product will be the two kinds of nanofibers interlaced
together, (3) the blend of drug and carrier‘ materials integrated into one kind of fibers
containing both components, and (4) thecarrier material is electrospun into a tubular
form in which the drug particles are encapsulated. The modes (3) and (4) may be
preferred. However, as the drug delivery in the form of nanofibers is still in the early
stage exploration, a real delivery mode after production and efficiency have yet to be
determined in the future. '

e. Cosmetics

The current skin care masks applied as topical creams, lotions or ointments may
include dusts or liquid sprays which may be more likely than fibrous materials to
migrate into sensitive areas of the body such as the nose and eyes where the skin
mask is being applied to the face. Electrospun polymer nanofibers have been
attempted as a cosmetic skin care mask for the treatment of skin' healing, skin
cleansing, or other therapeutical or medical properties with or without
variousadditives [88]. This nanofibrous skin mask with very small interstices and
high surface area can facilitate far greater utilization and speed up the rate of transfer
of the additives to the skin for the fullest potential of the additive. The cosmetic skin
mask fro‘m the electrospun nanofibers can be applied gently and painlessly as well as
directly to the three—diménéional topogfaphy of the skin to provide healing or care
treatment to the skin. o
f. Protective clothing application

The protective clothing in military is mostly expected to help maximize the
survivability, sustainability, and combat ‘effectiveness of the individual soldier
systemagainst extreme weather conditions, ballistics, and NBC (nuclear, biological,
and chemical) warfare [89-96]. In peace ages, breathing apparatus and protective

clothing with the particular function of against chemical warfare agents such as sarin,

12
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soman, tabun and mustard gas from inhalation and absorption through the skin
become special concern for combatants in conflicts and civilian populations in
terrorist attacks. Current protective clothing containing charcoal absorbents has its
limitations in terms of water permeability, extra weight-imposed to the article of
clothing. As such, a lightweight and breathable fabric, which is permeable to both air
and water vapor, insoluble in allsolvents and highly reactive with nerve gases and
other deadly chemical agenfs, is desirable. Because of their great surface area,
nanofiber fabrics are capable of the neutralization of chemical agents and without
impedance of the air and water vapor ppermeability to the clothing [97-100].
Electrospinning results in nanofibers laid down in a layer that has high porosity buf
very small pore size, providing good resistance to the penetration of chemical harm
agents in aerosol form [101-110]. Preliminary investigations have indicated that
compared to conventional textiles the electrospun nanofibers presentboth minimal
impedance to moisture vapor diffusion and extremely efficiency in trapping aerosol
particles [102,106,111-113], as well as show strong promises as ideal protective
clothing.

1.3.3 For electrical and optical application

Conductive nanofibers- are expected to be used in the fabrication of tiny
electronic devices or machines such as Schottky junctions, sensors and actuators.
Due to the well-known fact that the rate of electrochemical reactionsis pr‘oportional
to the surface area of the electrode, conductive nanofibrous membranes are also quite
suitaBlefor using as porous electrode in developing high performance battery
[114-127]. Conductive (in terms of electrical, ionic and photoelectric) membranes
also have potential for applications including electrostatic dissipation, corrosion
proteotidn, electrom‘agnetic interference shielding, photovoltaic device, etc.
[128-139]. Waters et al. [140] reported to use electrospun nanofibers in the
development of a liquid crystal device of optical shutter which is switchable under an
electﬁc field between a state in which it is substantially transparent to incident light
and a state in which it is substantially opaque. The main part of this liquid crystal
device consisted of a layer of nanofibers permeated with a liquid crystal material,
having a thickness of only few tens microns. The layer was located between two
electrodes, by means of which an electric field could be applied across the layer to

vary the transmissivity of the liquid crystal/nanofiber composite. It is the fiber size
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used that determines the sensitivities of the refractive index differences between the
liquid crystal material and the fibers, and consequently governs the transmissivity of

the device. Obviously nanoscale polymer fibers are necessary in this kind of devices.
1.3.4 For other application

Nanofibers from polymers with piezoelectric effect such as polyvinylidene
fluoride will make the resultant nanofibrous devices piezoelectric. Electrospun
polymer nanofibers could also be used in developing functional sensors with the high
su;face area of nanofibers facilitating the sensitivity. Poly (lactic acid co glycolic
acid) nanofiber films were employed as a new sensing interface for developing
chemical and biochemical sensor applications [141,142]. Highly sensitive optical
sensors based on fluorescent electrospun polymer nanofiber films were also recently
reported [143-155]. Preliminary results indicate the sensitivities of nanofiber films to
detect ferric and mercury ions and a nitro compound (2,4-dinitrotulene, DNT) are
two to three orders of magnitude highef than that obtained from thin film sensors.
Nanoscale tubes made from various materials including carbon, ceramics, metals,
and polymers are important in many industry fields. Ultrafine fibers prepared from
electrospinning can be used as templates to develop the various nanotubes [156,157].
In general, the tube material is coated on the nanofiber template, and the nanotube is’
formed once the template is removed throﬁgh thermal degradation or solvent
extraction. For this purpose, the template nanofiber must be stable during the coating
and be degradable or extractable without destructing the coating layer. By using PLA
nanofibers, Bognitzki et al. obtained polymer [PPX, or poly(p-xylylene)], composité
of polymer (PPX) and metal, and metal (aluminum) nanotubes respectively through

chemical vapor deposition (CVD) coating and physical vapor deposition (PVD)
| coating and then thermal degradation. The wall thickness of the tubes was in the
range of 0.1-1mm [156]. Hou et al. employed the.sirﬁilar procedure.. Hov&}ever,' both
PA [poly (tetramethylene adipamide)] and PLA nanofiber of smaller diameters were

used as templates and thinner nanotubes were achieved [157].
1.4 Objective of this study

The extremely small diameters (~ nm) and high surface to volume and aspect
ratios found in electrospun fibers have. been well recognized. Previous studies mainly .

focus on the morphology or structure of electrospun nanofibers. This thesis disclosed
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new specialties of nanofibers by using the nanosize effect of electrospun fibers. It
includes two issues as follows. -

Firstly, the nanofibrous morphology which contributes to the high surface area not
stable in many aqueous conditions Which limit their applications. This thesis contains
the approach to fabricate tough nanofibers which can maintain their nanofibrous
morphology with hydrophilic surface. Secondly, compare to the nanoparticles, the
electrospun nanofibers could be in some aligned assembles or patterns which might
reveal new functionalities of pristine materials. Meahwhile, challenges to explore
new applications of aligned assembles were covered. Acoordirig to the main
objectives, polyvinyl alcohol (popular nonconductive synthetic polymer) and
poly(3-hexylthiophene) (widely-used semiconductive polymer) were selected in this
thesis. '

PVA is a colourless, water-soluble synthetic resin employed principally in the
treating of textiles and papet. Since the production of PVA is multi-step process, the
rﬁonomer source, polymerization route and saponification process may give rise to
PVA with the differences in molar mass, tacticity, and metal ion impurity and so on.
The effects of di or trivaleﬁt metal ions 6n electrospinning process haven’t been paid
any attention yet, however, the di- and trivalent metal ions can substantially change
the viscosity, electricconductivity and surface tension of aqueous PVA solutions
because PVA can physically interact with these metal ions.

In chapter 2, improving the electrospinning process of polyvinyl alcohol (PVA)
which contained impurity of high metal ions aqueous solutions was done by dialysis
and complexation pretreatment.

In chapter 3, the inter-relationship between metal ions and high saponification
degree on electrospinning were further studied in detail.

While PVA electrospun nanofibers have been prepared by the electrospinning
method and investigated their functions [158-165], PVA nanofibers can not maintain
their fibrous morphology in water owing to high hydrophilicity bf PVA. Chémical
' cross—iinking of PVA fibers can also improve its stability. Glutaraldehyde, maleic
anhydride, glyoxal, and blocked isocyanate prepolymer have beén investigated as
chemical cross-linking agents for PVA nanofibers. However, harmful acids should be
used as catalyst and these fiber morphologies were changed after immersed in water

at room temperature.
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In chapter 4, the preparation of PVA nanofibers cross-linked with
N,N‘-trimethylene-bis[2—(Vinylsulf6ny) acetamide] was reported.
N,N’-trimethylene-bis[2-(vinylsulfony) écetamide] has been used for the prepara;cion
of Watef—insoluble materials by the formation of cross-linking points am;)ng
water-soluble polymers including gélatins and starches. The vinylsulfonyl groups
react with hydroxy groups in PVA without the useé of catalytic acid. The aqueous
mixture of PVA and N,N’-trimethylene-bis[2-(vinylsulfony) acetamide] at room
temperature do not cause gelation by the formation of cross-linking points and keep
stable solution having the same viscosity during one month. This indicates that the
cross-linking reaction does not oceur in aqueous solution. On the other hand, the
dried PVA films prepared from aqueous solution of PVA and
N,N’-trimethylene-bis[2-(vinylsulfony) acetamide] exhibits insoluble in water after
the thermal treatment at 150 °C. Compound N,N‘—triméthylene-bis[2—(Vinylsulfony)
acetamide] is-suitable as a c’ros's-linking agent to obtain in situ cross;linked PVA
nanofibers though the electrospinning process. Hot water resistant PVA nanofibers
were fabricated and using them as the template for depdsition of functional
nanoparticleé. » |

In chapter 5, In order to achieve well-aligned nanofiber assembles and explore
the new features of nanofibrous patterns, P3HT was chose to challenge this issue.
Regioregular poly (3-alkylthiophene)s (P3HTs) are the most prominent organic
semiconductors applied in organic electronics involving organic field-effect
transistors and solar cells [166]. Because of the absence of chain entanglement of
rigid rod-like P3HT in a solution, the continuous electrospinning of uniform P3HT
nanofibers requires either mixing with high-molecular-weight insulating polymers or
the use ’of‘ highly concentrated solutions [i 67-170]. Pristine P3HT electrospun fiber
by using a high-molecular-weight regioregular P3HT was reported. The molecular
weight of this P3HT is about 10 times higher than that of the P3HT used in previous
studies. Our expectation was that the longer length of the rigid P3HT backbone
would increase the solution viscosity of a low-concentrated solution. This change of
solution property may improve the eleétrospinning stability in the fabrication of pure
P3HT nanofibers. '
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CHAPTER 2 Improvement of the electrospinning
~process of PVA via dialysis and complexaﬁon

pretreatment

Abstract

The electrospinning process of polyvinyl alcohol (PVA) aqueous solutions for two
samples (HS and FL) was carried out. FL solutions produced nanofibers in
electrospinning process, whereas HS solutions showed poorer electrospinning
process accompanying dropping and electrospraying. The analysis of the spinning
solution properties indicated that the electric conductivity and viscosity of both FL
and HS solutions demonstfated similar behaviors. However, the surface tensions of
FL solutions were slightly decreased while the surface tension presented U-shaped
curves for HS solutions with the increase of polymer concentration. The NMR spetra
and DSC results implied that HS had higher degree of saponification. The metal
element analysis results meant that HS contained high concentrations of calcium and
-aluminum ions while FL much less. The dosage of calcium chloride into FL aqueous .
solutions indicated that electrospinning process was significantly aggravated. The
electrospinnability of HS was substantially improved both by dialysis and
complexation. It was the high degree of saponification and it was intramolecular
cross-linking and intermolecular cross-linking occurred between PVA chain and the
metal ions that coined the abnormal behaviors in surface tension and thus

deteriorated electrospinnability.
2.1 Introduction

Poly (vinyl alcohol) (PVA) is a semi-crystalline hydrophilic polymer with highly’
biocompatible, non-toxic, good chemical and thermal stability, and thus these
prominenf properties led PVA to find its wide applications. The electrospinnability
and its non-woven fabric properties of PVA with different saponification degree (SD)
[11, molar mass [2, 3] and pH value [4] have been investigated carefully. High
saponification degree, large molar mass as well as low pH values all impeded
electrospinning. Since the production of PVA is multi-step process, the monomer

source, polymerization route and szipohiﬁcétio’n process may give rise to PVA with
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the differences in molar mass, tacticity, and metal ion impurity and so on. The effects
of di or trivalent metal ions on electrospinning process haven’t been paid any
attention yet, however, the di- and trivalent metal ions can substantially change the
viscosity, electric conductivity and surface tension of aqueous PVA solutiong
because PVA can physically interact with these metal ions [5]. In this work, the
effects of di- and trivalent metal ions and of saponification degree were studied in

details.

2.2 Experimental

2.2.1 Raw materials

PVA1750 with SD=99+%, the polymerization degree 1,750 and intrinsic viscosity
0.913, made in China (abbr. HS); PVA1600 with SD=97.5-99.5%, the
polymerization degree 1,600, and the intrinsic viscosity 0.864, Fluka (abbr. FL);
ethylene diamine tetraacetic acid (EDTA) and anhydrous calcium chloride, analytioal

grade; deionised water; regenerated cellulose diélysis bag (MWCO 10000 Dalton).
2.2.2 Preparation of solutions

- PVA was dissolved into deionised water at 70 °C for 2 h. The solution was filled
into a dialysis bag and dialysed with renewing fresh deionised water for every 2 h.
The dialysis operation lasted for 2 days. EDTA was dissolved in water before being
added to aqueous PVA solution. ;

2.2.3 Electrospinning conditions .

The distance between needle and target Ted=150 mm, spinning voltage=16 kV,
ambient temperature=20 °C, relative humidity RH=70%. The spinning hole or
spinneret was made in the following way: a glass tube was heated and drawn to get a
conical tip, and the commercial polyethylene vial sampler (0.5 ml) was fixed tightly
on the glass conical tip. The internal diameter of the polyethylene vial was ca.0.7
mm, and the flow rate was ca. 0.1 ml/h. Usually the electrospinning was carried out
Withih 2 h after PVA was dissolved completely, otherwise the spinning solution

would be treated with ultrasonic dispersion prior to electrospinning.

\

2.2.4 Characterization of solution properties and fiber morphology

The conductivity and surface tension of PVA aqueous solutions were measured by
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using a conductivity meter (DDB-303A, Shanghai Leici Instruments Co. Ltd) and a
surfdce tension meter (DW-P503-4AC), respectively, at 20 °C. The viscosities of
PVA ‘aqueous solutions were measured on a coaxial cylinder viscometer (NDJ-79,
Shanghai Changji Geological Instruments Co. Ltd) at 20 °C. The melting point of
raw PVA was measured with Perkin-Elmer (DSC-7) under nitrogen flow with the
flow rate 40 ml/min and the heating rate 10 °C/min. The morphology of electrospun
fibers was observed on a scanning electron microscope (SEM) (HITA-CHI S-570)
after gold coating. The 'H NMR spectra were aquired with Bruker AV-400 NMR
spectrometer, D,O as solvent and at amibent temperature. A weighted PVA sample
was burned in a Muffle furnace at 600 °C for 2 h, and the residue was dissolv‘ed‘in
dilute nitric acid. The solution was used for measuring the concentrations of metal

ions with Plasma Emission Spectrometry (PLA-SPECI).

2.3 Results and discussion

2.3.1 Electrospinning of PVA aqueous solutions

HS solutions at the different PVA concentrations ranging between 7 and 9 w/v%
mainly showed electrospraying rather than electrospinning, no continuous fibers
were formed even at all PVA concentrations with solution dropping at the tip of
needle. FL solutions indicated the. steady electrospinning with no dropping, and
smooth and uniform nanofibers were produced. Koski et al concluded that the
product of polymer intrinsic viscosity and polymer concentration ([n]C) controlled
electrospinnabiliy, and the minimum value would be 5 from electrospraying to
electrospining for PVA. In our case, HS had polymerization degree was 1,750 and
minimum concentration 7 w/v %, the value of [n]C was ca. 5. It seemed the theory -
didn’t work well for sample HS. Shenoy'et al. [6] thought that the event of chain
entanglements dominated électrospinnability, and ‘suggested that the minimum
number of chain entanglement points for fiber initiation be 2. The repeating units of
PVA for the event of chain entanglement were assumed to be the same as
polyethylene since intramolecular and intermolec-ular hydrogen bonding of PVA
might offset the bulky effect of hydroxyl group, and thus the molar mass of chain
entanglement for PVA was 1,964. The volume fraction 8, for PVA concentration 7
w/v% was ca 0.0526. The number of chain entanglement points (Ne) in PVA 7 w/v%
solution 2.06. Shenoy’s theory also implied that 7 w/v% concentration of PVA
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should be the minimum concentration for the electrospinning. Unfortunately it fell
again. In addition, Yao et al. [7] pointed that it was difficult to get the PVA
concentration of 10 wt % with molar mass 115,000 to be electrospun. Actually in the
Yao’s system, the values of [n]C and Ne were calculated to be 9.8 and 4.31,
respectively, the flat electrospun fiber can be resulted in the light of Shenoy’s theory
if it is possible to be spun; and the value 4.31 of Ne would mean that the solution
located at very high concentration ranges with [n] proportional to My>#. Thus the
difficult electrospinning originated from a very high polymer concentration and high
molar mass. It seeme;d hard to explain electrospinning clearly only based on the
solution fheories for our case, and the microstructure of PVA and the properties of

solutions would be investigated accordingly.
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Figure 2.1 Solution properties £ PVA aqueous solutions

Figure 2.1 give the viscosity, conductivity and surface tension of the two PVA

solutions. The viscosity and electric conductivity of the two solutions show similar
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tendencies with PVA concentrations, whereas the surface tension of HS presented
abnormal behavior as comparison with those of FL. Generally speaking, the surface
tension would be lessened and then leveled off and the viscosity and the conductiv‘ity
would be increased monotonically with the increase of PVA concentrations, and the
electrospinnability of PVA solutions would consequently be improved, namely from
electrospraying to electrospinning, which was implied in the references 2 and 6, and

this would be also conformed in our work for FL."

Table 2.1 Content of di-or trivalent metal ions of three PVA raw materials (ppm)

' » Equivalence in
Elements Cr Cu Fe Mg Mn Ti Zn Al Ca

solution, mM
HS 0.13 53 10 23 1.8 14 043 53 48 0.64

FL / /01 [ 10 22 0.15

® netal i1ons ~— .~ macromolecule
- water molecule

Figure 2.2 Illustration of di-and tri-valent metal ions interaction with polymer chains

Table 2.1 lists the contents of some di- and tri-valent metal ions in PVA raw
materials. FL. contained trace amounts of di- and trivalent metal ions, while HS had.
 diversified metall lons with high concentrations. The equivalent number was
calculated by the product of mole number and usual valence of metal ions, and then

converted into the value corresponding to 7 w/v% concentration. The equivalence
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number of FL was much smaller than that of HS. PVA chains may interact with these
trace amounts of di- and triva\lent metal ions and form physical cross-links, and this
would multiply viscosity and turn surface tension upside down. The U-shaped
surface tension for sample HS was understood as follows: at low polymer
concentrations, metal ions caused intramolecular crosé-links and made PVA chains
compacted and led surface tension of the solution to be’increased; at high polymer
concentrations, the metal ions caused intermoleéular cross-links and the resultant
" physical gels were fully filled in the whole vessel. When the surface tension was
measured only by breaking the gels, the surface tension of similar virgin water was
obtained, and hence the high surface tension was picked coincidently. >This
explanation was schematically presented in Figure 2.2. The intramolecular and
intermolecular crosslinking effects due to higher valent metal ions substantially
varied the configuration of macromolecular chains, namely the dissolution behaviour
of PVA, and thus the surface tension of PVA aqueous solution. Actually Yao et al
improved the electrospinning of PVA with high molecular weight by addition of the
surfactant Triton X-100 [7]. At low polymer concentrations, intramolecular
cross-linking  effects reduced the chance of interchain contacts and
theelectrospraying was resulted while with solution dropping at the tip of needle. At
the high concentrations of PVA, of course the higher of metal ion content,
intermolecular cross-linkings due to high valence metal ions made the solution
viscosity become high but much brittle, then the solution was difficult to go through
the needle, and hence electrospraying and ocassionally few pieées of flat filaments

were got while with solution dropping at the tip of needle. Accordingly, it is the
‘ presence of high concentrations of di- and tri-valent metal ions that cause the
abnormal surface tension behaviours and further the electrospipnabiliﬁf of HS
solutions to be- deteriorated. Zhang et al claimed that the relatively high
saponification degree, especially with saponification degree over 99%, might also
impair electrospinnability of PVA. Obviously this may be due to stronger °
intramolecular and intermolecular hydrogen bondings at higher saponification -
degrees. The melting points of FL and HS raw materials were 223.4 and 232.3 °C,
respectively and the values implied that the SD of FL would be lower than that of HS
because the residual acetyl groups in PVA chain damaged its regularity and then

hindered crystallization and further diminished crystallite sizes. Figure 2.3 shows the
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proton NMR speétra for the two samples. The peak attribution is tabulated in Table
2.2 [8]. The adsorption in the areas of 1.909-1.991 for FL. were much stronger than
that vof HS, and this implied that inore acetyl groups were stivli ‘appended in PVA
chains for FL than for HS. Therefore, the higher the saponification degree, the fnore
difficult the electrospinning. This finding complied with Zhang’s conclusion. We

will further testify the effect of saponification degree in our ongoing project.

s,
>

| ~—HS .

Relative adsorption

0.5 1.5 2.5 3.5 4.5
Chemical shift

Figure 2.3 "H NMR spectra for two samples

Table 2-2 The peak assignment from "H NMR spectra ]

OH from Methyl ~ Residual | Sodiuny Methylene

H Methine _ b
: water and from acetyl groups  acetate from chain
source —CH-
PVA methanol*  (CH;CO-) (CH;COONa) (-CHp)
position 4.702 3.888 -3.205 1.905-1.991  1.775 1.457-1.560

* Methyl group came from residual solvent methanol in PVA particles.
® Sodium acetate was a byproduct during saponification.
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2.3.2 Electrospinning process after dialysis and complexation

treatment
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Figure 2.4 Solution properties of all sample HS

Figure 2.4 give the solution properties of virgin HS solutionsand of HS solutions
after EDTA complexation and dialysis pretreatments. After the complexation with
EDTA, the viscosities of PVA solutions were somewhat reduced only at the
concentrations ca 10-14 w/v% in comparison to untreated PVA. solutions, whereas
the surface tension behaviors did change substantially and dwindled monotonically
with the increase of PVA concentration. After the dialysis treatment, the electric
. conductivity markedly fell down, Whil.ev the viscosities diminished significantly

possibly because the all metal ions such as sodium, calcium and aluminum ions were
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got rid of by flushing water and the interaction between metal ions and the hydroxyl
groups of PVA chains were thereby removed. This can confirm that the metal ions
did produce physical cross-links between polymer chains. The surface tension also
gradually decreased with PVA. The electrospinnability of treated HS samples are
dispalyed in Figure 2.5, where the polymer concentrations were all 7 w/v%. The
untreated HS solution only got unshaped nano-particles, the dialysed and the
complexation HS solutions both showed excellent spinnability. As also can be seen
from Figure 2.5, the diameters of filaments after dialysis were larger than those of
filaments after complexation. The reason was that, the removal of metal ions from
solutions reduced the splitting of filament during spinning due to the reduction of
electric force, on the other hand, got the increase of surface tension of solutions and

thereby the increase of filament diameter.

Figure 2.5 SEM images of different PVA fiber morphology (a HS, b HS after
dialysis, ¢ HS after complexation with EDTA, d FL after the dosaging of CaCl,,

scale bar: 600 nm)

2.3.3 Electrospinning process of FL solutions after the addition of

divalent metal ions

In order to testify the negative effect of divalent metal ions on electrospinning, the
anhydrous calcium chloride, the equivalence number 3.6 mM was directly added into
FL solution, and the solution was spun under the same conditions as the undosaged
conterpart. The image d in Figure 2.5 evidences that the calcium ions did aggravate
PVA electrospinnability, and only the fiber with spindles present, instead of smooth

and uniform fiber, was obtained.
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2.4 Conclusions

(1) Di-and trivalent metal ions interacted with the hydroxyl groups of PVA
especially at high saponification degree and produced intramolecular and
intermolecular physical cross-links and thus deteriorated electrospinning process.

(2) Removal of various metal ions by using dialysis substantially changed solution
properties and remarkably improved electrospinning process.

3) Complexatlon with EDTA of di-and tri-valent metal jons mainly changed surface

tension tendency and this markedly enhanced PVA electrospinning process.
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CHAPTER 3: Effect of interaction between hydroxyl
group and high valence metal ion impurity on the
electrospinninng process of PVAs

Abstract
The production of superfine polyvinyl alcohol (PVA) fiber is usually much
difficult by using the routine spinning, whereas electrospinning is a viable
téchnique since the ‘meohanism of fiber formation was different. In this paper, the
effects of solution properties in terms of the residual acetyl group and high valence
metal ion impurity of PVA on electrospinning were carefully investigated. Both the
solution viscosity and the surface tension tendencies with PVA concentration
indicated that there existed strong physico-chemical interaction besides
concentration and molar mass factors. NMR spectra and DSC thermographs
indirectly showed that the devoid acetyl group of PVA would promote the physical
gelation and the formation of hydrogen bondings, and the physical crosslinking
occurred at high _saponiﬁcatibn degrees in the presence of high valence metal ion
impurity. All the interactions éggravated the electrospinnability. Nevertheless, both
. removal of high valence metal ion impurity and the selection of PVA with low
saponification degrees would be always accessible routes to ensure the PVA

electrospinning.
3.1 Introductionon

~ Polyvinyl alcohol is a semi-crystalline hydrophilic polymer with excellent
biodegradability, physico—chemical properfies and thermal stability. The prominent
properties make it attractive for a variety of ‘applications such as ﬁlm‘, fiber and
coatings in industry. With nanotechnology and nanostructure materials widely
being recognized, the electrospinning of nanofibers or ultrafine fibers from
polyvinyl alcohol and its mixtureé has received a great deal of attention in the past
decade.

The effects of spipning conditions, polymer microstructure, and additives on the
PVA electrospinnability have been investigated intensively. Zhang et al.
comprehensively studied the effects of electric voltage, tip-target distance, flow rate,

and cosolvent ethanol on fiber morphology [1]. Tao and Shivkumar found that, the
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structural regimes for beads, beaded—ﬁbers, complete fibers and flat ribbons were
mapped with the product of intrinsic viscosity and polymer concentration from
8.1 to 22.1; the onset of significant polymef chain entanglements accompanied
the development of a stable fiber structure [2]. Shenoy et al thought that chain
entanglement numbers in the nonspecific polymer—polyrher interaction solution for
both fiber initiation and complete formation should be larger than 2.5 and 3.5,
respectively [3]. In their successive work, they further propésed that the
entanglement numbers for the two events be much smaller for the polymer
solutions with physical gelation occurring [4]. In addition, both Zhang [1] and Yao
5] _féund that it was very difficult to prepare ultrafine fibers for the fully
hydrolyzed PVA with high molar mass. In,fact, saponification -degree of PVA will
also switch electrospinning owing to the variation of physical gelation and
hydrogen bonding interaction. Therefore, the polymer chain entanglement, the
physicél gelation and the hydrogen bonding interaction will strongly dominate the
electrospinnability and electrospinning behavior. |

Son et al thought that the pH value strongly affected the PVA electrospinnability
and fiber morphology possibly due to protonation with saponiﬁcatibn degree
99.7%][6]. The average fiber diameter and morphology of the chitosan polyvinyl
alcohol blend much depended on the chitosan content and the two polymer
concentrations [7]. The bovine serum albumin, manganese acetate and calcium
phosphate were blended respectively with aqueous PVA solution to study
electrospinnébility and to prepare functional materials [1, 8, 9]. Copper/PVA
nanocables were produced via the electrospinning of mixture solutions of PVA,
copper chloride, sodium hydrogen sulfite and hydrazine hydrate [10]. It is
Well—known’that high valence metal ions, chitosan and protein in équeous PVA
solutions will interact with hydroxyl group, and the crosslinking structure and
hydrogen bondings can thus be formed. This can change the electrospinning
behaviour simply due to the increase of electrospinning solution viscosity. We were
wondering how and to which extent the electrospinnability was affected in the
presence of divalent metal ions? Up to now, the effect of high valence metal ion
impurity on the electrospinning of PVA hasn’t attracted many interests. We briefly
reported electrospinnability of PVA in the presence of high valence metal ion
impurity [11]. In this work, the inter-relationship between metal ions and high
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saponiﬁcétion degree on electrospinning were further studied in detail.

3.2 Experimental
‘3.2.1Raw materials

Five commercial PVA products were ufséd, and they were HS1799, GW1999,
BY1799, L1699 and BY1788. In the four Arabic numerals, the former two
numbers indicated polymerization degree, for instance, 17 implied polymerization

degree of 1700; the latter two saponification degree (SD), 99 meant SD 99%.
3.2.2 Electrospinning conditions

PVA was firstly dissolved into deionised water at 70 °C for 2 h. The épirmeret
tip-target distance was 130 mm, spinning voltagel6 kV, ambient temperature 20 °C,
relative humidity ca.70 %. The spinning spinneret was made in the following way: a
glaés tube was heated and melt drawn to get a conical ﬁp, and the commercial
polyethylene vial sampler (0.5 ml) was fixed tightly on the glass conical tip. The
internal diameter of the polyethylene vial was ¢a.0.7 mm, and the flow rate was ca.
0.1 ml/h, measured with syringe pump. Usually the electrospinning was carried out
within 2 h after PVA was dissolved completely; otherwise the spinning solution

would be treated with ultrasonic.dispersion prior to electrospinning.
3.2.3 Characterization of solution properties and fiber morphology .

The electric conductivity and surface tension of PVA aqueous solutions were -
measured by using a conductivity meter (DDB-303A, Shanghai Leici Instruments
Co. Ltd) and a surface tension meter (DW-P503-4AC), respectively, at 20 °C. The
viscosity of PVA aqueous solutions was measured on a coaxial cylinder viscometer
(NDJ-79, Shanghai Changji Geological Instruments Co. Ltd) at 20 °C. |

The morphology of electrospun fibers was observed on a scanning electron
microscope (SEM) (HITACHI S-570) after gold coating. A weighted PVA sérﬁple
was burned in a Muffle furnace at 600 °C for 2 h, and the ‘residue was dissolved in
dilute nitric acid. The acidic solution was used for measuring the concentrations of
metal ions with Plasma Emission Spectrometry (PLA-SPECI). The 1H NMR
spectra were acquired with Bruker AV-400 NMR spectrometer, D,O as a solvent.

The measurement was carried out at ambient temperature. The thermograph of PVA
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raw materials was acquired with Perkin-Elmer (DSC-7) under nitrogen flow with

the flow rate 40 ml/min and the heating rate 10 °C /min.

3.3 Results and discussion
3.3.1 Electrospinning process

The electrospinnability can be judged in the light of three different features, the
stability of liquid drop hanged at the spinneret tip, the continuity of spinning
process and the defects free fibers. As shown in Figure 3.1, there were only
particles produced at four different PVA concentrations, and no fibers but particles
appeared for the sample HS1799. In fact, during spinning process, no stable liquid
drops hanged at the spinneret tip. Similar result was obtained for GW1999.
Electrospraying happened again at low PVA concentrations whereas a few filaments

really appeared for the sample BY1799 at high PVA concentrations as indicated in

Figure 3.2.

.5

Figure 3.1 SEM images of electrosprayed deposits from HS1799 (Notation for each

panel based on the order from left to right: 7, 9, 11, and 13 w/v %).

ik

Figure 3.2 SEM images of electrospun particles and fibers from BY 1799 (Notation
for each panel based on the order from left to right: 7, 9, 11, and 13 w/v %).
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Figure 3.3 SEM images of electrospun fibers from FL1699 (Notation for each panel
based on the order from left to right: 7, 9, 11, and 13 w/v %).

As shown in Figs 3.3 and 3.4, at all four PVA concentrations, really ultrafine
fibers are presented. The diameters of the fibers for the low concentration PVA
solutions were generally small in comparison to those at high concentrations. There
existed adhesions at the fiber junction points for the sample BY 1788, while not the
case for the sample FLL1699. The reason was that, the sample BY1788 had low
saponification degree, and the PVA came up with rather good cold water solubility
and namely the water retention ability was strong for BY1788. Conclusively,
FL1699 d‘isplayed excellent electrospinnability, and so did BY1788. GW1999 and
HS1799 really gave us disappointed results. Can we only attribute the good

electrospinnability to a low polymer molar mass and a low saponification degree?

Figure 3.4 SEM images of electrospun fibers from BY 1788 (Notation for each
panel based on the order from left to right: 7, 9, 11, and 13 w/v %).
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3.3.2 PVA ‘SoluAtion properties
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Figure 3.5 Electric conductivities of PVA aqueous solutions (¢ HS1799, o0 GW1999,
m BY1799, AFL1699, 0BY1788).

Conductivity (ys/cm)

Essentially the electrospinning process was controlled by mutually balancing
the three forces, electric field force, cohesive force and surface tension. In reality,
the electrospinnability of polymers could be indicated by the solution properties
including electric conductivity, viscosity and surface tension. The electric
.conductivity of 5 kinds of PVA products is given in‘Figu're 3.5. The conductivity
almost linearly increased with PVA concentration, and this feature might imply that
electric conductive components came from the solute PVA. Main electric
conductive components should be sodium acetate, the byproduct in the hydrolysis
of polyvinyl acetate. The contents of conductive components for FL1699 and
BY1788 were less than those of the other three. A high Con;iuétivity caused the
increase of the electric field force and thus positive charge repulsion was
strengthened and the electréspun Jets-would be torn intensively, at worst only PVA
spots were deposited on the target collector and‘ finally a poor electrospinnability

occurred.
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Figure 3.6 Viscosity behaviors of PVA aqueous solutions (eHS1799, o GW1999, m
BY1799, AFL1699, o BY1788).

As indicated in Figure 3.6, BY1788 -and FL1699 presented almost lineér
relationship of viscosity in the whole PVA concentration rénge. Both low
polymerization degreé and low saponification degree favored soiubility in water. The
linear relationship might be interpreted as the solutions stayed in dilute solution
regime, namely, there were no polymer chain overlaps happened for the two samples.
Theoretically this kind of polyrﬁer solution cant expect to give
any trace of filaments [3]. Nevertheless, since PVA possesses plenty of hydroxyl
groups and they will form strong hydrogen bondings, which was explained well by
Shenoy et al [4], and this interaction exceptionally acted as polymer chain
entanglements and then promoted fiber initiation. HS1799, GW1999 and BY1799 all
showed linear relationship at the concentrations lower than 10 w/v%, and the
nonlinear and upturn tendency appeared at the concentrations over 10 w/v%. The
viscosity upturn behaviour implied that thé polymer solution experienced transition
from the dilute region to semi-dilute region, and polymer chains started to overlap,
and finally polymer chain entanglements would naturally be produced. Fortunately
the sample BY1799 did verify the idea while GW1999 and HS1799 didn’t. It seemed
that too much chemical and physical interaction violently elevated solution viscosity
and caused the solutions not to be electrospun. The differences in the upturn
tendencies would be caused hydrogen bondings, physical gelation and crosslinking

besides the concentration and molar mass factors.
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Figure 3.7 Surface tensions of PVA aqueous solutions (#HS1799, 0 GW1999, =
BY1799, AFL1699, o BY1788).

The relationship between surface tension and PVA -concentration appears in
Figure 3.7, which didn’t show similar trends as in Figures 3.5 and 3.6. The surface
tensions of the samples FL.1699, HS1788 and BY 1799 were expectedly decreased
with the increase of PVA concentration. In this case, PVA behaved itself as a
surfactant, the increase of surfactant resulted in the decrease of surface tension of
the solution, possibly the dissolution of PVA in water reduced the enrichment of
water molecule on the solution surface due to the physical replacement of polyvinyl
alcohol macromolecule. The diminution tendency of surface tension seemed an
accurate signpost of PVA electropirmabilify. However, why the surface tension was
increased when the PVA concentrations were over 9 w/v% for the samples HS1799
and GW19997 When the viscosity bghaviour as shown in Figure 3.6 was taken into
consideration, we could confirm that PVA chain did form strong interchain
interaction, such as hydrogen bonding. This inversely lowered the
phenomenological solubility of PVA and finally the surface tensiori was increased
with PVA concentration. We may imagine that, at high PVA concentrations, the
formation of physical gel due to hydrogen bondings gradually spread over the
whole vessel, and the surface tensions of PVA aqueous solution were sampled only
by breaking the PVA gel and then the surface tension close to the value of pure
water was acquired. The formation of PVA gel may mutually comply with the high
viscosity for the samples HS1799 and GW1999.
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3.3.3 Macromolecular structure

The proton NMR spectra of five PVA aqueous solutions are given in
Figure 3.8, and the peak assignments are listed in Table 3.1. The resonance peak
for residual acetyl group was magnified in the center part in Figure 3.8. As named,
BY1788 really contained most amount of acetyl groups and FL1699 medium, while
there were almost no acetyl groups presented in the samples of GW1999, HS1799
and BY1799. Naturally BY1788 and FL1699 would produce less chemical and
physical interaction, and their viscosity énd surface tension were consequently small,

and vice versa for the other three. This may also symboﬁze the electrospinnability of
PVA.

iy P Avhvded
nas

i

Chemical shift
Figure 3.8 "I NMR spectra of PVA in D,0 (¢HS1799, 0 GW1999, m BY1799, A

FL1699, o BY1788).
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Table 3.1 The peak assignment from 1H NMR spectra

OH
: Methyl Residual . :

from ) Sodium Methylene
H Methine from acetyl

water acetateb from chain
source —CH-  methanol® groups :

and - (CH;COONa) (—CHy-)

(CH;CO-)

PVA

position 4.702 3.888 3.205 1.905-1.991 1.775 1.457-1.560

* Methyl group came from residual solvent methanol in PVA particles.
® Sodium acetate was a byproduct during saponification.

Figure 3.9 shows the thermogi‘aphs of five PVA raw materials. As expected,
BY1788 and FL1699 possessed the low melting temperatures ca. 197°C and 218°C
respectively, whereas BY1799, GW1999 and HS1799 gave the’ high‘ melting
- temperatures ca 222 °C, 228°C and 231 °C respectively. The residual acetyl groups in
PVA chain damaged its regularity and crystallization process was hindered, and thus
small crystals were resulted, and the melting temperatures of the crystals were
reduced. The reduction of melting temperature complied with the analyéis of content
of residual acetyl group in Figure 3.8. In addition, as indicated with black arrows in
~ Figure 3.9, HS1799 and GW1999 gave extra shoulder peak at low temperatures and
were expected to form some paracrystallites in aqueous solution, and thus the
existence of the crystalline states as physical gels may deteriorate electrospinnability.
Conclusively, the tiny discrepancy in saponification degree induced remarkable
change in crystallinity and electrospinnability.

We were wondering whether the GW1999 and HS1799 couldn’t be electrospun
for ever and whether hydrogen bonding and physical gelation were the only two

reasons to jeopardize the electrospinnability.
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3.3.4 High valence Metal ion impurity
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Figure 3.10 Contents of higher metal ion impurity

Figure 3.10 depicts the major divalent and trivalent metal ion contaminates in five
PVA raw materials. As we can see that, calcium, aluminum and iron ions were main
impurities. The sample FL.1699 contained least and GW1999 most abundant while
the other three showed more or less similar situations. As shown in Figs 3.1 to 3.4,
the presence of high valence metal ions affected the electrospinnability possibly by
forming physical crosslinking between high valence metal ion and hydroxyl group

via switching viscosity and surface tension behaviors.

Bave

. 3
L] ’
. acetyl grau;\T\Z\M

¢ high valence metal ion

—tpm  hydroxyl group

Figure 3.11 Hindrance of physical cross-linking due to the bulky acetyl group

between hydroxyl group and metal ions.
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The complexation process between high valence metal ion and hydroxyl group
would be concentration dependent. At low PVA concentrations or in the dilute
solution region, polymer chains dispersed in solution at the molecular level and no
polymer chain éontact event happened, and thus the compieiation took place via
intrachain mode. At high PVA concentrations or in the semidilute or even
concentrated solution region, polymer chains would be crowdéd into the whole vessel,
and thus the complexation occurred via interchain mode. The two interaction modes
produced physical crosslinkings with opposite viscosify behaviour, namely, the lower
solution viscosity was produced at low PVA concentration, and vice verse. This
would deteriorate the electrospinnability of PVA samples with high saponification
degree. In our previous papers[13, 14, 15], the sample HS1799 also showed pretty
good electrospinnability after its éolutions were dialyzed or complexed with ethylene
diamine tetraacid or polyvinyl pyrrolidone or added with cosolvent acetic acid.
Conclusively, high valence metal ions were thoﬁght to fortify the physical
crosslinking at high saponification degree as Well.’Nevertheless, the residual bulky
acetyl groups Would prevent hydroxyl groups from forming physical crosslinking and
hydrogen bonding with high valence metal ions and with other hydroxyl groups. The
hindrance manner of the residual acetyl groups is scher;iatically given in Figure 3.11.

That’s why " the pyésence of large amount of metal ions didn’t disturb the

electrospinnability of BY1788.
3.4 Conclusions

1. The physical gelation and physical cross-linking with high valence metal ions for
the fully hydrolyzed PVAs switched the solution viscosity behavior and surface
tension behaviors and thus époiled electrospinning process.

2. Both the removal of high valence metal ions and the selection of PVA with lower

saponification degree were always viable routes to ensure electrospinning process.

References |

[1] Zhang C, Yuan X, Wu L. Eur. Polym. J., 2005, 41, 423-432.

[2] Tao J, Shivkumar S. Mater. Lett., 2007, 61, 2325-2328.

[3] Shenoy SL, Bates WD, Frisch HL, Polymer, 2005, 46, 3372-3384.
[4] Shenoy SL, Bates WD, Wnek G, Polymer, 2005, 46, 8990-9004.

46



Effect of interaction between hydroxyl group and high valence A Chapter 3
metal ion impurity on the electrospinning process of PVAs

[5] Yao L, Haas TW, Guiseppi-Elie A, Chem. Mater., 2003, 15, 1860-1864.

[6] Son WK, Youk JH, Lee, TS, Mater. Lett., 2005, 59,1571-1575;

[7]1 Jia YT, Gong J, Gu XH, Carbohydr. Polym., 2007, 67, 403~-409.

[8] YuN, Shao C, Liu Y. J. Colloid. Interface. Sci., 2005, 285, 163-166.

[9] Dai X, Shivkumar S, Mater. Lett., 2007, 61, 2735-273 8.

'[10] Li Z, Huang H, Wang C, Macromol. Rapid. Commun., 2006, 27, 152-155.

[11] Zhu XS, Gao Q, Xu DT, J. Polym. Res., 2007, 14, 277-282.

[12] Dean JA, Lange’s chemistry handbook, 15th edn, Chap 7 Section 7.7 Nuclear
Magnetic Resonance. o

[13]1 Xu Y, Zhu XS, Gao Q, J. Soochow. University (Eng. Sci. Edn), 2007, 27, 39-42.

[14] Gao Q, Zhu XS.; Xu Y, China Synthetic Fiber Industry, 2007, 30,15-18. |

, t15] Xu DT, Zhu X8, Xu Y, Polymer Materials Science and Engineering, 2007, 23,
132-135.

\

47



Hydrophilic-nonwovens made of cross-linked fully Chapter 4
hydrolyzed PVA electrospun nanofibers :

CHAPTER 4: Hydrophilic nonwovens made of
cross-linked fully hydrolyzed PVA  electrospun
nanofibers |

Abstract ,

-Fully hydrolyzed poly (Vinyll alcohol) (PVA) nanofibers were successfully
electrospun from aqueous solutions of PVA in the presence of acetic acid. A
continuous spinning of uniform PVA nanofibers proceeded by the addition of acetic -
acid due to the changes of electronic conductivity and surface tension of aqueous :
solution of PVA. When cross-linking agent 1 was added to aqueous solution 6f PVA
and subsequent thermal treatment of as-spun nanofibers, chemically cross-linked
PVA nanofibers were achieved to resist disintegration in contact with hot water and
the tensile mechanical property of nanofiber nonwovens was greatly improved by thé
formation of cross-linking points. Magnetite was deposited uniformly onto the
hydrophilic surface of cross-linked PVA nanofibers and the resulted nanofibers
decorated with ‘magnetite showed a magnetic responsiveness. The deposition of

magnetife on the PVA nanofibers can generate self-standing magnetic nonwovens.i
4.1 Introduction

Nanofibers, which are defined as fibers with diameter less than 1000 nm and the
ratio between length and diameter above 1000 times, have been paid special attention
due to their promised applications. The nanofibers have a far larger surface area than
that of conventional fibers and can exhibit the unique potential functions.
Electrospinning is a simple method for producing nanofibers and non-wovens for
various applications [1]. It involves discharging a polymer solution in air from a
nozzle under high voltage and producing nanofibers by exploiting electrostatic
repulsion of the polymer solution. A lot of organic polymers and inorganic precursors
have been used as a raw material of electrospun nanofibers and explored their
functions originated from their nanofibrous morphology [2]. However, the main
drawbacks of these nanofibers are their pdor mechanical property and unstability of
nanofibrous morphology. To avoid these drawbacks, several attempts have been
achieved. |

Poly(vinyl alcohol) (PVA) , which is a water-soluble and biocompatible material,
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has been widely used in soft contact lenses, drug delivery matrices, cartilage implants,
temporary skin covers or burn dressings and artificial organs [3]. While PVA
electrospun nanofibers have been prepared by the electrospinning method and
investigated their functions [4-10], PVA nanofibers can not maintain their fibrous
morphology in water owing to high hydrophilicity of PVA. To improve .water
resistance and thermal stability needs the enhancement of PVA crystallinity and the
formation of cross-linking points. Conventional PVA fibers have been produced from
fully hydrolyzed PVA having a higher crystalline degree than partially hydrolyzed
PVA [3]. Yao et al. found that fully hydrolyzed PVA nanofibers successfully
fabricated in the presence of a surfactant to lower the surface ténsion [11]. Chemical
cross-linking of PVA fibers can also improve its stability [3]. Chemical oross—linkiﬁg
is advantageous because it can improve stability of fibrous morphology in all
solvents and the mechanicai properties. Glutaraldehyde, maleic anhydride, glyoxal,
and blocked isocyanate prepolymer have been investigated as chemical cross-linking
agents for PVA nanofibers [12-16]. However, these fiber morphologies were changed
after immersed in water at room temperature.' In this context, the cross-linking
process in electrospun PVA nanofibers needs to be explored further.

In this study, we report on the preparation of PVA nanofibers cross-linked with
N,N’-trimethylene-bis[2-(vinylsulfony) acetamide] 1. The cross-linked PVA
nanofibers exhibited no morphological change in hot water treatment. The resulted
nonwovens provide a specific hydrophilic surface, and the surface can act as a

template for the deposition of inorganic materials around the nanofibers.

4.2 Materials and methods
4.2.1 Materials

Two 99.9% hydrolyzed PVA samples (DP=1,700 and '3,200) were provided by
Kuraray Co. Ltd, Tokyo, Japan. Partially hydrolyzed PVA2000 (DP=3100, 88 %
hydrolyze degree) was purchased from Tokyo Chemical Industry Co. Ltd, Tokyo,
Japan. Acetic acid was purchased from Wako, Osaka, Japan. Cross-linking agent 1
was provided from Fujiﬁlm Co. Ltd, Tokyo, Japan. All chemicals were of analytical

grade and were used without further purification.
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4.2.2 Characterization

The conductivity and surface tension of PVA solutions were measured using a
conducﬁvity meter (EC Testr11+, Eutech Intruments Co. Ltd, USA) and a Wilhelmy
plate method with a tensiometer (CBVP-Z, Kyowa Interface Science Co. Ltd,
Saitama, Japan), respectively. | Viscosities were measured using a viscometer

(VM-104, CBC Co. Ltd, Tokyo, Japan) at 25°C. Fiber morphology, average fiber
diameter and distribution of the electrospun PVA fibers were characterized using
scanning electron microscopy (SEM) (VE-8800, Keyence Co. Ltd, Tokyo, Japan)
and field-emission scanning electron microscopy (FE-SEM) (S-5000, Hitachi

- High-technologies Co. Ltd., Tokyo, Japan). Differential scanning calorimeter (DSC)
(DSC 6200, Seiko Instruments Inc. Japan) was used to characterize the thermal
properties of the electrospun PVA nonwovens. A piece of non-wovens (2-5 mg) was
placed in an aluminum sample pan and heated from 30 to 350 °C at 10 °C/min under
Ns. The chemical structure of nanofibers was conducted with a FT-IR (IRPrestige-21,
Shimadzu, Japan). Mechanical properties were performed with a tension tester
(RTC-1250A, A&D Co., Ltd, Japan) at a constant strain rate of 2mm/min (chuck -
distance 40mm). Tensile specimens were prepared in size of 40 x 5 mm® with a
thickness ca. 20 um and represented average values of at least ten tests. The stability
in water of the electrospun nanofibers was estimated by immersing the electrospun
nanofiber nonwovens in water at fixed temperature followed by vacuum drying at
room temperature for two days. Weight loss was calculated by the weight change
before and after immersion test in the dry state and represented average values of ten

tests.

4.2.3 Deposition of magnetite layers onto cross-linked PVA
nanofibers
FeCl; 6H,O (5.7 mg, 21.1 pmol) and FeCl, 4H,0 (2.1 mg, 10.5 umol) were

dissolved in 8 ml of distilled water and the aqueous solution was degassed by Na [17]. ‘

The nanofiber nonwoven (0.5 mg) was immersed within the degassed aqueous
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solution of ferrous and ferric jons and stood for 1 hr. After 1 h, 21.2 M NaOH
aqueous solution (0.5 ml) was added slowly and the mixture was heated to 90 °C for
40 min. After cooling to room temperature, nonwovens were washed with water and

dried under vacuum.
4.3 Results and discussion

4.3.1 Fully hydrolyzed PV A nanofibers

Commercial production of PVA fiber is carried out by wet-spinning using PVA
aqueous solution [3]. Since the degree of hydrolysis strongly affects water resistance
and mechanical properties of PVA. fiber, fully-hydrolyzed PVA is a preferred raw
material for fiber formation because of its high crystallinity. In the past decade, the
electrospinning of PVA aqueous solution has been intensively investigated, but most
of the researches are based on partially hydrolyzed PVA with 88-96 % hydrolysis
degree [4-10]. Electrospun nanofibers of partially hydrolyzed PVA with 88 %
hydrolysis degree were easy to change their fibrous morphologies in contact with
water and showed weak mechanical properties. To improve water resistance and
mechanical performance of PVA nanofibers, we selected fully hydrolyzed PVA as a
raw material of electrospun PVA nanofibers. The electrospun objects were prepared
from 6 w/v% aqueous solutions of partially or fully hydrolyzed PVAs (number

‘average polymerization degree (DP) are 3,100 and 3,200 for partially and fully
hydrolyzed PVAs) by applying at 10 kV with a oolleotingvdista_lnoe of 14 cm. While
the partially hydrolyzed PVA can form uniform and long nanofibers with 350 + 30
nm in averago diameter, the aqueous solution of fully hydrolyzed PVA forms only
droplets. In addition, no fiber formed from fully hydrolyzed PVA aqueous solutions
in the concentration rénge of 6.0-11.0 wt/v %.
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Figure 4.1 Changes in (a) electroconductivity, (b) viscosity, and (c) surface tension of
PVA (DP = 3,200) aqueous solution (@) and water (O) as a function of acetic acid
concentration. (d) SEM images of electrospun fully hydrolyzed PVA nanofibers
prepared from 3.0 v/v% acetic acid aqueous solutions of 6w/v% PVA (DP = 3,200).

In general, continuous and uniform spinning of nanofibers from polymer solutions
through electrospinning process requires adjustments of solution properties such as
surface tension, electroconductivity, and viscosity. Fully hydrolyzed PVA aqueous
solution (6.0 w/v%) revealed a high surface tension at 25°C of 65 mN/m, while
partially hydrolyzed PVA of same concentration showed a much lower value of 39
mN/m. This high surface tension of fully hydrolyzed PVA is one of limiting factors
for the electrospinning process. A low surface tension is favorable for electrospinning
process because of the smooth ejection of the jet from the Taylor cone [1]. Yao et al.
found that aqueous solutions of fully hydrolyzed PVA without any additives did not
form nanofibers due to their high surface tension and successfully accomplished with
the use of Triton X-100 to reduce the surface tension of the PVA aqueous solution
[11]. The addition of additives for the reduction of surface tension is an effective
approach to improve the electrospinning process [18]. However, the additives remain

within the nanofibers and the remained additives may affect final properties of
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nanofibers [5-6, 11]. We selected acetic acid as an additive, and acetic acid can
evaporate during the electrospinning process. [19]. Changes of solution properties of
PVA solutions as a function of acetic acid concentration were shown in Figure
4.1(a-c). With the concentration of acetic acid increased from 0 to 3.0 v/v%, the
surface tension of the solution declined from 65 to 57 mN/m and the
electroconductivity was enhanced from 67 to 1144 ps/cm. Although 4.0 v/v%
aqueous ethanol solution (surfgce tension: 52 mN/m, electroconductivity: 96 ps/cm,
~viscosity: 191 mPa s) showed a similar surface tension as 3.0 v/v% acetic acid
solution, aqueous ethanol solution of fully hydrolyzed PVA formed beaded
nanofibers. When 0.1 wt% sodium chloride was employed to adjust a similar
electroconductivity (surface tension: 67 mN/rh, electroconductivity: 1377 ps/cm,
viscosity: 308 mPa s) as that of 3.0 v/v% solution of acetic acid, the electrospinning
of this solution formed only droplets without fibers. These results show that
adjustment of both surface tension and electronic conductivity are essential for the
continuous and uniform spinning of nanofibers from solution of fully hydrolyzed
PVA. Acetic acid is a vaporous additive to reduce the surface tension and enhance the
electronic conductivity of aqueous solutions.

When acétic acid was added to 6.0 wt/v% solution of fully hydrolyzed PVA, long
and smooth nanofibers were formed without beads and the average diameter of PVA
nanofibers was 260 + 25 nm (Figure 4.1d). FT-IR spectrum of nanofibers did not
show the characteristic peaks of carboxylic and ester gfoups (Figure 4.2). This
indicates almost completely evaporation of acetic acid during the electrospinhing and
drying processes (vacuum for 12 h at room temperature). No formation of acetates by
the polymer reaction with acetic acid. Furthermore, the melting poiht of PVA
nanofiber measured from DSC curve was found to be 224 °C, which is. consistent
with that of the powdered sample (220 °C) [13, 20-22]. Addition of acetic acid to
aqueous solution of fully hydrolyzed PVA reduced the formation of beads due to the

reduction of surface tension, and produced nanofibers with a narrow diameter

distribution.
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Figure 4.2 FT-IR spectra of (a) acetic acid, (b) as-spun PVA fibers, and (c) PVA

fibers under vacuum for 12 h.

. The nanofiber morphologies were investigated by varying the concentration of
acetic acid in 6.0 w/v% solution of fully hydrolyzed PVA (Figure 4.3). When the
concentration of acetic acid was 1.0 wt%, a few beaded fibers were formed but the
majority was droplets. When the concentration increased up to 2.0 wt%, uniform
fibers with an average diameter of 222 + 46 nm were obtained on the target.
However, there were still some droplets collected on the target, indicating an
unstable electrospinning. PVA solutions containing above 3.0 wt% acetic acid
indicate a steady electrospinning without droplets and uniform nanofibers were
collected onto the target electrode. The average diameter of obtained PVA nanofibers
increased from 260 £ 25 nm to 350 % 37 nm with the increase of concentration of

acetic acid from 3.0 to 10.0 v/v%.
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Figure 4.3 SEM images of PVA nanofibers (PVA concentration: 6w/v%) prepared at
different acetic acid concentrations; (a) Owt%, (b) 1wt%, (c) 2wt%, (d) 3wt%, (e)
4wt% and (f) 10wt%.

Figure 4.4 SEM images of PVA nanofibers (acetic acid concentration: 3wt%)
prepared at different PVA concentrations; (a) 2wt%, (b) Swt%, (c) 7wt% and (d)
Owt%.

The effect of concentration of fully hydrolyzed PVA on the morphology of
electrospun nanofibers was investigated by varying the PVA concentrations

containing 3.0 wt% acetic acid (Figures 4.4 and 4.5). Only beads were collected on
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the target from 2.0 w/v% aqueous solution of fully hydrolyzed PVA. When the PVA
conceuntration was increased to 3.0 w/v%, beaded fibers were found on the target.
Completely beads-free fibers with an average diameter of 260 % 25 nm were formed
at 6.0 w/v%. The nanofibers prepared from 9.0 w/v% PVA solution became much

wider with an average diameter of 766 = 155 nm.
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Figure 4.5 Diameter dependence on PVA concentrations.

When the nonwovens composed of electrospun PVA nanofibers were immersed
into water, ‘the nonwoven instantaneously shrank énd turned into giobular gels.
Fibrous structures were lost by the immersion of nonwovens into water. The weight |
losses of nanofiber nonwovens after immersing inté water at 37 °C for 2 hr were -
nmeasured. The nanofiber nonwoven made of partially hydrolyzéd PVA completely
dissolved in water. In contrast, the nonwovens made of fully hydrolyzed PVA
showed a 26 % of weight loss, indicating a better water-resisting property than
partially hydrolyzed PVA. The degrees of crystallinityl of nanofibers deterrnihed by
the' DSC analyses were found to be 17 and 35 % for partially and fully hydrolyzed
PVAs, respectively. The presence of acetate groups in PVAs diminishes the formation
of hydrogen bonding among polymer chains and reduces the degree of crystallinity. -
The use of fully hydrolyzed PVAs has a great advantage to improve water resisténce
of nanofiber nonwovens. Furthermore, the mechanical properties of nonwovens
made of fully hydrolyzed PVAs revealed higher tensile strengfh and strain values
compared to that of partially hydrolyzed PVA. This suggests that the high degree of

crystallinity enhanced the mechanical properties of nanofiber nonwovens.
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Table 4.1 Physcial properties and water resistance of PVA nanofibers

DP of PVA 1,700° 3,200 3100
Melting point (°C) 216 221 191
Degree of crystallinity (%) 29 35 15
Tensile strength (MPa) 6.1+3.1 12.0+£2.3 5.3%1.9
Enlongation at break (%) 56.7+£6.8 114.2+ 14.5 32.7+5.8
Weight loss in water® (%) 26 (0% 17 (0% 100 (35%)

2 Fully hydrolyzed PVA, ° Partially hydrolyzed PVA, ®37°C for 2 hr, ¢ after thermal

treatment at 180°C for 10 min

Nanofiber formations of two fully hydrolyzed PVAs having DP = 1,700 and
3,200 were investigated. Uniform nanofibers were obtained from aqueous PVA
solutions containing acetic acid. Low molecular weight PVA (DP=1,700) formed
beads-free nanofibers from the PVA solutions containing 3.0 v/v% acetic acid in the
PVA concentration ranges of 9.0-13.0 wt/v%. PVA nanofibers with two different
molecular weights showed different properties (Table 4.1). Fully hydrolyzed PVA
nanofibers revealed an increase in melting point from 216 to 221 °C and in degree of
crystallinity from 29 to 35 % as increasing of molecular weight from 1,700 to 3,200.

The tensile strength of nanofiber nonwovens also enhanced according to the increase

of molecular weights.

4.3.2 Thermal Treatment
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Figure 4.6 a) SEM image of thermal treated PVA (DP = 3,200) nanofibers after
immersing water at 37 °C for 2 h (b) Weight losses of PVA (DP = 3,200) nanofibers

treated at different temperatures after immersing water at 37 °C for 2 h.
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Although the nanofiber nonwovens made of fully hydrolyzed PVA (DP = 3,200)
exhibited better water resisting property compared to partially hydrolyzed PVA, the
morphology of nanofibers was lost by the immersing’ into water, suggesting that
water resistance of as-spun nanofiber nonwovens is not enough. For the conventional
PVA fibers pfoduced by wet-spinning, post-thermal treatment has been employed to
improve their water resisting property [3]. The nanofiber nonwoven treated at 180 °C
for 10 min showed no weight loss by the immersing in water at 37 °C for 2 hr,
indicating the improvement of water resistance of PVA nanofiber nonwovens by the
post-thermal treatment. The heat-treated nanofibers .maintained a fibrous morphology
and the average diameter of immersed nanofibers was enlarged from 260 = 25 nm to
420 £+ 30 nm (Figure 4.6a). In cdntrast, the partiaily hydrolyzed PVA nanofibers did
not show the enhancement of water resistance by the heat treatment at 180 °C. Tﬁe
weight loss of fully hydrolyzed PVA nanofibers was gradually decreased as
increasing temperature of thermal treatments (Figure 4.6b). The nanofibers treated

below 180 °C changed no-structural materials by the immersing in water.
4.3.3 Cross-linking

The morphologies of thermal-treated nanofibers by the immersing in water kept
below 45 °C, but the fibrous structure was ‘completely lost abové 50 °C. The thermal
treated nanofibers could not maintain their fibrous structures in hot water. For the
biomedical applications, the sterilization process of materials is essential to eliminate
all forms of microbial life. To achieve the complete water resistance in hot water and
steam for the sterilization processes needs the cross-linking among PVA chains
within the nanofibers. There are several attempts for the cross-linking of PVA by
using several cross-linking agents in the presence of strong acids. Cross-linked PVA
nanofibers have been prepared by two methods. One approach is the soaking of
electrospun PVA nanofibers with solutions of cross-linking agents in the presence of
strong acids or the exposure of nanofibers with vapors of cross-linking agents.
Recently, Khan and coworkers succeeded to obtain cross-linked PVA nanofibers
through single step electrospinning from PVA aqueous solution containing
glutaraldehyde and HCI [16]. In situ cross-linking processes can use a conventional
setup with no modifications, however, the preéence of cross-linking agents and -

catalytic acids influenced the solution properties of PVA sblutiqns. Thus, the careful
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adjustment of solution properties is needed to obtain the cross-linked PVA nanofibers.
And there is no report for the complete water resistance in hot water. Compound 1
was used as a water-soluble cross-linking agent for electrospun PVA nanofibers. This
cross-linking agent has been used for the preparation of water-insoluble materials by
the formation of cross-linking points among water-soluble polymers including
gelatins and starches. The vinylsulfonyl groups in 1 react with hydroxy groups in
PVA without the use of catalytic acid. The aqueous mixture of PVA and 1 at room
temperature do not cause gelation by the formation of cross-linking points and keep
stable solution having the same viscosity during several days. This indicates that the
cross-linking reaction does not occur in aqueous solution. On the other hand, the
dried PVA films prepared from aqueous solution of PVA and 1 exhibits insoluble in
water after the thermal treatment at 150 °C. Compound 1 is suitable as a
cross-linking agent to obtain in situ cross-linked PVA nanofibers though the

electrospinning process.
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Figure 4.7 SEM images of electrospun PVA (DP = 3,200) nanofibers containing 15.0

wt% 1; (a) as-spun nanofibers, (b) nanofibers after thermal treatment at 150 °C for 10
min, and (c) nanofibers after immersing in hot water at 90 °C for 2 hr. (d) Proposed

chemical structure of cross-linked PVAs.
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In order to improve the water resisting property, chemical cross-linking reagent 1
was applied in electrospinning process(of fully hydrelyzed PVAs. The nanofiber
nonwovens prepared from the mixed solution of fully hydrolyzed PVA (DP = 3,200)
and 1 displayed complete resistance to hot water and/did not show the change of
diameter after the immersing in hot water. (Figure 4.7a) Uniform nanofibers were
obtained from the eleofrospinning of mixed aqueous solution of PVA with 1 and 3.0
v/v% acetic acid, and the averége diameter of nanofibers containing 1 was almost the
same as nanofibers prepared from PVA aqueous solution without 1. The
concentration of 1 was 15.0 wt%, which is equal to 2 mol% against the number of
hydroxy . groupshin PVA. This suggests that the presence of 1 did not affect the
solution properties of PVA aqueous solution (surfaee tension: 57 mN/m,
electroconductivity: 1214 ps/cm, viscosity: 352 mPa s). After heating at 150°C for
10 min, no changes of fibrous structure were observed as shown in Figure 4.7b. After
immersion in hot water for 2 h, the cross-linked PVA nanofibers showed only a
weight loss of 0.4%, the morphology and the average diameter of nanofibers

remained no altered, revealing the complete resistance in hot water at 90 °C.
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Figure 4.8 FT-IR spectra of (a) PVA, (b) 1, and (c) cross-linked PVA nanofibers.

The formation of eross-linking points in PVA nanofibers can be monitored by
FT-IR spectrum and DSC. As shown in Figure 4.8, the FT-IR spectrum of
cross-linked nanofibers showed the peak at 1660 cm™ attributed to the -C=0
stretching vibration of 1 as well as a broad characteristic peak at 3300cm™ attributed

to the -OH stretching vibration of PVA[3, 5]. Furthermore, compared to the spectrum
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of as- spun nanofibers before heatlng, the peaks at 3082 and 975 cm™ attributed to the
vibration of vinyl segments almost disappeared, which indicated the chemical
reaction between hydroxyl group of PVA and double bond of 1. Cross-linked PVA
nanofibers showed lower melting point (180 °C) and degree of crystallization (24%)
than PVA nanofiber lacking cross-linking points (Table 4.1). The induction of
cross-linking points would decrease the regularity of PVA molecular chain and
suppress the crystallization of PVA. Therefore, the incorporated cross-linking agent 1
within PVA nanofibers reacted with hydroxyl sAide chains in PVA and formed the

cross-linking points within the polymer matrix.
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Figure 4.9 Tensile profiles of (a) as-spun and (b) cross-linked PVA nanofibers.

The cross-linking in the polymer matrix would enhance the tensile mechanical
strength of PVA  nanofibers. Lee et al. éuccessfully enhanced the tensile strength of
partially hydrolyzed PVA nanofiber nonwovens by seven times in p'resence of a
blocked isocyanate prepolymer as a cross-linker [15]. The tensile mechanical
performance of cross-linked PVA nanofibers was significantly improved compared
with that of the pristine PVA nanofibers (Figure 4.9). The tensile stress increased
from 14.0 & 1.8 to 56.8 + 4.6 MPa and the elongation at break of the nanofibers
decreased from 94.6 & 10.2 to 53.6 + 8.2% by the formation of cross-linking points.‘
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4.3.4 Deposition of magnetite layer on PVA nanofiber
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Figure 4.10 (a) SEM images of PVA nanofibers deposited with magnetite layer. The
insets show FE-SEM image and the magnetic responsiveness of nanofiber mat to the
applied magnet and (b) XRD pattern of PVA nonwoven deposited with magnetite

layer.

Recently, water-soluble polymers including PVA have been used as capping
regents to stabilize various metal nanoparticles [23-27]. Within the metal
nanoparticles, magnetite nanoparticles with a controlled size have attracted
increasing interests due to their superparamagnetism and low toxicity for bio-medical
applications [28-31]. To date, several groups reported on magnetic nanofibers by
mixing pre-prepared magnetite nanoparticles or precursors with polymer solution
and followed by the electrospinning process [32, 33]. In contrast, we prepared
vmagnetic nanofibers by a simple way using the hydrophilic surface of the PVA
nanofibers. We prepared the magnetic non-wovens by the deposition of magnetite on
the cross-linked PVA nanofibers according to the modified method for the
preparation of magnetite nanoparticles [17]. During the deposition process of
magnetite, the color of nonwoven was changed from white to pale-brown. The SEM
image revealed a uniform deposition of magnetite layer onto the surface of PVA
nanofibers and no formation of large magnetite particles (Figure 4.10a). The average
diameter of magnetite-deposited nanofibers is 295 + 40 nm (the average diameter of
parent PVA nanofiber is 250 + 27 nm) and the thickness of magnetite layer around
PVA nanofibers is about 25 nm. The preservation of fibrous morphology also
indicated the high-stability of cross-linked PVA nanofibers. The XRD pattern of
nonwoven deposited with magnetite layer showed five diffraction peaks at 26 = 30.2,

35.6, 43.3, 53.5, and 57.2° (Figure 4.10b). These peak positions agree with (220),
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(311), (400), (422) and (511) crystallographic planes of the spinel phase Fe;Oy4 [34,
35]. The uniform deposition of magnetite layer is mainly attributed to the
complexation of iron ions or magnetite nanoparticles with the hydroxy groups in
PVA. The treated nonwoven exhibited a magnetic responsiveness to the applied
magnet as shown in the inset of Figure 4.10. Investigations are underway to evaluate
magnetic properties by vibrating sample magnetometer. The hydrophilic PVA
nanofibers worked as a template for the formaﬁon of magnetic nanofibers by the

deposition of magnetite layer.
4.4 Conclusion

Fully hydrolyzed PVA nanofibers were successfully prepared by the
electrospinning method using PVA aquéous solutions in the presence of acetic acid.
Acetic acid is a vaporous additive to reduce the surface tension and enhance the
electronic conductivity of PVA aqueous solution. The adjustment of solution

. properties of PVA aqueous solutions resulted in the continuous spinning of uniform
“nanofibers. The concentration of acetic acid and the molecular weight of PVA
strongly affected the resulted morphology of PVA nanofibers. The post-thermal
treatment of PVA nanofibers and the in-situ cross-linking g—reatly enhanced the water
resistance of nanofibers. Especially, the morphology of cross-linked PVA nanofibers
did not change after immersing into hot water. Furthermore, the tensile mechanical
properties of PVA nanofiber nonwovens were significantly enhanced via:
cross-linking. We demonstrated the decoration of magnetite nanoparticles onto the
surface of the cross-linked nanofibers. The nanofibers with magnetite showed the
same morphology ‘as the parent nanofibers and revealed a rhagnetic property. The
cross-linked PVA nanoﬁbers can open new possibility for the creation of functional

nanocomposite materials by combining various nanomaterials.
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CHAPTER 5: Flexible tactile sensor using reversible
deformation of poly(3-hexylthiophene) nanofiber

assemblies

. Abstract

In this .paper, we report a simple approach to fabricating scalable flexible tactile
sensors using a nanofiber assembly of regioregular poly(3-hexylthiophene) (P3HT).
Uniform P3HT nanofibers are obtained through a continuous electrospinning process
using a homogeneous solution of high-molecular-weight P3HT. The P3HT
nanofibers are oriented by collecting‘them on a rotating drum collector. Small
physical inputs into the self-standing P3HT nanofiber assemblies give rise to
additional contact among neighboring naﬁoﬁbers, which results in decreased contact
resistance in directions orthogonal to‘the nanofiber orientation. The P3HT nanofiber
assemblies could detect pfessure changes and bending angles by monitoﬁng the -

resistance changes, and the sensor responses were repeatable.
5.1 Introduction

Biological and artificial materials contain hierarchical structures composed of
structural elements possessing different size scales, and the structural hierarchy plays
an importént role in determining the bulk properties [1]. The construction of
hierarchical structures based on nano- and microstructures can give rise to improved
or more useful physical properties. Recently, several groups have demonstrated
flexible skin-like electronic sensors through the creation of ordered structures on
flexible substrates [2-4]. These sensors can detect pressure, strain, and bending
changes through the deformation of nano- (_)i* microstructures. Assemblies of 1D
fibrous structures have also been used as senéing units in the skinlike electronic
sensors[5, 6]. A flexible carbon nanotube (CNT) strain sensor has been demonstrated
by Hata et al. in which CNT thin films aligned on flexible substrates could sense
strains in response to the expansion of a CNT film [7]. Suh et al. developed a
strain-gauge sensor based on nanoscale mechanical interlocking between two arrays
of metal-coated nanofibers [8]. The assembly of tiny fibers is a useful microstructure

for monitoring minute pressure changes.
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Regioregular pély(3—alkylthiophene)s (P3HTs) are the most prominent organic
semiconductors applied in organic electronics involving organic field-effect
transistors and solar cells [9, 10]. Nanoscale P3HT fibers have been fabricated using
various techniques, such as self-organization in solutions [1 1,12] and electrospinning
[13], and their electronic properties have been Investigated. EleCtrospinning is a
simple method for producing long and continuous fine fibers with diameters ranging
from 10 nm to submicrometers [14]. Because of the absence of chain entanglement
of rigid rodlike P3HT in a solution, the continuous spinning of uniform P3HT
nanofibers requires either mixing with high-molecular-weight insulating polymers or
the use of highly concentrated solutions [15-20]. The miking of conductive P3HT
with nonconductive polymers has resulted in a lower conductivity compared to that
of pure P3HT. To avoid this drawback, core-shell nanofibers embedding P3HT
nanofibers have beenl fabricated by coaxial electrospinning using sacrificial shells
[21-25]. To obtain the pure P3HT nanofibers, the shell layers needed to be removed
from the core-shell nanofibers, and the residual shell layers around the P3HT
nanofibers affected the electronic properties. Very recently, Kotaki et al. fabricated
pure P3HT nanofibers by electrospinning from a highly concentrated P3HT solution
[26]. They found that the kphysical entanglement among P3HT backbones in highly
concentrated solutions improved the spinnability. However, the resulting P3HT
nénoﬁbers _ possessed. “nonuniform ‘surface structures and scalable nanofiber
fabrication was impossible because of the instability of the jet initiation process: To
overcome these limitations of pure P3HT nanofiber fabrication, we used a
high-molecular-weight regioregular P3HT. The molecular weight of this P3HT is
about 10 times higher than that of the P3HT used in previous studies. Our
expectation was that the longer length of the rigid P3HT backbone would increase
the solution viscosity of a low-concentration solution. “This change in solution
properties rﬁay improve the electrospinning stability in the fabrication of pure P3HT
nanofibers. We also expected an enhancement of the mechanical and electronic
properties for high-molecular-weight P3HT nanofibers, which is important in terms
of developing flexible tactile sensors based on P3HT nanofiber assemblies.

In the present study, we developed a ﬂexibl.e tactilé sensor consisting of aligﬁed
P3HT nanofiber assemblies. Continuous electrospinning of high-molecular-weight

P3HT formed self-standing nanofiber assemblies, and the iodine-doped nanofiber
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assemblies exhibited an anisotropic electronic conductivity along with the fiber axis.
The interconnecting of nanofibers within the aligned assemblies caused resistance

changes in response to pressure changes and bending motions.

5.2 Experimental

5.2.1 Preparation of P3HT nanoﬁb’ers

P3HT solutions were prepared by dissolving P3HT in chloroform at 58°C with
stirring for 4 h. The electrospinning equipment (NANON-01A, MECC, Japan)
consists of a syringe with a hollow blunt metdl needle spinneret (0.7 mm inner
diameter, NN-2238N, Terumo, Japan), a syringe pump for controlled the feed rate, a
grounded cylindrical stainless steel mandrel, and a high voltage DC power supply. In
a typical electrospinning experiment, P3HT solution was transferred into the sjringe
and delivered to the tip of the syringe needle by the syringe pump at a constant feed
rate (3.0 mL/h). A 12 kV posiﬁve voltage was applied to the P3HT solution via the
stainless steel syringe needle. The subsequently ejected polymer fiber was collected
on the drum collector rotating at 3000 rev/min. The distance between the tip of the
needle and the surface of the celleetor was about 14 cm. '

Doping With I, was carried out by exposing the P3HT nanofibers into I, fume
(20g of Iodine iﬁ 500 ml bottle) for about 40 min at 25 °C prior to measurement.

5.2.2 Characterization

Fiber morphology, average fiber diameter and diameter distribution of the
electrospun P3HT fibers were characterized using scanning electron microscopy
(SEM) (VE-SSOO Keyence Co. Ltd, Tokyo Japan). Differential scanmng ealorlmetry
(DSC) (DSC 6200, Seiko Instruments Inc. Japan) was used to characterize the
thermal properties of the electrospun P3HT mats. A piece of P3HT mat (2-5 mg) was
placed in an aluminum sample paﬁ vand heated from 50 to 300°C at 10°C/min under a
N, atrnosphere" The crystalline structure of the samples was analyzed using
wide-angle X-ray diffraction (XRD; Rotorflex RU200B; Rigaku, Japan). XRD was
performed using Ni-filtered Cu Ka radiation (A = 1.5402 A) in a step-scan mode at a
rate of 1°/min-in the 26 range 0°-30°. Mechanical properties were performed with a
tension tester (RTC-1250A, A&D Co., Ltd, Japan) at a constant strain rate of 2

mm/min (chuck distance 40mm). Tensile specimens of P3HT nanoﬁber assemblies
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were prepared in size of 40 x 5 mm® with a 15 pm thickness and represented average

values of at least ten tests.
5.2.3 Electrical conductivity measurements

To measure the electrical conductivity of isolated electrospun fibers, twenty aligned
fibers were deposited across a pair of gold electrodes (2.0 cm in length and gap width
of 1.0 mm) on a glass substrate. The average electrical conductivity (o), Which,is the
inverse of the electrical resistivity, can be calculated by the following equation,

c=4y/ nnd®R
where R is the resistance measured on the paréllel Au electrodes, n is the number of
parallel pathways formed by fibers bridging over the contiguous electrodes as
measured by digital optical microscopy (KH—7700, Hirox, Japan), d is the average
fiber diameter obtained by scanning electron micrbscopy‘ (VE-8800, Keyence Co.
Ltd, Tokyo, Japan), and v is the interelectrode distance of Au. Assuming that the ﬁbér

segments act as resistances in parallel, the single-fiber resistance is R=nR.
5.2.4 Pressure sensing test

Pressure sensing test was performed on a P3HT assembly with a square of 2.0 cm.
Ag paste is applied as the electrodes connected the P3HT assembly to the
measurement system. The resistance changes were monitored by using a source

meter (2612 System Source rrieter, Keithley, USA) in response to mechanical loads.
5.3 Results and discussions

The P3HT nanoﬁbgf assemblies were fabricated by the conventional
electrospinning  process from a. homogeneous CHCl3 solution of
high-molecular-weight P3HT (Soken Chemical & Enginnering; Verazol HT—O30; My,
= 300-500 K g/mol, My/M, = 2.0-3.5, Regioregularity > 99%). When
low-molecular-weight P3HT (Aldrioh; electronic grade, M, = 54-75K g/mol, Mw/M,
< 2.5, Regioregularity > 98%) was dissolved in CHCI3 at 60 °C and then cooled to
room temperature, the color of the solution changed from orange to dark brown,
indicating the formation of interpolymer aggregates through strong m-7 interaction
among rigid P3HT backbones. Shimomura et al. reported that the P3HT in solvents
self-organized into nanoﬁbgré through interpolymer interactions [27]. The formation

of self-organized nanofibers in the solution resulted in an unstable electrospinning

69 !



Flexible tactile sensor using reversible deformation of Chapter 5
poly(3-hexylthiophene) nanofiber as assemblies

process. In contrast, the color of the high-molecular-weight P3HT solution remained
unaltered after cooling to room temperature. Moreover, the viscosity of this solution
at 4.0 w/v % was maintained over 12 hrs. The P3HT solution at 4.0 w/v% showed a
continuous spinning until the end of solution supply at room temperature (8 h at a 3.0
mL/h feed rate), and bead-free uniform nanofibers were collected as nanofiber

mats on the target electrode.
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Figure 5.1 (a) SEM image of aligned electrospun P3HT nanofibers. (b) DSC
diagrams for the first heating of P3HT nanofibers (solid line) and powdered P3HT
(dotted line). (¢) XRD pattern of P3HT nanofibers.

Figure 5.1a shows the SEM images of aligned P3HT nanofiber assemblies as
prepared by electrospinning using a rotating drum collector at a fiber take-up
velocity of 940 m/min. The resulting P3HT nanofibers displayed ribbonlike

morphology with an average width of 811 + 115 nm and an average thickness of 61 +
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10 nm. Although substantial misalignment was still ofoserved in the fiber assemblies,
the orientation parameter of the nanofiber assemblies estimated by statistical analysis
of thé direction histogram was found to be 89 %, suggesting that the nanofibers were
oriented within £ 20° of the preferred direction. A differential scanning calorimetry
(DSC) profile of the P3HT nanofiber showed one endothermic peak at 246 °C, which
was attributed to the melting point (Figure 5.1b) [28]. The observed melting point
was slightly lower than that of the powdered sample (T, =257 °C), and the peak was
broader. These differences in DSC seem to indicate the 'sﬁppresSion of large
crystalline domain formation within the P3HT nanofibers. An X-ray diffraction |
(XRD) pattern of P3HT nanofibers displayed three diffraction peéks indexed as (100),
(200), and (300) (Figure 5.1c) [28]. The positions of the diffraction peaks almost -
e\tgree with those of the P3HT thin film, indicating the presence of a crystalline
lamellar structure in the P3HT nanofibers. Moreover, a (010) diffraction peak due to
the n-n stacking among pbly(thiophene) backbones was observed. The dissolved
high-molecular-weight P3HT crystallized during-the electrospinning process, and the
nanofibers then embedded the P3HT microcrystallines.
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Figure 5-2. (a) I-V curves of twenty P3HT nanofibers after I, doping. (b) Photograph
of aligned P3HT nanofiber assembly (2 x 2 ¢cm). (c) Schematic of two arrangements

of electrodes (types 1 and 2) on P3HT nanofiber assembly.

Figure 5-2a shows the current-voltage (/-V) characteristics of the P3HT nanofibers
at room temperature. Twenty P3HT nanofibers were deposited across a pair of gold
electrodes (2.0 cm in length with a gap width of 1.0 mm) on a glass substrate, and the
fibers did not contact with each other (as confirmed by optical microscopy). The
current increased exponentially with increasing voltage, which is a typical
semiconductive characteristic. After doping with iodine was carried out, a linear
relationship in the I-V characteristics was observed, suggesting that the partial

oxidation of P3HT by iodine doping led to the macroscopically observed
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conducﬁvity of nanofibers [30]. The eléctronic conductivity of a single P3HT '
nanofiber was determined to be 122 + 9 S/cm.

The P3HT nanofibers were collected onto an aiurﬁinum foil substrate on the
rotating disc collector during the continuous electrospinning, and the aligned
nanofiber assemblies (15 m thickness) could be peeled off of the aluminum foil
(Figure 5.2b). The assemblies were not brittle and main;tained their shape after
removal from the subétrates. The tenéﬂe strength of the aligned assembly along the
nanofiber orientation direction was 4.6 + 0.2 MPa and the degree of elongation at the
break was 24.6 £ 2.2 % The P3HT nanofibers within the free-standing assembly
were loosely p'acked with a density of 0.27 g/em’. The nanofiber assemblies were cut
into 2 x 2 om? samples, and two electrodes were drawn at both edges of sample with
silver paste to connect the nanofibers (Figure 5.2¢). The resistance along the
" nanofiber orientation (type 1) was 7 times that in the direction orthogonal to the
orientation (type 2), indicating the anisotropic conductivity in aligned nanofiber
assemblies. Electron transport in the orthogonal direction requires contact with P3HT
nanoﬁbefs in order to make pathways in nanofiber assemblies. Thus, the resistance

depends on the number of contact positions among the P3HT nanofibers.
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Figure 5.3 Electronic characterization of the sensor in response to pressure loads and
bending. (a) Current changes from P3HT nanofiber assemblies possessing different
arrangements of electrodes (A: Type 1 and e : Type 2) as a function of applied
pressure. (b) Multiple-cycle test (30 cycles) of P3HT nanofiber assemblies (A, A:
Type 1 and e, o : Type 2) with repeated loading (0 and A) -unloading (e and A) of

pressure at 10 Pa. (¢) Current changes as a function of the bending angle.

The pressure-sensing properties of the P3HT nanofiber assemblies were
investigated by measuring the current changes in response to different mechanical

loads. The I-V measurements of assemblies showed ohmic behavior within a range of
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0-5V, and the currents applied at 1.0 V between two electrodes on the assemblies
were monitored. The currents between two electrodes parallel to the nanofiber axis
within the assemblies were almost constant with increasing pressure. In contrast, the
currents between the orthogonal electrodes increased steeply from 5 Pa and saturated
above 15 Pa (Figure 5.3a). The minimum detectable pressure was as small as 3 Pa.
We also performed multiple cycle tests by repeatedly loading and unloading pressure
at 10 Pa (Figure 5.3b). The output signals in a direction orthogonal to the nanofiber
orientation showed a constant value upon loading of pressure, and the current
returned to the parent value at the unloading. While the current retuned to the parent
value within 5 second after loading at 10 Pa, the returning needed over 30 min after
loading at 30 Pa (Figure 5.4). When the nanofiber assemblies were compressed by
the large loading, the nanofibers in the assemblies would be entangled and the
releasing of entanglement requires a long period. The currents along the nanofiber
orientation were almost constant, revealing no damage to nanofiber assemblies by
applying pressure. When two ends of the nanofiber assembly were stuck to
poly(ethylene terephthalate) (PET) film with the silver paste(Figure 5.5), the
assembly could detect the bending angle by changing the currents (Figure 5.3c).
Small physical inputs gave rise to additional contact among neighboring conductive
nanofibers by the compression, which produced a decrease of the contact resistance

in a direction orthogonal to the nanofiber orientation.

i

Figure 5.4 Photograph of P3HT nanofiber assembly for testing of sensing of bending
motion. P3HT nanofiber assembly (length 2.0 cm, width 0.5 cm) attached with two
electrodes in a direction orthogonal to the orientation was stick to PET film.The

P3HT nanofiber assembly was deformed by bending of PET film.
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Figure 5.5 (a) Current chahges from P3HT nanofiber assemblies as a function of
applied jpressure with loading (@) and unloading (O). (b) Current changes as a

function of applied pressure with stepwise loading and unloading at 0, 2.5, 5, 7.5,
10.0, 12.5 Pa. (c) Current changes after loading at 30 Pa.

5.4 Conclusions

In summary, we have presented a flexible organic tactile sensor based on the
reversible deformation of high-molecular-weight P3HT nanofibers within the aligned
assemblies. The simple structure composed of aligned electrosplin nanofibers can be
used to develop tactile sensors for detecting small pressure changes and bending
angles. We believe that the flexible devices based on simple nanofiber assemblies
can be used &s ambient sensors to monitor activities by embedding them within
clothes and interiors. The sensing range of tactile sensors would depend on the
diameter of ’;he nanofibers within the assemblies. Although iodine doping can
enhance the electronic conductivity of P3HT vnanoﬁlbers, this conductivity cannot be
maintained for a long period of time because of the evaporation of iodine from
nanofibers. Work is currently underway in our laboratory to tune the sensing range
by changing the nanoﬁbef diameters and to enhance the durability of devices by

using other dopants with greater environmental stability.
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CHAPTER 6 Summary and prospective for future
research ‘ |
6.1 andings

Fibers, like paper and plastic, are some of the cheapest and most widely used
flexible substrates. One of their interesting features is that they can be weaved or
integrated into yarns of different colors to form a large variety of complex,
two-dimensional (2D), or three-dimensional (3D) patterns. Aside from their main use
in clothing, ropes, curtains, and other daily objects, fibers and textiles have recently -

“been considered as potential substrates for low-cost flexible electronics and
multifunctional fabrics, commonly referred to as electronic fibers - (e-fibers) or
electronic textiles (e-textiles or smart textﬂes).'Therefore, fibers have othetr functions
in addition to those based on their intrinsic material properties. .

Chapter 2 the electrospinning process of polyvihyl alcohol (PVA) aqueous
solutions for two samples (HS and FL) was carried out. FL solutions produced
nanofibers in electrospinning process, whereas HS solutions showed poorer
electrospinning process accompanying dropping and electrospraying. The analysis of
the spinning solution properties indicated 'tha‘t‘ the electric conductivity and viscosity
of both FL and HS solutions demonstrated similar behaviors. However, the surface

“tensions of FL solutions were slightly decreased while the surface tension presented
U-shaped curves for HS solutions with the increase of polymer concentration. The

" NMR spetra and DSC results implied that HS had higher dégree of saponification.

The metal element analysis results méant that HS con_tained high concentrations of

calcium and aluminum ions while FL much less. The dosage of oal_ciuin chloride into

FL aqueous solutions indicated that electrospinning process was significantly

| - aggravated. The electrospinning process of HS was substantially improved both by

 dialysis and complexation. It was the high degree of saponification and it was
intramolecular cross-linking and intermolecular cross-linking occurred between PVA
chain and the metal ions that coined the abnormal behaviors in surface tension and

thus deteriorated electrospinning procéss. | ‘ .

Chapter 3 the production of superfine polyvinyl alcohol (PVA) fiber is usually

much difficult by using the routine spinning, whereas electrospinning is a viable
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technique since the mechanism of fiber formation was different. In this paper, the
effécts of solution properties in terms of thé residual acétyl group and high valence
metal ion impurity of PVA on electrospinning were carefully investigated. Both the
solution viscosity and the surface tension tendencies with PVA concentration
indicated that there existed stro‘ng physico-chemical interaction besides concentration
and molar mass factors. NMR spectra and DSC thermographs indirectly showed that
the devoid acetyl group of PVA would promote the physical gelation and the
formation of hydrogen bonding, and the physical crosslinking occurred at high
saponification degrees in the presence of high valence metal jon impurity. All the
interactions aggravated the electrospinning process. Nevertheless, both removal of
* high valence metal ion impurity and the selection of PVA with low saponification
degrees woﬁld be always accessible routés to ensure the PVA electrospinning.

Chapter 4 fully hydrolyzed PVA nanofibers were successfully prepared by the
electrospinning method using PVA aqueous solutions in the presence of acetic acid.
Acetic acid is a vaporous additive to reduce the surface tension and enhance the
electronic conductivity of PVA aqueous solution. The adjustment of solution
properties of PVA aqueous solutions resulted in the continuous spinning of uniform
nanofibers. The concentration of acetic acid and the molecular weight of PVA
- strongly affected the resulted morphology of PVA nanofibers. The post-thermal
treatment of PVA nanofibers and the in-situ cross-iinking greatly enhanced the water
resistance of nanofibers. Especially, the morphology of cross-linked PVA nanofibers
did not change after immersing into hot water. Furthermore, the tensile mechanical
properties of PVA nanofiber nonwovens were significantly enhanced via
cross-linking. The decoration of magnetite nanoparticles onto the surface of the
cross-linked nanofibers was demonstrated. The nanoﬁberé with magnetite showed
the same morphology as the parent nanofibers and revealed a magnetic property. The
cross-linked PVA nanofibers can open new possibility for the creation of functional
nanocomposite materials by combining various nanomaterials.

Chapter 5 described a flexible organic tactile sensor based on reversible
deformation of high-molecular-weight P3HT nanofibers within the aligned
assefnblies. The simple structure composed of aligned electrospun nanofibers can be
used to develop tactile sensors for détectigg small pressure changes and bending -
angles. We believe that the flexible devices based on simple nanofiber assemblies

can be used as ambient sensors to monitor activities by embedding them within
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clothes and interiors.

in summargf, new specialties of electrospun nanofibers; high absorption capability
of metal ions and sensing small_preésure were disclosed. Tough cross-linked PVA
" nanofibers which can maintain nanqﬁbrous morphology, in hot water and play as a
good template for nanoparticles deposition was successfully achieved. Meanwhile,
ﬂexible‘tac‘tile sensor based on aligned P3HT nanofibers was successfully fabricated.
All these results suggested that the smart nanofibrous nonwovens fabricated by

electrospinning have potential applications for future textiles and devices.
6.2 Prospective for future research

In this thesis, the experimental results showed new specialties of electrospun
nanofibers; high absorption capability of metal ions to form nanoparticles in
hydrothermal synthesis and small pressure-senéing properties. These specialties
might be original from the small diameter of nanofiber and could be adjusted by
altering the diameter. Based on these, smart nanofibrous nonwovens via -
| electrospinning will open new applications of textiles il’/l the future.

For my study, there are still some follow-up experiments should be done in the
futire. | ,

1. Experimental results indicated the crosslinked PVA nanofibers can play as a good
template for deposited nanoparticles. Further characterations are essential for cleér
the mechanism and the distribution of deposited nanoparticles.

2. Aligned P3HT ﬁbers showed good sensing properties for tactile sensor. Addtlonal
efforts should be carried out for improving the crystallinity and doping method of
P3HT nanofibers. ' '

3. Efforts should be carried out to explore new techniques for electrospinnning

spinnerets to increase the productivity of the conventional setup.-
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