


	
		×
		

	






    
        
            
                
                    
                
            

            
                
                    
                    
                        
                    
                

            

            
                                    Log in
                    Get Started
                            

        

        

        
            	Travel
	Technology
	Sports
	Marketing
	Education
	Career
	Social Media


            + Explore all categories
        


            






    

        
                

                
        
            Controlled deposition and alignment of electrospun PMMA-g-PDMS …412712/FULLTEXT01.pdf · 2011. 4....

        


        




    
        
            
                

                
                
            

            
                
                1

164
                
            

            
                
                100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                
            

			
        

        
            
                
                
                
            

            
                

                

                
                    
                     Match case
                     Limit results 1 per page
                    

                    
                    

                

            

        
        
            
                                    
    
        
        

        

        

        
        
            Controlled deposition and alignment of electrospun PMMA-g-PDMS nanofibers by novel electrospinning setups Bashar Haseeb Master of Science Thesis Stockholm, Sweden 2011 Supervisor: Prof. Mikael Hedenqvist Examiner: Prof. Mikael Hedenqvist 
        

        
    






                            

        

    









        
            	
					Upload

					others
				
	
                    Category

                        Documents

                
	
                    view

                    0
                
	
                    download

                    0
                


        

        


        
                

                

        
        
            
                SHARE

                
                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    
                

            

            
                                    Download
                                Report this document
            

            

        


        
            Embed Size (px):

            344 x 292
429 x 357
514 x 422
599 x 487


        

        

        

        
                
            Transcript of Controlled deposition and alignment of electrospun PMMA-g-PDMS …412712/FULLTEXT01.pdf · 2011. 4....

            	
Controlled deposition and alignment of

electrospun PMMA-g-PDMS nanofibers by

novel electrospinning setups

Bashar Haseeb

Master of Science Thesis

Stockholm, Sweden 2011

Supervisor:

Prof. Mikael Hedenqvist

Examiner:

Prof. Mikael Hedenqvist


	
ii

Summary

Electrospinning is a useful technique that can generate micro-
and nano-meter sized fibers from

polymer materials. Modification of the electrospinning
parameters and apparatus can generate

nanofibers for use in diverse applications ranging from tissue
engineering to nanocomposite

fabrication; however, electrospun fibers are typically collected
in a random orientation and over

large areas limiting their applications. Here we present several
methods to control the deposition

of electrospun nanofibers, such as the use of a single auxiliary
electrode ring and a negatively

charged collector substrate to control the deposition area and
the construction of a parallel

electrode collector known as the triple electrode setup to
control the uniaxial alignment of

nanofibers. The numerous constructed setups were advanced by the
use of electric field

computations to assess the distribution of the electric field
and its effect on the deposition

behavior and morphology of the electrospun nanofibers. The
electrostatic force imposed by the

auxiliary electrodes provides converged electric fields that
direct the nanofibers to their desired

deposition targets. Here it is shown that the use of the
auxiliary electrode ring dramatically

decreased the deposition area of nanofibers, the negatively
charged substrate yielded more

uniform nanofibers and the triple electrode setup is a viable
method to achieve uniaxially aligned

nanofiber mats.

The electrospinning of copolymers appears as an attractive
option for enhancing the overall

properties of nanofibers as it offers possibility of an
intrinsic control of the polymeric material

itself. The poly(methyl
methacrylate)-graft-poly(dimethylsiloxane) graft copolymer
(PMMA-g-

PDMS) is considered to be an organic-inorganic hybrid material
with much potential in its use in
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nanocomposites, and in this work has been successfully
synthesized and electrospun via the

various constructed electrospinning setups.

In the final elements of this work, the triple electrode setup
is used in combination with a

dynamic rotating collector to yield a novel collector and has
been successfully used to produce

PMMA-g-PDMS nanofiber sheets that were further incorporated in a
PDMS matrix to yield

nanocomposite sheets. A variant of the triple electrode setup
with partially insulated electrodes is

devised in combination with a methodology to remove the
nanofibers from the collector. The

nanofibers once removed and dried were incorporated in a PDMS
matrix to yield

nanocomposites. The preferential dissolution of the fibers from
the matrix rendered the fibers to

templates and a final porous material with uniaxial nanochannels
could be obtained.

This work is believed to be able to lead to a better
understanding of the mechanisms of nanofiber

deposition and alignment, and should be of help to the design of
more practical collecting

structures, hence promoting the applications of the
electrospinning technique.
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Chapter 1- Introduction

Electrospinning is a straightforward and inexpensive process
that produces continuous polymer

nanofibers from the submicron diameter down to the nanometer
diameter scale. It has emerged as

a powerful technique for producing nanofibers due to its
versatility, ease of use, wide material

variety, and provided control of fiber diameters. The achieved
nanofibers with many desirable

qualities such as a huge surface area to volume ratio have
potential applications in nanocatalysis,

filtrations, tissue scaffolds, nanocomposites and many other
fields. The electrospinning process is

today generally recognized for its unique features that cannot
be otherwise achieved by

conventional fiber processing techniques.

The drive for ultra-lightweight yet strong devices and
miniaturized applications such as

nanocomposites and nanofluidics has motivated novel product
designs and innovation utilizing

nanofibers. But in order to expand the usage of nanofibers and
promote a wider and more

practical application, it is important to fabricate various
fiber assemblies of a structured order.

The refinement and development of the electrospinning process
such as to produce hierarchically

higher order assemblies such as uniaxially aligned nanofibers in
viable forms and amounts are

topics of interest for many research groups across the
globe.

In previous works on which this study is built upon, at the KTH
School of Chemical Science and

Engineering (Stockholm, Sweden) and in collaboration with the
Stellenbosch department of

Chemistry and Polymer Science (Stellenbosch, South Africa),
various poly(methyl methacrylate)-

graft-poly(dimethylsiloxane) graft copolymer (henceforth
referred to as PMMA-g-PDMS) were
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successfully synthesized, electrospun and incorporated into a
PDMS silicone elastomer matrix by

layer-by-layer impregnation. The resulting nanocomposites
exhibited good fiber-matrix

compatibility and had a remarkably good fiber distribution in
the silicone matrix. The general

mechanical properties of the PDMS rubber material improved in
the presence of fiber, such as the

stiffness and strength as well as the toughness/extensibility.
This showed promise of the use of

this particular fiber-matrix coupling and it was of further
interest to continue the development of

the nanocomposites by incorporating uniaxially aligned fibers
into the matrix as opposed to just

non-woven mats to further enhance the nanocomposites mechanical
properties and possibly pave

the way for the development of nanofluidic devices by the
selective dissolution of the fibers.

The initial intent of this work was to incorporate uniaxially
aligned PMMA-g-PDMS nanofibers

in a PDMS elastomer matrix but took on a different nature as the
work progressed as it was

deemed necessary to devise a new electrospinning setup and
methodology in which a sufficient

amount of aligned fibers could be collected for the purpose.

The work progressed in an exploratory and escalatory fashion
with each step built on the results

received in the step preceding it. In doing so, preliminary
trials of electrospinning the polymer

were done by means of the conventional electrospinning setup and
a standard alignment method

(the rotating drum) was employed. The first step of a more
controlled nanofiber deposition was

made by the use of an auxiliary ring electrode and a negatively
charged collector substrate to

narrow the deposition area and efficiently target the fibers on
the desired collector substrate. This

was followed by the devise of a novel collector substrate, the
triple electrode setup, in which the

electrodes would deposit in an aligned fashion.
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The work culminated with the use of the triple electrode in
conjunction with a rotating drum to

manufacture thin composite sheets containing the electrospun
PMMA-g-PDMS nanofiber in a

PDMS matrix. The final elements of this work consisted of
further developing the triple electrode

by limiting the electrodes‘ conductivity by insulating it with
rubber tubing which yielded a

surprisingly high deposition of aligned fibers. A methodology
for removing the fibers and

incorporating them in the PDMS matrix was developed and yielded
composites. Preferential

dissolution of the fibers from the matrix rendered the fibers to
templates and a final porous

material with uniaxial nanochannels could be obtained.

This work is believed to be able to lead to a better
understanding of the mechanisms of nanofiber

deposition and alignment, and should be of help to the design of
more practical collecting

structures for promoting the applications of the electrospinning
technique.

Bashar Haseeb

KTH School of Chemical Science and Engineering

Stockholm, 2011
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Chapter 2 - Background and literature review

This chapter gives a literary review of the main elements that
paved the way and required

understanding to make this work come together. An introduction
is given to the concept of a

nanofiber and their manufacturing techniques, followed by a
description of the electrospinning

process, its ability to produce nanofibers as well as general
and possible applications of

electrospun nanofibers.

An introduction is given to the PMMA-g-PDMS organic-inorganic
hybrid copolymer, followed

by a section dedicated specifically to the use of nanofibers in
composites.

Previous work done on the controlled deposition of nanofibers is
also given. This section is

specifically dedicated to the developments in the controlled
deposition and manufacture of

aligned nanofiber assemblies via electrospinning. In these
works, both mechanical and

electrostatic efforts in nanofiber alignment have been made and
shall be described.
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2.1 Polymer nanofibers

2.1.1 Definition and qualities

Commonly reported nanofibers are defined as one-dimensional,
flexible, solid-state continuous

fibers of any viable material with diameters ranging anywhere
from a few nanometers up to

several microns. A polymer or organic nanofiber is, as the name
dictates, a nanofiber produced

from a natural or synthetic polymeric material. These fibers can
exhibit lengths spanning from a

few microns up to several meters depending upon their
manufacturing method [1]. A scanning

electron microscope (SEM) image of a PMMA-g-PDMS polymer
nanofiber non-woven mat is

given in Figure 2.1.

Figure 2.1 SEM image of PMMA-g-PDMS copolymer nanofiber
non-woven mat with an

average diameter of ca 500nm (Produced by electrospinning in the
Stellenbosch university

facility, 2010)
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When the diameters of polymer fibers are shrunk from micrometers
to submicrons or nanometers,

there often appear several remarkable and desirable
characteristics such as a large increase in the

surface area per unit mass (or volume) ratio and cost
effectiveness in amount produced fiber

One of the most cited advantages of nanofibers that motivate
research and the search for

applications is the high surface area to volume ratio of
nanofibers. For instance, nanofibers with

∼100 nm diameter usually have a specific surface area of ∼1000
m2/g. A schematic plot relating

the fiber diameter to its surface area relative to a constant
mass of nylon 6,6 material is given in

Figure 2.2 [2]. Although high surface areas in excess of 2000
m2/g can be realized with meso and

nanoporous materials such as adsorbent granules and powders,
fibers are more easily handled and

can serve other applications than powders. The advantage of
these high surface areas in organic

fibers is often combined with the flexibility in surface
functionality that can be used e.g. for

biomedical purposes, efficient filtration or for increased
fiber-matrix interaction when used as a

composite reinforcement. These properties combined make the
polymer nanofibers the optimal

candidates for many important applications [3-6].
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Figure 2.2 Inverse relationship between fiber diameter and
surface area of nylon 6,6 fiber

mats of density 1.14 g/cc [2]

Suffice to say, nanofibers are considerably thin and thereby low
in their weight to length ratio. To

aid visualization of this, a comparison to a human hair can be
seen in the image given in Figure

2.3. In fiber technology the linear density value is of
particular interest and a special unit, the

denier, is often used as a measurement of fineness as it
specifies the mass in grams of a fiber with

a length of 9000 m. The length amount of producible fibers from
a given mass of material

increases exponentially with decreased diameter and a
considerably larger amount of fiber can be

produced from same amount of polymer, thus improving general
cost effectiveness if the

appropriate manufacturing method is chosen. For example, if the
fiber diameter is 10 µm, then

fibers with a total length of 13 km can theoretically be
produced from 1 g of polyethylene. In
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contrast, a diameter of 100 nm leads to fibers with a total
length of 130 000 km from the same

mass of material [7].

Figure 2.3 Scanning electron microscope (SEM) image of a human
hair [7]

Today, nanofibers from synthetic or natural polymers can be
fabricated in a controlled manner

with dimensions down to a few nanometers with physical
limitations. Naturally even the smallest

polymer fiber must contain at least one polymer molecule. A 50
nm diameter polymer fiber has

about 10 000 molecules crossing any section of the fiber.
Perhaps the record for the thinnest fiber

known can be claimed by the recent discovery of a way to make a
chain of single carbon atoms

[8].

2.1.2 Production methods

A number of manufacturing techniques such as drawing [9],
template synthesis [10, 11], phase

separation [12], self-assembly [13, 14] and electrospinning [3,
6, 7, 15] have been used to

prepare polymer nanofibers in recent years. A brief description
of these methods:
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Drawing is a process similar to dry spinning in the fiber
industry, which can make one-

by-one long single nanofibers by mechanical elongation of
material droplets. However,

only a viscoelastic material that can undergo strong
deformations while being cohesive

enough to support the stresses developed during pulling can be
made into nanofibers

through drawing ( Figure 2.4a).

Template synthesis, as the name suggests, uses a nano-porous
membrane as a template to

make nanofibers of solid (a fibril) or hollow (a tubule) shape.
The most important feature

of this method may lie in that nanometer tubules and fibrils of
various raw materials such

as electronically conducting polymers, metals, semiconductors,
and carbons can be

fabricated. On the other hand, the method cannot make one-by-one
continuous

nanofibers( Figure 2.4b)

Phase separation consists of several steps of polymer material
treatment, including

dissolution, gelation, extraction (using a different solvent),
freezing, and drying resulting

in nanoscale porous foams. The process takes relatively long
periods of time in

transferring the solid polymer into the nano-porous foam. It
also lacks the ability to make

one-by-one continuous nanofibers(Figure 2.4c)

The self-assembly is a process in which individual, pre-existing
components organize

themselves into desired patterns and functions. However, similar
to the phase separation,

the self-assembly is time-consuming and limited in processing
material into continuous

polymer nanofibers (Figure 2.4d)

Electrospinning is a non-mechanical electrostatic technique in
which continuous polymer

nanofibers can be produced by an electrically charged jet of
polymer solution or polymer

melt. It uses a strong electric field to draw the polymer fluid
into fibers. The technique is
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applicable to virtually every soluble or fusible polymer and is
perhaps the simplest,

cheapest and most straightforward way to produce nanofibers in a
large scale. The

electrospinning process seems to be the only viable method which
can be further

developed for mass production of one-by-one continuous
nanofibers from various

polymers. It is also possible to fabricate various nanofiber
assemblies (e.g. non-woven

fiber mesh, aligned fiber mesh, patterned fiber mesh, random
three-dimensional

structures, etc) and to do so in situ without the need for
post-processing [16] . This gives

electrospinning an important edge over other larger-scale
nanofiber production methods

as it allows customization of nanofiber assemblies to meet the
requirement of specific

applications.

Figure 2.4 Nanofiber manufacturing techniques: a) Drawing, b)
Template synthesis, c)

Phase separation, d) Self assembly [3]
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2.2 Electrospinning

2.2.1 History

Electrospinning is a remarkably simple and versatile method for
generating ultrathin fibers from a

rich variety of materials that include polymers, composites and
ceramics. To date it has been

successfully applied to more than 200 different types of
polymers from both natural and synthetic

origins [3, 6, 17, 18]. Although the term ‗‗electrospinning‘‘
(derived from ‗‗electrostatic

spinning‘‘) has come into use relatively recently (since around
1994), its fundamental idea dates

back more than 60 years earlier. The crucial patent in which the
electrospinning of plastics was

described for the first time appeared in 1934 by Anton Formhals.
From 1934 to 1944, Formhals

published a series of patents describing an experimental setup
for the production of polymer

filaments using an electrostatic force [19]. The polymer
filaments were formed from a cellulose

acetate solution introduced into an electric field between two
electrodes bearing electrical charges

of opposite polarity. One of the electrodes was placed into the
solution and the other onto a

collector. Once ejected out of a metal spinneret with a small
hole, the charged solution jets

evaporated to become fibers which were collected on an
electrically grounded collector. A simple

schematic of the setup can be seen in Figure 2.5. Despite its
early discovery, the procedure was

not utilized commercially and was overshadowed by other fiber
producing techniques. In 1971,

Baumgarten made an apparatus to electrospin acrylic fibers with
diameters in the range of 0.05–

1.1 microns [20]. In this process, a polymer solution droplet
was suspended from a stainless steel

capillary tube and maintained constant in size by adjusting the
feed rate by an infusion pump. A

high-voltage dc current was connected to the capillary tube
whereas the fibers were collected on a

grounded metal screen at a specified distance. However, this
work which was followed by other
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patents also remained fairly unnoticed. Since the 1990s and
especially in recent years, the

electrospinning process essentially similar to that described by
Baumgarten has regained

considerably more attention. Probably due in part to a surging
interest in nanotechnology, as

ultrafine fibers or fibrous structures of various polymers can
be easily fabricated with a

rudimentary setup in the laboratory and have viable industrial
scale application.

Figure 2.5 The Formhals electrospinning setup

The popularity of the electrospinning process today can be
realized by the fact that over 200

universities and research institutes worldwide are studying
various aspects of the electrospinning

process and the fibers it produces and also the number of
patents for applications based on

electrospinning has grown in recent years. Some companies such
as eSpin Technologies,

NanoTechnics, and KATO Tech are actively engaged in reaping the
benefits of the unique

advantages offered by electrospinning, while companies such as
Donaldson Company and

Freudenberg have been using this process for the last two
decades in their air filtration products

[21]. Recent articles found on electrospinning focused on
various spinnable polymeric materials,
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processing techniques for fabricating nanofiber assemblies,
effects of processing parameters on

fiber diameter and morphology and characteristics of the fibers
and their applications. Some of

the many reviews published on the many developments of
electrospinning are cited in references

[15, 17, 22-28]. Also a good summary of the various studies on
electrospinning, its nanofibers

and their references can be found in the book by Ramakrishna et
al (2005) [3].

2.2.2 The electrospinning setup

At first glance, electrospinning gives the impression of being a
very simple and, therefore, easily

controlled technique for the production of nanofibers. A typical
modern apparatus for

electrospinning is shown in Figure 2.6, which consists of three
major components: a high-voltage

power supply, a spinneret, and an electrically conductive
collector [29, 30]. An ordinary

hypodermic needle and a piece of aluminum foil serve well as the
spinneret and collector

respectively. The polymer to be electrospun may be in the form
of a solution or melt that is

typically loaded in a syringe and fed into the spinneret at a
specific rate by a modulating syringe

pump. The high voltage source is utilized to inject electric
charge of a certain polarity into the

polymer solution or melt, which is then accelerated towards the
collector which is grounded or of

opposite polarity. Electrospinning is generally conducted at
room temperature with atmosphere

conditions but in some cases a well-controlled environment (e.g.
with suitable humidity,

temperature and atmosphere) may be required in which case the
electrospinning region is

enclosed in a transparent encasing.
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Figure 2.6 A typical modern setup for electrospinning which
consists of three major

components: a high-voltage supply, a spinneret (in this case, a
flat-end needle), and a

collector (in this case, a piece of aluminum foil) [29, 30].

Currently there are two standard electrospinning setups,
vertical and horizontal, as can be seen in

the sketches of Figure 2.7. The various groups working on
electrospinning have adopted different

methods for the polymer feed. Some have simply opted for placing
the syringe perpendicularly

(vertical setup), letting the polymer solution drip with the
help of gravitation and laying the

collector underneath. Sometimes the syringe can be tilted at a
defined angle to control the flow. In

the second most common case, the syringe is horizontal and a
pump is used to initiate the droplet,

the pump being also often used in the case of vertical feeding.
The electrode can be inserted either
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directly into the polymer fluid or placed onto the metallic tip
of the capillary if a syringe with a

metal needle is used. With the expansion of this technology,
several research groups have

developed more sophisticated systems that can fabricate more
complex nanofibrous structures

and assemblies in a more controlled and efficient manner which
shall be the topic of a later

section.

Figure 2.7 Schematic diagram of set up of electrospinning
apparatus (a) typical vertical

setup and (b) horizontal setup of electrospinning apparatus.

2.2.3 The electrospinning process

In contrast to the simplicity of setup, the detailed mechanisms
of electrospinning are much more

complicated and the modeling of the fiber formation process has
been the topic of extensive

research [31]. The formation of the nanofibers is based on a
uniaxial stretching of the viscoelastic

solution by an electrostatic force. More specifically, a polymer
solution droplet held by its surface

tension at the spinneret opening (the capillary tip) is
subjected to an electric field by applying a

high voltage. An electric charge is induced on the liquid
surface due to this electric field. As the

intensity of the electric field is increased, the repulsive
electrical forces gradually offset the


	
16

droplets surface tension forces and the droplets hemispherical
surface elongates into a conical

structure known as a Taylor cone. Under an increasing electric
field, a critical voltage is attained

whereby the repulsive electrostatic force totally overcomes the
solutions surface tension, allowing

charged fluid jets to be ejected from the tip of the Taylor
cone. An illustration of the process is

shown in Figure 2.8. The discharged polymer solution jets
undergo an unstable and rapid

whipping motion in the space between the capillary tip and
collector wherein the solvent

evaporates, leaving behind an electrically charged polymer fiber
which is highly stretched and

reduced in diameter as it travels towards the collector [32,
33].

Figure 2.8 Illustration of Taylor cone formation: (A) Surface
charges are induced in the

polymer solution due to the electric field. (B) Elongation of
the pendant drop. (C)

Deformation of the pendant drop to the form the Taylor cone and
jet initiation.

During its travel, the jet only follows a direct path towards
the counter electrode for a certain

distance but then changes its appearance significantly by moving
laterally and forming a series of

coils, the envelope of which has the form of a cone opening
towards the counter electrode A
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schematic illustrating the inverted conical path is given in
Figure 2.9. It is now known that the

small diameter of electrospun fibers is the result of the rapid
whipping motion that exerts a strong

axial force rather than the splaying of jet (the splitting of
the main jet into minor jets), as was

previously believed [32, 34, 35]. It is because of this
continuous acceleration and stretching of

the jet that electrospun nanofibers are typically several orders
of magnitude thinner than those

produced using conventional spinning techniques that draw the
fibers in a uniform direction. The

inset in Figure 2.6 shows a snapshot of the violent jet, which
was captured with the aid of a high-

speed camera. The whipping instability is thought to originate
mainly from the electrostatic

interactions between the external electric field and the charges
immobilized on the surface of the

jet. Naturally, the polymer solution utilized in the
electrospinning must possess the appropriate

viscoelastic properties in order to survive the whipping process
that can break the jet into

individual droplets.

Figure 2.9 Schematic illustrating the inverted conical path the
jet travels before being

collected as randomly oriented fibers. The inset shows a SEM
image of randomly deposited

electrospun nylon 6,6 fibers [36]
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2.2.4 Electrospun fiber morphologies and defects

Different fiber shapes, morphologies and fiber surface topology
other than the uniform cylindrical

shape can be desirable or inadvertently attained when
electrospinning [37-39]. The process may

result in completely different shapes like flat ribbons or
interlinked rough surfaced spheres. Fibers

can also be fabricated to be porous, considerably increasing the
surface area which is often

desired. In many cases, beads rather than just uniform fibers,
are formed and are aligned along the

fiber like pearls on a string. Beads can be considered as
capillary break-ups of the jets by surface

tension and occur where there is a high concentration of solvent
molecules allowing them to

congregate and take on a spherical shape in positions with
weakened charge density. Thus is the

surface tension, charge densities carried by the jet and
viscoelastic properties of the solution

significant parameters for bead formation. Another phenomenon
observed during electrospinning

is branching. A branched fiber is formed by the ejection of a
secondary jet from the primary jet

during electrospinning. The shapes, dimensions and topology of
the fibers formed depend on a

large set of electrospinning parameters to be discussed in an
upcoming section. Beading and

branching are generally considered as defects and by varying the
spinning parameters can be

prevented. A SEM image displaying the beading and branching
phenomena is shown in Figure

2.10.
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Figure 2.10 SEM image of electrospun PMMA-g-PDMS polymer showing
beading and

branching defects (Produced at the Stellenbosch university
facility, 2010)

2.2.5 Electrospinning process parameters

In principal, nearly all soluble or fusible polymers can be
processed into fibers by

electrospinning, provided that the solution parameters and the
operational parameters are

optimized [17, 18]. The main parameters can be divided into
three categories:

1. The intrinsic properties and parameters of the electrospun
solution:

- Viscosity, volatility, elasticity, conductivity, polarity and
surface tension of the solution.

- Molecular weight, conformation and polymer chain entanglement
of the polymer

2. The operational parameters:

- Strength and distribution of the applied electric field e.g.
voltage
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- Setup geometry e.g. Tip-to-collector distance

- The feeding rate of the solution and spinneret (needle)
diameter

- Effect and design of collector

3. The environmental parameters:

- Temperature and humidity in electrospinning chamber

- Pressure and air velocity patterns in the electrospinning
chamber

The different parameters must coincide to yield a successful
electrospinning with the desired

nanofiber qualities as they can act either synergistically or
counterproductively with each other.

For instance, the polymer solution must have a concentration
high enough to enable sufficient

polymer chain entanglement during fiber formation yet not so
high that its viscosity prevents

polymer motion induced by the electric field. The solution must
also have a surface tension low

enough to allow Taylor cone formation as well as be able to
carry a charge high enough to allow

stretching. Morphological changes also occur upon changing the
operational parameters like

decreasing the distance or changing the electric field strength
between the spinneret and the

substrate. Obviously, it is not possible to make general
recommendations for particular

concentrations, viscosities, electrical conductivities, surface
tensions, etc. because the values of

these parameters vary considerably with the polymer–solvent
system. As long as a polymer can

be electrospun into nanofibers, ideal targets would be in
that:

The diameters of the fibers be consistent and controllable

The fiber surface be defect-free or defect-controllable
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Continuous single nanofibers to be collectable.

Research so far has shown that controlling the fiber diameter
and morphology is by no means

easily achievable. As mentioned earlier, the numerous
correlations between the parameters makes

this difficult and system specific boundary conditions for each
parameter must be set to achieve

successful electrospinning. An often occurring problem is that
the parameters adjusted to achieve

a certain goal such as a lower diameter can also lead to an
adverse effect on another parameter

thereby offsetting the initial adjustment. A simple example is
the increasing of the voltage to

obtain a higher degree of electrostatic stretching (by increased
whipping motion) and assuming it

will yield a reduced fiber diameter. This choice of action can
be counteracted by the reduced fiber

flight time due to increased acceleration toward the collector
(leading to less stretching), and an

increase in polymer solution supply in the fibers drawn out by
the electric field which ultimately

can yield thicker fibers. Extensive summaries regarding the
effects of the parameters can be

found in the following review articles and in the book by
Ramakrishna et.al [3, 6, 7, 40, 41]. Here

will only be discussed the most basic parameters relevant to an
understanding of the

electrospinning process and to this work.

Since nanofibers are resulted from evaporation or solidification
of polymer fluid jets, the fiber

diameters will depend primarily on the jet sizes as well as on
the polymer contents in the jets. The

traveling solution jet from the pipette onto the collector may
or may not split into multiple jets,

resulting in different fiber diameters. As long as no splitting
is involved, the major factors that

control the diameter of the fibers are deemed to be:
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Concentration and viscosity of the solution

Type of solvent used

Conductivity of the solution

Feeding rate of the solution

Applied electric voltage

Tip-to-collector distance

Viscosity, concentration and molecular weight

According to prior investigations, a higher viscosity results in
a larger fiber diameter due in part

to the higher polymer supply [39]. The solution viscosity is
proportional to the polymer

concentration and its solubility in solvent. Thus it is natural
to conclude that lowering the polymer

concentration should also result in a reduction in nanofiber
diameters. But for fiber formation to

occur a minimum solution concentration is required as polymer
chain interaction and

entanglements are required for fiber formation. It has also been
found that at very low solution

concentrations a mixture of beads and fibers may be obtained.
For a solution of low viscosity,

surface tension is the dominant factor and just beads or beaded
fibers are formed while above a

critical concentration a continuous fibrous structure is
obtained. There is also a need for a certain

polymer molecular weight, weight distribution, and chain
architecture (e.g. linear, branched etc)

that can ensure sufficient entanglement. It has been observed
that a high molecular weight is not

always essential, if sufficient intermolecular interactions can
provide a substitute for the

interchain connectivity obtained through chain entanglements. To
summarize, the concentration

parameter is highly dependent on the polymer-solvent system.
There is an optimum solution

concentration, as at low concentrations beads are formed instead
of fibers, and at too high of a
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concentration the formation of continuous fibers is prohibited
because of the inability to maintain

a stable flow of the solution to the tip of the needle [42].

Surface tension

It‘s also been reported that by reducing the surface tension of
a polymer solution, fibers could be

obtained without beads [37]. Naturally, different solvents
contribute to different resultant surface

tensions. Generally a high surface tension of a solution
inhibits the electrospinning process

because of an arising instability of the jets and the generation
of sprayed droplets [43]. However,

not necessarily will a lower surface tension of a solvent be
more suitable for electrospinning and

it may yield undesired morphological or fiber diameter change.
Many papers promote the use of

solvent mixtures as opposed to just a single solvent to adjust
the surface tension or by the extra

addition of a surfactant [37].

Conductivity

Increasing the solution conductivity with e.g. salts can result
in fibers free of beads and with

smaller diameters [40]. The argument is that the addition of
salts yields a higher charge density

on the surface of the solution jet during the electrospinning,
bringing more electric charges to the

jet. As the charges carried by the jet increase, stronger
elongation forces are imposed on the jet

under the electrical field, resulting in less beading and
thinner smoother fiber diameters. It has

been found that with the increase of electrical conductivity of
the solution there is a significant

decrease in the diameter of the electrospun nanofibers whereas
with low conductivity of the

solution there results insufficient elongation. However, the
highly conductive solutions are
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extremely unstable in the presence of strong electric fields,
which results in a dramatic bending

instability as well as a broad diameter distribution [44].

Feed-rate

An increased feed-rate will increase the amount of polymer
available and will consequently lead

to an increase in the fiber diameter but must be set to match
the applied voltage to avoid

instability of the Taylor cone. A lower feed rate is usually
more desirable as the solvent will get

enough time for evaporation but reduces the output of fibers in
a given time frame. High flow

rates may also result in beaded fibers due to unavailability of
proper stretching and drying time

prior to reaching the collector [40, 45].

Voltage

A parameter which affects the fiber diameter to a remarkable
extent is the applied electrical

voltage. In general, a higher applied voltage ejects more fluid
in a jet, resulting in a larger fiber

diameter and only after attainment of a threshold voltage does
fiber formation actually occur [40].

This threshold voltage induces the necessary charges on the
solution and initiates the

electrospinning process. Other authors have reported that an
increase in the applied voltage

increases the electrostatic repulsive force on the fluid jet
which ultimately favors the narrowing of

fiber diameter. The higher voltage causes greater stretching of
the jet, due to the greater columbic

forces present in the jet as and provides a stronger electric
field. These combined effects lead to

reduction in the fiber diameter and also a more rapid
evaporation of solvent from the fibers [46].
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Tip-to-collector distance

The distance between the spinneret tip and the collector has
often been examined as another

approach to control the fiber diameters and morphology. Varying
the distance will have a direct

influence on the flight time and the electric field strength. A
longer flight time enables the fibers

to be stretched for longer periods of time before they are
deposited but weakens the strength of

the electric field. It has been found that a minimum distance is
required to give the fibers

sufficient time to dry before reaching the collector, otherwise
with distances that are too close wet

fibers, beads or intermeshed fibers have been observed [40, 41].
An excessively far distance will

lessen the deposited amount of fibers on the collector. There
should be an optimum distance

between the tip and collector at an applied voltage which yields
the optimal electric field strength

for the evaporation of solvent from the nanofibers and
stretching of the fibers.

2.2.6 Electrospinning process parameter summary

A summary of the discussed parameters and their general assumed
effect withholding the above

discussed intricacies is given in Table 1.

Parameter Effect on fiber morphology

Viscosity Low viscosity: Increase in bead generation

High viscosity: Increase in fiber diameter, disappearance of
beads.

Concentration Increase in fiber diameter with increase of
concentration.

Conductivity Decrease in fiber diameter with increase in
conductivity but also increases bending

instability and diameter distribution

Surface tension Reduction in surface tension minimizes beads,
high surface tension results in

instability of jets
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Applied voltage

Minimum voltage needed to induce electrospinning. Probable
increase in fiber

diameter with increase in voltage with lesser probability of
beading.

Feed-rate Low feed-rate: Decrease in fiber diameter

High feed-rate: Increase in bead generation and Taylor cone
instability

Tip-to-collector

distance

Minimum distance required for dry fibers. Excessively far
distance will lessen the

deposited amount of fibers on the collector

Table 2.1 Electrospinning parameters and their assumed effects
on fiber morphology

2.2.7 Recent developments in electrospun nanofibers and their
applications

Many different methodologies have been employed to modify the
electrospinning process,

yielding a variety of pathways for controlling the final
composition of electrospun nanofibers. In

addition to just varying the fundamental operational parameters,
further advanced developments

have been made by altering the design of the electrospinning
setup or the final makeup of the

electrospun material. Examples of such developments, excluding
to just those inherent to the

process operational parameters, are the co-processing of
different polymer mixtures, chemical

cross-linking of the formed nanofibers and the production of
various hierarchical nanofiber

assemblies [17, 23, 27, 41] . The electrospinning technique also
provides the capacity to lace

together a variety of types of nanofillers to be encapsulated
into an electrospun nanofiber matrix.

Carbon nanotubes, ceramic nanoparticles, etc. may be dispersed
in polymer solutions, which are

then electrospun to form nano scale composites. Another
interesting aspect of using nanofibers is

that it is possible to modify not only their morphology and
internal bulk content but also their

surface structure to carry various functionalities [47, 48].
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As mentioned earlier, the main advantage of the electrospinning
process is not only its versatility,

but also its easy setup and relatively low cost compared to that
of other nanofiber producing

methods. The resulting nanofibers samples are often uniform and
continuous and in most cases do

not require further purification Hence, electrospun polymer
nanofibers are considered for use in a

variety of applications such as nonwoven fabrics, filtration,
reinforcement in composite systems,

drug delivery systems, tissue engineering, fuel cells,
photonics, sensorics, wound dressings,

nanocatalyst supports and fiber templates for the preparation of
nanotubes or porous materials, to

name just a few [3, 5, 6, 28, 49]. Some applications in the
different sectors are given in Figure

2.11.

Figure 2.11 Different applications of electrospun nanofibers
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2.3 Electrospinning of the PMMA-g-PDMS organic-inorganic hybrid
copolymer

The electrospinning of copolymers appears as an attractive
option for enhancing the overall

properties of nanofibers as it offers possibility of an
intrinsic control of the polymeric material

itself. This includes tailoring of e.g. thermal stability,
mechanical strength and surface properties

of the nanofibers. Electrospinning with copolymers has therefore
been often pursued through and

in combination with methods such as in situ copolymerization,
melt-blending and incorporation

of inorganic fillers in to mention a few [50] . A structure
based definition of copolymers specifies

that the molecular structure of a copolymer consists of more
than one kind of repeat unit and they

are further classified based on the distribution of their
different repeat units along the polymer

chain backbone. By this classification, graft copolymers are
branched polymers in which the side

branches stemming from the main chain are structurally different
when compared to the main

chain itself. The poly(methyl
methacrylate)-graft-poly(dimethylsiloxane) graft copolymer
which

has been electrospun in this work (henceforth referred to as
PMMA-g-PDMS) has poly(methyl

methacrylate) constituting the backbone and
poly(dimethylsiloxane) macromonomers as the side

chains. The molecular structure of the PMMA-g-PDMS copolymer is
shown in Figure 2.12.

Figure 2.12 The PMMA-g-PDMS organic-inorganic hybrid
copolymer
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The PMMA-g-PDMS polymer is considered to be an organic-inorganic
hybrid material. A hybrid

material is defined as a material that includes two or more
moieties merged together on a

molecular scale. Commonly one of these compounds is organic and
the other one inorganic in

nature. These so called organic–inorganic hybrids have both the
advantages of organic materials,

such as light weight, flexibility and good moldability, and
those of inorganic materials, such as

high strength, heat stability and chemical resistance. These
materials are expected to find a

number of applications such as catalytic membranes,
ultrafiltration, scratch- and abrasive-

resistant hard coating, nonlinear optical materials, contact
lenses, and reinforcement of elastomers

and plastics [51, 52]. Recommended reading on the topic of
hybrid materials can be found in the

book by Kickelbick et al [51].

In the case of the PMMA-g-PDMS copolymer, the PDMS branch
constitutes the inorganic part of

the hybrid which is covalently bonded to the PMMA backbone which
is the organic. Material

properties of hybrid materials are usually changed by
modifications of the composition on the

molecular scale. If, for example, more hydrophobicity of a
material is desired, the amount of

hydrophobic molecular components is increased. The desired
function can be delivered from the

organic or inorganic or from both components. This example
clarifies that if the nature of the

material interface is of interest, as in the case of its
dispersion in a foreign material matrix, the

character of the hybrid material can be tailored so as to ensure
good dispersion. The presence of

PDMS in a copolymer imparts the material with many properties
that are favorable including a

low surface energy, elastomeric behavior, good thermal, UV,
oxidative stabilities, good

weatherability and high silicon content for chemical resistance
in particular to which organic

polymers are quite susceptible. PMMA on the other hand exhibits
qualities such as good optical
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clarity, high strength, rigidity and impact strength [53].
Copolymers with a very low PDMS

content still exhibit surface properties close to that of PDMS.
For instance, a PMMA-PDMS

copolymer containing 0.5 mol% PDMS was found to give the same
contact angel value as a

commercial PDMS [54]. An earlier study where the PMMA-g-PDMS
copolymer was synthesized

by macromonomer technology is given in the study by Lee et al
[53]. An extensive review of

silicon containing polymers can also be found in the book by
Jones et al. [55]

In the previous work of the Stellenbosch and KTH groups [49, 56]
upon which this work is based,

various PMMA-g-PDMS organic-inorganic hybrid copolymers were
synthesized by conventional

free radical copolymerization of MMA monomer and PDMS
macromonomers. Via NMR study

they concluded that the produced copolymers had high
incorporation rates of short PDMS

macromonomers (PDMS Mw = 800-1200 gmol-1

) in the produced copolymer relative to the

amount PDMS charged initially in the copolymerization reactions.
The incorporation was found

to be as high as 60 mol% dependant on charged amount. These
polymers were electrospun

successfully, and the properties of the nanofibers produced were
studied extensively [49, 57]. The

nanofibers generally exhibited extreme hydrophobic qualities
(superhydrophobicity) due in part

to the hydrophobic nature of the PDMS component in the copolymer
material and to the

essentially infinitely rough surface morphology of the
nanofibers. By varying the molecular

weight, the PDMS content in the polymer itself, and also by
varying the electrospinning

parameters, different morphologies (smooth, beaded, ribbon like)
and a wide range of diameters

of the nanofibers were attainable.
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2.4 Electrospun nanofibers in nanocomposites

2.4.1 Benefits of electrospun nanofibers as reinforcing elements
in nanocomposites

For decades, macrocomposites (e.g. filled polymers) in which the
length scale of the fillers is in

micrometers have been produced and applied but are now making
way for the advancement of

nanocomposites. In the case of nanocomposites, where the length
scale of the reinforcement

(nanoparticles and nanofibers) is in the nanometer scale, the
distances between the polymer

matrix material and filler components are extremely short. As a
result, the close molecular

interaction between the polymer and the nanoparticles gives
polymer nanocomposites superior

material properties that conventional materials and
macrocomposites do not possess [58].

The mechanical property benefits and reinforcing behavior of
nanofibers when introduced in

composites is greater than that of their macroscopic
conventional counterparts e.g. glass and

carbon fibers given that the rules established for reinforcement
by macroscopic fibers also apply

to reinforcement by nanofibers [23, 59]. The parameters that
dominate the reinforcing effect of

fibers in a composite are the tensile modulus of the fibers, the
coupling between the matrix and

the fibers, and the axial aspect ratio (length/diameter) of the
fibers [60, 61]. It is in these

parameters that the nanofibers have several advantages over
macroscopic fibers as reinforcement

and studies have proven them to be superior [62, 63]. Their
enhanced tensile strength, high aspect

ratio, large available surface area, rough surface morphology,
and potential homogeneous

dispersion throughout the matrix make electrospun fibers of
great interest as fillers in composite

matrices. Studies have shown that single electrospun nanofibers
feature very good mechanical
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properties [64]. For example, Young moduli of up to 50 GPa were
reported for electrospun

polyacrylonitrile (PAN) nanofibers with a high degree of
crystallite and chain orientation. As a

comparison, bulk samples of PAN material with no preferred
orientation showed moduli of only

1.2 GPa [65]. Another example measured the Young moduli of
electrospun polyethylene oxide

(PEO) nanofibers and also proved that they were distinctly
higher than those measured for bulk

samples [66]. An orientation induced by the electrospinning
process was the proposed reason for

the increased stiffness in both cases. Continuous electrospun
fibers are also expected to have

better interfacial adhesion than conventional fibers due to
their large surface-to-volume ratio.

This gives an increase in the surface area that is available to
adhere to a matrix material, leading

to better reinforcement than conventional fibers. Laminate
composites are also exp
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