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Abstract 

 

Two series of amphiphilic, organic-inorganic graft copolymers of poly(methyl 

methacrylate) and poly(dimethylsiloxane) (PMMA-graft-PDMS), as well as 

poly(acrylonitrile) and poly(dimethylsiloxane) (PAN-graft-PDMS), were synthesized 

via conventional free radical copolymerization using the ―grafting through‖ technique. 

In both series the PDMS macromonomer content varied from 5 wt.% - 25 wt.% and 

different graft lengths of 1000 g/mol and 5000 g/mol were used. A gradient elution 

profile was developed to monitor the removal of the unreacted PDMS 

macromonomer using hexane extraction. In the case of the PAN copolymer series, 

the gradient profile showed that as the PDMS content in the feed increased, more 

PAN-graft-PDMS molecules formed relative to homopolymer PAN. In the case of the 

PMMA copolymer series, mostly PMMA-graft-PDMS molecules were formed as the 

PDMS content in the feed increased. In the case of the PAN-graft-PDMS series, the 

PDMS content affected the crystallization behaviour of the PAN segments and lead 

to a decrease in crystallinity across the composition range as the PDMS content 

increased. It is shown that the synthesized graft copolymers can be electrospun to 

produce continuous nanofibers. The effects of polymer solution concentration, 

copolymer composition and tip-to-collector distance on the fiber morphology are 

discussed. The rapid stretching of the polymer jet, as well as the rapid solvent 

evaporation during the electrospinning process, resulted in highly complex non-

equilibrium morphologies in the case of the electrospun PAN-graft-PDMS 

copolymers. The crystallization behaviour of the electrospun fibers of PAN-graft-

PDMS was shown to be different from the unprocessed precursor material. Surface 

oxidised MWCNTs were successfully incorporated and well dispersed into the graft 

copolymers via the electrospinning process to produce nanocomposite nanofibers. In 

the case of the PAN-graft-PDMS copolymer series, the presence of MWCNTs in the 

nanocomposite nanofibers enhanced the overall degree of crystallinity when 

compared to the unfilled nanofibers. For the first time positron annihilation lifetime 

spectroscopy (PALS) analysis was performed on the various complex graft 

copolymer compositions and their electrospun fiber analogues, as well as 

nanocomposites, to investigate the free volume properties of the various materials. 
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The results revealed that there are two distinct ortho-positronium (o-Ps) lifetime 

parameters for these complex multiphased materials. The shorter lived lifetime 3 

was attributed to the o-Ps annihilation in the amorphous regions of the crystalline 

PAN phase in the PAN-graft-PDMS copolymer series, as well as to the o-Ps 

annihilation in the amorphous PMMA phase in the case of the PMMA-graft-PDMS 

copolymer series. The longer lived lifetime 4 was attributed to the o-Ps annihilation 

in the more amorphous PDMS phase. In the case of the PMMA series the relative 

fractional free volume was influenced by the graft lengths, where the 5000 g/mol 

series showed a larger increase in fractional free volume relative to the shorter 1000 

g/mol series. The effects of the tip-to-collector distance during electrospinning, as 

well as the inclusion of MWCNTs, on the free volume properties are also discussed. 

It is demonstrated how positron annihilation lifetime spectroscopy can provide 

valuable and unique information on the internal structure and morphology of the 

electrospun nanofibers. 
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Abstrak 
 

Twee reekse amfifiliese, organies-anorganiese entkopolimere van 

poli(metielmetakrilaat) en poli(dimetielsiloksaan) (PMMA-ent-PDMS), asook 

poli(akrilonitriel) en poli(dimetielsiloksaan) (PAN-ent-PDMS), is gesintetiseer deur 

konvensionele vrye-radikaalkopolimerisasie. Die PDMS makromonomeerinhoud het 

gewissel tussen 5 wt.% - 25 wt.% in albei reekse en sykettinglengtes van 1000 g/mol 

en 5000 g/mol is gebruik. `n Gradient-eluasieprofiel is opgestel om die verwydering 

van ongereageerde PDMS makromonomeer d.m.v. heksaanekstraksie te monitor. In 

die PAN kopolimeer reeks het die gradient-eluasieprofiel gewys dat meer PAN-ent-

PDMS molekules vorm relatief tot die PAN homopolimeer sodra meer PDMS 

bygevoeg word. In die PMMA kopolimeer reeks het meer PMMA-ent-PDMS 

molekules gevorm sodra meer PDMS toegevoeg is. In die geval van die PAN-ent-

PDMS reeks, het die PDMS die kristallisasiegedrag van die PAN segmente 

geaffekteer en `n afname in die totale kristalliniteit veroorsaak soos die PDMS 

inhoud vermeerder het. Daar word bewys dat die gesintetiseerde entkopolimere ge-

elektrospin kan word om nanovesels te vorm. Die effek van 

polimeeroplossingskonsentrasie, kopolimeersamestelling en punt-tot-versamelaar-

afstand op die nanoveselmorfologie word bespreek. Die vinnige strekking van die 

polimeerjet sowel as die vinnige verdamping van die oplosmiddel gedurende die 

elektrospinproses het gelei tot hoogs komplekse nie-ekwilibrium morfologieë in die 

geval van die ge-elektrospinde PAN-ent-PDMS kopolimere. Die kristallisasiegedrag 

van die nanovesels van PAN-ent-PDMS het verskil van die onverwerkte voorloper 

materiaal. Oppervlakgeoksideerde MWCNTs is suksevol geïnkorporeer en versprei 

in die entkopolimere d.m.v. die elektrospinproses om nanosaamgestelde nanovesels 

te vorm. Die teenwoordigheid van MWCNTs in die nanosaamgestelde nanovesels in 

die PAN-ent-PDMS kopolimeerreeks het gelei tot `n verbetering in die algehele 

kristalliniteit in vergelyking met die nanovesels sonder MWCNTs. Positron-

vernietigingsleeftyd-spektroskopie (PALS) is vir die eerste keer gebruik om die vrye 

volume van verskillende kompleks entkopolimeersamestellings, hul ge-elektrospinde 

nanovesels sowel as nanosaamgestelde nanovesels te bestudeer. Die resultate het 

getoon dat daar twee verskillende orto-positronium (o-Ps) leeftydparameters vir 
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hierdie komplekse multifase materiale bestaan. Die korter leeftydparameter 3 word 

toegeskryf aan die o-Ps vernietiging in die amorfe areas van die kristallyne PAN fase 

in die PAN-ent-PDMS kopolimeerreeks, sowel as die o-Ps vernietiging in die amorfe 

PMMA fase in die PMMA-ent-PDMS kopolimeerreeks. Die langer leeftydparameter 

4 word toegeskryf aan die o-Ps vernietiging in die amorfe PDMS fase. Die relatief 

fraksionele vrye volume van die PMMA reeks is deur die verskillende syketting 

lengtes beïnvloed. Die 5000 g/mol syketting het `n groter toename in fraksionele vrye 

volume veroorsaak relatief tot die korter 1000 g/mol syketting. Die effek van die punt-

tot-versamelaar-afstand tydens die elektrospinproses op die vrye volume 

eienskappe, sowel as die insluiting van MWCNTs, word bespreek. Daar word 

aangedui hoe positron-vernietigingsleeftyd-spektroskopie waardevolle en unieke 

inligting kan verskaf oor die interne struktuur en morfologie van die nanovesels.
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In this chapter hybrid materials, electrospinning and positron annihilation lifetime 

spectroscopy are discussed briefly. The objectives of the research presented in this 

thesis are also summarized. 
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1.1 Introduction 
 

The interest in the synthesis and characterization of amphiphilic graft copolymers has 

increased enormously in the last years. This is owing to their unique molecular 

structure, which consists of at least two parts with different chemical natures, 

constituting an amphiphilic (amphi: of both kinds; philic: having an affinity for) 

character. These hybrid graft copolymers are particularly interesting since they inherit 

some of the properties of the disparate components yielding materials which exhibit 

unique and often superior properties1. In this study a series of organic-inorganic 

hybrid graft copolymers based on poly(methyl methacrylate) (PMMA), 

poly(acrylonitrile) and poly(dimethylsiloxane) were synthesized to form PMMA-graft-

PDMS and PAN-graft-PDMS. PMMA and PAN formed the organic backbone and 

PDMS the inorganic grafts. The properties of PMMA, PAN and PDMS are vastly 

different. PMMA and PAN have relative similar glass transition temperatures (Tg) and 

are brittle materials, whereas PDMS has a very low Tg of -125C, due to its flexible 

backbone and siloxane linkages. By combining these individual organic and inorganic 

polymers to form a hybrid material, new superior material are created showing 

characteristics of both constituents. 

Electrospinning is a very simple method for producing nanofibers from polymers. The 

technique was discovered and patented by Formhals2 in 1934 and was later revived 

by Reneker et al.3 They showed that electrospun nanofibers can be produced from 

various kinds of polymer solutions. A variety of reviews4-7 on the electrospinning of 

various polymers and composites have been published since then. Nanofibers have 

extremely high aspect ratios and this property lends itself to various applications 

including filtration8, biomedical applications9, drug delivery10 and fiber mats serving 

as reinforcing components in composites11,12. The electrospinning of copolymer 

materials is a topic that has not received much attention. Copolymers allow us the 

ability to produce phase segregated morphologies, where the disparate components 

are covalently bonded, producing much more stable and robust materials. A very 

special case of copolymers, namely amphiphilic copolymers, can self-assemble to 

form aggregated structures in solution which include micelles, lamellar, vesicular or 

complicated network structures13. However, the solution behaviour of amphiphilic 

graft copolymers as potential self-assembling molecules14-17, is a topic that has not 

been researched as much for example as block-copolymers. The electrospinning of 
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these materials is also a relative new research area. This study investigates the 

electrospinning of amphiphilic graft copolymers of poly(methyl methacrylate) (PMMA) 

and poly(dimethylsiloxane) (PDMS), as well as poly(acrylonitrile) (PAN) and PDMS. 

Various parameters can affect the electrospinning process7, but not all will be 

investigated. One particular factor, the tip-to-collector distance, was used to produce 

series of polymer nanofibers with different internal morphologies since it is well 

known that this factor affects the internal morphology and molecular orientation 

caused during the electrospinning process. This allowed for a more detailed and 

systematic study of this factor in determining the internal fiber morphology.  

The inclusion of additives to polymer solutions not only affects the electrospinning 

procedure, but also the properties of the electrospun nanofibers. Multiwalled carbon 

nanotubes (MWCNTs) are excellent candidates for polymer reinforcement18 due to 

their outstanding mechanical integrity and electrical conductivity properties. These 

additives are chemically inert and are difficult to disperse in a polymer matrix, but 

surface modification methods have proven to improve distribution. This study will look 

at incorporating MWCNTs into the electrospun nanofibers to form nanocomposite 

nanofibers. The influence of this reinforcing filler on the fiber morphology will also be 

investigated. In this study it is expected that the MWCNTs will localise in the PAN 

and PMMA phases and have a dramatic effect on the electrospinning, fiber 

morphology and properties of the nanofibers. 

One of the main objectives of the study was to shed more light on the complex 

processes involved when producing nanofibers with graft copolymers and carbon 

nanotubes. The processing of polymer materials via electrospinning inevitably means 

that non-equalibrium internal morphologies are induced in the nanofibers as a result 

of the solution properties of the materials, the stretching and alignment of the 

polymer molecules, and the very rapid evaporation of the electrospinning solvent. All 

of these mean that complex (possibly phase segregated) internal fiber morphologies 

will result. The current study presents some of the first reports on the application of 

positron annihilation lifetime spectroscopy to study the complex nanofiber 

morphology as a result of electrospinning.  

The use of positron annihilation lifetime spectroscopy (PALS) in the study of polymer 

properties is gaining more interest. This is due to the unique information that can be 

provided about the local free volume that appears in polymer microstructure due to 
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structural disorder. PALS has been used successfully to study the structural 

characteristics of amorphous polymers19-22. It has been reported that the orto-

positronium (o-Ps) is formed in subnanometer sized holes of the excess free volume 

in amorphous polymers23. In semi crystalline polymers the situation appears to be 

much more complex, where at least three different regions must be considered 

namely the amorphous, crystalline and interfacial or defects in crystalline regions. 

When these materials are probed by PALS, there is a probability of o-Ps forming 

within the open spaces of both the amorphous and intermediary regions. It is 

generally accepted that no o-Ps formation occurs in the perfectly crystalline regions 

due to the denser packing. Because of the possibility of o-Ps formation in different 

regions of the morphology, the interpretation of PALS data is not as simple as in the 

case of homogeneously amorphous material. This accounts for the fact that there is 

no clear consensus in the literature as to how many lifetimes can be resolved in semi 

crystalline polymers24. As mentioned earlier, the materials synthesized in this study 

have very complex morphologies. The PMMA-graft-PDMS copolymer series consists 

of amorphous material compared to the semi crystalline nature of PAN-graft-PDMS 

copolymer series. In this study the free volume properties of these complex materials 

will be investigated and compared. PALS analysis will also be performed on the 

electrospun analogues, as well as the nanocomposite nanofibers and will be 

compared. The effect of the electrospinning parameters on the free volume will be 

investigated, as well as the influence of the MWCNTs as reinforcing filler. 

1.2 Objectives 

 

In order to take advantage of the potential that electrospun nanofibers as well as their 

nanocomposite nanofibers based on copolymer materials have, it is necessary to 

understand the fundamental processes involved in the production of these complex 

structured materials and the influence these may have on the fiber morphology. This 

ultimately will determine their properties and hence their potential application. 

The main objectives of this research endeavour can be summarised as: 

 The synthesis of PAN-graft-PDMS and PMMA-graft-PDMS copolymers with 

varying PDMS graft lengths using free radical polymerisation techniques. In 

these copolymers there will be a systematic variation in the molecular 

Stellenbosch University http://scholar.sun.ac.za



Chapter 1  Introduction & Objectives 
__________________________________________________________________________________ 

5 
 

composition and structure. The PMMA and PAN graft series were selected 

since they present two systematic series with increasingly complex 

morphologies. Both PMMA and PAN are relatively high Tg polymers, but the 

PMMA phase is amorphous whereas the PAN phase will be semi-crystalline 

and thus produce nanofibers with more complex internal structure.  

 The full molecular characterisation of the copolymers including the use of 

liquid chromatographic and spectroscopic techniques. 

 The processing of these materials into polymer nanofibers via electrospinning 

and the investigation of the effect of processing parameters on the electrospun 

fiber morphology. 

 The effect of the PDMS on the crystallization of the PAN segments must be 

investigated as this will have an effect on the fiber morphology. 

 The effect of molecular orientation during the electrospinning process will also 

be investigated. 

 The inclusion of carbon nanomaterials in the nanofibers and the influence this 

may have on the fiber morphology. 

 The use of advanced analytical techniques for the study of the free volume 

properties of the copolymers, their electrospun analogues and nanocomposite 

fiber analogues. This includes the use of positron annihilation lifetime 

spectroscopy (PALS) and wide angle x-ray diffraction (WAXD). 
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Chapter 2 
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Despite the exponential growth in reports on the use of the electrospinning 

process over the last decade, there still exists opportunities for research 

into the fundamental aspects of this process, particularly when it comes to 

using the technique on complex copolymer systems in order to produce 

electrospun nanocomposite fibers. This chapter aims to provide a brief yet 

comprehensive review on the past and current state of the literature on the 

various aspects related to this study .  
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2.1 Hybrid materials 
 

The need for novel materials with improved and specific properties is increasing 

daily. The ability to control the molecular structure on an atomic and molecular level 

is of utmost importance to produce materials with specific programmed activities. 

Hybrid polymers have this ability to combine different properties of individual 

materials into that of a single material showing improved characteristics. A hybrid 

material is a material that includes two or more moieties blended together on a 

molecular scale1. Two types of hybrid polymers are possible namely organic-

inorganic polymers (OIP) and inorganic-organic polymers (IOP). By using different 

combinations of organic and inorganic components, a wide range of polymeric 

structures have been synthesised via controlled radical polymerisation2. 

 

2.2 Graft copolymers 
 

There are a large number of possible architectures available for hybrid materials as 

illustrated in Figure 2.1. In this study we will focus on graft copolymers. Graft 

copolymers, especially hybrid and amphiphilic materials, are gaining interest in 

modern day applications. These materials are used for various applications such as 

impact resistant plastics, thermoplastic elastomers, compatibilizers and polymeric 

emulsifiers. These polymeric materials have many structural variables like 

comonomer composition, backbone length, branch length, spacing, spacing 

distribution etc. which leads to new properties and/or improved performance of the 

existing materials. The graft copolymers3 in this study are made up of a backbone 

consisting of an organic polymer and the pendant side chains of an inorganic 

polymer, which are usually incompatible or immiscible. The opposing properties of 

most hybrid materials leads to the formation of nanophase segregated 

morphologies2. When synthesizing these polymeric materials, choice of materials 

become very important, as it has interesting properties in solution which can affect 

the final morphology of the polymers, even after solvent removal.  
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Figure 2.1 Various complex architectures achieved using 2 segments (A & B) or homopolymer structure (a) 
linear, (b) graft, (c) brush/comb, (d) ring, (e) star AnBn, (f) star-block (AB)n, (g) AB2 star, (h) palm tree 
ABn, (i) dumb-bell and (j) H-shaped B2AB2.

4
 

 

The focus of this study is specifically on hybrid graft copolymers constituting 

polyacrylonitrile (PAN) (organic) and polydimethylsiloxane (PDMS) (inorganic) 

segments, as well as polymethylmethacrylate (PMMA) (organic) and PDMS 

segments. The noticeable difference between the constituent groups PAN, PMMA 

and PDMS, is that of their glass transition temperatures (Tg). PAN and PMMA have 

Tg’s of 85C and 105C, while PDMS has a Tg of -127C. This implies that PDMS will 

be a viscous liquid at room temperature even at high molecular weights, whereas 

PAN and PMMA are glassy, brittle materials at room temperature. It has been 

mentioned that hybrid materials exhibit nanophase segregated morphologies as 

these materials consist of disparate segments. These phase behaviours can be 

predicted as polymer-polymer interactions in grafted systems are comparable to that 

of di-block copolymers governing meso-structural ordering. Graft copolymers are 

structurally much more complex, and will not exactly phase separate as di-blocks do. 

Stellenbosch University http://scholar.sun.ac.za



Chapter 2   Historical & Literature review 

__________________________________________________________________________________ 
 

11 
 

Phase-separation can be calculated by knowing  , where  is the segment-

segment interaction parameter and N the degree of polymerization for the di-block as 

a whole. For graft copolymers however, the amount and placement of the branches 

also have to be taken into account, in other words the number of branches per graft 

chain needs to be known: 

   

where  is the number of branches per graft copolymer. It has been reported5 that if 

       , then the polymeric system will lead to nanophase segregation. 

PDMS has the tendency to phase segregate in organic-inorganic systems as it will 

most likely have a much lower surface energy than its counterpart. Work done by 

Maynard et al.5, Lee et al.6,7, Chen et al.8,9, Swart10 and Bayley11 all concluded that 

the PDMS segment segregates to the free surface as this is more favourable 

thermodynamically, minimizing the total free energy of the copolymer segments. 

 

2.2.1 Synthesis of graft copolymers 
 

Well-defined graft copolymers of multiphase polymeric materials can be synthesized 

via free radical polymerization by using three synthetic approaches namely  

 Grafting from 

 Grafting onto 

 Grafting through3,12-14 

Each of these approaches has their pros and cons, but all three are affected by the 

steric hindrance of the reactive centre, which greatly affects the grafting efficiency15. 

Figure 2.2 summarises the methods diagrammatically. 
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Figure 2.2 Illustration of the three grafting approaches (a) grafting from, (b) grafting onto and (c) grafting 
through.

15
 

2.2.1.1 Grafting from 
 

This approach starts with the preparation of a backbone polymer (macroinitiator) with 

a predetermined number of initiating sites that are then subsequently used to initiate 

polymerization of the side chains. The macroinitiator can be prepared directly or by 

first preparing a precursor that is then functionalized to include initiating moieties. 

The number of side chain branches can be theoretically controlled by the number of 

active sites along the backbone3. An example of ―grafting from‖ approach can be 

seen by looking at the synthesis of a PMMA-graft-poly(-Butyrolactone) copolymer16. 
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2.2.1.2 Grafting onto 
 

This approach involves the reaction of end-functional polymers with a polymer 

backbone precursor containing complimentary functionality on each monomer unit. 

This is based on the supramolecular approach making use of secondary interactions 

like hydrogen bonding, coordination and ionic interaction17. The attractive feature of 

this approach is that both the backbone and the side chains are prepared 

independently, allowing more control over the system18. There is a reaction between 

the electrophilic sites along the polymer backbone with the nucleophilic chain ends of 

the side chains. However, due to steric repulsion between bulky side chains, limiting 

grafting density is often observed. Excess side chains are then often employed to 

drive the grafting reaction to higher conversion, however, purification can become 

problematic in removal of the unreacted side chains. An example of the ―grafting 

onto‖ mechanism can be seen by looking at the synthesis of poly(butadiene-graft-

styrene) graft copolymers19. 

 

2.2.1.3 Grafting through 
 

The ―grafting through‖ approach, also known as the macromonomer method, is one 

of the most useful ways to synthesise well defined amphiphilic graft copolymers20. 

With this method macromonomers which have a polymerizable end group, are 

copolymerized with low molecular weight comonomers. During the copolymerization 

the macromonomer will form the side chains of the graft copolymer and the 

comonomer the backbone in situ. The average number of side chains or the overall 

copolymer composition is determined by several factors3. 

 The molar ratio of macromonomer to comonomer in the feed can influence the 

branching density. 

 The reactitivity ratios r1 and r2 of the macromonomer and comonomer species. 

These reactivity constants determine the randomness of the graft 

incorporation along the backbone. In Figure 2.3 Polymer A and B both have 

the same backbone length, branch length and number of branches, but there 
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is a clear difference in the distribution of the branches. Polymer A has a 

homogeneous branch distribution, whereas polymer B has a heterogeneous 

branch distribution. 

 Phase separation can occur during copolymerization due to the potential 

incompatability of the macromonomer and the propagating comonomer chain. 

 

In work done by Shinoda and Matyjaszewski21 they showed that PMMA-graft-PDMS 

copolymers can be synthesized by copolymerization of MMA and methacrylate 

functional PDMS macromonomers using RAFT, ATRP and conventional radical 

copolymerization techniques. They showed that ATRP resulted in homogeneously 

distributed grafts, RAFT presented gradient graft distributions and conventional free 

radical copolymerization heterogeneously distributed grafts. This grafting approach 

along with the conventional radical polymerization technique was used to synthesize 

the graft copolymers in this study. 

 

 

Figure 2.3 Illustration of the difference in branching distribution.
21 

 

2.3 Amphiphilic behaviour of graft copolymers in solution 
 

As mentioned in earlier sections, the graft copolymers studied in this work are a 

combination of two classes of materials that either display properties in between the 

two classes or completely new properties. The organic backbone and inorganic grafts 

have different solubilities in certain solvents. When it comes to electrospinning of 

these hybrid materials, then it becomes essential to understand the behaviour of the 
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amphiphilic graft copolymers in solution because this technique uses polymers in 

solution to produce electrospun fibres. Amphiphilic graft copolymers will self-

organize, both in solution and interfaces, in order to minimize their free energy. This 

leads to self-assemblies with well-defined morphologies, from microphase separation 

in solution to self-organization at and stabilization of interfaces. 

Graft copolymers may form a variety of micellar structures depending on the chain 

length and graft density and distribution, as well as solvent quality by either intra- or 

intermolecular association. These aggregate structures in solution can include 

spherical or rod-like micelles, lamellar, vesicular or complicated network structures22 

and can be manipulated by the choice of solvents, temperature, solution pH, 

molecular structure and concentration. Solution behaviour of amphiphilic block 

copolymers has been extensively studied and offers a multitude of applications in 

medicinal23 and micro reactor24 fields. Not much attention has been paid to 

amphiphilic graft copolymers as potential self-assembling molecules25-28 in solution 

though, because they present a much more complicated behaviour. 

A study by Kikuchi et al.29 showed that amphiphilic graft copolymers made of PMMA-

graft-PS are able to form unimolecular rodlike micelles depending on the quality of 

the solvent with respect to the backbone and grafts. The graft copolymers in that 

study had sparsely grafted short graft branches. Figure 2.4 were reconstructed from 

reference29 to illustrate the different solvent-polymer interactions. 
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Figure 2.4 Schematic presentation of possible micellar structures of graft copolymer with short chain branching 
and low branching density as a function of solvent quality.

29
 

 

Figure 2.4 illustrates that the predicted micellar structures of graft copolymers with 

short chain branching are presented as a function of solvent qualities to backbone 

and branching chains which are represented by excluded volume parameters  

 bb,s = 
 

 
 - bb,s 

 br,s = 
 

 
 - br,s 

Where  is the monomer-monomer interaction parameter. Change of non-selective 

solvent quality is presented by the dashed line through the origin,  bb,s =  br,s , where 

the coil-globule transition is observed for linear polymers. Dashed line A in Region 1 

presents conditions where the solvent remains good for the branches ( br,s > 0), but 

becomes poorer for the backbone from  bb,s = 0 to  bb,s << 0. In contrast, the dashed 

line B in Region 2, represents a condition where the solvent quality to the backbone 
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remains good ( bb,s > 0) but the solvent quality becomes gradually poorer for the 

branches from  br,s = 0 (Θ condition) to  br,s << 0.This will cause changes in the 

molecular behaviour of the graft copolymers in solution. In region 1, as the solvent 

quality becomes progressively poorer for the backbone and remains good for the 

branches, the backbone tends to collapse out of solution and the formation of worm-

like chain or rod micelles starts, which will progress further into the formation of 

spherical micelles as the solvent conditions for the backbone gets poorer. The 

backbone chains will form a large core and the outer branches form the corona shell. 

In region 2, as the solvent for the branches becomes progressively poorer, the 

branches tend to stick together in clusters. While the branches stick together, the 

backbone branches which are in solution, tend to form petal-like loops around the 

branch core. The number of petals and size thereof is determined by the branching 

density, graft spacing as well as the solvent quality. The poorest solvent quality will 

yield unimolecular micelle formation. Kikuchi29 showed that as the branch density 

increases, the number of petals increases leading to more rigid rod-like 

arrangements of agglomerated micelles. A decrease in temperature followed the 

same trend. Graft copolymers of chitooligosaccharides as hydrophilic backbones with 

polycaprolactones as hydrophobic grafts were studied by Wang et al.30. In this study 

the backbone was kept short and the branch length was much longer in comparison. 

By changing the branch length and the amount of water in the common solvent, they 

were able to form an array of different morphologies ranging from spheres, petal-like 

spheres, rods and vesicles to complicated networks of cylindrical micelles.  

 

It is, therefore, clear that amphiphilic graft copolymers will present a wide variety of 

aggregated structures in solution which are dependent on the branching density, 

branch length to backbone length ratio, solvent quality and sensitivity. 
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2.4 Electrospinning 
 

Structured polymer fibers with submicron diameters are materials which have 

exceptionally high surface to volume ratios31. There are many ways to produce these 

fibers and methods include drawing32, template synthesis33, phase separation34, self-

assembly35 and most important electrospinning31. Of these methods electrospinning 

has shown to be an effective method for the production of submicron fibers. The 

ability to obtain long continuous nanofibers with high aspect ratios lends itself to 

various applications including filtration36, fiber mats serving as reinforcing 

components in composites,37,38 biomedical applications39 and drug delivery.40 

The process is very simple and involves the application of an electrostatic field to a 

needle tip which is connected to a syringe with polymer solution. A pump, connected 

to the syringe, feeds the polymer solution at a constant rate to the needle tip. Under 

the influence of the electrostatic field, a droplet of the polymer solution at the needle 

tip is deformed into a conical shape also known as a Taylor cone41. A schematic of 

the process is shown in Figure 2.5. When the applied voltage surpasses a certain 

threshold value, the electrostatic forces on the droplet overcome the surface tension 

and a fine charged whipping jet is ejected. This jet moves toward a ground collector 

plate which acts as a counter electrode. Due to the viscosity of the polymer solution 

and the presence of entanglements, the jet remains stable and does not transform 

into spherical droplets as expected for a liquid cylindrical thread42.  

 

Figure 2.5 Schematic illustration of the 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 shape of the Taylor cone due to the charge-charge repulsion. A fine jet initiates from the 
cone.

43
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During electrospinning from solution, structure formation within the nanofibers is 

controlled by the simultaneous evaporation of the solvent and the extreme elongation 

of the solidifying fibers44. The bending of the jet as it accelerates towards the counter 

electrode results in the reduction of the fiber diameter every time the whipping 

occurs. The end result is the deposition of a thin polymer fiber mat on a substrate 

located above the counter electrode. Figure 2.6 shows a schematic illustration of the 

basic electrospinning setup, which essentially consists of a syringe filled with polymer 

solution, a high voltage source and a grounded conductive collector. In addition, a 

metering syringe pump is used to control the flow rate of the polymer solution. The 

needle of the syringe typically serves as an electrode to electrically charge the 

polymer solution and the counter-electrode is connected to the conductive collector. 

 

Figure 2.6 Schematic of a typical electrospinning setup. Adapted from Wallace et al.
45

 

 

The electrospinning process was invented by Formhals46-54 in 1934 and was studied 

in detail by Reneker et al.38,44,55,56 during the last decade. Apart from the surface 

tension and forces of the polymer solution, there are various other processing 

variables and parameters that need to be considered and regulated in order to 

generate nanofibers instead of droplets or beaded morphologies. By varying these 

parameters, the final nanofiber morphology can be tailored to suit certain 

specifications for use in applications. From Table 2.4 it is evident that there are 

mainly 3 factors that can influence the electrospinning process namely polymer 

solution, processing and ambient parameters. 
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Polymer solution 

parameters 
Processing parameters Ambient parameters 

 Molecular weight  Applied voltage  Humidity 

 Solution viscosity  Tip-to-collector 

distance 

 Pressure 

 Surface tension  Flowrate of polymer 

solution 

 Atmosphere 

 Solution 

conductivity 

 Needle diameter  

 Di-electric effect of 

solvent 

 Temperature  

Table 2.4 A summary of the paramaters affecting the electrospinning of polymer solutions. 

 

A brief discussion is given below on how some of these processing variables and 

paramaters can affect the final fiber morphology. 

2.4.1 The effect of polymer solution parameters 
 

Electrospinning is based on the uniaxial stretching of a charged jet of polymer 

solution. At low polymer concentrations, due to the effect of applied voltage and 

surface tension of the solution, the charged jet fragments into discrete droplets 

before reaching the ground collector. At an increased polymer concentration, the 

solution viscosity is increased and chain entanglements between the polymer chains 

are improved and smooth nanofibers are formed. The polymer concentration of the 

solution to be electrospun has an effect on both the viscosity and surface tension 

which ultimately decides the electrospinnability of the solution into nanofibers. The 

fiber diameter will increase with an increase in polymer concentration until a certain 

concentration limit is reached where the solution viscosity will be too high, disrupting 

the flow of the polymer solution through the capillary57,58. Reneker et al.59 

investigated the effect of viscosity on the electrospinning of aqueous PEO solutions. 

They observed that nanofibers were formed from solutions with viscosities between 

800 and 4000 cp. Below 800 cp the jet garmented into droplets and above 4000 cp 

nanofiber formation was difficult because the solution dehydrated at the tip of the 
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capillary. Nanofiber formation occurred at an optimum range of solution viscosity as 

dictated by an optimum polymer concentration. In reports on electrospinning of 

polyacrylonitrile solutions, nanofiber formation occurred at a solution viscosity range 

of 1.7-215 cp. As the solution viscosity increased in this range, jet length and 

nanofiber diameter increased and the drop at the end of the capillary changed from 

hemispherical to conical shape60. The viscosities in the upper range resulted in 

incomplete drying of nanofibers thereby influencing the morphology of the formed 

nanofibers. It can therefore be concluded that solution viscosity and surface tension 

determines the useful range of polymer concentrations in electrospinning for a given 

polymer. 

2.4.2 The effect of solvent selection and solvent conductivity 
 

The correct choice of solvent is very critical because the polymer has to be dissolved 

for it to be transformed into nanofibers through electrospinning. Volatile solvents are 

preferred as they facilitate dehydration of the nanofibers during trajectory from the 

capillary tip to the collector surface because of their low boiling point and hence rapid 

solvent evaporation rate. Solvents with a too low boiling point will evaporate at the 

capillary tip resulting in clogging and obstructing the flow rate of the polymer solution. 

On the other hand solvents with a too high boiling point may not dehydrate 

completely prior to reaching the collector surface, thereby resulting in ribbon like flat 

nanofiber morphologies61,62. By using a combination of solvents with different boiling 

points the porosity and morphology of the nanofibers can be influenced. Work by 

Megelski et al.63 (illustrated in Figure 2.7) showed the influence of solvents on the 

porosity of electrospun polystyrene nanofibers. Two solvents were used, THF (highly 

volatile) and DMF (less volatile), with different boiling points and vapour pressures to 

electrospin the nanofibers. Nanofibers that were spun from THF had very high 

surface pore densities and the nanofibers that were spun from DMF had a smooth 

surface morphology. When a combination of the two solvents were used in varying 

ratios, the pore density then decreased with an increase in the ratio of the less 

volatile solvent (DMF). 
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Figure 2.7 FESEM images of polystyrene fibers produced from polystyrene solutions of varying volatility: (a) 
100% THF; (b) 75% THF/25% DMF; (c) 50% THF/50% DMF; (d) 100% DMF. Adapted from Megelski et 
al.

63
 

 

Adding ions or salts to a polymer solution that has to be electrospun can increase its 

charge density. The increased solution conductivity will impart an increased elastic 

force within the jet, resulting in larger bending instabilities. The polymer jet will stretch 

more and beading will decrease leading to smooth nanofiber formation.  

2.4.3 The effect of tip-to-collector distance 
 

There is an optimum distance between the capillary and collector which is favourable 

for nanofiber formation. Working on either side of this distance can lead to bead 

formation or electrospraying64. With an increase in tip-to-collector distance the 

diameter of the electrospun nanofibers decreases55. At small tip-to-collector 

distances the solvent does not have sufficient time to evaporate completely and the 

Stellenbosch University http://scholar.sun.ac.za



Chapter 2   Historical & Literature review 

__________________________________________________________________________________ 
 

23 
 

polymer jet is not stretched enough resulting in nanofibers with flattened structures 

due to inadequate drying. 

2.4.4  The effect of changes in the applied voltage 
 

There is an optimum range of the applied voltage or electric field strength for a given 

polymer-solvent system within which nanofiber formation is desirable. An electric field 

weaker or stronger than this optimum range will result in beaded morphologies or 

even inhibit polymer jet initiation. The threshold voltage induces the necessary 

charges on the droplet and initiates the electrospinning process. By increasing the 

applied voltage the droplet distorts and forms a Taylor cone and a polymer jet will be 

ejected from the apex of the cone. Zong et al.65 studied the effect of applied voltage 

on the morphology of electrospun poly(D,L-lactic acid). They found the threshold 

value for jet initiation to be 16.0 kV. With an increase to 20 kV, the jet originated from 

the tip of the Taylor cone and minimal bead formation was found in the nanofiber 

structure. A further increase to 25 kV resulted in a decrease in the droplet volume 

and bead formation became more prevalent. When the applied voltage was further 

increased to 30 kV, the polymer droplet disappeared completely and the jet emerged 

from the tip of the capillary. The nanofibers obtained had large diameters and beads 

became more spherical in shape. 

2.4.5 The effect of modifying the flowrate of the polymer solution 
 

Nanofiber diameter, porosity and geometry are all influenced by the flowrate of the 

polymer solution through a capillary. In order to maintain a stable Taylor cone shape 

of the droplet at the capillary tip and avoid bead defects, a minimum flowrate is 

required to replace the solution that is lost when the nanofiber jet is ejected66. With 

increased flowrates the applied voltage will also have to be adjusted to avoid Taylor 

cone instability. Lower flowrates are more desirable as there is sufficient time for 

solvent evaporation and stretching of the polymer jet that leads to reduced fiber 

diameters. With higher flowrates more polymer molecules are available and the 

nanofiber diameter and pore size will increase. When the flowrate is too high, the 
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nanofibers are unable to dry completely before reaching the collector and results in 

beaded or flattened ribbon-like fiber morphology63. 

2.4.6 Electrospun fibers with complex internal morphologies 
 

Electrospun fibers show superior properties such as increased surface area and 

aspect ratios, low density, high porosity, and increased mechanical strength67. By 

manipulating the abovementioned processing variables and parameters during the 

electrospinning process, it is possible to control the final morphology of the fibres. 

Complex nanofiber structures can be achieved such as non-woven, aligned or 

patterned fibers, nanowires, nanoribbons and nanorods with tuned properties and 

controlled diameters68,69. Fibers with hierarchical properties and architectures such 

as core-sheath, hollow, internal microphase separated, and porous fibers can also be 

achieved63,70-79. In this study the aim is to electrospin graft copolymer materials. The 

electrospinning of graft copolymers is much less studied and reported than that of 

block copolymers74,80-86. The lack of research can be ascribed to the very complex 

solution and solid state behaviours of the graft copolymers compared to block 

copolymers. 

The electrospinning process retards the crystallization process of semi-crystalline 

polymers which can be attributed to the rapid solvent evaporation and rapid 

solidification of the stretched chains at very high elongation rates that significantly 

hinders the formation of crystal structures. In most semi-crystalline polymers, the 

fibers formed during electrospinning display structural hierarchy. This kinetic fiber 

morphology is different from the equilibrium bulk morphology of the unprocessed 

polymer. During electrospinning, the high elongation strains and shear forces are 

capable of aligning the macromolecular chains along the fiber axis resulting in a high 

degree of molecular orientation in the fibers. Thus the kinetic fiber morphology will be 

highly orientated compared to the random-coil shaped chains in the equilibrium bulk 

morphology. 

During the electrospinning process, the rapid solvent evaporation from the jet is 

accompanied by rapid structure formation. This occurs within milliseconds and such 

fast fiber formation leads to non-equilibrium morphologies within the fibers. In the 

case of crystallisable polymers, the crystal structures are imperfect and small. The 

Stellenbosch University http://scholar.sun.ac.za



Chapter 2   Historical & Literature review 

__________________________________________________________________________________ 
 

25 
 

molecules that are aligned along the fiber axis have less time to realign themselves 

and this results in a less favourable packing. In semi-crystalline polymers, the 

stretched chains do not get enough time to form crystalline lamellae thus yielding 

frozen-in morphologies with lower crystallinity than the bulk unprocessed material. 

The crystallinity of electrospun fibers is thus influenced by the rate of solvent 

evaporation. 

Generally it has been reported that the electrospun fibers have a lower degree of 

crystallinity than that of the unprocessed bulk polymer material. Bognitzki et al.70 and 

Zong et al.65 reported that electrospun PLLA fibers had lower degree of crystallinity 

than films cast from solution or melts. This was attributed to the rapid solvent 

evaporation and rapid solidification of stretched polymer chains during the 

electrospinning process.  

Contrary to the theory that electrospinning reduces the crystallinity of electrospun 

fibers, Lee et al.87 and Reneker et al.88 reported that the crystallinity can be even 

higher than the unprocessed polymer. They argue that electrospinning inhibits the 

development of crystallinity specifically for rigid polymers with high glass transition 

temperatures. They compared the DSC analysis of nylon 6,6 fibers with the 

unprocessed nylon 6,6 pellets. The melting enthalpy of the electrospun sample was 

107 J/g compared to 91 J/g for the unprocessed sample, thus suggesting an increase 

in the degree of crystallinity. 
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2.5 Electrospun fibers containing nanoscale fillers 
 

The idea of incorporating nanoscale fillers into polymer solution to electrospin 

composite nanofibers has been investigated by researchers and is well reported in 

literature. A variety of filler particles can be added to electrospinning polymer 

solutions for the incorporation into the final fiber structure. Addition of these materials 

or particles can result in improvement or altering of the final fiber morphology. Hou et 

al.89 showed that by adding palladium diacetate to a PLA solution the conductivity 

was increased and thinner fibers were realised. The annealing of these samples 

yielded fibers containing palladium nanoparticles. Work by Zhang et al.90 

incorporated Fe3O4 nanoparticles into PAN fibers to produce nanofiber sheets with 

magnetic properties. There is a vast array of possible materials that can be added to 

electrospun nanofibers which is outside the scope of this project. One of the 

objectives set out in this study was to incorporate multi-walled carbon nanotubes 

(MWCNTs) into the electrospun fibers of the synthesized PAN and PMMA graft 

copolymers to form polymer based nanocomposites. It has been shown in literature 

that CNTs can be successfully incorporated into the polymer matrix through the 

electrospinning process91-93. The principal advantage of incorporating MWCNTs is 

that the materials become electrically conductive, aiding the electrospinning process, 

as well as the mechanical properties of the virgin materials are improved. The focus 

in this study, however, was to see what influence the MWCNTs would have on the 

electrospinning process and fiber morphology, as well as the free volume properties, 

which would be discussed in a later section. 

2.5.1 Carbon nanotubes (CNTs) and its properties 
 

Carbon nanotubes (CNTs) exhibit excellent mechanical, electrical and magnetic 

properties, as well as nanometer scale diameter and high aspect ratio, which make 

them ideal as reinforcing filler material for polymer composites. However, CNTs are 

extremely difficult to disperse in a polymer matrix as they form aggregates or 

entangled bundles due to Van der Waals interactions. There are several methods to 

disperse CNTs in the polymer matrix such as solution mixing, melt mixing, in-situ 

polymerization, chemical functionalization of CNTs and electrospinning. These 
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methods are described in a review by Ma et al.94, but the focus in this study will be on 

the latter 2 methods namely chemical functionalization of CNTs as well as 

electrospinning. 

CNTs were discovered by Iijima95 in 1991 and since then have received much 

attention for their many potential applications such as superconductors96, 

electrochemical capacitors97, nanowires98 and nanocomposite materials99,100. CNTs 

can be classified as single-walled carbon nanotubes (SWCNTs)101,102 or multi-walled 

carbon nanotubes (MWCNTs)95. CNTs are the result of folding graphite layers into 

carbon cylinders and may be composed of a single shell-single wall nanotubes 

(SWCNTs), or of several shells—multi-wall nanotubes (MWCNTs). Typical 

properties103-105 of CNTs are reported in Table 2.5 below. Because of these excellent 

properties CNTs can be used as reinforcing filler to produce polymer 

nanocomposites. 

 

Property SWCNT MWCNT 

Tensile Strength (GPa) 50-500 10-60 

Elastic Modulus (TPa) ~1 0.3-1 

Elongation at break (%) 5.8  

Density (g/cm
3
) 1.3-1.5 1.8-2.0 

Electrical Conductivity (S/m) ~10
6
 ~10

6
 

Thermal stability >700 °C (in air) >700 °C (in air) 

Typical diameter 1 nm ~20nm 

Specific surface area 10-20 m
2
/g 10-20 m

2
/g 

Table 2.5 Typical properties of CNTs.
103-105

 

 

2.5.2 Functionalization of CNTs 
 

As mentioned earlier CNTs in its pristine form, agglomerate and form bundles due to 

Van der Waals forces. In many cases, the addition of pristine CNTs to the polymer 

matrix causes weakening of the host material106-108. CNTs need to be separated from 

bundles and dispersed uniformly in a polymer matrix to maximise their contact 

surface area with the matrix. The agglomeration of CNTs can lead to poor 

solubilisation with solution or polymer matrices leading to uneven dispersion and load 

transfer and a decrease in the mechanical enhancement properties109. The 
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functionalization of CNTs enhances the interaction between the CNTs and polymer 

matrix and gives rise to higher interfacial shear strength than compared to Van der 

Waals bonds110,111. The two major approaches to functionalization are the open end 

approach112 and the direct side wall attachment method113. The open end approach 

involves CNTs being refluxed in concentrated nitric acid to introduce carboxylic acid 

moieties to the surface of the CNTs. This approach is destructive as it reduces the 

CNT length and conductivity114,115. The carboxylic moieties can furthermore be 

converted to other reactive moieties using standard chemical procedures as 

discussed in the review by Sun et al.112. Work by Ge et al.116 showed that the 

carboxylic moieties, without further modification and obtained after oxidation, allows a 

strong interaction with PAN via formation of a charge transfer complex. They also 

found that after sonication, the MWCNTs remained in suspension for up to 4 days. 

The direct covalent attachment of functional groups to CNTs surfaces include 

methods like fluorination117,118, hydrogenation using the Birch reduction in 

ammonia119, as well as 1,3 dipolar cyclo-additions reported by Hirsch et al.120. 

Holzinger et al.121 showed that sidewall attachment was also possible via reactions 

involving the use of nitrenes, carbenes and radicals. This concludes the discussion 

on the background of CNTs and the various methods to modify the CNTs to limit 

agglomeration. 

 

2.5.3 Polymer nanocomposites based on functionalised carbon 

nanotubes 
 

The first polymer nanocomposite using CNTs as filler was reported in 1994 by Ajayan 

et al.122 and since then the interest in polymer composites containing CNTs grew 

every year123. Commonly used techniques for the production of CNT composite 

materials are solution casting, melt spinning and wet spinning. More recently, CNT-

filled composite nanofibers have been produced via the electrospinning 

process116,124-128. Electrospinning provides a simple method of obtaining polymer-

CNT nanocomposite fibers. It is observed that the CNTs align themselves uniaxially 

along the fiber axis. The following section will specifically focus on a few examples of 

CNT-filled composite nanofibers prepared via the electrospinning technique. 
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SWCNT-reinforced polystyrene (PS) nanofibers and poly-urethane (PU) membranes 

were produced using the electrospinning process in work by Sen et al.129. They found 

that the SWCNTs were oriented parallel to the PS/SWCNT nanofiber axis, but were 

agglomerated as bundles. In the case of PU, ester-functionalized and as-prepared 

SWCNTs were used in the electrospinning of PU membranes. The tensile strength 

and modulus of PU/ester-funcionalized SWCNT composite membranes were 

enhanced by 104 and 250 % respectively, as compared to electrospun pure PU 

membranes. Thus the nanocomposite fibers prepared with the ester-functionalized 

SWCNTs showed better dispersion of the nanotubes and increased mechanical 

properties compared relative to the analogues with as-prepared SWCNTs. 

Ko et al.124 investigated the orientation of CNTs in electrospun fibers relative to 

different polymers. It was found that the PAN fibers electrospun from DMF solution 

containing SWCNTs resulted in alignment of the nanotubes in the direction of the 

fiber axis. However, when using the same spinning solution with poly(lactic acid) 

(PLA) as polymer matrix, the resulting fibers had a random orientation and an uneven 

dispersion of the nanotube filler. This difference was as a result of a strong 

interaction between the SWCNTs and PAN and a limited interaction between the 

SWCNTs and PLA. Ge et al.116 showed that a charge transfer complex is formed 

between CNTs and PAN which results in the strong interaction between the two 

components. 

In work by Natarajan et al.130 the preparation of conducting nanocomposite fibers of 

PMMA and MWCNTs via electrospinning are reported. The fibers obtained were long 

and well aligned and the CNTs were oriented along the fiber axis. They found that 

the conductivity of the nanocomposite fibers showed about ten orders of magnitude 

improvement from the pure PMMA. The conductivity increased with MWCNT 

concentration. More recently, Wagner131 showed the advantage of using CNTs as 

filler material to strengthen PMMA electrospun fibers. Electrospun nanocomposites 

as well as thin films were produced and their mechanical properties were compared. 

In the case of the PMMA nanocomposite fibers, the CNTS were well dispersed within 

the electrospun fiber bulk, whereas randomly dispersed in the films. The mechanical 

properties showed larger improvement in the electrospun nanocomposites compared 

relatively to the films. The uniform dispersion of CNTs within the nanocomposite 

fibers does not allow the stress concentration to be localized and the good interfacial 
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bonding between the CNTs and polymer matrix allows for effective load transfer 

across the filler-matrix interface. 

These studies showed that there is a strong inherent interaction between PAN and 

CNTs, as well as PMMA and CNTs, making these polymers an ideal choice for the 

electrospinning of well-structured polymer nanocomposite fibers.  
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2.6 Positron Annihilation Lifetime Spectroscopy (PALS) 
 

The existence of free volume holes in polymers has been postulated for more than 

three decades. The basis for free volume can be understood from the theory of 

Cohen and Turnbull as reported by Dupasquier et al.132 They reported that the 

motion of a molecule can only occur when a void having a volume greater than a 

certain critical value is available for it to move into. These voids are created by 

redistribution of free volume originating from the cooperative motion of molecules. 

Free volume arises from the motion of chain ends, branching chains and the main 

chain and this leads to irregular molecular packing. The collective motions as well as 

the free volume of the polymer can be affected by factors such as changing the 

number of end groups or the branch/chain lengths. The free volume can also be 

influenced by a change in temperature. As the temperature is increased the kinetic 

energy of the polymer chains increases causing the material to expand and 

enhancing the free volume133. 

In recent years PALS has become a generally accepted and most reliable 

experimental tool for the direct probing of free volume holes in polymers134-136. A 

number of other techniques have been used to evaluate the free volume properties of 

polymers. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) are sensitive to static holes of size 10 Å and larger. Atomic force 

microscopy (AFM) and scanning tunnelling microscopy (STM) are techniques used to 

probe defects in materials and are sensitive to angstrom size holes. The use of these 

techniques mentioned is limited in polymeric materials since they are limited to static 

holes on the surface. Neutron diffraction and small angle x-ray scattering can be 

used to determine density fluctuations and deduce free volume hole size 

distributions. Figure 2.8 shows the comparison of these probing techniques in terms 

of their ability to resolve defect size and concentration. 
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Figure 2.8 Comparison of various techniques for evaluation of defects and voids in polymeric materials. 

 

The small size of the positronium probe (1.59 Å) makes PALS a particularly sensitive 

tool to detect nanohole volumes. Not only does it probe the free volume size and 

fractions of free volume, but it also gives detailed information on the distribution of 

free volume hole sizes in the range of 1-10 Å136. 

2.6.1 Positron and positronium annihilation in polymers 
 

A positron is a subatomic particle that is produced when radioactive material decays. 

This particle has the same mass as the electron but with a positive charge137,138. 

When positrons are irradiated within a sample it loses all of its kinetic energy by 

electron-positron collisions and ion-positron collisions that are naturally present within 

the sample to be studied. The positron can either bond to an electron to form a 

neutral atom called positronium (Ps), or it can become part of a chemical complex 

with a polymer chain. When positron-electron annihilation takes place energy is 

emitted in the form of  -ray radiation. 

          

where   is the number of photons created by the annihilation process. 
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The energies, momentum and time of emissions can be measured with high 

precision. These annihilation parameters for a particular polymer system are closely 

related to its morphology, because the free spaces in which the Ps can travel without 

being annihilated, depends on the geometrical arrangement on a quasi-molecular 

level of the different phases of the polymer sample139,140. Ps is very similar to the 

hydrogen atom and is of the same size, but is 1000 times lighter. The formation of Ps 

atoms occurs in relatively open structured molecular media141. Ps have two spin 

states namely ortho (o-Ps) (triplet) and para (p-Ps) (singlet). Dirac142-144 predicted in 

vacuum that p-Ps will annihilate into two photons with a lifetime of 0.125 ns and 

energy of 511 keV each. o-Ps annihilates into three photons with longer lifetime of 

142 ns, which is sufficiently long-lived to be useful for studying the free volume in 

polymers. 

2.6.2 The principles of PALS 
 

The technique is based on the interaction of positrons and electrons in condensed 

matter. A radioactive source such as 22Na, are sandwiched between two pieces of 

the polymeric sample. The radioactive source emits positrons (antiparticles of 

electrons) which then enter the material and release a characteristic energy that is 

detectable in the form of  -radiation. The positrons either decay or react with 

electrons to form Ps atoms. The Ps annihilation lifetimes are correlated to the free 

volume present within the polymer. As mentioned earlier, Ps has two spin 

orientations and can exist as either o-Ps or p-Ps. These two Ps states annihilate in 

different ways. The p-Ps annihilates with the emission of two 511 keV photons and 

mean lifetime of approximately 0.125 ns (in vacuum). o-Ps has a longer lifetime of 

142 ns (in vacuum) and decays with emission of three photons. However, in matter, 

o-Ps lifetimes get reduced by 103-104 ps due to the interactions with surrounding 

electrons. This process is also known as pick-off annihilation. The o-Ps gets trapped 

in areas with low electron density (spaces between polymer chains) and will 

eventualy annihilate with electrons on the surface of the free volume. Figure 2.9 

gives an illustration of the positron-positron and positron-electron interactions.  
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Figure 2.9 An illustration of the positron-positron and positron-electron interactions. 

 

When these species decay, they emit a detectable energy signature in the form of 

gamma radiation which can be translated into lifetime spectrums. Depending on the 

complexity of the polymer at hand, the spectrum can be translated into either 3 or 4 

lifetimes. The 1st lifetime (1) is ascribed to the p-Ps annihilation which is very short. 

The 2nd lifetime (2) is due to the annihilation of free positrons which diffuse through 

intermolecular spaces. The longest lifetime (3/4) relates to o-Ps annihilation, which 

is in the order of 1-3 ns. It is this last mode of annihilation that is of most importance 

because the o-Ps annihilation via the pick-off mechanism occurs mainly in the 

regions where electron density is low. Free volume sites in polymers are the 

locations where such pick-off annihilation takes place as o-Ps is pushed toward them 

due to repulsion by positively charged atomic nuclei of the surrounding molecules132. 

The size of the voids/holes in which the Ps species reside corresponds to the 

positron annihilation lifetime values. A larger free volume site leads to longer (3/4) 

values. For semicrystalline or amorphous materials, positrons will encounter various 
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molecular environments such as free volume sites and crystalline defects. A positron 

lifetime spectrum can be expressed as the sum of exponentially decaying lifetime 

components. 

The Tao-Eldrup equation is used to calculate the free volume hole sizes from PALS 

experiments145 
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Where R is the radius of the spherical void and R0 = R + R (R = 1.656 Å). 

 

The free volume hole size Vf, can be calculated by 

   
    

 
 

The fractional free volume f, can be calculated by 

        

Where C is an empirical scaling constant, which is 1.5 for spherical cavities136. 

2.6.3 Collecting and fitting of PALS spectra 
 

During the PALS experiment, positrons are embedded into the sample material and 

within nanoseconds they thermalize. The positrons than either annihilate directly or 

they form p-Ps or o-Ps. The PALS apparatus uses a very fast timer to measure the 

time between the positron entering the material and the subsequent annihilation. A 

spectrum of decay lifetimes is then generated after measuring in the order of 106 

annihilations. A typical lifetime spectrum is shown below in Figure 2.10. Prominent 

features in the spectrum includes the prompt peak, decay tail and the constant 

background. 
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Figure 2.10 Typical PALS lifetime spectrum for copolymer materials where a four component analysis is used. 

2.6.4 PALS in semi-crystalline polymers 

 

It should be noted that four component PALS spectra can be expected for 

semicrystalline polymers such as polyolefins that are usually two-phase materials. 

The two positronium components can be related to the free volumes in crystallites 

and more loosely packed amorphous phases. Three component PALS spectra for 

polyethylene and other semicrystalline polymers have been reported in literature,146-

148 but a recent detailed investigation showed that the two long lived components (3 

and 4) can be identified and attributed to o-Ps annihilation in crystalline regions and 

in holes in the amorphous phase respectively149. Not much research has been done 

on the free volume properties of multiphased copolymers. In this study the aim is to 

probe the free volume of the synthesized graft copolymers, as well as the free 

volume of the materials when electrospun. In the case of the copolymers selected for 

this study, the free volume differences in each of the phases of the copolymer are 

large enough that the positron data can be resolved into four lifetime components. 

The 3rd component o-Ps lifetime (3) correlates to the free volume properties in the 

glassy phase and the 4th component o-Ps lifetime (4) correlates with the free volume 

properties in the ―soft‖ rubber PDMS phase. 
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This chapter describes the materials, equipment and experimental procedures used 

during the synthesis and characterisation of the hybrid materials produced in this 

study. 
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3.1 Synthesis of organic-inorganic hybrid copolymers 
 

3.1.1 Raw materials for synthesis 
 

All the materials, except for methyl methacrylate monomer (MMA), acrylonitrile 

monomer (AN) and azobisisobutyronitrile (AIBN) (all required purification), were used 

as received from the supplier. All the materials were of high grade.  

Mono-methacryloxypropyl terminated poly dimethylsiloxane (MMP-PDMS), GELEST 

INC. (Morrisville USA), Molar masses: 1000 and 5000 g/mol 

Methyl methacrylate monomer (MMA), PLASCON (South Africa) 

Acrylonitrile monomer (AN), SIGMA ALDRICH (South Africa) 

Toluene, SIGMA ALDRICH (South Africa) 

Methanol, SASOL Class 3 (South Africa) 

Chloroform, PLASCON (South Africa) 

Hexane, SASOL Class 3 (South Africa) 

Azobisisobutyronitrile (AIBN), PLASCON (South Africa) 

Benzene (99.8% anhydrous), sodium nitrate (NaNO3, >99%), sulphuric acid (H2SO4, 

purum 30% in H2O), nitric acid (HNO3, ACS reagent 70%), potassium permanganate 

(KMnO4, >99%), hydrogen peroxide (H2O2, 30 wt% in H2O) all from SIGMA 

ALDRICH (South Africa). 

Solvents used for chromatographic analysis were tetrahydrofuran (THF, 

CHROMASOLV plus® HPLC grade) and N,N dimethylformamide (DMF, 

CHROMASOLV plus® HPLC grade) both from SIGMA ALDRICH (South Africa). 

Multi-walled carbon nanotubes (MWCNTs) were obtained from Chengdu Organic 

Chemicals Co. Ltd. (>95%) 
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3.1.2 Purification of chemicals 
 

AN monomer purification 

The AN monomer was passed slowly through a monomethyl ether hydroquinone 

inhibitor removal column (SIGMA ALDRICH) to remove any inhibitors present.  

Distillation of MMA 

The MMA monomer was purified by conventional distillation. MMA was washed using 

a 1:1 volume ratio KOH (0.3M) to remove any inhibitor present and then separated 

using a separation funnel. The MMA was then transferred into a distillation setup 

consisting of a round bottom flask containing glass beads and magnetic stirrer, a 

condenser (and a water aspirator) and fraction collector. The MMA was left to distil at 

50°C under vacuum, whilst stirring. The first fraction of monomer was discarded (ca 

10%) to ensure the purity of the MMA. The remaining distilled monomer was cooled 

to room temperature before use. Figure 3.1 below illustrates the distillation setup. 

 

Figure 3.1 Distillation setup used for the purification of MMA monomer. 
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Recrystallization of AIBN 

The AIBN was purified by conventional crystallization. This involved five stages: 

dissolution, filtration, crystallization, collection of crystals and drying the crystals. The 

AIBN was dissolved gradually in methanol (5 g AIBN in 80 ml methanol) and heated 

whilst stirring to 45°C until total dissolution was observed (ca 10 mins.). The solution 

was then filtered by a Buchner funnel (mounted on a vacuum flask) through methanol 

wetted filter paper. The flask with its contents was sealed with parafilm and placed in 

a freezer for a period of two hours. The solution with the now recrystallized AIBN was 

thereafter removed and filtered through the Buchner funnel again (same procedure 

as before). The crystals were washed with cooled methanol (also from freezer) while 

still in the funnel. The filter paper with the crystals was removed and placed in a 

vacuum oven to dry for a period of 5 hours. The crystals were removed and placed 

into a container and placed in a freezer till usage. 

3.1.3 Polymerization of PMMA-graft-PDMS copolymers 

 

Conventional free radical polymerization was used to synthesize the copolymers of 

PMMA and PDMS. It required a minimal setup that consisted of a 250 ml round 

bottom flask with a magnetic stirrer sealed off with a rubber septum. The flask was 

charged with MMP-PDMS macromonomer and toluene as reaction medium. PDMS 

macromonomers of varying molar masses were used (Mw: 1000; 5000 g/mol). 

Components were added to give 20 wt.% solids content. A magnetic stirrer bar was 

added and the flask was sealed off with a rubber septum. N2 gas was bubbled 

through the solution to degas the system, whilst stirring for 10 minutes. Degassed 

MMA monomer was then introduced to the solution via syringe. The amount of MMA 

added depended on the weight ratio of PDMS macromonomer desired in the final 

product. The feed ratios varied from 5 wt.% - 25 wt.% PDMS macromonomer with 

regards to MMA monomer added. After the addition of MMA monomer, the solution 

was again stirred under N2 gas for 15minutes. AIBN initiator was then added to the 

flask in a ratio of 0.1 wt.% with regards to MMA weight added. The reaction flask was 

then immersed in a temperature controlled silicone oil bath set at 70°C, whilst being 

stirred throughout the reaction. The polymerization reaction was left to react for 48 

hours. The completed reaction mixture was then added to rapidly stirring excess 

methanol for complete precipitation. The solution was filtered through a glass sinter 
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filter and the product was dried in a vacuum oven at room temperature till constant 

weight. The reaction scheme is presented below in Scheme 3.1. 
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Scheme 3.1 MMP-PDMS macro-monomer reacting with MMA monomer to form PMMA-graft-PDMS. 

 

3.1.4 Polymerization of PAN-graft-PDMS copolymers 

 

Conventional free radical polymerization was used to synthesize the copolymers of 

PAN and PDMS. It required a minimal setup that consisted of a 250 ml round bottom 

flask with a magnetic stirrer sealed off with a rubber septum. The flask was charged 

with MMP-PDMS macromonomer and a solvent mixture of benzene and DMF (92:8) 

volume ratio as reaction medium. This specific solvent mixture was used because of 

the severe incompatibility of the two constituents of the graft copolymer. PDMS 

macromonomers of varying molar masses were used (Mw: 1000; 5000 g/mol). 

Components were added to give 15 wt.% solids content. A magnetic stirrer bar was 

added and the flask was sealed off with a rubber septum. N2 gas was bubbled 

through the solution to degas the system, whilst stirring for 10 minutes. Degassed AN 

monomer was then introduced to the solution via syringe. The amount of AN added 

depended on the weight ratio of PDMS macromonomer desired in the final product. 

The feed ratios varied from 5 wt.% - 25 wt.% PDMS macromonomer with regards to 

AN monomer added. After the addition of AN monomer the solution was again stirred 

under N2 gas for 15 minutes. AIBN initiator was then added to the flask in a ratio of 

0.1 wt.% with regards to AN weight added. The reaction flask was then immersed in 
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a temperature controlled silicone oil bath set at 70°C, whilst being stirred throughout 

the reaction. The polymerization reaction was left to react for 48 hours. The 

completed reaction mixture was then added to rapidly stirring excess methanol for 

complete precipitation. The solution was filtered through a glass sinter filter and the 

product was dried in a vacuum oven at room temperature till constant weight. The 

reaction scheme is presented below in Scheme 3.2. 
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Scheme 3.2  MMP-PDMS macro-monomer reacting with AN monomer to form PAN-graft-PDMS. 

 

3.1.5 Extraction of unreacted PDMS macromonomer and homo-

PDMS 

 

The formation of homo-polymers along with that of the copolymer during 

polymerization, is expected due to reactivity ratio effects or the exclusion of macro-

monomer from copolymer chains1. It is sometimes necessary to remove these 

unwanted homopolymers and unreacted macromonomer as it can affect future 

studies. An extraction step was employed to remove all unreacted PDMS 

macromonomer and formed homopolymer PDMS from the final product. This was 

done because PDMS does not readily electrospin. Homopolymers PMMA and PAN 

were left with the copolymer product as it is difficult to extract and it undergoes 

electrospinning easily. After drying, the polymer blend was placed in excess hexane 

and stirred for 48 hours. After all the unreacted macromonomer was dissolved, the 

product was filtered through a glass sinter under reduced pressure and the recovered 

product was left to dry in vacuum oven until constant weight.  
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3.1.6 Modification of multi-walled carbon nanotubes (MWCNTs) 

 

The following procedure describes the surface functionalization of MWCNTs.2 The 

weight of MWCNTs functionalized was kept at 2 g each time. A 250 ml round bottom 

flask was loaded with MWCNTs and NaNO3 powder in a weight ratio of 2 g : 1 g 

(MWCNT:NaNO3). A magnetic stirrer bar was placed inside the flask and it was 

lowered into an ice bath. 46 ml of H2SO4 (93.2 wt.% in H2O) was then added very 

carefully and the mixture was allowed to stand for approximately 10 minutes whilst 

stirring gently. After this, 300 g of KMnO4 was added to the solution whilst stirring 

vigorously. Care was taken when KMnO4 was added and the temperature was kept 

below 20°C by slow addition. The mixture was then allowed to stir vigorously for 

another 10 minutes. The reaction vessel was removed from the ice bath and placed 

on a heating stirrer plate, where it was heated to 98°C. Once the solution had lost 

effervescence and turned brown-grey in colour, 92 ml of distilled H2O was slowly 

added. The solution was then kept at 98°C for 15 minutes. A 3 wt.% solution of H2O2 

in distilled H2O was then added to the reaction mixture to increase the volume of the 

solution to 200 ml. The final mixture was allowed to stir for 20 minutes. The MWCNT 

solution was then neutralized to pH = 7 by repeatedly diluting with distilled H2O and 

centrifugation of the mixture. The functionalised MWCNT’s were freeze dried on a 

Christ Alpha 2-4 LD freeze drier.  
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3.2 Characterization 

 

This section describes the equipment, conditions and sample preparation techniques 

used in the characterization and analysis of the synthesized materials. 

3.2.1 Size Exclusion Chromatography (SEC) 
 

This chromatographic technique separates the polymer molecules according to size, 

or more specific, to their hydrodynamic volume. Two types of instruments were used 

to determine the molecular weight distributions of the synthesized graft copolymers. 

 

PMMA-graft-PDMS copolymers 

SEC analyses were done on a Waters instrument which consisted of the following 

components: 

 Breeze V3.30 SPA software (Control, data acquisition and processing) 

 Waters 717plus autosampler 

 Waters 410 differential refractometer at 30C 

 Waters 600E system controller 

 Pump: Waters 610 fluid unit 

 Waters 2424 refractive index detector at 30C 

 Column set:  

1 PLgel 5 µm guard 50x7.5 mm (Polymer Laboratories) 

2 PLgel 5 µm mixed-C 300x7.5 mm (Polymer Laboratories) 

Stationary phase consisted of highly crosslinked porous 

polystyrene/divinylbenzene matrix. 

 Eluent: HPLC grade THF (0.125% BHT stabilized) 

 Injection volume: 100 µL 

 Runtime: 30 mins. 

 Sample concentration: 1 mg/mL 

 Column oven @ 30C 

 Flow rate: 1 mL/min. 
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Molecular weight determination was done relative to narrow polystyrene 

standards calibration. (EasyVial PS from Polymer Laboratories) 

Due to the almost identical refractive indexes of PDMS and THF, the refractive 

index detector was not suitable for obtaining chromatograms of the PDMS 

material. 

 

PAN-graft-PDMS copolymers 

SEC analyses were done on a Waters instrument which consisted of the following 

components: 

 Breeze V3.30 SPA software (Control, data acquisition and processing) 

 Waters 717plus autosampler 

 Waters 2487 dual wavelength absorbance detector 

 Pump: Waters 1515 isocratic HPLC pump 

 Waters 2414 refractive index detector at 30C 

 Column set:  

2 PLgel 5 µm mixed-C 300x7.5 mm (Polymer Laboratories) connected in series with 

1 PLgel 5 µm guard 50x7.5 mm (Polymer Laboratories) 

 Eluent: HPLC grade dimethylacetamide (DMAc) (0.125% BHT and LiCl 

stabilized) 

 Injection volume: 100 µL 

 Runtime: 30 mins. 

 Sample concentration: 1 mg/mL 

 Column oven @ 30C 

 Flow rate: 1 mL/min. 

 

Molecular weight determination was done relative to narrow PMMA standards 

calibration. (PMMA from Polymer Laboratories)  
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3.2.2 Nuclear magnetic resonance (NMR) spectroscopy  

 

1H NMR and 13C NMR were performed as routine analysis for the determination of 

the molecular structures as well as PDMS macromonomer incorporation efficiencies. 

Identification was achieved using a Varian VXR, 300 MHz spectrometer. When 

precise integration data was needed the VarianUnity Inova, 400 MHz or 600 MHz 

spectrometer was used. Samples were prepared in NMR borosilicate tubes. 30-40 

mg of sample was added to the sample tube and topped up with d-DMSO (for the 

PAN-graft-PDMS series) or d-chloroform (for the PMMA-graft-PDMS series) to the 5 

mm height mark. 

3.2.3 Gradient elution chromatography (GEC) 
 

This technique is widely used in the separation of multiphase polymers according to 

their chemical composition3. It allows for separation of graft copolymer molecules 

from their respective homopolymers. This is achieved by varying the mobile phase 

solvent composition. This technique was performed using a dual pump HPLC 

comprising of the following units: 

 Waters 2690 separations module (Alliance) 

 Agilent 1100 series variable wavelength detector 

 PL-ELSD 1000 detector 

 ELSD settings: nebulizer @ 80ºC, evaporator @ 180ºC, gas @ 1.5 SLM 

 PSS WinGPC unity (Build 2019) software (Control, data acquisition and 

processing) 

 Column: non-polar C18 column (300 Å, 5 µm, 4.6x250 mm) was used as 

stationary phase 

 Column oven @ 30C 

 Sample concentration at 5 mg/mL and dissolved in HPLC grade DMF 

 Flow rate: 1 mL/min. 

 Mobile phase consisted of a solvent gradient of DMF to THF, as discussed in 

chapter 4. 
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3.2.4 Wide angle X-ray diffraction (WAXD) 

 

The instrument used was a PANalytical X’Pert PRO MPD (Multi-purpose 

diffractometer) with X’Celerator detector and fixed divergence slits.  

The source: Cu Kα radiation  

Optics: Fixed anti scatter slits on incident and diffracted beam optical attachments to 

allow parallel beam work.  

Cryostat: Anton Paar TTK450 (with automated sample height adjustment) for non-

ambient measurements from -193°C to 450°C in vacuum to -120°C to 300°C in inert 

gas.  

Samples were placed directly under the incident beam for analysis. The degree of 

crystallinity was calculated according to the method based on that set out by Gupta 

et al.4,5 using the following equation: 

                   (
               

                                
)    

   

    
 

 

In the current study the equation was modified to account for the contribution of the 

amorphous PDMS halo. The areas of the crystalline peaks are divided by the sum of 

the areas of the crystalline peaks and amorphous halos. C1 and C2 refer to the 

crystalline PAN peaks, A1 refers to the amorphous PAN halo and A2 refers to the 

amorphous PDMS halo. WPAN refers to the weight percentage of PAN present in the 

PAN-graft-PDMS copolymer. 

3.2.5 Electrospinning setup 

 

The apparatus was designed in-house and was similar to those used in literature6,7. It 

consisted of a variable high-voltage supply (was built in-house and capable of up to 

50 kV voltage) which was used to apply a potential difference between the spinneret 

and the grounded collector plate. A Hamilton SGE gas-tight syringe, used as the 

spinning solution reservoir, was placed in a Kent Scientific (model: Genie Plus) pump 

that fed the polymer solution at a constant predetermined flow rate. Teflon tubing (60 
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cm length, Separations) equipped with luer-lock fittings, connected the syringe 

reservoir to the stainless spinneret (26 gauge blunt nosed 50 mm needle), which 

allowed the freedom to electrospin vertically, horizontally or any angle of choice as 

required. The electrospinning setup used are illustrated below in Figure 3.2. 

 

 

Figure 3.2 The in-house-built electrospinning setup. 

 

3.2.6 Scanning electron microscopy (SEM) 
 

For SEM analyses the electrospun fibres were fastened unto SEM pegs and then 

sputter coated with gold. Analyses was performed using a Leo 1430VP scanning 

electron microscope fitted with backscatter, cathodoluminesence, variable pressure 

and energy dispersive detectors, as well as a Link EDS system and software for 

micro analysis and qualitative work.   
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3.2.7 Positron annihilation lifetime spectroscopy (PALS) 
 

 

Figure 3.3 Experimental setup for PALS. 

 

All PALS measurements were carried out at room temperature using a standard fast-

fast coincidence system with a timing resolution of 240.34 ps full width of half-

maximum (FWHM) and a total of 1024 channels. The positron source used was 

radioactive 22Na in the form of NaCl. The polymer samples (fiber precursor material 

as well as electrospun fiber mats) were pressed into discs of 2-3 mm thickness. The 

radioactive source was deposited and sandwiched between two pressed discs of 

polymer sample and then encapsulated with aluminium foil. It was then placed 

between two photomultiplier detectors which were placed at 180º to each other and 

at least 1 cm apart to minimize backscattering, as shown in Figure 3.3. The duration 

of the measurements lasted till a minimum of 1x106 counts were collected (120-180 

minutes). Positron lifetime spectra were collected for each sample and evaluated with 

PATFIT8 software. Lifetime and intensity values were extracted from the spectra with 

a model function consisting of a sum of decaying exponentials convoluted with the 

resolution function of the lifetime spectrometer plus a constant background. All 

spectra were evaluated using four lifetimes. 
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This chapter takes a closer look at the results obtained through the various 

techniques used to prepare and analyse the synthesized hybrid copolymers as well 

as the characteristics and morphology of the electrospun nanofibers and the 

subsequent free volume properties. All these results are discussed to give a better 

insight and understanding of the characteristics of the graft copolymers. 
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4.1 Graft copolymer synthesis 

4.1.1 PMMA-graft-PDMS copolymers 

 

Two series of PMMA-graft-PDMS copolymers were synthesized during this study. 

The monomethacryloxypropyl PDMS macromonomers were copolymerised with 

MMA monomer to form graft copolymers with various chemical compositions. The 

PDMS macromonomers had number average molar masses of 1000 and 5000 g/mol 

and were added in the following feed amounts 5, 10, 15 and 25 wt.%. The grafting 

through technique was employed with toluene as solvent and AIBN as initiator. The 

reaction mixture stayed transparent throughout the duration of the polymerisation and 

a change in the viscosity could be observed. The reaction scheme is presented in 

Scheme 4.1. 
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Scheme 4.1 Synthesis of PMMA-graft-PDMS copolymers via free radical copolymerisation. 

 

4.1.2 PAN-graft-PDMS copolymers 

 

The second series of graft copolymers synthesized during this study was PAN-graft-

PDMS. The monomethacryloxypropyl PDMS macromonomers were copolymerised 

with AN monomer to form graft copolymers with various chemical compositions. The 

same feed ratios as in 4.1.1 were employed as well as the grafting through 

technique. The severe incompatibility of the constituents in this graft copolymers 

required that a solvent system had to be used where all the constituents were in 
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solution during the polymerisation reaction. The solvents chosen for the 

polymerisation were DMF and benzene, the reason being that PAN is soluble in DMF 

and PDMS is soluble in benzene. Work by Bayley1 showed that at a solvent 

composition of 92% benzene to 8% DMF (v/v) optimum PDMS inclusion to the PAN 

main chain occurred. The same solvent composition was thus employed in this study. 

After 1 hour at 70ºC, the reaction mixture changed from transparent to milky white. 

This was indicative of the graft copolymer starting to precipitate out of solution. PAN 

is insoluble in benzene and resulted in a heterogeneous polymerisation.2 The 

reaction scheme is presented in Scheme 4.2. 
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Scheme 1  Synthesis of PAN-graft-PDMS copolymers via free radical copolymerisation. 

 

4.1.3 Molar mass determination (SEC) and NMR characterisation 

after PDMS macromonomer extraction 
 

The molar mass determinations of the grafts copolymerised from MMA and PDMS as 

well as PAN and PDMS, were done by SEC. The PMMA-graft-PDMS samples were 

analysed with a THF mobile phase and the PAN-graft-PDMS were analysed with a 

DMAC mobile phase. It must be noted that in the case of the PMMA-graft-PDMS 

series an ELSD detector was used since the refractive index of PDMS (1.43) is 

almost identical to that of THF (1.41)3. 

Table 4.1 shows a summary of the graft copolymers with the PDMS 

macromonomers. In NCP10-NCP13 and NCP40-NCP43 the PDMS macromonomer 
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with molar mass 1000 g/mol were used during the copolymerisation. In NCP20-

NCP23 and NCP50-NCP53 the 5000 g/mol macromonomer was used.  

The molar masses and dispersities (Đ) are typical of uncontrolled free radical 

copolymerisations2. The dispersities range from 1.86-3.37 and are not unusual for 

free radical copolymerisations. For the PMMA-graft-PDMS samples, the molar 

masses increased with an increased amount of PDMS macromonomer in the feed for 

both series. However, for the PAN-graft-PDMS samples there is a decrease in the 

molar masses with an increase in wt.% PDMS charged to the feed in both series. 

This can be attributed to the severe incompatibility of the PAN and PDMS segments. 

No trend can be seen in the dispersities and this is most likely due to the 

randomness of the incorporation of the PDMS grafts. This is very characteristic of the 

conventional free radical polymerisation mechanism, where some main chains will 

have more grafting than others. 

One of the objectives set out for this study was to electrospin the synthesized graft 

copolymers into nanofibers. As mentioned in chapter 2, for electrospinning to occur, 

the polymer must have a high enough molar mass so that a sufficient solution 

viscosity can be achieved. During electrospinning, the polymer solution leaves the 

needle tip and is stretched as it travels towards the collector. A polymer solution of 

sufficient viscosity will have enough entanglements of the polymer chains to prevent 

break-up and maintain a continuous jet. A too high molar mass leads to an increased 

viscosity and the solution will dry at the needle tip, resulting in no electrospinning4,5. 

From Table 4.1 it is clear that the molar masses of the synthesized graft copolymers 

are sufficiently high for electrospinning to occur. 
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 Sample 
ID 

Mn x 10
4
 

(g/mol) 
Dispersity  

(Đ) 

PDMS feed 
ratio 

PDMS 
incorporation 

 

(wt%) 
via NMR 

(wt%) 

 
PMMA 4.3 2.37 0 0 

1
0
0
0

 g
/m

o
l NCP10 6.3 2.20 5 2.06 

NCP11 7.3 1.97 10 3.83 

NCP12 5.5 2.40 15 6.07 

NCP13 7.1 1.86 25 13.94 

5
0
0
0

 g
/m

o
l NCP20 3.2 2.06 5 0.50 

NCP21 5.7 1.97 10 2.37 

NCP22 6.3 1.88 15 5.63 

NCP23 7.6 1.87 25 10.21 

 
PAN 6.9 2.35 0 0 

1
0
0
0

 g
/m

o
l NCP40 24 2.17 5 4.30 

NCP41 20 2.25 10 8.66 

NCP42 18 2.21 15 12.54 

NCP43 16 2.10 25 20.60 

5
0
0
0

 g
/m

o
l NCP50 14 2.55 5 3.22 

NCP51 12 2.67 10 7.60 

NCP52 9.4 3.37 15 10.64 

NCP53 9.3 3.33 25 17.13 

Table 4.1  Summary of the synthesized graft copolymers. 

 

1H NMR was done on all the synthesized graft copolymers to determine the PDMS 

macromonomer incorporation at the different chemical compositions and for the 

different macromonomer lengths. The unreacted PDMS macromonomer was first 

extracted from the graft copolymers by stirring the precipitated reaction mixture in 

excess hexane for 48 hours. Successful extraction of the unreacted macromonomer 

was monitored by gradient elution chromatography (discussed in 4.1.4). In the case 

of the PMMA-graft-PDMS samples, chemical shift integration was performed and the 

PDMS incorporation was calculated by comparing the integrated peaks of the 1H 

NMR spectra relating to PMMA and PDMS macromonomer respectively. Figure 4.1 

below illustrates a typical 1H NMR spectrum obtained for pure PMMA and in Figure 

4.2 the 1H NMR spectrum for PMMA-graft-PDMS copolymer with 13.94 wt.% PDMS 

(1000 g/mol) incorporation are presented. The other samples in the PMMA-graft-

PDMS series showed similar 1H-NMR spectra as illustrated in Figure 4.2. Integration 

of the chemical shift at 3.59 ppm ((a) in Figures 4.1 and 4.2) for the protons of the O-

CH3 peak of PMMA was compared to the integration of the Si-CH3 protons at 0.05 

ppm ((d) in Figure 4.2) indicative of PDMS. The same calculations were done for the 
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PAN-graft-PDMS series, where the chemical shift integrations relating to PAN and 

PDMS were compared. Figure 4.3 illustrates the 1H-NMR spectrum obtained for 

homopolymer PAN and in Figure 4.4 the 1H-NMR spectrum obtained for PAN-graft-

PDMS with 8.66 wt.% PDMS (1000 g/mol) incorporation are illustrated. All the other 

PAN-graft-PDMS samples in the series showed similar 1H-NMR spectra as illustrated 

in Figure 4.4. Integration of the chemical shift at 3.3-3.4 ppm ((b) in Figures 4.3. and 

4.4), relating to the CH-CN protons in PAN, was compared to the integration of the 

chemical shift at 0.05 ppm ((c) in Figure 4.4) relating to the Si-CH3 protons indicative 

of PDMS. Table 4.1 gives a summary of the wt.% PDMS incorporated into all the 

synthesized grafted copolymers. 
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Figure 4.1 
1
H-NMR spectrum obtained for pure homopolymer PMMA. 
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Figure 4.2 
1
H-NMR spectrum obtained for PMMA-graft-PDMS with 13.94 wt.% PDMS (1000g/mol) incorporation. 

 

Looking at the PDMS incorporation values in Table 4.1, it is clear that the 1000 g/mol 

macromonomer achieves better incorporation with an increase in PDMS feed relative 

to that of the 5000 g/mol macromonomer series. This phenomenon can be explained 

by looking at the size of the two macromonomers. The 5000 g/mol macromonomer is 

much larger and bulkier and results in decreased mobility of the growing polymer 

chains and less incorporation of the PDMS macromonomer. The smaller MMA and 

AN monomer molecules have much more mobility compared to the longer and 
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bulkier macromonomer. With an increase in PDMS charged to the feed, more of the 

bulky macromonomer is present. They impede each other and allow the smaller, 

more mobile MMA and AN molecules to be added more easily to the growing chain. 

Therefore less PDMS chains are grafted to the growing chain resulting in lower % 

incorporation. When comparing the PDMS incorporation values between the PMMA-

graft-PDMS and PAN-graft-PDMS copolymer series, it is clear that the PDMS content 

in the PAN series is higher relative to the PMMA series.  

The grafting through technique used in this study does have limitations when used in 

a conventional uncontrolled radical copolymerization system. As discussed in 2.2.1.3 

the incorporation of macromonomer and comonomer species is reliant on the 

reactivity ratios6. When the reactivity ratios are similar, alternating graft copolymers 

are most likely to form. If the reactivity ratio of one component is much higher than 

the other, random tapered graft copolymers will be the end result. 

 

 

Figure 4.3 
1
H-NMR spectrum obtained for homopolymer PAN. 
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Figure 4.4 
1
H-NMR spectrum obtained for PAN-graft-PDMS with 8.66 wt.% PDMS (1000 g/mol) incorporation. 

 

4.1.4 Gradient elution chromatography (GEC) 

 

Graft copolymers synthesized by radical copolymerization may contain ungrafted 

homopolymer and side chain homopolymer, as well as graft copolymer varying in 

composition. There is thus heterogeneity in molar mass and chemical composition. In 

the previous section SEC was used to determine the molar mass distributions of the 

graft copolymers. SEC separates polymers only according to hydrodynamic volume 

and does not give an indication of the chemical composition. Gradient elution 

chromatography (GEC)7 is a good technique to separate by chemical composition. 

In this study, a gradient profile had to be developed in order to get the specific 

gradient where the ungrafted homopolymers and graft copolymers would separate 

best. The gradient profile used for both PMMA and PAN graft copolymer series is 

presented below in Figure 4.5. A solvent gradient consisting of DMF and THF was 

chosen as mobile phase while a non-polar C18 column (300 Å, 5µm) was used as 

stationary phase. 
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Figure 4.5 Gradient profile for the GEC chromatographic separation of the PMMA-graft-PDMS and PAN-graft-
PDMS copolymers. 

 

As mentioned earlier, we expect homopolymer formation along with the graft 

copolymer, as well as unreacted PDMS homopolymer. Samples of synthesized 

PMMA and PAN were run against the gradient profile to determine where they will 

elute. From Figures 4.6 (A) and (B) it is clear that PMMA homopolymer elutes at 

roughly 2 minutes and PAN homopolymer elutes at 1.9 minutes. 
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Figure 4.6 Chromatograms of (A) PMMA and (B) PAN homopolymer elution times. 
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Figure 4.7 (A) shows a gradient elution chromatogram of PMMA-graft-PDMS 

copolymer with 6.07 wt.% PDMS (1000 g/mol) incorporation before the extraction of 

unreacted PDMS macromonomer. From the chromatogram it is clear that the 

ungrafted PMMA homopolymer elutes between 2 and 3 minutes, followed by the 

PMMA-graft-PDMS copolymer between 6 to 8 minutes and lastly the unreacted 

PDMS homopolymer at 14 minutes. As explained in chapter 3, the PDMS 

homopolymer was extracted successfully as it is not electrospinnable and could 

hinder the process. Figure 4.7 (B) shows the chromatograms of PMMA-graft-PDMS 

with 5.63 wt.% PDMS (5000 g/mol) incorporation before and after hexane extraction. 

The disappearance of the PDMS homopolymer peak at 14 minutes can be clearly 

observed. 
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Figure 4.7 (A) Gradient elution chromatogram of PMMA-graft-PDMS copolymer with 6.07 wt.% PDMS (1000 
g/mol) before PDMS extraction. (B) Gradient elution chromatogram of PMMA-graft-PDMS copolymer 
with 5.63 wt.% PDMS (5000 g/mol) incorporation before and after hexane. 
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Figures 4.8 (A) and (B) show the results of the analysis of the different graft 

copolymer compositions of the PMMA-graft-PDMS copolymers for the 1000 g/mol 

and 5000 g/mol PDMS grafting after separation through gradient elution 

chromatography. The polar PMMA homopolymer elutes at approximately 2-3 minutes 

in the polar regime when the mobile phase is at 100% DMF. The graft copolymer 

elutes in a less polar 50:50 (v/v) DMF:THF solvent composition at 7 minutes. Looking 

at the PMMA-graft-PDMS series with 1000 g/mole grafting, with an increase in PDMS 

charged to the feed mostly graft copolymer formation is the result with the exception 

of the 2.06 wt.% PDMS composition, where a small amount of PMMA homopolymer 

is also present. The intensity of the graft copolymer peak also increases drastically 

relative to the PMMA homopolymer peak with increasing PDMS contents in the feed. 

When comparing the graft copolymer peaks of the 1000 g/mol and 5000 g/mol 

grafting there is a slight shift to longer elution times for the 5000 g/mol series. The 

longer PDMS branching length means that more PDMS is present when incorporated 

into the graft copolymer. It takes longer to solubilise completely from the stationary 

phase, leading to the small shift to longer elution times. 

Figures 4.9 (A) and (B) shows the results of the different graft copolymer 

compositions of the PAN-graft-PDMS copolymers for the 1000 g/mol and 5000 g/mol 

PDMS grafting after separation through gradient elution chromatography. The initial 

gradient starts off with 100% DMF and PAN homopolymer is completely soluble in it. 

The graft copolymer is not soluble in 100% DMF because of its insoluble PDMS 

segments causing it to precipitate onto the stationary phase. The 1st peaks eluting at 

approximately 2 minutes is that of PAN homopolymer and can be confirmed by 

looking at the PAN homopolymer chromatogram in Figure 4.4 (B). The mobile phase 

is then changed to a 50:50 (v/v) DMF:THF mixture using a linear gradient. This 

allows for complete solubilisation of the graft copolymers and elution thereof at 

approximately 7 minutes. From the chromatograms it is clear that the graft 

copolymers elute according to PDMS content relative to PAN in the molecules. With 

increased PDMS content, the graft copolymer takes longer to solubilise and the peak 

shifts to longer elution times. This is evident in the small shift in the graft copolymer 

peak between 6-7 minutes. The relative intensity of the PAN homopolymer to graft 

copolymer peaks changes dramatically with PDMS macromonomer charged to the 

feed. As the PDMS content is increased in the feed, the intensity of the graft 

copolymer peak increases and the PAN homopolymer peak decreases. There is no 
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significant change in the elution times of the peaks. Thus it is clear that with an 

increase in PDMS charged to the feed more graft copolymer is formed relative to 

homopolymer. 
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Figure 4.8 Gradient elution chromatographic overlays of the (A) PMMA-graft-PDMS (1000 g/mol) and (B) 
PMMA-graft-PDMS (5000 g/mol) copolymers. 
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Figure 4.9 Gradient elution chromatographic overlays of (A) PAN-graft-PDMS (1000g/mol) and (B) PAN-graft-
PDMS (5000g/mol) copolymers. 

 

In general, the lowest wt.% PDMS samples eluted first followed by the higher wt.% 

PDMS samples across the PMMA and PAN series. Therefore, it can be concluded 

that separation occurred according to chemical composition and is better illustrated in 

the PMMA series where the slight shifts in the elution peaks for the graft copolymers 

are seen with increasing PDMS content. 

Swart8 also did GEC analysis on synthesized PMMA-graft-PDMS copolymers. In his 

work he used a polar silica column as a stationary phase and a complex solvent 

system consisting of 40% toluene/ethanol 90:10 (v/v) and 60% cyclohexane. 

Unreacted PDMS macromonomer is completely soluble in toluene, ethanol and 
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cyclohexane and is, therefore, unretained on the silica packing, but the graft 

copolymer, however, is insoluble. The retention process for PMMA-graft-PDMS in 

this solvent mixture relied on initial precipitation on silica, followed by adsorption 

retention after dissolution in the solvent gradient of the graft copolymer. Separation 

was achieved and it occurred according to chemical composition. The higher wt.% 

PDMS samples eluted first followed by the lower wt.% PDMS samples which is the 

opposite of what realised in this study. 

4.1.5 Wide angle X-ray diffraction (WAXD) of the semicrystalline 

PAN-graft-PDMS copolymer fiber precursor material 
 

From literature it is well known that PAN has extremely good physical and 

mechanical properties due to its semicrystalline nature. When PAN homopolymer is 

electrospun, the nanofibers can be used as precursor to prepare strong carbon 

nanofibers through thermal treatments9. The PAN-graft-PDMS copolymers 

synthesized in this study is a multiphase system consisting of PAN homopolymer and 

PAN-graft-PDMS copolymer blend. Due to the amorphous nature of the PDMS 

macromonomers used during synthesis, the question arises whether the presence of 

the non-crystallisable PDMS grafts will have an effect on the crystallinity of the PAN 

segments. Minagawa et al.10-12 have done studies on the crystallinity of PAN 

homopolymer. They found that the degree of crystallinity of PAN does not depend on 

the extent of stereoregularity, which is in contrast to other crystalline materials. They 

varied the tacticity from 25-83% and no change was observed in the degree of 

crystallinity. However, as the stereoregularity was increased, they found that the 

main crystalline peak for PAN homopolymer shifted from 17.1 to 16.8 and there 

was also a decrease in the peak width at half maximum from 1.7 to 0.97. As 

mentioned earlier PDMS is amorphous and does not crystallize at room temperature. 

WAXD was used to study the effect of the PDMS content on the degree of 

crystallinity of the synthesized PAN-graft-PDMS copolymers. There are various 

methods that can be applied to study the degree of crystallinity13-16. These methods 

differ according to the definition of the crystalline and amorphous phases after the 

deconvolution of the diffraction patterns and lead to differences in degree of 

crystallinity of 40-70%. In this study the methodology based on that set out by 
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Gupta15,16 and later modified by Bayley et al.1 was applied and is illustrated below in 

Figure 4.10. 
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Figure 4.10 X-ray diffraction patterns of (A) homopolymer PAN and (B) PAN-graft-PDMS copolymer with 19.43 
wt.% PDMS (1000 g/mol), highlighting the crystalline and amorphous phases according to Gupta.

15,16
 

 

Comparison of the crystalline and amorphous phases yields the degree of 

crystallinity of a sample. Looking at the diffraction pattern for homopolymer PAN 

(Figure 4.10 (A)), there are two crystalline regions labelled Area C1 (peak at 17 - 

PAN(200) crystal plane) and Area C2 (peak at 29.2 - PAN(020) crystal plane) and 

one amorphous region labelled Area A1 (peak at 25.4). Moving to the multiphase 

PAN-graft-PDMS copolymer (Figure 4.10 (B)), the diffraction pattern becomes more 
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complicated to deconvolute. The PDMS macromonomer contributes an additional 

amorphous region labelled Area C2 (peak at 12.3). The degree of crystallinity of the 

various copolymer compositions was calculated by determining the ratio between the 

crystalline regions and the sum of the crystalline and amorphous regions, as shown 

in equation 4.1 

 

               (
                 

                                   
)  

   

    
          (4.1) 

 

where WPAN refers to the weight of PAN present within the graft copolymer. Overlays 

of the diffraction patterns of the various PDMS compositions for the synthesized graft 

copolymers are presented in Figures 4.11 (A) and (B). As the wt.% PDMS charged to 

the feed increases, the area under the amorphous peak at 12 also increases. As 

mentioned earlier, this amorphous peak is ascribed to the PDMS branches in the 

graft copolymer. 
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Figure 4.11 WAXD overlays of (A) PAN-graft-PDMS (1000 g/mol) and (B) PAN-graft-PDMS (5000 g/mol) copolymer 
series. 

 

It is obvious that the amount of crystalline material within the graft copolymers will 

decrease as the amount of PDMS increases. The degree of crystallization was 

calculated as a weighted % of crystallisable material present within the samples 

according to equation 4.1. 

Table 4.2 gives an overview of the calculated crystallinity results. With an increase in 

wt.% PDMS content there is a decrease in the degree of crystallinity. It is thus clear 

that the presence of the PDMS branches disrupts the crystallisability of the PAN 
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molecules. The PDMS branch length also plays a role. The graft copolymers with 

longer PDMS grafts (5000 g/mol) have a much lower degree of crystallinity when 

compared to the shorter PDMS grafts (1000 g/mol). This is evident when comparing 

DCrystallinity for sample NCP43 and NCP53. The GEC results in 4.1.4 showed that the 

amount of homopolymer PAN decreases with an increase in wt.% PDMS charged. 

Thus there are less crystallisable regions present within the sample as the wt.% 

PDMS increases, leading to a lowering in the degree of crystallinity. The results 

presented in Table 4.2 are consistent with those reported by Bayley et al.1 

 

 

Sample 
ID 

PDMS 
feed 
ratio 

PDMS 
via 

NMR 
Dcrystallinity 

Dcrystallinity 

(Corrected) FWHM 
L 

 

(wt%) (wt%) (%) (%) (nm) 

 

PAN 0 0 62.19 62.19 1.13 7.42 

1
0
0
0

 g
/m

o
l NCP40 5 4.30 57.40 56.98 1.15 7.28 

NCP41 10 8.66 53.57 52.78 1.17 7.17 

NCP42 15 12.54 45.96 44.67 1.23 6.81 

NCP43 25 20.60 39.13 36.96 1.33 6.29 

5
0
0
0

 g
/m

o
l NCP50 5 3.22 53.55 52.57 1.14 7.36 

NCP51 10 7.60 46.52 45.31 1.18 7.11 

NCP52 15 10.64 46.17 43.92 1.29 6.51 

NCP53 25 17.13 28.85 26.11 1.43 5.87 

Table 4.2 Summary of the crystalline and amorphous regions of a series of PAN-graft-PDMS copolymers with 1000 g/mol 
and 5000 g/mol PDMS incorporation, the calculated degree of crystallinity, FWHM and the coherence length 
(L). 

 
The full width at half maximum (FWHM) of the dominant crystalline PAN peak at 

around 17 gives measure of the crystallite size. The narrower the crystalline 

diffraction peak, the smaller the FHWM and the bigger the size of the crystallites. The 

crystallite size can be determined by using the Scherrer equation according to 

equation 4.2 where   is the coherence length (crystallite size),  is the x-ray 

wavelength (1.54 Å),   is the FWHM value and   is the Bragg diffraction angle. 

 

  
    

      
      4.2 

 
The FHWM and crystallite size values are summarised in Table 4.2 and also 

presented graphically in Figures 4.12 (A) and (B). There is a general decrease in 

crystallite size with an increase in the amount of PDMS. As the amount of PDMS 
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increases, the PAN segments that can crystallise get more and more disrupted. This 

has a significant effect on the crystal packing of the PAN segments. The longer 

PDMS grafts show smaller crystallite sizes when compared to the shorter PDMS 

grafts. This indicates that the longer PDMS grafts have a much greater effect on 

disrupting the crystal packing of the PAN segments during crystallisation. The 

significant difference in crystallite sizes for NCP43 and NCP53 relates back to the 

greater decrease in DCrystallinity for these samples. This is just further affirmation that 

the crystal structure is mostly perturbed in the samples with highest wt.% PDMS and 

graft copolymer present. 
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Figure 4.12 Degree of crystallinity (corrected) as a function of PDMS content, overlayed with FWHM of the 

crystalline diffraction peak at 17 for (A) 1000 g/mol and (B) 5000 g/mol graft copolymer series. 
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To conclude, the x-ray diffraction results show that the presence of PDMS within 

these complex multiphase systems does affect the crystallisability of the PAN 

segments. Disruption of the crystal packing is also confirmed by an increase in 

FWHM values and decreased coherence length values of the PAN (200) reflection at 

17. The crystal structures are mostly affected in the samples containing the highest 

amount of PDMS graft copolymers (NCP43 and NCP53). 

4.2 Electrospun fibers from the synthesized graft copolymers 

through electrospinning 
 

4.2.1 Electrospinning procedure 
 

As mentioned in Chapter 2, there are many factors that can affect the final 

morphology of the electrospun fibers including polymer solution concentration and 

conductivity, applied voltage, needle tip-to-collector distance, feed rate of the polymer 

solution, needle diameter, temperature and humidity. By manipulating these 

processing variables17 and parameters during electrospinning, the final morphology 

of the fibers can be controlled. In this study the feed rate (0.008 ml/min), needle 

diameter (26 gauge), ambient temperature (room temperature) and humidity (RH ± 

35-50%) (by means of an infrared lamp) were kept constant. The electric field 

strength were also kept constant at 1 kV/1 cm, that means at a tip-to-collector 

distance of 15 cm the applied voltage will be 15 kV. The PAN-graft-PDMS 

copolymers were electrospun from 100% DMF solvent and the PMMA-graft-PDMS 

copolymers from a 60:40 solvent mixture DMF:chloroform. 

The goal of the current study was not to do a comprehensive investigation of factors 

affecting nanofiber morphology. Instead the study focussed on determining factors 

and conditions where differences in the internal nanofiber morphology could be 

induced. For example, we wanted to study the effect of thinner (smaller diameter) 

fibers where a greater degree of molecular stretching has occurred versus nanofibers 

with less alignment and larger diameters. This allows for a more detailed study of the 

effect of these factors on the internal morphology studied by PALS. 

The electrospinning of homopolymers PAN18-23 and PMMA24-30 are well documented 

in literature. The focus of this study was to electrospin the graft copolymers namely 
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PAN-graft-PDMS and PMMA-graft-PDMS. It must be noted that the PAN-graft-PDMS 

copolymers consisted mostly of blends of their homopolymers and the graft 

copolymers as a result of the synthesis. For electrospinning the polymer must be in 

solution. Due to the amphiphilic nature of these graft copolymers, their behaviour in 

solution are of interest. The influence of the PDMS content on the fiber morphology, 

as well as the influence of the tip-to-collector distance, is the main focus in this study. 

4.2.2 Parameters influencing the fiber morphology 
 

PMMA-graft-PDMS 

Figure 4.13 shows representative SEM images accompanied by the average fiber 

diameter distributions of the PMMA series with 1000 g/mol PDMS incorporation that 

have been electrospun to form non-woven nanofiber mats. The series of images 

show that a variety of fiber morphologies were obtained for the different graft 

copolymers. The differences in fiber morphology must be as a result of the different 

graft copolymer compositions and solution viscosities, since all the other 

electrospinning parameters remained constant. The nature of the fibers in terms of 

average fiber diameter distributions will be discussed below.  

 

PAN-graft-PDMS 

Figure 4.14 shows representative SEM images accompanied by the average fiber 

diameter distributions of the PAN series with 1000 g/mol PDMS incorporation that 

have been electrospun to form non-woven nanofiber mats. The series of images 

show that a variety of fiber morphologies were obtained for the different graft 

copolymers. The differences in fiber morphology must be as a result of the different 

graft copolymer compositions and solution viscosities, since all the other 

electrospinning parameters remained constant. The nature of the fibers in terms of 

average fiber diameter distributions will be discussed below. 
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Figure 4.13 SEM images of electrospun fibers of PMMA-graft-PDMS series with 1000 g/mol PDMS showing fiber 
diameter distributions (A) NCP10, (B) NCP11, (C) NCP12 and (D) NCP13 (solution concentration: 18 
wt.% solids to solvent; feed rate: 0.008 mL/min.; applied voltage: 15 kV; tip-to-collector distance: 15 
cm). 
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Figure 4.14 SEM images of electrospun fibers of PAN-graft-PDMS series with 1000 g/mol PDMS showing fiber 
diameter distributions (A) NCP40, (B) NCP41, (C) NCP42 and (D) NCP43 (solution concentration: 15 
wt.% solids to solvent; feed rate: 0.008 mL/min.; applied voltage: 35 kV; tip-to-collector distance: 35 
cm). 
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4.2.2.1 Polymer solution concentration 
 

As discussed in chapter 2, the polymer concentration of the solution to be 

electrospun has an effect on the viscosity and surface tension which ultimately 

decides the electrospinnability of the solution into nanofibers. A complete study of the 

polymer solution concentration effect on the nanofiber morphology was not done for 

all the graft copolymer series. However, a concentration study for the PAN-graft-

PDMS copolymer with the highest PDMS incorporation was done to illustrate the 

effect of solution concentration on the final nanofiber morphology. Sample NCP43 

was dissolved in DMF solvent and four polymer concentrations were prepared 

consisting of (A) 10 wt.%, (B) 12 wt.%, (C) 15wt.% and (D) 18 wt.%. 

Figure 4.15 shows SEM images of the different fiber morphologies resulting from an 

increase in the polymer solution concentration. For the 10 wt.% solution the fiber 

morphology have a mostly beaded structure. The 12 wt.% solution shows elongated 

beaded structures as well as various fiber diameters. The 15 wt.% solution illustrates 

fibers with a smooth morphology and much more uniform diameter distribution. The 

same can be said of the 18 wt.% solution but there is an increase in the average fiber 

diameter distribution. 

 

 

Figure 4.15 SEM images of electrospun fibers of PAN-graft-PDMS with 20.6 wt.% PDMS (1000 g/mol) 
incorporation at solution concentrations (A) 10 wt.%; (B) 12 wt.%; (C) 15 wt.% and (D) 18 wt.% 
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Electrospinning is based on the uniaxial stretching of a charged jet of polymer 

solution. At low polymer concentrations there are not enough chain entanglements to 

withstand the electrostatic and coulombic repulsion forces and the charged jet 

fragments and leads to the formation of discrete spheres. As the polymer 

concentration is increased, the solution viscosity is increased and the chain 

entanglements between polymer chains are improved until a critical polymer 

concentration is reached where smooth nanofibers are realized. The fiber diameters 

continue to increase with an increase in polymer solution concentration until a 

concentration limit is reached where the solution viscosity is too high, disrupting the 

flow of polymer solution through the needle4,5. At 15 wt.% concentration the PAN-

graft-PDMS copolymers with 1000 g/mol PDMS graft length formed smooth 

nanofibers. At 20 wt.% concentration the solution became too viscous to electrospin. 

The PAN-graft-PDMS copolymers with 5000 g/mol PDMS graft length could not be 

electrospun. The polymer solution was too viscous even at 5 wt.% concentration. 

This could be due to the amphiphilic nature of the polymer in solution. DMF is not a 

suitable solvent for the PDMS segments. The longer graft length means more PDMS 

is present when the polymer is dissolved in solvent. This causes the PDMS to 

aggregate and the solution viscosity to increase, leading to gel formation of the 

solution. For the PMMA-graft-PDMS copolymer series smooth fibers were realized at 

18 wt.% concentration. A summary of the average fiber diameter distributions for the 

various graft copolymer compositions are presented in Table 4.3. In these cases all 

the electrospinning parameters were the same for the PMMA and PAN graft 

copolymer series. 
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4.2.2.2 PDMS content 
 

Table 4.3 illustrates the relationship between the average fiber diameters and the 

amount of PDMS incorporated into the fiber precursor material. For the PMMA-graft-

PDMS copolymers series, the different graft lengths are also compared. Samples 

NCP10-NCP13 are the ones with 1000 g/mol PDMS incorporated and NCP20-

NCP23 are the samples with 5000 g/mol PDMS incorporation. Samples NCP40-

NCP43 are the PAN-graft-PDMS series with 1000 g/mol PDMS incorporation. From 

the values it is clear that the average fiber diameters increase steadily with an 

increase in PDMS content. As explained earlier, DMF is not a suitable solvent for 

PDMS. The presence of more PDMS in solution leads to self-assembly and 

aggregation of the PDMS segments. This leads to an increase in the hydrodynamic 

volume and causes an increase in the solution viscosity. This increase in solution 

viscosity results in an increase in the average fiber diameter of the electrospun fibers. 

Figure 4.16 illustrates how the average fiber diameter distribution for the different 

graft copolymer series increases as the PMDS content is increased. 

 

  

Sample 
ID 

PDMS 
incorporation 

via NMR 
(%) 

Average Fiber Diameter (µm) 
 

Tip-to-collector distance 

  

15 cm 35 cm 

P
M

M
A

-g
-P

D
M

S
 

1
0
0
0

 g
/m

o
l NCP10 2.06 2.58±0.49 1.74±0.02 

NCP11 3.83 2.61±0.45 1.94±0.03 

NCP12 6.07 3.18±0.26 2.87±0.05 

NCP13 13.94 4.42±0.55 3.98±0.06 

P
M

M
A

-g
-P

D
M

S
 

5
0
0
0

 g
/m

o
l NCP20 0.50 1.21±0.23 0.83±0.06 

NCP21 2.37 1.86±0.12 1.35±0.04 

NCP22 5.63 2.37±0.18 2.03±0.07 

NCP23 10.21 3.03±0.21 2.59±0.01 

P
A

N
-g

-P
D

M
S

 

1
0
0
0

 g
/m

o
l NCP40 4.30 1.67±0.25 1.60±0.01 

NCP41 8.66 1.89±0.14 1.85±0.02 

NCP42 12.54 2.71±0.12 2.38±0.03 

NCP43 20.60 4.62±0.20 4.20±0.03 

Table 4.3 A summary of the average fiber diameter distributions at different tip-to-collector distances for the electrospun 
fibers of the various graft copolymer compositions. 
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Figure 4.16 The relationship between PDMS contents and average fiber diameter distribution for the different 
graft copolymer series. 

 

It is also interesting to note that in the case of the PMMA series, the 5000 g/mol 

macromonomer series has a smaller average fiber diameter for similar PDMS 

contents relative to the shorter 1000 g/mol series. This result highlights the 

importance of the molecular architecture of copolymers in determining fiber 

morphology as opposed to the simple chemical composition. 

4.2.2.3 Tip-to-collector distance 
 

Two distances, 15 cm and 35 cm, were chosen to study the effect of tip-to-collector 

distance on the fiber morphology. These particular parameters were chosen as a 

relatively easy way of producing the nanofibers with different degrees of molecular 

alignment and stretching. The nanofibers electrospun at 15 cm tip-to-collector 

distance for both the PMMA and PAN graft copolymer series had larger fiber 

diameter distributions compared to the fibers electrospun at 35 cm. The flight time of 

the polymer jet comes into play here as stretching and thinning of the nanofibers 

occur in this stage.18,31,32 At small tip-to-collector distances there is not sufficient flight 

time and the solvent does not have sufficient time to evaporate completely and the 

polymer molecules are not stretched enough. This leads to nanofiber formation that 

includes elongated beaded structures and an increase in average fiber diameter 

distributions. At large tip-to-collector distance the flight time increases and the 
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bending instability of the polymer jet causes rapid whipping and stretching of the 

polymer molecules. The solvent has enough time to evaporate and nanofibers with a 

smooth morphology and uniform average fiber distributions are formed. This is all 

evident when the values for diameter distributions are compared. The results are 

tabulated in Table 4.3. Figure 4.17 shows the SEM images of the electrospun fibers 

of PMMA-graft-PDMS with 3.83 wt.% PDMS (1000 g/mol) incorporation at 15 cm and 

35 cm tip-to-collector distances. At 15 cm tip-to-collector distance the elongated 

beaded structures can be seen and at 35 cm smooth fiber morphology are 

presented. From the average fiber diameter distributions it is evident that at 35 cm 

tip-to-collector distance there is a much narrower and uniform distribution when 

compared to the broad distribution at 15 cm tip-to-collector distance. 

 

 

Figure 4.17 SEM images of electrospun fibers of PMMA-graft-PDMS with 3.83 wt.% PDMS (1000 g/mol) 
incorporation at (A) 15 cm tip-to-collector distance and (B) 35 cm tip-to-collector distance. 
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Figure 4.18 shows the relationship between the average fiber diameter distributions 

and tip-to-collector distances for the PMMA series with 1000 and 5000 g/mol PDMS 

branching, as well as for the PAN series with 1000 g/mol PDMS branching. For the 

PMMA copolymer series, the average fiber diameter distributions at 35 cm tip-to-

collector distance show a greater reduction in the fiber diameters when compared to 

the PAN copolymer series. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Average fiber diameter distributions with regards to tip-to-collector distances (A) PMMA-graft-PDMS 
with 1000 g/mol PDMS, (B) PMMA-graft-PDMS with 5000 g/mol PDMS and (C) PAN-graft-PDMS with 
1000 g/mol PDMS.  
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4.2.3 Amphiphilic solution effect on the crystallinity of the PAN-

graft-PDMS electrospun fibers 
 

The amphiphilic nature of the semicrystalline PAN-graft-PDMS copolymers presents 

complex solution behaviours which is evident from the electrospinning results. The 

effect of phase segregation together with the rapid solvent evaporation and stretching 

of the polymer solution during the electrospinning process has a dramatic influence 

on the crystallinity of the electrospun fibers when compared to the crystallinity of the 

precursor materials. WAXD patterns of the electrospun fibers from the PAN-graft-

PDMS series with short PDMS grafts (1000 g/mol) are shown in Figure 4.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 WAXD patterns of the electrospun fibers of PAN-graft-PDMS series with 1000 g/mol PDMS, overlayed 
with the WAXD patterns of the fiber precursor series (A) PAN-graft-PDMS with 4.3 wt.% PDMS (1000 
g/mol), (B) PAN-graft-PDMS with 8.66 wt.% PDMS (1000 g/mol), (C) PAN-graft-PDMS with 12.54 wt.% 
PDMS (1000 g/mol) and (D) PAN-graft-PDMS with 20.6 wt.% PDMS (1000 g/mol). 
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There are distinct differences when comparing the electrospun fibers’ WAXD patterns 

with those of the fiber precursors. The 1st noticeable change is the disappearance of 

the peak at 29.2 which is the PAN (020) crystal plane. Minagawa et al.12 found that 

this crystalline peak of PAN disappeared with decreasing stereo-regularity and 

assigned it to the diffraction of isotactic PAN crystal packing. They also showed that 

when casting from solvents like DMF and dimethylsulfoxide (DMSO), there is a 

change in the packing of the crystalline regions10. Another noticeable change in the 

WAXD patterns of the electrospun fibers is the broadening of the dominant 

crystallisable peak of PAN and a small shift to 16.9. This peak broadening shows an 

increase in the crystallite coherence length as calculated using the Scherrer equation 

(4.2). The degree of crystallinity of the electrospun fibers was also calculated using 

equation 4.1 and is presented in Table 4.4. It is clear from the results that with 

increasing PDMS contents, the crystallinity of the electrospun fibers decreases but 

the crystallite size increases. 

 

Sample 
ID 

PDMS 
feed 
ratio 

PDMS 
via 

NMR 
Dcrystallinity 

Dcrystallinity 

(Corrected) FWHM 
L 

(wt%) (wt%) (%) (%) (nm) 

PAN 0 0 39.04 39.04 2.45 3.42 

NCP40 5 4.30 18.05 17.92 2.30 3.65 

NCP41 10 8.66 19.09 18.81 2.22 3.78 

NCP42 15 12.54 17.46 16.97 1.76 4.78 

NCP43 25 20.60 14.43 13.63 1.45 5.80 

Table 4.4 Summary of the crystalline and amorphous regions of a series of electrospun fibres of PAN-graft-PDMS 
copolymers with 1000 g/mol PDMS, the calculated degree of crystallinity and the coherence length (L). 

 

In Figure 4.20 the degree of crystallinity (A) and FWHM (B) of the electrospun fibers 

are compared to the values of the fiber precursor materials. There is a clear 

difference in these values. The crystallinity is dramatically reduced in the electrospun 

fibers relative to the precursor materials. With increasing PDMS contents there is a 

decrease in crystallinity across the series for the unprocessed precursor materials as 

well as a decrease in the crystallite size. This is due to the amorphous PDMS grafts 

disrupting the crystallization of the PAN segments. The more PDMS present the 

greater the disruption and the crystallite sizes are reduced according to the 

coherence lengths. In the electrospun fibers the PDMS content has a much different 

effect on the crystallinity as in the case of the unprocessed precursor material. The 
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degree of crystallinity is much lower than for the unprocessed polymers, but the 

crystallite sizes increase with increasing PDMS content. For electrospinning, the 

polymers are dissolved in DMF which is unfavourable for the PDMS segments. The 

PDMS segments are constricted in the solvent matrix and this is evident in the 

WAXD patterns of the electrospun fibers. As the PDMS contents increase there is an 

evolution of the PDMS halo around 12 across the series. This constriction facilitates 

the preordering and self-assembly of the PAN segments in solution. During 

electrospinning, there is a rapid solvent evaporation process occurring along with 

phase segregation of the disparate graft segments. The stretching of the molecules 

lead to better crystallization of the PAN segments and this leads to a broader 

crystalline PAN peak at around 17 and an increase in the crystallite sizes according 

to coherence length calculations. The average crystallite size for the electrospun 

fibers is still smaller than that of the fiber precursor materials. 

 

In conclusion, the electrospinning of the semicrystalline PAN-graft-PDMS copolymers 

leads to very complex phase segregated morphologies as well as semicrystalline 

morphology of the PAN phase. The phase segregation caused by the amphiphilic 

nature of the polymer in DMF, the rapid solvent evaporation during electrospinning 

and the crystallization behaviour of the material during stretching of the polymer jet 

all combine to produce nanofibers with a complex non thermodynamic internal 

morphology. The crystallization behaviour of the electrospun fibers are different from 

the unprocessed precursor material, as the crystallization of the PAN segments occur 

in a highly stressed environment where the molecules are stretched and oriented 

during the evaporation of the solvent. As mentioned earlier there is an evolution of 

the PDMS halo around 12 across the series. In the case of the highest PDMS 

contents sample, PAN-graft-PDMS with 20.6 wt.% PDMS incorporation, the PDMS 

halo splits into two ―bumps‖. A possible explanation for this is that due to the rapid 

solvent evaporation and stretching of the molecules along with phase segregation of 

PDMS and PAN occurring during the electrospinning process, two phases or 

microdomains of PDMS could exist. This possibility will be investigated in the section 

on PALS analysis. 
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Figure 4.20 Comparison of (A) the degree of crystallinity and (B) the FWHM values of the electrospun fibers and 
the fiber precursor materials of PAN-graft-PDMS (1000 g/mol PDMS). 
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4.2.4 Electrospinning of MWCNT filled graft copolymers 
 

As mentioned in chapter 2, electrospinning is one of the effective methods to produce 

polymer nanofibers32-34. However, the polymer nanofibers produced by 

electrospinning are not as strong as desired due to their small diameters and 

unoptimized molecular orientation in the fibers. Stretching and making composites 

can lead to improvement of the mechanical properties of polymer fibers, but making 

nanocomposites is a much more promising way to reinforce the nanofibers. In this 

study multiwalled carbon nanotubes (MWCNTs) were used as reinforcing filler in the 

polymer matrix to create nanocomposites. Several reports have been published in 

literature where polymer materials were reinforced by carbon nanotubes35-40. The 

principal advantage of incorporating MWCNTs is that the material becomes 

electrically conductive, aiding the electrospinning process, and its mechanical 

properties are improved. The focus in this study, however, was to see what influence 

the MWCNTs would have on the electrospinning process and fiber morphology, as 

well as the free volume properties which would be discussed in a later section.  

In its pristine form, MWCNTs are chemically inert and usually agglomerate due to 

Van der Waals forces and are extremely difficult to disperse in a polymer matrix. The 

functionalization of carbon nanotubes (CNTs) is an effective way to prevent nanotube 

aggregation, which helps to better disperse and stabilize the CNTs within the polymer 

matrix. There are many approaches to functionalize CNTs, but in this study the 

surface functionalization (covalent) approach was used. The procedure set out in the 

experimental chapter was followed. During functionalization, the MWCNTs are 

oxidized and carboxylic acid moieties are incorporated along the MWCNT surface. 

These functional groups are more convenient than other types of functionalization 

since a variety of chemical reactions can be conducted with this group. The presence 

of carboxylic groups on the nanotube surface also helps the attachment of organic or 

inorganic materials41-43, which is important for dispersion of the nanotubes in the 

polymer matrix. Figure 4.21(A) shows the as received MWCNTs (1) and 

functionalized MWCNTs (2) after 30 minutes of sonication in a DMF solution. The 

MWCNTs in vial 2 are well dispersed in the solvent and provides proof that the 

functionalization was successful. Figure 4.21(B) shows the potential interaction of the 

carboxylic groups on the surface functionalized MWCNTs with the DMF solvent 

molecules. 
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For electrospinning, the various graft copolymer compositions were added to the 

MWCNT solvent mixture to dissolve. Interaction between the solvent molecules and 

carboxylic groups were replaced by interaction of the functional moieties on the graft 

copolymer backbone and the carboxylic groups. This interaction allowed for good 

dispersion of MWCNTs in the polymer matrix. 

 

 

Figure 4.21 (A) Interaction of DMF with inert MWCNTs (1) and surface functionalized MWCNTs (2), (B) reaction 
mechanism of carboxylic groups with DMF solvent molecules. 

 

For electrospinning purposes, 4 wt.% of MWCNTs with regards to dry polymer mass, 

were added to the various compositions of polymer solutions. It was found that the 

addition of the MWCNTs increased the solution viscosity and hindered the 

electrospinning process. The gelation of the polymer solutions is due to the 

interaction between the functionalised MWCNTs and the functional moieties of the 

graft copolymers, causing them to crosslink and form gel like solutions. The polymer 

solution concentrations were consequently decreased (PAN-graft-PDMS: 10 wt.%; 

PMMA-graft-PDMS: 15 wt.%) and the same amount of MWCNTs were added again. 

After the MWCNTs and polymer molecules were dissolved in the solvent, they were 

put in a sonicator bath for 30 minutes to ensure complete dispersion of the MWNTs 

in the polymer matrix. The solutions were electrospun at tip-to-collector distances of 

15 cm and 35 cm. Table 4.5 gives a summary of the average fiber diameter 

distributions of the various graft copolymer compositions electrospun at the different 

tip-to-collector distances.  
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Unfilled Electrospun fibers 

    

Electrospun fibers filled with MWCNTs 

  

Sample 
ID 

PDMS 
incorporation 

via NMR 
(%) 

Average Fiber Diameter 
(µm) 

Tip-to-collector distance 

Average Fiber Diameter 
(µm) 

Tip-to-collector distance 

  

15 cm 35 cm 15 cm 35 cm 

P
M

M
A

-g
-P

D
M

S
 

1
0
0
0

 g
/m

o
l NCP10 2.06 2.58±0.49 1.74±0.02 1.14±0.03 0.78±0.02 

NCP11 3.83 2.61±0.45 1.94±0.03 1.87±0.02 1.46±0.01 

NCP12 6.07 3.18±0.26 2.87±0.05 2.37±0.07 1.96±0.08 

NCP13 13.94 4.42±0.55 3.98±0.06 3.48±0.05 2.87±0.04 

P
M

M
A

-g
-P

D
M

S
 

5
0
0
0

 g
/m

o
l NCP20 0.50 1.21±0.23 0.83±0.06 0.43±0.07 0.38±0.05 

NCP21 2.37 1.86±0.12 1.35±0.04 0.67±0.04 0.51±0.01 

NCP22 5.63 2.37±0.18 2.03±0.07 0.87±0.03 0.61±0.08 

NCP23 10.21 3.03±0.21 2.59±0.01 1.02±0.10 0.77±0.09 

P
A

N
-g

-P
D

M
S

 

1
0
0
0

 g
/m

o
l NCP40 4.30 1.67±0.25 1.60±0.01 0.99±0.07 0.97±0.05 

NCP41 8.66 1.89±0.14 1.85±0.02 0.63±0.04 0.51±0.08 

NCP42 12.54 2.71±0.12 2.38±0.03 0.91±0.02 0.76±0.02 

NCP43 20.60 4.62±0.20 4.20±0.03 1.02±0.01 0.94±0.03 

Table 4.5 Average fiber diameter distributions of the electrospun fibers filled with MWCNTs of the various graft 
copolymer compositions. 

 

The average fiber diameter distributions of the nanocomposite materials are smaller 

than that of the unfilled fibers. This is due to the crosslinking effect of the MWCNTs 

which allows for electrospinning at much lower solution concentrations. As discussed 

earlier, the unfilled fibers cannot be electrospun at such low concentrations as it 

leads to bead formation. It is clear that there are enough chain entanglements for 

electrospinning to occur and the addition of MWCNTs to the polymer matrix aids the 

electrospinning process. The nanocomposite fibers are also much more uniform as 

can be seen in the lower standard deviations when compared to the unfilled 

analogues. The average fiber diameters also increase with an increase in the amount 

of PDMS present in the material. This is the same trend as was seen in the unfilled 

fibers. The fiber diameters of the nanocomposites also decreases when electrospun 

at longer tip-to-collector distances. The presence of MWCNTs increases the 

conductivity of the polymers solution and allows for more stretching of the 

electrospinning jet. In Figure 4.22 the average fiber diameter distributions of the 

PMMA and PAN nanocomposite fibers and their unfilled analogues are compared. 

The difference in diameter distributions with regards to different tip-to-collector 

distances are also shown and compared. 

 

Stellenbosch University http://scholar.sun.ac.za



Chapter 4   Results and Discussion 

__________________________________________________________________________________ 

100 
 

0 5 10 15 20 25

0

1

2

3

4

5

6

7
 PMMA series, 1000 g/mol PDMS

 PMMA series, 5000 g/mol PDMS

 PAN series, 1000 g/mol PDMS

 

 

F
ib

e
r 

D
ia

m
e
te

r 
(

m
)

PDMS (wt.%)

A

0 5 10 15 20 25

0

1

2

3

4

5

6

7

 

 

F
ib

e
r 

D
ia

m
e
te

r 
(

m
)

PDMS (wt.%)

 PMMA series, 1000 g/mol PDMS

 PMMA series, 5000 g/mol PDMS

 PAN series, 1000 g/mol PDMS

B

 

Figure 4.22 Average fiber diameter distributions of the unfilled fibers (closed symbols) and MWCNT analogues 
(open symbols) of the various graft copolymer compositions electrospun at (A) 15 cm tip-to-collector 
distance and (B) 35 cm tip-to-collector distance. 

 

Figure 4.23 shows SEM images of electrospun nanocomposite fibers of various graft 

copolymer compositions at various tip-to-collector distances. From the images it is 

clear that there is no conglutination in the nanofibers, which proves that the 

MWCNTs are well dispersed in the polymer matrix. The fiber morphology of the 

MWCNT filled analogues is also more uniform relative to the unfilled analogues as 

can be seen from fiber diameter distributions. 
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Figure 4.23 SEM images of electrospun MWCNT filled analogues of (A) PMMA-graft-PDMS with 13.94 wt.% PDMS 
(1000 g/mol) at 35 cm; (B) PMMA-graft-PDMS with 10.21 wt.% PDMS (5000 g/mol) at 15 cm; (C) 
PMMA-graft-PDMS with 2.06 wt.% PDMS (1000 g/mol) at 15 cm and (D) PAN-graft-PDMS with 12.54 
wt.% PDMS (1000 g/mol) at 35 cm. 
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4.2.5 Effect of MWCNTs on the crystallinity of PAN-graft-PDMS 
 

The crystallization behaviour of PAN within the graft copolymers was discussed in a 

previous section of this work. WAXD analysis was also performed on the electrospun 

samples filled with MWCNTs. In Figure 4.24 an overlay of the WAXD patterns of the 

precursor material, electrospun fibers and electrospun fibers filled with MWCNTs is 

presented. The fibers filled with MWCNTs follow almost the same trace as that of the 

electrospun fibers without MWCNTs. The disappearance of the weak isotactic PAN 

crystalline peak at 29.2, peak broadening of the main crystalline PAN peak with a 

shift from 17 to 16.9 is also evident here. The peak at approximately 27° was 

recognized as the diffraction of the (002) crystal planes of MWCNTs and confirms 

that MWCNTs is indeed present in the electrospun fibers44. 
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Figure 4.24 WAXD pattern overlays of the PAN-graft-PDMS fiber precursor, electrospun fiber analogue and 
electrospun fiber filled with MWCNTs for the 20.6 wt% PDMS copolymer blend (1000 g/mol PDMS). 

 

The MWCNTs retain their crystallinity after functionalization and dispersion in the 

polymer nanofiber matrix as there is no significant changes in the WAXD patterns for 

the MWCNTs. In Figure 4.25 the degree of crystallinity for the fiber precursors, 

electrospun fibers and fibers filled with MWCNTs is presented. The presence of 

MWCNTs within the electrospun fiber seems to enhance the overall degree of 

crystallinity when compared to the electrospun fibers without MWCNTs. The degree 

of crystallinity is related to the mechanical properties of the material and from Figure 
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4.25 it can be concluded that the electrospun fibers filled with MWCNTs are 

―stronger‖ materials than the unfilled fibers. 
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Figure 4.25 Degree of crystallinity of the fiber precursors, electrospun fiber analogues and fibers filled with 
MWCNTs of PAN-graft-PDMS series with 1000 g/mol PDMS incorporation. 

 

This section concludes the electrospinning of the various graft copolymer 

compositions. The results revealed that these materials have complex solution 

behaviour and morphologies due to their amphiphilic nature. This amphiphilic nature 

induced phase segregation and agglomeration of the molecules in solution. The 

electrospinning process influenced the crystallization behaviour of the PAN segments 

and the rapid solvent evaporation and stretching of molecules resulted in complex 

fiber morphologies. MWCNTs were added to the fiber precursor materials and were 

electrospun successfully.  
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4.3 Positron annihilation lifetime spectroscopy (PALS) 
 

In this part of the study the aim was to look at how the measured positron annihilation 

lifetimes were influenced by the different PDMS graft lengths as well as the addition 

of MWCNTs as reinforcing filler. The relative fractional free volume of the fiber 

precursor materials, electrospun fiber analogues and fibers filled with MWCNTs were 

also compared. The fiber precursor materials as well as the electrospun fibers were 

pressed into discs by using a KBr press. This was done to ensure a homogenous 

distribution of the material in every sample. Figure 4.26 illustrates the transformation 

from electrospun fibers to pressed discs. 

 

Figure 4.26 KBr press used to transform the fiber precursor material as well as electrospun fibers into discs. 

 

The PALS spectra were measured at room temperature using a fast-fast lifetime 

spectrometer. All the primary experimental data namely the decay curves, were 

deconvoluted using the least squares fitting PATFIT45 software program. Application 

of the PATFIT program to the results gave satisfactory variance of ≈ 1.05 for a four 

lifetime component fit. A three lifetime component fit lead to an increased variance of 

> 1 and a five lifetime component fit resulted in increased uncertainties of the lifetime 

components. In Figures 4.27 and 4.28 overlays of all the decay curves for the various 

graft copolymer compositions are presented. The difference between the fiber 

precursor materials and electrospun fiber analogues are also illustrated.  
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Figure 4.27 Overlays of the decay curves of (A) PAN-graft-PDMS (fiber precursor material) with 1000 g/mol PDMS 
incorporation; (B) PAN-graft-PDMS (electrospun fiber analogues) with 1000 g/mol PDMS 
incorporation; (C) PAN-graft-PDMS (fiber precursor material) with 5000 g/mol PDMS incorporation. 
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Figure 4.28 Overlays of the decay curves of (D) PMMA-graft-PDMS (fiber precursor material) with 1000 g/mol 
PDMS incorporation; (E) PMMA-graft-PDMS (electrospun fiber) with 1000 g/mol PDMS incorporation; 
(F) PMMA-graft-PDMS (fiber precursor material) with 5000 g/mol PDMS incorporation; (G) PMMA-
graft-PDMS (electrospun fiber) with 5000 g/mol PDMS incorporation. 
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As described in the literature review in chapter 2, all the decay curves show the 

prominent features like the prompt break, tail decay and the constant background. 

With an increase in PDMS content across each copolymer series, the slope of the tail 

decay changes for both the fiber precursor materials and electrospun fiber 

analogues. This is significant as the longest lived lifetime components 3 and 4 are 

extracted from the tail decay during deconvolution of the decay curves with the 

PATFIT software. 

The difference in the height of each component is illustrative of the relative 

contribution of each type of annihilation event. The two longest lifetimes have 

intensities (yields) designated as I3 and I4 respectively. The specific values of the 

positron annihilation parameters namely the mean life times (i) and probability of 

formation of the different Ps species (Ii) in a particular polymer are closely related to 

its corresponding morphology46,47, since the free spaces in which the Ps can exist 

without annihilation depend on the geometrical arrangement, on a quasi-molecular 

level, of the different phases of the polymer sample. The shortest lifetime 1 with 

intensity I1, is usually attributed to p-Ps annihilation. The intermediate component 2 

with intensity I2 describes the free positron and positron molecular annihilation. The 

first two lifetimes contain no information on the free volume in the materials.  

Typically, for amorphous materials only one longer o-Ps lifetime is detected. This is 

designated as the 3 component and has an intensity (yield) of I3. However, the 

synthesized materials used in this study are semi-crystalline (in the case of PAN) and 

multiphasic and present complex morphologies, therefore it is not unexpected that an 

additional fourth lifetime component is observed. It has been reported in literature 

that the longer lived third component 3 can be interpreted as the pick-off annihilation 

of o-Ps in the imperfectly crystalline regions or crystal interfaces of the semi-

crystalline polymers which are more densely packed than the amorphous phase. In 

these cases, the intensity I3 (relative number of annihilations) is attributed to the o-Ps 

yield in the imperfectly crystalline phase. The longest lived fourth component 4 is 

attributed to the pick-off annihilation of o-Ps in the amorphous regions of the 

polymer48. I4 mirrors the o-Ps yield in the amorphous phase which may be related to 

the size of local open volumes in which Ps is formed. Table 4.6 summarizes the 

results of the analysis of the raw positron data for the two longest lifetime 

components 3 and 4 and the respective intensities I3 and I4 for the fiber precursor 
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material, electrospun fiber analogues as well as the fibers filled with MWCNTs of the 

various graft copolymer compositions. 

As mentioned previously and illustrated in Table 4.6, all of the graft copolymers in 

this study are best fitted with a four component lifetime fit. This is illustrative of the 

complex morphology of the precursor materials and the electrospun nanofibers. 

Unfortunately there is no definitive method for assigning each of the two o-Ps 

lifetimes to a specific region or phase in these complex materials. However, it is 

reasonable to assign the longest lifetime component 4 and I4 to annihilation in the 

PDMS domains of the materials. This is a reasonable assignment since we know 

PDMS is a very low Tg polymer and has a higher fractional free volume at room 

temperature. The values of 4 are in line with values that have been reported for 

PDMS materials at room temperature49-51. The shorter lived 3 component can be 

assigned to annihilation in the amorphous areas of the higher Tg PMMA and PAN 

phases. It should be noted that in fact it could be argued that there are more than 

three distinct regions in which o-Ps can form and annihilate especially in the case of 

the PAN series which is semi-crystalline. However, one of the limitations of the PALS 

technique is that it becomes very difficult to resolve five or more lifetime components 

from the raw data. This factor should be kept in mind when interpreting the PALS 

data.  
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Sample  
ID 

PDMS 
incorporation 

via NMR 
 

(%) 

Lifetimes i and Intensities Ii  
obtained for the fiber precursor materials, 

electrospun fiber analogues and electrospun 
fiber analogues filled with MWCNTs 

Variance 

  

3 (ns) I3 (%) 4 (ns) I4 (%) 
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e
r 

 

p
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c
u
rs

o
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NCP40 4.30 0.99±0.05 10.75±0.49 2.98±0.08 5.65±0.35 1.02 

NCP41 8.66 1.15±0.06 13.16±0.55 3.25±0.08 8.21±0.47 0.98 

NCP42 12.54 1.21±0.06 11.99±0.47 3.66±0.08 7.81±0.37 0.95 

NCP43 20.60 1.22±0.05 13.67±1.33 3.93±0.04 12.35±0.27 1.09 

e
le

c
tr

o
s
p
u
n
  

fi
b

e
r 

NCP40 4.30 0.94±0.06 12.19±0.50 2.71±0.21 17.26±0.62 1.08 

NCP41 8.66 1.02±0.07 11.92±0.63 3.14±0.06 18.90±0.53 0.96 

NCP42 12.54 1.10±0.05 11.16±0.51 3.36±0.05 18.94±0.48 1.00 

NCP43 20.60 1.19±0.07 12.52±0.81 3.57±0.05 21.11±0.34 1.21 

e
le
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NCP40 4.30 1.06±0.07 12.89±0.49 2.68±0.08 16.74±0.60 1.01 

NCP41 8.66 1.07±0.06 13.20±0.53 3.10±0.07 17.80±0.48 1.06 

NCP42 12.54 1.18±0.06 12.35±0.63 3.38±0.08 19.08±0.44 0.96 

NCP43 20.60 1.09±0.07 11.88±0.56 3.43±0.06 19.91±0.39 1.07 
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NCP10 2.06 1.44±0.10 14.19±1.32 2.81±0.14 9.36±1.65 0.97 

NCP11 3.83 1.13±0.12 9.83±0.65 2.61±0.06 15.88±1.04 1.06 

NCP12 6.07 1.27±0.08 12.29±0.61 2.96±0.07 14.46±0.92 1.02 

NCP13 13.94 1.30±0.09 11.15±0.54 3.21±0.05 18.81±0.81 1.08 

e
le

c
tr

o
s
p
u
n
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e
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NCP10 2.06 1.21±0.10 11.45±0.80 2.62±0.07 13.98±1.19 1.09 

NCP11 3.83 1.39±0.11 12.25±1.15 2.81±0.09 13.65±1.49 1.06 

NCP12 6.07 1.55±0.11 13.07±1.32 3.04±0.11 12.18±1.60 1.01 

NCP13 13.94 1.27±0.10 10.02±0.58 3.02±0.05 17.85±0.86 1.08 

e
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 NCP10 2.06 1.43±0.10 12.99±1.07 2.88±0.12 9.49±1.39 0.95 

NCP11 3.83 1.46±0.12 12.14±1.24 2.87±0.11 11.30±1.57 0.98 

NCP12 6.07 1.53±0.11 11.30±1.05 3.15±0.09 13.63±1.32 1.01 

NCP13 13.94 1.41±0.10 11.61±0.83 3.02±0.08 11.98±1.11 0.94 
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NCP20 0.50 1.52±0.08 17.53±1.37 2.98±0.13 10.76±1.67 0.97 

NCP21 2.37 1.40±0.08 15.30±0.89 3.02±0.08 14.25±1.2 0.98 

NCP22 5.63 1.45±0.07 15.07±0.67 3.31±0.08 12.87±0.91 1.09 

NCP23 10.21 1.68±0.07 15.78±0.84 3.64±0.11 11.64±1.05 1.07 

e
le

c
tr

o
s
p
u
n
  

fi
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NCP20 0.50 1.22±0.10 11.31±0.78 2.68±0.07 13.13±1.16 1.07 

NCP21 2.37 1.36±0.09 12.36±0.77 2.98±0.08 12.24±1.06 1.00 

NCP22 5.63 1.29±0.08 11.91±0.59 3.05±0.07 14.16±0.87 1.04 

NCP23 10.21 1.17±0.09 10.66±0.50 3.12±0.04 19.40±0.67 0.99 
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NCP20 0.50 1.45±0.08 11.88±0.61 3.31±0.08 11.17±0.82 1.00 

NCP21 2.37 1.43±0.09 12.62±0.91 3.02±0.09 12.67±1.20 0.96 

NCP22 5.63 1.31±0.08 11.53±0.53 3.09±0.07 12.78±0.79 1.02 

NCP23 10.21 1.01±0.09 7.28±0.47 3.05±0.04 12.08±0.39 1.00 

Table 4.6 Summary of the analysis of the raw positron data for the two longest lifetime components 3 and 4 and the 
respective intensities I3 and I4 for the fiber precursor material, electrospun fiber analogues as well as the fibers 
filled with MWCNTs of the various graft copolymer compositions. 
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4.3.1 PAN-graft-PDMS with 1000 g/mol PDMS incorporation 
 

Figure 4.29 shows a graphical representation of the 3 and 4 lifetimes as a function 

of PDMS incorporation for the fiber precursor, electrospun fiber analogues and fibers 

filled with MWCNTs. The longest lived lifetime 4, represented by the closed symbols, 

is in the region of 2.7-3.8 ns. This is in agreement with literature for the longest 

lifetime in polymers52-54 and supports the conclusion that this component represents 

the o-Ps annihilation in the amorphous region of the graft copolymer. PDMS is 

amorphous and has a very low glass transition, therefore 4 is attributed to the o-Ps 

annihilation in the PDMS phase. The shorter lifetime 3, represented by the open 

symbols, is in the range of 0.9-1.2 ns. PAN is semi crystalline, therefore 3 is 

attributed to the o-Ps annihilation in the higher Tg amorphous region of the PAN 

phase. The 3 lifetime values for the fiber precursor, electrospun fiber analogues and 

fibers filled with MWCNTs stayed more or less the same with an increase in PDMS 

incorporation. The 4 lifetimes, however, increased with increasing PDMS 

incorporation. The increase in 4 lifetimes were shorter in the case of the electrospun 

fibers and fibers filled with MWCNTs. The free volume hole sizes in the PDMS phase 

are also larger than the holes in the PAN phase, and the hole sizes also increased 

with an increase in PDMS incorporation.  
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Figure 4.29 Two longest lived o-Ps lifetime parameters 3 (open symbols) and 4 (closed symbols) and mean free 
volume hole radii of the fiber precursors, electrospun fiber analogues and MWCNT filled fibers of 
PAN-graft-PDMS with 1000 g/mol PDMS incorporation. 
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As mentioned in chapter2, the relative fractional free volume takes into account the 

annihilation lifetimes (i) and yield (intensities Ii) of each o-Ps annihilation type. It 

should also be kept in mind that in the case of PALS analysis, the yield is a relative 

amount. In other words, if one value of Ii increases, there is inevitably a 

corresponding decrease in the other Ii values. This means that the process can be 

complicated in that the overall o-Ps yield (I3 + I4) may increase at the same time as 

the relative amount of I3 and I4 changes. Looking at the relative fractional free volume 

presented in Figure 4.30, it is clear that the free volume in the PAN phase stayed 

more or less constant across the series, but there is a slight decrease in the values of 

the electrospun fiber analogues compared to the fiber precursor materials. This may 

be due to the stretching and alignment of the molecules during the electrospinning 

process. The free volume in the PDMS phase increased across the series with 

increased PDMS incorporation, but the increase was smaller for the electrospun fiber 

analogues and fibers filled with MWCNTs. This is most likely due to the PDMS phase 

being constricted during the electrospinning process. This conclusion is also 

supported by the WAXD results in section 4.2.3 and is most likely indicative of a less 

perfect phase separation morphology with considerably smaller PDMS domain sizes. 

In this case a kinetic morphology would be expected in the nanofibers due to the 

alignment caused during electrospinning, as well as the rapid solvent evaporation 

and crystallization of PAN. 
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Figure 4.30 Relative fractional free volume based on 3 (open symbols) and 4(closed symbols) for PAN-graft-
PDMS copolymers with 1000 g/mol PDMS incorporation. 
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The effect of the tip-to-collector distance during the electrospinning process was also 

investigated by PALS. The results are presented in Table 4.7 and Figure 4.31.  

When comparing the 3 lifetime values for the electrospun analogues at 15 cm and 

35 cm tip-to-collector distances, there is a decrease in values for the longer tip-to-

collector distance, confirming that the free volume in the PAN phase has decreased. 

Looking at the longest lived 4 lifetime values for the electrospun fibers at 15 cm, it is 

evident that there is an increase in the lifetime values with an increase in PDMS 

content. As mentioned earlier these lifetime values are attributed to the o-Ps 

annihilation in the amorphous PDMS phase. The 3rd component lifetime values 3 

stayed more or less constant across the series and are attributed to the o-Ps 

annihilation in the PAN phase. The intensity values I4 and I3 give the probability of o-

Ps formation in the amorphous PDMS and PAN regions. The values suggest that 

more o-Ps is formed and annihilated in the amorphous regions of the PAN phase. In 

the case of the fibers electrospun at 35 cm tip-to-collector distance, the 4 lifetimes 

follow the same trend as for the 15 cm fibers, but the values are relatively smaller. 

The 3rd lifetime component 3 also stayed more or less constant across the series but 

the values are slightly smaller relative to those of the 15 cm fibers. The stretching of 

the molecules during the electrospinning process comes into play here. At the longer 

tip-to-collector distance the time of flight of the polymer molecules is increased and 

the molecules are allowed to stretch and align more. The intensity values I3 are 

smaller relative to the values for the fibers at 15 cm which suggests that less o-Ps 

formation takes place due to a denser packing of the crystalline PAN phase. When 

comparing the I4 intensity values for the electrospun fibers it shows a decrease in o-

Ps formation in the amorphous PDMS domains at 35 cm tip-to-collector distance 

confirming the constriction of this phase as a result of the stretching of molecules and 

the phase segregation. From this we can conclude that the tip-to-collector distance 

affects the electrospinning process. At 35 cm tip-to-collector distance there is a much 

longer flight time, which allows for more stretching and alignment of the molecules 

before reaching the collector plate. 
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Figure 4.31 Two longest lived o-Ps lifetime parameters 3 (open symbols) and 4 (closed symbols) and mean free 
volume hole radii of the electrospun fiber analogues of PAN-graft-PDMS with 1000 g/mol PDMS 
incorporation. 
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NCP40 4.30 1.13±0.06 14.74±0.38 2.71±0.21 13.78±0.58 1.09 

NCP41 8.66 1.07±0.08 13.64±0.64 3.14±0.07 10.15±0.54 1.09 

NCP42 12.54 1.15±0.05 14.05±0.88 3.36±0.05 10.89±0.37 1.03 

NCP43 20.60 1.19±0.07 15.41±0.51 3.57±0.05 12.54±0.39 0.95 
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NCP40 4.30 0.94±0.07 12.19±0.50 2.86±0.09 7.26±0.62 1.08 

NCP41 8.66 1.02±0.07 11.92±0.63 2.93±0.07 8.90±0.53 0.96 

NCP42 12.54 1.10±0.07 11.16±0.51 3.19±0.07 8.94±0.48 1.00 

NCP43 20.60 0.99±0.06 12.52±0.81 3.24±0.05 11.11±0.34 1.21 

Table 4.7 Lifetimes i and Intensities Ii obtained for the electrospun fiber analogues of PAN-graft-PDMS with 1000 g/mol 
PDMS incorporation at 15 cm and 35 cm tip-to-collector distances. 

 

In the earlier section on electrospinning, it was shown that the tip-to-collector 

distance had an effect on the fiber diameter distributions. It also had an effect on the 

relative fractional free volume. In Figure 4.32, these effects are illustrated graphically. 

The average fiber diameter distributions increased with an increase in PDMS 

content, but at 35 cm tip-to-collector distance the fiber diameter distributions were 

reduced relative to that of the 15 cm tip-to-collector distance. When comparing the 

relative fractional free volumes for the two tip-to-collector distances, it is evident that 
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the relative fractional free volume is reduced at the larger tip-to-collector distance. 

This means that the annihilation lifetimes 3 (open symbols) and 4 (closed symbols) 

are also reduced at larger tip-to-collector distance across the series as less o-Ps are 

annihilated in the reduced vacant spaces. These results show that at larger tip-to-

collector distance the flight time of the electrospinning jet is increased, which leads to 

more stretching and alignment of molecules during the electrospinning process 

before reaching the collector plate. 

 

 

 

 

 

 

 

Figure 4.32 The effect of tip-to-collector distance on (A) Fiber diameter distributions and (B) Relative fractional 

free volume and two longest lived o-Ps lifetime parameters 3 (open symbols) and 4 (closed symbols) 
of the electrospun fiber analogues of PAN-graft-PDMS with 1000 g/mol PDMS incorporation. 

 

As mentioned earlier, application of the least squares fitting PATFIT software 

program to the raw data gave satisfactory variance of ≈ 1.05 for a four lifetime 

component fit. However, the PAN-graft-PDMS copolymer with 20.6 wt.% PDMS 

(1000 g/mol) incorporation electrospun at 35 cm tip-to-collector distance gave a 

variance value of 1.21. This suggests that a four lifetime fit for this sample is no 

longer applicable and that a five lifetime fit is a possibility. The WAXD results in the 

previous section showed that there is an evolution in the amorphous PDMS halo and 

two ―bumps‖ were observed for the highest PDMS content sample. It can be 

concluded that the stretching caused during electrospinning as well as the phase 

segregation, causes the PDMS phase to have more than one domain. The WAXD 

data suggests a ―more dense‖ and ―less dense‖ amorphous PDMS domain, indicating 

some order or structure in these areas as a result of the stretching and alignment of 

molecules during electrospinning. 
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The effect of the MWCNT as filler in the electrospun fibers was also investigated by 

PALS. Looking at the 3 lifetime values (associated with the o-Ps annihilation in the 

PAN phase as mentioned earlier) of the electrospun fibers filled with MWCNTs, the 

data indicates that the values stayed more or less constant across the composition 

range, as was the case of the electrospun fiber analogues and fiber precursor 

materials. However, the PAN-graft-PDMS copolymer with 20.60 wt.% PDMS (1000 

g/mol) incorporation shows a smaller 3 lifetime value for the nanocomposite 

compared to the electrospun fiber analogue. This is due to the fact that the MWCNTs 

favour interaction with the PAN phase. As mentioned in chapter 2, charge complexes 

are formed between the MWCNTs and PAN resulting in a strong interaction between 

these two components55. On the other hand the 4 lifetime values (associated with 

the o-Ps annihilation in the PDMS phase) for the electrospun fibers filled with 

MWCNTs followed the same trend as the electrospun fiber counterpart, where the 

lifetime values increased with increasing PDMS incorporation. However, the PAN-

graft-PDMS copolymer with 20.60 wt.% PDMS (1000 g/mol) incorporation shows a 

decreased value compared to its electrospun fiber analogue. This can be ascribed to 

the rapid solvent evaporation and stretching of molecules caused during the 

electrospinning process resulting in the constriction of the PDMS phase. The mean 

hole sizes of the PDMS domains in the nanocomposites are smaller compared to the 

electrospun fiber analogues, which further supports the constriction of the PDMS 

phase. The mean hole sizes of the PAN domains in the nanocomposites stayed more 

or less constant across the composition range, as was the case of the electrospun 

fiber analogues and fiber precursor materials.  

In the case of the nanocomposites, the relative fractional free volume for the PAN 

phase stayed more or less constant across the composition range, but there is a 

small increase in values compared to the electrospun fiber analogues. This is due to 

the charge complex formation between the MWCNTs and PAN as mentioned earlier. 

The free volume in the PDMS phase follows the same trend as the fiber precursor 

materials and the electrospun fiber analogues, but the values are much decreased in 

the case of the nanocomposites. This is a further indication that the PDMS phase are 

constricted by the PAN phase during electrospinning and also that the PDMS 

domains are much smaller in the nanocomposite fiber form. 
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4.3.2 PMMA-graft-PDMS with 1000 g/mol PDMS incorporation 
 

Figure 4.33 shows a graphical representation of the 3 and 4 lifetimes as a function 

of PDMS incorporation for the fiber precursor, electrospun fiber analogues and fibers 

filled with MWCNTs. As is the case for the PAN series, there is a clear distinction 

between the two longest lived lifetime parameters. The longer lived 4 lifetime is once 

again attributed to the o-Ps annihilation in the PDMS phase, whereas the 3 lifetime is 

attributed to o-Ps annihilation in the PMMA phase. The lifetimes follow a similar trend 

as in the PAN-graft-PDMS series where the longer lived 4 lifetimes show an increase 

in values across the series with increasing PDMS incorporation. The 3 lifetimes 

remained constant across the series. 
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Figure 4.33 Two longest lived o-Ps lifetime parameters 3 (open symbols) and 4 (closed symbols) and mean free 
volume hole radii of the fiber precursors, electrospun fiber analogues and MWCNT filled fibers of 
PMMA-graft-PDMS with 1000 g/mol PDMS incorporation. 

 

There is indeed a difference in free volume hole sizes when comparing the PMMA-

graft-PDMS copolymer series with PAN-graft-PDMS copolymer series. The free 

volume hole sizes in the PDMS phase for both series are in the same range. The free 

volume hole sizes in the PMMA phase are larger when compared to the hole sizes in 

PAN phase. PAN and PMMA have relatively similar Tg’s, but PMMA is an amorphous 

material whereas PAN is a semicrystalline material. Figure 4.34 shows the relative 

fractional free volume related to PDMS incorporation. The increase in relative 
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fractional free volume with increased PDMS incorporation is much larger for the 

PMMA-graft-PDMS series when compared to the PAN-graft-PDMS series due to the 

more amorphous nature of PMMA-graft-PDMS. 
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Figure 4.34 Relative fractional free volume based on 3 (open symbols) and 4(closed symbols) for PMMA-graft-
PDMS copolymers with 1000 g/mol PDMS incorporation. 
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In Figure 4.35 the longest lived positron annihilation lifetimes and relative fractional 

free volumes of the two PMMA-graft-PDMS series are compared. The 3 and 4 

lifetimes follow the same trends and are more or less in the same range for both 

series. The size of the free volume holes are also in the same range when compared, 

however, the increase in relative fractional free volume with increased PDMS 

incorporation is larger in the series with 5000 g/mol PDMS incorporation. The 

difference in graft length comes into play where the longer grafts results in an 

increased amount of free volume. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.35 Comparison of the two longest lived o-Ps lifetime parameters 3 (open symbols) and 4 (closed 
symbols) and relative fractional free volume between the 1000 g/mol and 5000 g/mol graft length 
series. 

 

The effect of tip-to-collector distance during the electrospinning process was also 

investigated for both PMMA copolymer series. Table 4.8 and Figure 4.36 summarize 

the findings. 
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NCP10 2.06 1.67±0.09 15.27±1.33 2.22±0.19 17.22±1.56 1.09 

NCP11 3.83 1.75±0.09 14.14±0.57 2.66±0.04 15.82±0.74 1.04 

NCP12 6.07 1.89±0.09 14.56±0.53 2.73±0.05 17.36±0.79 0.97 

NCP13 13.94 1.91±0.09 16.00±1.37 3.68±0.17 19.12±1.54 0.94 
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NCP10 2.06 1.21±0.10 11.45±0.80 2.62±0.07 13.98±1.19 1.09 

NCP11 3.83 1.39±0.11 12.25±1.15 2.81±0.09 13.65±1.49 1.06 

NCP12 6.07 1.55±0.11 13.07±1.32 3.04±0.11 12.18±1.60 1.01 

NCP13 13.94 1.27±0.10 10.02±0.58 3.02±0.05 17.85±0.86 1.08 
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NCP20 0.50 1.42±0.10 16.81±1.29 3.00±0.15 17.03±1.71 1.05 

NCP21 2.37 1.15±0.09 10.25±0.54 2.78±0.05 14.86±0.85 1.09 

NCP22 5.63 1.59±0.09 14.08±1.08 3.25±0.11 16.04±1.33 1.08 

NCP23 10.21 0.96±0.07 10.62±0.70 3.08±0.03 18.02±0.42 0.99 
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NCP20 0.50 1.22±0.10 11.31±0.78 2.68±0.07 13.13±1.16 1.07 

NCP21 2.37 1.36±0.09 12.36±0.77 2.98±0.08 12.24±1.06 1.00 

NCP22 5.63 1.29±0.08 11.91±0.59 3.05±0.07 14.16±0.87 1.04 

NCP23 10.21 1.17±0.09 10.66±0.50 3.12±0.04 15.40±0.67 0.99 

 

Table 4.8 Annihilation lifetimes i and Intensities Ii obtained for the electrospun fiber analogues of PMMA-graft-PDMS 
with 1000 g/mol and 5000 g/mol PDMS incorporation at 15 cm and 35 cm tip-to-collector distances. 

 

Comparing the annihilation lifetimes 3 and 4 between the two series it is evident that 

they are more or less in the same ns range. The longer lived 4 lifetimes are larger 

than the 3 lifetimes, suggesting that the free volume hole sizes in the amorphous 

PDMS domains are larger than the free volume holes in the PMMA phase. Looking at 

the intensity values I3 and I4 it is clear that o-Ps formation in both phases are reduced 

at the larger tip-to-collector distance because of the stretching of the molecules and 

phase segregation caused during the electrospinning process. 
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Figure 4.36 The effect of tip-to-collector distance on (A+C) fiber diameter distributions and (B+D) relative 

fractional free volume and two longest lived o-Ps lifetime parameters 3 (open symbols) and 4 
(closed symbols) of the electrospun fiber analogues of PMMA-graft-PDMS with 1000 g/mol and 5000 
g/mol PDMS incorporation. 

 

From Figure 4.36 it is evident that the effect of the tip-to-collector distance during the 

electrospinning process on the fiber diameter distributions and relative fractional free 

volume follows the same trends as in the case of the PAN series. Also here the fiber 

diameters are reduced across both series at the larger tip-to-collector distance. The 

relative fractional free volume is also reduced to smaller values at larger tip-to-

collector distance as a result of the increase in time of flight during the 

electrospinning process. These results are consistent with those found for the PAN 

series. 
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The effect of the MWCNT as filler in the electrospun fibers was also investigated by 

PALS. Looking at the 3 lifetime values (associated with the o-Ps annihilation in the 

PMMA phase as mentioned earlier) of the electrospun fibers filled with MWCNTs, the 

data indicates that the values stayed more or less constant across the composition 

range, as was the case of the electrospun fiber analogues and fiber precursor 

materials. A strong inherent interaction between the MWCNTs and PMMA56,57 exist 

as in the case of PAN and MWCNTs. On the other hand the 4 lifetime values 

(associated with the o-Ps annihilation in the PDMS phase) for the electrospun fibers 

filled with MWCNTs followed the same trend as the electrospun fiber counterpart, 

where the lifetime values increased with increasing PDMS incorporation. However, 

the PMMA-graft-PDMS copolymers with highest PDMS incorporation showed 

decreased values compared to its electrospun fiber analogue and fiber precursor 

materials. This can be ascribed to the rapid solvent evaporation and stretching of 

molecules caused during the electrospinning process resulting in the constriction of 

the PDMS phase. The mean hole sizes of the PDMS domains in the nanocomposites 

stayed more or less constant across the composition range compared to the 

electrospun fiber analogues, but were smaller when compared to the fiber precursor 

materials. During the electrospinning process the rapid solvent evaporation and 

stretching of polymer molecules result in the constriction of the PDMS phase. The 

mean hole sizes of the PMMA domains in the nanocomposites stayed more or less 

constant across the composition range, as was the case of the electrospun fiber 

analogues and fiber precursor materials.  

In the case of the nanocomposites, the relative fractional free volume for the PMMA 

phase stayed more or less constant across the composition range, but there is a 

small increase in values compared to the fiber precursor materials with 1000 g/mol 

PDMS incorporation. In the case of the nanocomposites with 5000 g/mol PDMS 

incorporation there is a decrease in free volume in the PMMA phase across the 

composition range. The free volume in the PDMS phase follows the same trend as 

the electrospun fiber analogues, but the values are much decreased in the case of 

the fiber precursor materials. This is further indication that the PDMS phase is 

constricted during electrospinning and also that the PDMS domains are much smaller 

in the nanocomposite fiber form. 
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This section concludes the PALS analysis of the various graft copolymer 

compositions and their electrospun fiber analogues, as well as nanocomposites. The 

results revealed that there are two distinct lifetime parameters for these multiphased 

materials. The shorter lived lifetime 3 was attributed to the o-Ps annihilation in the 

amorphous regions of the crystalline PAN phase in the PAN-graft-PDMS copolymer 

series, as well as to the o-Ps annihilation in the amorphous PMMA phase in the case 

of the PMMA-graft-PDMS copolymer series. The longer lived lifetime 4 was 

attributed to the o-Ps annihilation in the more amorphous PDMS phase. The free 

volume hole sizes in the PDMS phase was found to be larger relative to the hole 

sizes in the PAN and PMMA phases. When comparing the PAN copolymer series to 

that of the PMMA copolymer series, the free volume hole sizes of the PAN phase 

was smaller relative to the hole sizes in the PMMA phase. In the case of the PMMA 

series the relative fractional free volume was influenced by the graft lengths, where 

the 5000 g/mol series showed a larger increase in fractional free volume relative to 

the shorter 1000 g/mol series. 

During the electrospinning process, the tip-to-collector distance had an effect on the 

o-Ps formation in the disparate phases of the copolymers. The intensity values I3 and 

I4 at 35 cm tip-to-collector distance were relatively smaller compared to the 15 cm tip-

to-collector distance. Less o-Ps species were formed because the relative free 

volume was reduced during the stretching of molecules during electrospinning at 

larger tip-to-collector distance. 

In the case of the PAN-graft-PDMS copolymer series, the electrospinning process 

caused a constriction of the PDMS phase and lead to a decrease in the 4 lifetime 

parameters associated with the PDMS phase. This supports the WAXD analysis in 

the previous section. 

The use of MWCNTs as filler material to form nanocomposites resulted in smaller 

hole sizes in the various PAN, PMMA and PDMS domains. The relative fractional 

free volume also decreased due to the strong interactions between the MWCNTs and 

PAN, PMMA and PDMS phases.  
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This chapter gives summarized conclusions of this research study as well as 

recommendations for future work prospects. 
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5.1 Conclusions 
 

The 1st objective entailed the synthesis of hybrid organic-inorganic precursor 

materials for electrospinning purposes. Amphiphilic graft copolymers of PAN-graft-

PDMS and PMMA-graft-PDMS were successfully synthesized using a conventional 

free radical polymerization via the grafting through approach. A series of materials 

were synthesized with a varying amount of PDMS macromonomer in the feed. PDMS 

macromonomers of two different molar masses (1000 and 5000 g/mol) were 

employed. 1H NMR was used to determine the successful incorporation and amount 

of PDMS present in the synthesized precursor materials. Chromatographic (SEC) 

results suggested that the molar masses obtained for the materials were typical of an 

uncontrolled free radical polymerization with dispersities ranging from 1.86-3.37. The 

molar masses achieved were also in the range needed for successful electrospinning 

of the material. Unreacted PDMS macromonomer and formed PDMS homopolymer 

were successfully extracted from the materials leaving only a mixture of either PAN-

graft-PDMS copolymer and PAN homopolymer or PMMA-graft-PDMS copolymer and 

PMMA homopolymer. A gradient elution chromatographic profile was successfully 

optimized for the separation of the graft copolymers from the PAN and PMMA 

homopolymers. Increasing PDMS feeds led to an increase in the amount of graft 

copolymer relative to the homopolymer. The chromatographic results confirmed that 

the graft materials were mixtures of PAN homopolymer and PAN-graft-PDMS 

copolymer in the case of the PAN series, and PMMA homopolymer and PMMA-graft-

PDMS copolymer in the case of the PMMA series, where the graft copolymer content 

increased relative to the homopolymer according to the PDMS:PAN and 

PDMS:PMMA feed ratios. In the case of the PAN-graft-PDMS series, the PDMS 

content affected the crystallization behaviour of the PAN segments and lead to a 

decrease in crystallinity across the composition range as the PDMS content 

increased. 

The electrospinning of these graft copolymer blends in DMF (PAN-graft-PDMS) and 

DMF:Chloroform (PMMA-graft-PDMS) resulted in amphiphilic solution behaviour. The 

PAN and PMMA segments are soluble in DMF whereas PDMS is not. This resulted 

in phase segregation and aggregation of the PDMS molecules in solution leading to 

increased solution viscosities to produce gel-like electrospinning solutions. The 

electrospinning of homopolymers and homopolymer blends have been studied 
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extensively but the electrospinning of amphiphilic graft copolymers have not received 

as much attention. The amphiphilic nature of the polymer solutions required a study 

of the electrospinning processing parameters. The synthesized PAN-graft-PDMS and 

PMMA-graft-PDMS copolymers were successfully electrospun into nanofibers. The 

electrospinning process is influenced by various processing parameters that can 

affect the morphology of the resultant nanofibers. In this study, the effects of the 

polymer solution concentration, PDMS content and tip-to-collector distance on the 

fiber morphology, were demonstrated. These parameters yielded interesting results 

regarding nanofiber diameter and appearance. SEM analyses showed that the 

nanofiber morphology varied from beaded structures at low solution concentrations to 

completely smooth and uniform nanofibers at higher solution concentrations. The 

average fiber diameters increased as the PDMS contents increased across the 

copolymer composition range. The presence of more PDMS in solution leads to self-

assembly and aggregation of the PDMS segments, which leads to increased 

hydrodynamic volume resulting in increased solution viscosities. The increased 

solution viscosities result in an increase in the average fiber diameter of the 

electrospun fibers. At small tip-to-collector distances the average fiber diameter 

distributions were large and included nanofibers with beaded structures. At large tip-

to-collector distances the average fiber diameters were much smaller and the 

nanofibers were smooth and uniform. During electrospinning there is a rapid 

stretching of the polymer solution jet, as well as rapid evaporation of the solvent, 

which result in highly complex non-equilibrium morphologies in the case of the 

electrospun PAN-graft-PDMS copolymers. The phase segregation caused by the 

amphiphilic nature of the polymer in DMF, the rapid solvent evaporation during 

electrospinning and the crystallization behaviour of the material during the stretching 

of the polymer jet all combine to produce nanofibers with a complex non 

thermodynamic internal morphology. The crystallization behaviour of the electrospun 

fibers of PAN-graft-PDMS is different from the unprocessed precursor material, as 

the crystallization of the PAN segments occur in a highly stressed environment where 

the molecules are stretched and oriented during the evaporation of the solvent. 

It was shown that MWCNTs could be successfully incorporated into the electrospun 

fibers to form nanocomposite fibers. Successful surface oxidation of the MWCNTs 

allowed for strong interaction and excellent dispersion within the polymer matrix. The 

average fiber diameter distributions of the nanocomposite fibers were found to be 
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smaller compared to that of the unfilled nanofibers. This is due to the crosslinking 

effect of the MWCNTs which allows for electrospinning at much lower solution 

viscosities. The nanocomposite fibers were also much more uniform compared to the 

unfilled nanofibers. In the case of the PAN-graft-PDMS copolymer series, the 

presence of MWCNTs in the nanocomposite fibers enhanced the overall degree of 

crystallinity when compared to the unfilled nanofibers. The degree of crystallinity is 

related to the mechanical properties of the material and it can be concluded that the 

nanocomposite fibers have enhanced mechanical properties compared to the unfilled 

nanofiber analogues. 

The last section of this study focussed on the free volume properties of the 

synthesized graft copolymers. For the first time PALS analysis was performed on the 

various complex graft copolymer compositions and their electrospun fiber analogues, 

as well as nanocomposites. The results revealed that there are two distinct lifetime 

parameters for these multiphased materials. The shorter lived lifetime 3 was 

attributed to the o-Ps annihilation in the amorphous regions of the crystalline PAN 

phase in the PAN-graft-PDMS copolymer series, as well as to the o-Ps annihilation in 

the amorphous PMMA phase in the case of the PMMA-graft-PDMS copolymer 

series. The longer lived lifetime 4 was attributed to the o-Ps annihilation in the more 

amorphous PDMS phase. The free volume hole sizes in the PDMS phase was found 

to be larger relative to the hole sizes in the PAN and PMMA phases. When 

comparing the PAN copolymer series to that of the PMMA copolymer series, the free 

volume hole sizes of the PAN phase was smaller relative to the hole sizes in the 

PMMA phase. In the case of the PMMA series the relative fractional free volume was 

influenced by the graft lengths, where the 5000 g/mol series showed a larger 

increase in fractional free volume relative to the shorter 1000 g/mol series. 

During the electrospinning process, the tip-to-collector distance had an effect on the 

o-Ps formation in the disparate phases of the copolymers. The intensity values I3 and 

I4 at larger tip-to-collector distance were relative smaller compared to smaller tip-to-

collector distances. Fewer o-Ps species were formed because the relative free 

volume was reduced during the stretching of molecules during electrospinning at 

larger tip-to-collector distance. 

In the case of the PAN-graft-PDMS copolymer series, the electrospinning process 

caused a constriction of the PDMS phase and lead to a decrease in the 4 lifetime 
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parameters associated with the PDMS phase. This supports the WAXD analysis in 

the previous section. 

The use of MWCNTs as filler material to form nanocomposites resulted in smaller 

hole sizes in the various PAN, PMMA and PDMS domains. The relative fractional 

free volume also decreased due to the strong interactions between the MWCNTs and 

PAN, PMMA and PDMS phases. 

5.2 Recommendations for future work prospects 
 

As mentioned in this study, the synthesized PAN-graft-PDMS copolymers have 

complex morphologies and consist of a mixture of graft copolymer and homopolymer. 

Two-dimensional chromatographic techniques should be employed to give a greater 

insight into the chemical composition and molar mass distributions of these graft 

copolymers. Applying GEC in the first dimension of separation followed by SEC as 

the second dimension, a more comprehensive understanding of the chemical 

composition and molar mass distributions of the graft copolymers can be obtained. 

Offline coupling of chromatographic techniques can also prove to be insightful. Using 

LC-FTIR, a greater understanding of the microstructure of the graft copolymers can 

be developed whilst LC-TEM can give more insight into the morphological nature of 

the graft materials. 

Amphiphilic graft copolymers are gaining more interest in research fields and the self-

assembling ability of the amphiphilic materials can be employed in the field of 

medicine and micro-reactor chemistry. By combining the self-assembling nature of 

amphiphilic copolymers with the production of nanofibers through electrospinning, 

allows one to tailor make nanofibers with endless possibility of morphologies. 

Electrospinning is a versatile technique for producing continuous nanometer sized 

fibers. The confinement on electrospun nanofibers can have an impact on the 

mobility of polymer chain segments. This mobility and relaxation behaviour is 

different from that of the precursor materials. The molecular mobility of the 

amorphous PDMS phase of the electrospun nanofibers of PAN-graft-PDMS needs to 

be investigated. Temperature modulated DSC analyses allows us to measure the 

glass transition temperature and investigate the influence of the PDMS contents on 

the glass transition of PAN. Preliminary results showed that in the case of the 
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electrospun fibers, the effect of the PDMS on the chain mobility is contrary to the 

expected. Theoretically, PDMS molecules afford a higher mobility to the copolymer 

chains (Tg  -120C), but due to the rapid solvent evaporation and increased time of 

flight at large tip-to-collector distance combined with the stretching of the molecules, 

the Tg increases as the PDMS contents increases.  

The reinforcing potential of these organic-inorganic hybrid polymer nanofibers and 

nanocomposite fibers should be investigated. The possibility of producing aligned 

nanofibers and then using them as reinforcing fillers should also be investigated.
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