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ABSTRACT 

 

 

 

 

In this study, structure evolvement of polymer and composite nanofibers in 

electrospinning process was studied. In the case of pure polymer nanofibers, 

electrospinning parameters, spinneret and solution properties including viscosity 

and viscoelasticity, and stretching force generated onto polymer jets during the 

electrospinning were varied to investigate the spinneret effect. The solution 

properties were changed by changing molecular weight of polymer used, while the 

stretching force was varied by increasing conductivity of the solution with an 

additive and changing take-up velocity. In the case of composite nanofibers, 

nanoparticles effect on structure of nanofibers were investigated in terms of 

nanoparticles content and chemical structure. In addition, the processing-structure-

property relationship of porous nanofibers was also investigated to obtain the 

fundamental understanding of electrospun polymer nanofibers.  

With decreasing viscosity of solutions, and increase of stretching force generated 

by improved conductivity of solution and high take-up velocity, crystalline and 

molecular orientation within polyvinylidene fluoride (PVDF) fine nanofibers 

increased. Polylactic acid (PLA) nanofibers with highly porous morphology were 

fabricated with high molecular weight polymer, and could be manipulated by take-

up velocity and spinneret types. It was found that surface pores did not lead to 

significant drop of the tensile properties of single porous nanofibers, and tensile 

properties can be maintained or improved by controlling surface morphology. The 

enhanced mechanical properties of porous nanofibers could be attributed to surface 

roughness, densely packed structure, and improved molecular orientation within 

nanofibers. Polyhedral oligomeric silsesquioxane (POSS) / poly(ε-caprolactone) 

(PCL) composite nanofibers exhibited high molecular and crystalline orientation 



vi 

 

with the incorporation of POSS nanoparticles as the external stretching force and 

the presence of nanoparticles worked synergistically. The influence of POSS 

nanoparticles on internal structure of composite nanofibers could also be tailored by 

chemical structure of POSS and POSS content as a result of POSS-polymer 

interaction.  

This thesis contributes to better understanding on the mechanism behind the 

structure evolvement of nanofibers and composite nanofibers during 

electrospinning, and to identify determining parameters that can be used to tailor 

their mechanical performance through morphology and structure control. 
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Chapter I  

General introduction 
 

1-1 Electrospinning Principle 

Electrospinning, first reported in the year of 1934, has been recognized as a simple and efficient 

method for the production of fibers. This process has gained much research and commercial 

attention in the last decade.1 The reason is not only because of its versatility in spinning a wide 

variety of polymeric fibers but also due to its ability to consistently produce fibers in the submicron 

range consistently that is otherwise difficult to achieve by using standard mechanical fiber-spinning 

technologies techniques.2 Due to these merits, electrospinning has the potential to be developed for 

mass production of polymer nanofiber membranes3. 

As electrospinning is a kind of electrostatic fiber formation process, a DC voltage in the range of 

several tens of kVs is necessary to generate electrospinning. Various techniques such as 

electrostatic precipitators and pesticide sprayers work similarly to the electrospinning process and 

this process, mainly based on the principle that strong mutual electrical repulsive forces overcome 

weaker forces of surface tension in the charged fluid.  

1-2 Electrospinning Process 

1-2-1 Electrospinning Setup 

A schematic of the electrospinning process is shown in Figure 1-1. In the laboratory-scale, a small 

amount of fluid is extruded out of a syringe typically by using a syringe pump and is subjected to a 

high potential difference with respect to a grounded counter electrode4.  Conventionally used 

electrospinning set up mainly consists of a voltage power supplier, a spinneret, a syringe with a 

syringe pump, and a collector. With the use of a syringe pump, the polymer solution can be fed at a 

constant and controllable rate. An electrode from the power supply is connected to the needle, in 

order to electrically charge the polymer solution. The other electrode from the supply is attached to 

a metallic collector which is usually electrically grounded5.  

When high voltage is applied to the spinneret, the surface of the fluid droplet at the orifice becomes 

electrostatically charged. Due to the influence of electrical forces, the liquid drop elongates into a 

conical shape, known as the Taylor cone. Once the intensity of the electric field accumulates to a 

certain critical value, the electrostatic forces overcome the surface tension of the polymer solution 

and force the ejection of the liquid jet from the tip of the Taylor cone. The jet continues to be 

ejected in a steady manner. The solution (liquid) jet follows a linear trajectory at the beginning, but 

changes to a whipping movement at some critical distance from the spinneret orifice. One of the 

most common used modes of instability are the non-axisymmetric ‘whipping’ instability6. The 

whipping movement is referred to as the bending instability. At the onset of this instability, the jet 

follows a diverging helical path. The elongation and thinning of the fiber resulting from this 

bending instability lead to the thinning of solution jet and the formation of nanofibers meanwhile, 

the viscoelastic jet solidifies into solid polymer fibers with evaporation of the solvents.1,7,8 
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1-2-2 Solution Parameters 

Although the setup for electrospinning process is relatively simple, there are however multiple 

processing parameters which will influence the formation of resulting nanofibers. Numerous 

studies have been conducted to understand the influence of these parameters on fiber morphology 

and internal structure. The processing parameters reported so far include (i) solution properties, 

such as the type of the polymer, solvents used, viscosity, concentration, dielectric properties and 

electrical conductivity of the solution, (ii) processing conditions, such as distance between the 

needle tip and collector, applied voltage, feed rate, and needle diameter, and (iii) the ambient 

conditions, such as humidity and ambient temperatures5. 

Among these, the molecular weight of the polymer can provide an insight into the extent of 

molecular chain entanglements when the polymer dissolves in a solvent. This characteristic also 

determines the solution viscosity, viscoelasticity and surface tension. Polymers with different 

molecular weight show different degree of sensitivity on stretching during electrrospining because 

of the difference in molecular chain mobility. And an increase of polymer molecular weight in 

doable range leads to the formation of thicker fibers9,10. 

1-2-3 Spinneret   

Although electrospinning is an efficient method of nanofibers fabrication, the small volume of 

fluid ejected from a capillary that can be spun at one time significantly restrains the practicality of 

mass-production11. Multi-jet electrospinning systems have been proposed in order to promote the 

production rate significantly as the single needle produced nanofibers at a rate of about 0.02 g h-1. 

Yarin and Zussman realized a 12-fold increase in production rate by adopting a magnetic fluid to 

agitate the uppermost polymer solution. Magnetic fluids were prepared using magnetite powder in 

silicone oil. Under the influence of a magnetic field, numerous spikes were formed on the free 

surface of the magnetic fluid.12 Jirsak et al. reported the formation of multi jets with a rotating 

horizontal drum, which was subsequently available in commercial industrial equipment13. Later on, 

Dosunmu et al. reported a device for electrospinning nanofibers from multiple jets on a cylindrical 

porous tubular surface at a rate greater than 5 gh-1.14  What is more, Wang et al. described a conical 

metal wire-coil as spinneret for fabricating PVA nanofibers in large scale.15 

Among all the processing conditions, because of the great reliance on spinnerets in spinning 

methods16, spinneret is very vital when considering the effect of polymer chain behavior on final 

fiber structure. It is expected that the electrospinning process depends on spinnerets parameters 

such as shape of spinneret, Interaction among multi-jets, which affect the solution properties, (e.g., 

viscosity, surface tension and conductivity) which in turn, influence the electrospinnability, surface 

morphology and internal structure of the electrospun fibers. Rather than traditional nozzle spinneret, 

recently, needleless electrospinning appeared to be an attractive electrospinning technology with 

the original aim of improving productivity.  Until now, various kinds of spinnerets, wire coil17, 

disk18, cylinder19, rotary cone20, were reported. Some were shown in Figure 1-2. It is found that the 

electric field distribution, as well as the electric field strength could affect the jet path efficiently 
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among different spinnerets.21 Lin et al. reported the spinneret geometry significantly affected the 

electrospinning process and fiber property22.  Xie et al. found that the electric field strength in the 

spinneret tip and in the space between spinneret tip and collector have different effect on fiber 

diameter23. However, the control of fiber morphology and structure through different kinds of 

spinnerets has not been demonstrated in needleless electrospinning.  

1-2-4 Collector Design  

One important aspect of the electrospinning process is the type of collector used. Considering the 

conductive properties of polymer jet during electrospinning, in this process, a collector serves as a 

conductive substrate where the nanofibers are collected. Generally, aluminum foil is used as a 

collector but due to difficulty in transferring of collected fibers and with the need for aligned fibers 

for various applications. Wang et al. have generated beaded fibers by deducing conductive area of 

collector as form of wire screen24.  

Considering the conductive properties of polymer jet during electrospinning, it is manifest and 

effective to alter polymer jet behavior by controlling electrostatic field distribution by changing 

collector. The pioneers have modified the electrospinning collector geometry as rotating drum, 

drum with copper wires, and thin rotating wheel with the sharp edge, auxiliary electrode and metal 

frame.25 Figure 1-3 shows some examples of collectors. All of these kinds of approaches aim to 

stretch nanofibers to form a parallel array. The fiber alignment is determined by the type of the 

target/collector and its rotation speed26. 

Their experimental results proved that such modified collector could enhance the chain to be 

parallel to the fiber axis and facilitate the orientation of macromolecular chain27,28. A  recent  paper, 

extensively, Liao et.al tuned the stretching force during electrospinning by combination of 

additional centrifugal field and an electrostatic field, which furthermore influenced molecular 

orientation and conformation of resulting PLA nanofibers. Technically, it went through optimizing 

the centerline radius and a Taylor cone stability so as to align the PLA polymer chains parallel to 

the nanofiber axis.29,30 Besides, the uniaxial alignment of nanofibers within ordered array is implied 

to be important for different applications and productivity increase. And most of previous studies 

have demonstrated take-up velocity to be an effective method to improve internal structure as it 

yielded nanofibers in better macroscopically alignment(Figure 1-4). 

 

1-3 Fine Polymer Nanofibers 

1-3-1 Properties of Nanofibers 

It is expected that there are some remarkable changes in mechanical properties of electrospun 

polymeric nanofibers31 due to their extremely small diameter. And some researchers have observed 

the exciting phenomena that polymer fibers with diameters below several hundreds of nanometers 

have higher moduli32,33,34  than the corresponding bulk polymers. As an example, Young’s moduli 

of PAN nanofibers increased significantly from 1.2 GPa in the form of bulk samples up to 50 GPa 
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in the form of nanofibers through nanotechnology35. Among the possible explanations proposed are 

supramolecular structure effects36 due to confinement of macromolecular conformation and surface 

effects37,38 due to a high ratio of surface area to volume of nanofibers. Considering the application, 

the mechanical properties, like strength and stiffness, of single nanofibers is particularly important, 

as it maintains the performance for their targeted functionalities both individually and in nanofibers 

networks.39  

1-3-2 Structure-properties Relationship 

Based on the improvement of mechanical properties has an obvious relationship between diameter, 

more and more results well established that an intimate relationship exists between polymer 

structure and its physical properties7. The crystalline and amorphous segment of the polymer, each 

has their unique intrinsic properties and the content of each phase within the system contributes to 

the polymer’s phyiscal properties. Crystal morphology can be defined by the size and shape of its 

crystallites, crystallite’s relative arrangement with one another and type of crystals. Recently, Some 

researchers have already proven that relaxation process generated by the evaporation of solvent 

within electrospun nanofibers could influence the mechanical deformation characteristics of the 

fiber by the random or/and ordered arrangements of the crystalline and amorphous phases in the 

fiber.40,41,42  

 

1-4 Porous Nanofibers 

1-4-1 Porous Nanofibers Formation 

Porous fibers are being extensively studied due to their unique property of large specific surface 

area when being applied in membrane filtration, tissue engineering, and electrode 

applications43,44,45. Based on previous research, porosity in electrospun polymer fibers has been 

achieved by two main approaches, often involving the inclusion of additives in the solutions 

followed by their removal in post-electrospinning processes46,47 or the use of high vapor pressure 

solvents48,49.  

By adopting high volatile solvent, phase separation is induced via rapid solvent evaporation and 

polymer jet is turned into polymer-rich and polymer-poor phase. The evaporation of solvent-rich 

phase, or polymer-poor phase, leaves behind voids thereby porosity along the fiber is achieved. 

And the phase separation was mainly induced via thermally induced phase separation (TIPS) and 

vapor induced phase separation (VIPS) mechanisms. Furthermore, the one-step approach has been 

extended to dissolving hydrophobic polymers in a water-compatible solvent in a humid 

environment50 as the liquid-liquid phase separation can occur even with the participation of small 

amount of nonsolvent.  

Moreover, the fast solvent evaporation is also accompanied with evaporative cooling when 

considering the formation of these surface nanopores. This interpretation is also called the ‘breath 

figures 
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’ mechanism51. Evaporative cooling significantly decreases the temperature on the surface of the jet 

during its travel from needle to collector then water vapor molecules could condense on the surface 

and further formed into droplets. The droplets leave imprints on the surface as nanopores as the jet 

dries52.  

Nowadays, people have tried to obtain the highly porous fibers to expand the application of porous 

nanofibers49,31,53. Lin et al. reported directly fabricated PS fibers comprising nanoporous sheaths 

with 3D interconnected nanofibrils cores by adjust the ratio of the high vapor pressure solvent THF 

in the solution49. Pai et al. reported interior porosity of polystyrene fibers prepared from DMF at 

different levels of humidity31. 

1-4-2 Properties of Porous Nanofibers 

However, as for the nanofiber with special morphology, such as porous or winkled nanofibers, it 

holds a not optimistic expectation on mechanical properties. The nanofibers is expected to exhibit 

low tensile strength, low tensile modulus as well as small strain at break, which restrain its 

commercial application such as filtration and scaffold. 

 

1-5 Composite nanofibers 

Apart from polymer nanofibers, polymer matrix based nanocomposites have become a prominent 

area of current research and development in the large field of nanotechnology54. Various nanoscale 

fillers, including montmorillonite, silica, calcium carbonate, zinc oxide, have been reported to be 

incorporated into polymer system. The mixing of polymers and nanoparticles is opening pathways 

for engineering flexible composites that exhibit advantageous electrical, optical, or mechanical 

properties and in general, the incorporation of nano-scale particles is superior to that of micro-scale 

particle due to the length scale of nanoparticles.  In the nanoparticle system, the filler objects 

approach the length scale of a single polymer coil and develop unique interactions55. 

Electrospinning is a suitable processing method to reveal polymer structure development within 

composite system. On one hand, electrospinning could hinder the aggregation of nanoparticles 

during the processing as it is a kind of nano-scale polymer processing method and its processing 

duration is within several milliseconds. On the other hand, nanoparticle exert influence on polymer 

chain throughout the whole electrospinning process, from the polymer jet formation to the solvent 

evaporation compared with single electrospinning parameter. 

  

1-6 Research Objectives 

The objectives of this study are (i) to investigate spinneret type effect on the morphology and 

internal structure of electrospun polymer nanofibers, (ii) to investigate nanoparticle effect on the 

morphology and internal structure of electrospun composite nanofibers, (iii) to obtain fundamental 

understanding into the processing-structure-property relationship of the nanofibers. In order to 
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fully investigate spinneret and nanoparticle effects, the investigation was accompanied by studying 

effects of other parameters, including polymer materials, solutions properties, and mechanical 

stretching.  

In this study, electrospinning was selected as the method to study the polymer behavior. 

Poly(vinylidene fluoride) (PVDF), poly(L-lactic) acid (PLLA) and PCL nanofibers were studied as 

forms of being produced into fine polymer nanofibers, porous polymer nanofibers and composite 

nanofibers, respectively. Morphology of the investigated nanofibers was observed through field 

emission scanning electron microscope (FE-SEM) while internal structure of these nanofibers was 

characterized using wide angle X-ray diffraction (WAXD), small angle X-ray scattering (SAXS), 

Fourier Transform infrared Spectrometer (FTIR), and polarized Fourier Transform infrared 

Spectrometer (PFTIR). As for physical property characterizations, mechanical tensile properties of 

nanofibers were evaluated by nano-tensile tests based on single nanofibers. 

The chapters listed below are contents and research objectives of each chapter to achieve the main 

objectives in this thesis, as stated above. 

Chapter 1 provides a brief introduction and insight into electrospun polymer nanofibers and review 

of up-to-date investigation on electrospinning spinneret setup.  

Chapter 2 focuses on the understanding in morphology and structure of PVDF fine nanofibers as 

the comprehensive effects of spinneret type and polymer solution properties. The spinneret effect 

was examined by electrospinning nanofibers in different spinneret-based systems. To understand 

the influence of solution properties on the internal structure of the nanofibers, PVDF solution with 

different shear viscosities and electric conductivities were prepared by using different organic 

solvents and varying TBAC content. 

Chapter 3 investigates porous morphology formation on the surface of PLA electrospun nanofibers 

as effects of processing parameters. Based on previous study on mechanisms of thermally induced 

phase separation and water vapor effect, PLA solutions with volatile solvents were electrospun at 

high humidity environment to fabricate porous nanofibers. The porous morphologies of PLA 

nanofibers were studied. In this chapter, effects of polymer molecular weight, and mechanical 

stretching induced by take-up velocity as well as spinneret effect were studied as a contribution for 

understanding porous morphology formation mechanism.  

In chapter 4, the relationship between morphology, internal structure and mechanical stretching of 

electrospun PLA nanofibers was investigated. Nano-tensile tests were performed on nanofibers to 

understand tensile behavior of porous nanofibers.  Morphology, in terms of porosities and 

roundness distributions, and the correlation with mechanical tensile properties were investigated. 

Moreover, the relationship between structure and mechanical tensile properties was studied by 

characterizing high crystallization ability PLA porous nanofibers collected at different take-up 

velocities.  
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Chapter 6 investigate the internal structure of electrospun PCL and POSS/PCL nanofibers. 

To better study the structure of composite nanofibers, POSS nanofibers were also 

electrospun onto a rotating disc collector as external mechanically stretching. Different 

disc take-up velocities were used for the collection.  

Chapter 7 aims to further understand the POSS nanoparticle effect on structure of POSS/PCL 

composite nanofibers in terms of POSS content and chemical structure of POSS. POSS content 

was varied from 0.8phr to 4.8phr and three types of POSS nanoparticles with different chemical 

structure were incorporated into PCL nanofibers. The characterization of composite nanofibers 

include molecular orientation, crystalline orientation, crystalline structure, lamellar structure.  

Chapter 8 is the concluding chapter for the thesis. 
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Chapter II  

Study on structure of fine PVDF nanofibers with newly-developed spinnerets 

2-1 Introduction 

Poly(vinylidene fluoride) (PVDF) is widely used for industrial applications because of its excellent 

chemical stability, mechanical strength, and ferroelectricity. PVDF has at least four main 

crystalline structures: α-, β-, γ-and -phases, which are distinguished by the conformation of the C-

C bond along the chain backbone1. Among four crystalline forms, the α-form (TGTG), the most 

common and stable form, is easily obtained by crystallization from quiescent PVDF, whereas the 

β-form, all-trans (TTTT), demonstrates the strongest pyro- and ferro-electric activity and are 

attracting when being applied as sensors or actuators.  

 

The β-phase could be converted from α-phase or be induced directly via some special conditions. 

Many researchers have reported that β-phase was transformed from α-phase with stretching films 

containing α-phase under special conditions2,3, the addition of both hydrofluoro-carbon solvent and 

ionic (anionic or cationic) fluorinated surfactant1,4, the addition of swift heavy ions5, sonication 

process in the mixture solution6. Ma et al. confirmed that molecule chains were orientated during 

the electrospinning process itself7. Yee et al. found that compared with an increase in rotation 

speed and decrease in size of spinnerets, the effect of tetrabutylammonium chloride (TBAC) 

addition was more effectively compared with later two parameters. TBAC, a hygroscopic salt, 

could retain water in the fibers, which led to hydrogen bonding between water molecules and the 

fluorine atoms of PVDF and hence more trans conformers8. Andrew et al. thought that low 

viscosity solution or under a high applied voltage for high viscosity solution9 and the addition of 

nanoparticle phase could enhance the formation of PVDF phases6, 10. Moreover, Rinaldo found that 

oriented β-phase were usually formed from uni- or bi-axial mechanical drawing or originally α-

phase films11, while nonoriented β-phase can be obtained from solution crystallization by slow 

evaporation of the solvent12, 13. 

 

Electrospinning, as a simple and versatile technique for producing nanofibers, has a high potential 

for structure control and a high capability for mass-production with different setup units. As known, 

nano-size scale properties may be different with conventional-scale properties. And one interesting 

aspect of electrospinning is that it allows the modification of fiber structure to be achieved by the 

manipulation of processing conditions and setup.  

 

Among all the processing conditions, because of the great reliance on spinnerets in spinning 

methods14, spinneret is very vital when considering the effect of polymer chain behavior on final 

fiber structure. Rather than traditional nozzle spinneret, recently, needleless electrospinning 

appeared to be an attractive electrospinning technology with the original aim of improving 

productivity. Until now, various kinds of spinnerets, wire coil15, disk16, cylinder17, rotary cone18, 

and so on, were reported. It is found that the electric field distribution, as well as the electric field 
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strength could affect the jet path efficiently among different spinnerets.19 Lin et al. reported the 

spinneret geometry significantly affected the electrospinning process and fiber property20.  Xie et al. 

found that the electric field strength in the spinneret tip and in the space between spinneret tip and 

collector had different effect on fiber diameter21. However, the control of fiber morphology and 

structure through different kinds of spinnerets has not been demonstrated in needleless 

electrospinning.  

 

The objective of this chapter is to investigate the influence of electrospinning conditions, especially 

spinneret type, on morphology and structure formation of PVDF nanofibers. PVDF nanofibers in 

this chapter were electrospun from solutions of different TBAC contents and collected at various 

take-up velocities. In addition, new type of spinneret, channel spinneret, was adopted and 

compared with conventional nozzle spinneret. 

 

2-2 Experimental 

2-2-1 Materials 

PVDF (Solef 21216) was used as polymer in this study. The electrospinning solutions were 

prepared by dissolving PVDF in N, N-dimethylformamide (DMF) with concentration of 8wt%. In 

addition, TBAC was added into PVDF solution as additive. Its contents ranged from 0phr (parts 

per hundreds of resin), 0.5phr, 1phr to 2phr in the case of 8wt% solution system and 0phr and 1phr 

for 12wt% system.  

2-2-2 Electrospinning 

The solutions were electrospun using NANON (MECC) at 23kV by using two kinds of spinnerets, 

nozzle and channel spinneret (provided by MECC Co., Ltd.), as shown in Figure 2-1, with internal 

diameter of each hole of 0.3mm. The feed rate was fixed at 1.0ml/ (hhole). A drum collector was 

used to obtain aligned nanofibers in this study. Take-up velocities corresponding to the rotation 

speed of the disc collector varied from 630m/min, 1260m/min to 1890m/min while a plate 

collector was chosen to collect random fibers, or fiber spun at 0m/min. The gap between the 

tip of the spinneret and the surface of the collector was 15cm. The electrospun nanofibers were 

dried in a desiccator for at least 24hours prior to use.  

 

2-2-3 Morphology and internal structure analysis 

Fiber morphology was observed by using field emission scanning electron microscope (FE-SEM, 

Hitachi S4200). The nanofibers were prepared by first placing them on the vacuum and then 

coating the surface with gold.  
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Phase transformation was characterized by FTIR instrument (Perkin Elmer Spectrum GX). The 

FTIR spectra were scanned by transmission in the range of 450–1000cm-1 with a resolution of 2.0 

cm-1. The laser beam was focused to a spot of area ~1mm2 on the fiber mat gathered on the 

collector. All spectra were acquired by 16 scans. For a system containing α- and β-phases, the 

relative fraction of β-phase, F(β), can be calculated by using Equation 2-1:  
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A
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X
F

＋＋ 3.1
)( 

                                                 Equation 2-1 

where Aα。 and Aβ are corresponded to absorption bands at 765cm-1 and 840cm-1 for α- and β-phase, 

respectively. None of the spectra presented have been smoothed. 

 

Crystalline morphology within the fibers was characterized via wide angle X-ray diffraction 

(WAXD) using Cu Ka radiation (0.15nm) generated at 40 kV and 40 mA. The 2θ scanning angle 

was between 5~30° by using SmartLab. The samples used for WAXD test were the same as that 

for FTIR test. In order to understand the variation of crystalline structure during electrospinning, 

lattice spacing (d) were evaluated by the Bragg equation as shown below:  

      dSin2n                                                                 Equation 2-2 

where n is an integer, λ is the wavelength of incident wave, d is the spacing between the planes in 

the atomic lattice, and θ is the angle between the incident ray and the scattering planes. 

 

To characterize molecular orientation quantitatively, dichroic ratio (R) is calculated by equation of 

R = A∥/A⊥, where A∥ is parallel-polarized infrared absorbance intensity and A⊥ is perpendicular-

polarized infrared absorbance intensity for a particular vibration to the stretching direction. For a 

randomly oriented sample, R is equal to 1 while, for an anisotropic sample with polymer chains 

oriented along the fiber axis, R is equal to infinity.  

The average molecular orientation, f, and the angle between the molecular axis and the fiber bundle 

axis, ϕ, are shown in Figure 2-2 and can be calculated as Equation 2-3 

𝑓 =
[3〈𝑐𝑜𝑠2𝜙−1〉]

2
=

(𝑅−1)(𝑅+2)

(𝑅0−1)(𝑅0+2)
                                                  Equation 2-3 

where 𝑅 is dichroic ratio mentioned above, whiles  𝑅0 is the dichroic ratio of a sample with perfect 

chain alignment in the drawing direction, given by:    

𝑅0 = 2 𝑐𝑜𝑡2𝜓                                                                     Equation 2-4 

Where 𝜓 is an angle between the transition moment vector and the chain axis. It is often assumed 

to be either parallel or perpendicular to the chain axis. In both case of PLA, it was assumed that the 

transition moment vectors of the parallel bands are perfectly parallel to the chain axis22. In this case, 

Equation 2-3 can be calculated and simplified into  

𝑓 =
(𝑅 − 1)

(𝑅 + 2)⁄                                                             Equation 2-4 

𝑓 = 1 represents perfect uniaxial alignment of molecules along the fiber axis, while 𝑓 = −0.5 

represents perfect perpendicular orientation. 𝑓 = 0 implies random orientation. 
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The alignment distribution of fibers within bundles was determined by image analysis of SEM 

images and displayed as 𝜃 , such as illustration shown in Figure 2-3. At least 20 pieces of 

nanofibers were selected to determine average alignment angle  𝜃 . The imperfect alignment of 

fibers in bundles may contribute to inaccurate determination of the dichroic ratio and average 

molecular orientation for individual fibers. In order to minimize this effect, R and f were divided by 

a coefficient  𝑐𝑜𝑠𝜃 , as showed in Equation 2-4，  

                                                         𝑓adjusted =
𝑓

cosθ⁄                                                   Equation 2-4 

 

2-3 Results and Discussion 

2-3-1 TBAC addition effect 

PVDF nanofibers were prepared from solutions of different TBAC contents and electrospun by 

nozzle and channel spinnerets, respectively. The PVDF nanofibers were collected by plate 

collector and take-up velocity was set as 0m/min. As shown in Figure 2-6, the concentration of 

solution without TBAC addition, or 0phr TBAC addition, was increased from 8wt% to 12wt% in 

order to obtain bead-free fibers. Besides, relationship between average diameter of PVDF 

nanofibers and TBAC was shown as Figure 2-7. It can be clearly observed that nozzle spinneret led 

to finer fibers and this difference was not obvious in the case of electrospinning solutions with high 

polymer concentration. Moreover, with TBAC content increasing, finer fibers were obtained from 

high viscosity solution while average diameter of fibers from low viscosity solution changed 

slightly. Specifically, in the case of high polymer concentration (12wt%) solution, the deviation of 

nanofibers diameter from 0phr TBAC system varies significantly compared with that from 1phr 

system. And the average diameters of PVDF nanofibers were different between these two solution 

systems.  The results are in accordance with previous results that high TBAC content led to the 

decrease of fiber diameter because of the conductivity of solution was increased (Figure 2-8)8. And 

in the study, it is found that in high viscous solution, the effect of conductivity is more obvious 

when compared with that in low viscous solution.   

 

The effect of TBAC content on crystalline phases of PVDF nanofiber can be further understood by 

FTIR and WAXD analysis. β-phase content as a function of TBAC content were plotted and shown 

in Figures 2-9. Figures 2-10, 2-11, 2-12 and 2-13 show WAXD patterns and profiles of PVDF 

nanofibers spun from different concentration solutions by different spinnerets and with various 

TBAC contents. Meanwhile, relationship between d-spacing and TBAC content were plotted and 

shown in Figures 2-14. The results indicated that high TBAC content led to high β-phase content 

and smaller planar distance in β-phase regardless of viscosity of solution. However, the decrease in 

both F(β) and d-spacing was more obvious in the case of solution of high viscosity compared with 

that of low viscosity. Thus, it can be concluded that the specific crystalline structure of β-phase, 

more trans conformers, presented more packed internal structure.  
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2-3-2 Take-up velocity effect 

i. Fiber morphology 

Figure 2-15 presents morphologies of PVDF nanofibers electrospun at 1890m/min with different 

TBAC contents by nozzle and channel spinnerets, respectively. The result indicated that nanofibers 

spun at high take-up velocity were broken fibers, while as-spun fibers presented the continuous 

morphology. The as-spun fibers were nanofibers obtained after placing on the vacuum for 12 hours 

but without any other post processing, like gold coating. Therefore, the fibers were being broken in 

the gold coating process prior to the SEM observation. By comparing with continuous morphology 

of PVDF nanofibers collected at low take-up velocity (Figure 2-6), it is indicated that high take-up 

velocity resulted in more ordered internal structure and high residual strain as fibers were more 

easily to be broken. Moreover, according to Figure 2-16, the diameter of PVDF nanofibers varied 

slightly with an increase in take-up velocity regardless of spinneret type. And it showed that nozzle 

spinneret led to finer fibers regardless of take-up velocity.   

 

ii. Phase formation 

Moreover, Figure 2-17 shows the FTIR spectrum of PVDF nanofibers with spun by nozzle 

spinneret and channel spinneret collected at different take up velocities, where the α-phase related 

bands can be observed  at 765cm-1 and β-phase at 840cm-1, respectively. In order to understand the 

effect of take-up velocity on internal structure of PVDF nanofibers, the relationships between β-

phase content and take-up velocity is shown in Figure 2-18. It can be observed that with an 

increase in TBAC content, the difference in F (β) between nozzle and channel spinnerets was 

decreased. However, the take-up velocity effect in fixed TBAC content is not very significant 

according to the FTIR analysis.   

 

iii. Crystalline structure 

Furthermore, Figure 2-19 shows WAXD patterns of PVDF nanofibers electrospun from the PVDF 

solutions containing 2phr TBAC collected at different take-up velocity. WAXD diffractograms and 

2θ of the fibers electrospun from the PVDF solutions containing 2phr TBAC collected at different 

take-up velocity are shown in Figure 2-20 and Table 2-3, respectively. Based on WAXD data, it 

was found that some of crystallized PVDF in the study showed a well-defined single peak at 

around 2θ = 20.3, referred to the sum of the diffractions in plane (110) and (200) characteristic of 

β-phase, and some were at 2θ = 18.4, related to the diffractions in (020) plane indicating the 

dominance of α-phase11. Although it is difficult to distinguish these two phases as there is a 

common peak around 20, Figure 2-21 and Table 2-4 presents the relationship between planar 

distance in α- or β-phase and take-up velocity of fiber spun by different spinneret and collected at 

take-up velocities. It was illustrated that an increase in take-up velocity led to d-spacing decreasing 

regardless of crystalline phase in PVDF nanofibers. 

 

iv. Molecular orientation 
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Table 2-5 lists the adjusted average molecular orientation fadjusted of PVDF nanofibers spun by 

different conditions and the relationship between fadjusted and take-up velocity is plotted in Figure 2-

22. No obvious increasing trend in fadjusted was found with an increase in take-up velocity. The 

reason may be attributed to the competition stretch effect between electrostatic stretching and 

mechanical stretching. As shown in Figure 2-8, PVDF solution with high TBAC content owes high 

solution conductivity thus accelerating the repulsive Coulomb forces between the charges carried 

with the jet. This would elongate the jet in the direction of its axis and results in high jet velocity. 

Hence, the highest take-up velocity (1890m/min) could not exert sufficient mechanical stretching 

on PVDF nanofiber with high TBAC content, which resulted in no significant enhancement in 

molecular chain orientation along the fiber axis. 

 

2-4 Conclusions 

In this chapter, it was demonstrated that spinneret type, TBAC addition and take-up velocity 

affected the structure of PVDF nanofibers. As for the effect of TBAC content, the results showed 

that with increasing in TBAC content in electrospinning solution, finer PVDF nanofibers were 

obtained as well as packed structure of small d-spacing with high β-phase content. And this effect 

was more obvious in the case of solution of high viscosity, which might be related to viscoelastic 

and electrostatic force when polymer jet was travelling from top of spinneret to the collector. 

Besides, the effect of take-up velocity on PVDF structure, morphology, β-phase as well as d-

spacing was not very significant. Therefore, it suggests that electrostatic drawing acted dominantly 

rather than mechanically drawing in the electrospinning system with TBAC addition. But the 

difference between nozzle and channel spinneret was small in terms of β-phase content with TBAC 

content increasing regardless of take-up velocity.  
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Table 2-1 Diameter of PVDF nanofibers spun from solutions with different 

TBAC content, by different spinnerets, and collected at different take-up 

velocity 

Spinneret
Take-up Velocity 

(m/min)

Diameter (nm)

0.5 phr 1 phr 2 phr

Nozzle

0 68±9 62±7 114 ±12

630 81±11 50±8  134± 17

1260 72±9 72±14 138 ±15

1890 76±11 62±7 141 ±18

Channel

0 86+6 104+13 132 ±13

630 86 + 7 94+7 139 ±15

1260 92+6 102+10 138 ±14

1890 87 + 9 109+15 129 ±15
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Table 2-2 β-phase content of PVDF nanofibers spun from solutions with 

different TBAC content, by different spinnerets, and collected at different 

take-up velocity 

Spinneret
Take-up Velocity

(m/min)

β phase content (%)

0.5 phr 1 phr 2 phr

Nozzle

0 68.0 88.6 87.2 

630 73.3 82.4 84.6 

1260 78.7 82.7 85.9 

1890 73.5 85.7 87.8 

Channel

0
83.8 88.9 86.8 

630
87.1 89.4 86.6 

1260
88.0 88.2 82.8 

1890
88.1 88.8 81.1 
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Table 2-3 2θ of PVDF nanofibers spun from solutions with different TBAC 

content, by different spinnerets, and collected at different take-up velocity 

Spinneret
Take-up Velocity

(m/min)

2θ(°)

0.5 phr 1 phr 2 phr

Nozzle

630 18.72 18.32 20.64

1260 18.48 18.56 18.80

1890 18.48 18.64 18.48

Channel

630 17.92 18.72 18.16

1260 18.64 18.48 18.64

1890 18.96 18.56 18.64
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Table 2-4 d-spacing of PVDF nanofibers spun from solutions with different 

TBAC content, by different spinnerets, and collected at different take-up 

velocity 

Spinneret
Take-up Velocity

(m/min)

d-spacing (nm)

0.5 phr 1 phr 2 phr

Nozzle

630 0.494 0.250 0.592 

1260 0.098 0.244 0.185 

1890 0.281 0.379 0.192 

Channel

630 0.288 0.384 0.264 

1260 0.186 0.342 0.383 

1890 0.167 0.225 0.323 



Table 2-5 Adjusted average molecular orientation of PVDF nanofibers spun 

from solutions with different TBAC content, by different spinnerets, and 

collected at different take-up velocity 

Spinneret
Take-up Velocity

(m/min)

Adjusted average molecular orientation 

0.5 phr 1 phr 2 phr

Nozzle

630 0.49414 0.09758 0.28069

1260 0.2499 0.24413 0.37906

1890 0.59223 0.18502 0.19174

Channel

630 0.28806 0.18574 0.16711

1260 0.38393 0.34233 0.22487

1890 0.2642 0.38336 0.32345
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(b) β–phase

(a) α–phase

Figure 2-1 Crystal structure of PVDF (a) α–phase and (b) β –phase.
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(a) Nozzle spinneret (b) Channel spinneret

Figure 2-2 Schematic drawing of (a) nozzle spinneret and (b) channel 

spinneret.
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α-phase

β-phase

Figure 2-3 FTIR spectrum of PVDF nanofibers electrospun from 

solvent of DMF and by nozzle spinneret.



Figure 2-4  The illustration of molecular orientation of  PLA nanofiber
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Stretching 
direction

Figure 2-5  The illustration of alignment distribution of  PLA nanofiber

3.00um
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30.0 m

a

Figure 2-6 SEM images of PVDF random nanofibers prepared from 

different concentration solutions with different TBAC contents and by 

different spinnerets: a: 0phr, 8wt%, nozzle; b: 0phr, 12wt%, nozzle; c: 

0.5phr, 8wt%, nozzle; d: 1phr, 8wt%, nozzle; e: 2phr, 8wt%, nozzle; f: 

0phr, 8wt%, channel; g: 0phr, 12wt%, channel; h: 0.5phr, 8wt%, 

channel; i: 1phr, 8wt%, channel; j: 2phr, 8wt%, channel. All fibers were 

collected at take-up velocity of 0m/min as random fibers.

b

1.00 m

c

1.00 m

d

1.00 m

e

1.00 m

f

30.0 m

g

1.00 m

h

1.00 m

i

1.00 m

j

1.00 m
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Figure 2-7 Relationship between average diameter of PVDF 

random fibers spun by different spinnerets and TBAC content of 

solution. 
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Figure 2-8 Relationship between electric conductivity and  TBAC 

content in PVDF-DMF solution systems
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Figure 2-9  Relationship between β-phase content, F(β), of PVDF 

random fibers spun by different spinnerets and from solution of 

various TBAC contents and polymer concentrations.
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Figure 2-10  WXAD pattern of  PVDF random fibers spun by 

different spinnerets and from solution of various TBAC contents: (a): 

0phr, nozzle; (b): 1phr, nozzle, (c): 0phr, channel, (d): 1phr, channel.

(a)

(b)

(c)

(d)
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Figure 2-11 WXAD pattern of 8wt% PVDF random fibers spun by 

different spinnerets and from solution of various TBAC contents: (a): 

0.5phr, nozzle; (b): 1phr, nozzle; (c): 2phr, nozzle; (d) 0.5phr, 

channel; (e) 1phr, channel; (f): 2phr, channel.

(a)

(b)

(d)

(e)

(c) (f)
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Figure 2-12  WXAD pattern of 12wt% PVDF random fibers spun by 

different spinnerets and from solution of various TBAC contents: (a): 

0phr, nozzle; (b): 1phr, nozzle, (c): 0phr, channel, (d): 1phr, channel.

(a)

(b)

(c)

(d)
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Figure 2-13 WXAD pattern of 8wt% PVDF random fibers spun by 

different spinnerets and from solution of various TBAC contents: (a): 

0.5phr, nozzle; (b): 1phr, nozzle; (c): 2phr, nozzle; (d) 0.5phr, channel; 

(e) 1phr, channel; (f): 2phr, channel.

(a)

(b)

(d)

(e)

(c) (f)
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Figure 2-14 Relationship between d-spacing of PVDF random fibers 

spun by different spinnerets and from solution of various TBAC 

contents and polymer concentrations. 



1.00 m

b

1.00 m

e

1.00 m

c

1.00 m

f

1.00 m

a

1.00 m

d
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Figure 2-15  SEM image of PVDF nanofibers spun at take-up 

velocity of 1890 m/min by different spinneret and with different TBAC 

contents: (a), 0.5phr, nozzle, (b), 1phr, nozzle, (c), 2phr, nozzle, (d), 

0.5phr, channel, (e), 1phr, channel, (f), 2phr, channel. All the PVDF 

fibers were spun from solutions with polymer concentration of 8wt%.



Figure 2-16 Relationship between diameter and take-up velocity of 

PVDF nanofibers spun by different spinnerets and with TBAC 

content
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Figure 2-17 FTIR spectrum of PVDF nanofibers spun by (a)nozzle 

spinneret and (b) channel spinneret collected at take up velocities 

of (1) 630m/min, (2) 1260m/min and (3) 1890m/min. The polymer 

concentration and TBAC content were fixed at 8wt% and 2phr, 

respectively.

B: channel spinneret

A: nozzle spinneret

(2) 

(1) 

(3) 

(2) 

(1) 

(3) 
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Figure 2-18 Effect of take-up velocity on β–phase content of PVDF 

fibers spun by different spinnerets and with different TBAC 

contents, a: 0.5phr, b: 1phr, c: 2phr.
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(a)

(b)

(c)



Figure 2-19 WAXD  patterns of PVDF fibers electrospun with 2phr 

TBAC by nozzle and channel spinnerets and collected at different 

take-up velocity: (a) nozzle, 630m/min, (b) nozzle, 1260m/min, (c) 

nozzle, 1890m/min, (d) channel, 630m/min, (e) channel, 1260m/min, 

(f) channel, 1890m/min. The PVDF concentration of all 

electrospinning solutions were 8wt%.
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Figure 2-20 WAXD  profiles of PVDF fibers electrospun with 2phr 

TBAC by nozzle and channel spinneret and collected at different take-

up velocities: (a) nozzle, 630m/min, (b) nozzle, 1260m/min, (c) nozzle, 

1890m/min, (d) channel, 630m/min, (e) channel, 1260m/min, (f) 

channel, 1890m/min. 
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Figure 2-21 Relationship between d-spacing with take-up velocity in 

terms of α- and β-phase; ○: 0.5phr, nozzle spinneret; ●: 0.5phr, 

channel spinneret; □: 1phr, nozzle spinneret; ■: 1phr, channel 

spinneret; △: 2phr, nozzle sipnneret; ▲: 2phr, channel spinneret.
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Figure 2-22 Relationship between adjusted average molecular 

orientation and take-up velocity of PVDF nanofibers with different 

TBAC contents; ○: 0.5phr, nozzle spinneret; ●: 0.5phr, channel 

spinneret; □: 1phr, nozzle spinneret; ■: 1phr, channel spinneret; △: 

2phr, nozzle sipnneret; ▲: 2phr, channel spinneret.
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Chapter III  

Study on morphology of porous PLA nanofibers with newly-developed spinnerets 

 

3-1 Introduction 

Porous nanofibers have been extensively studied due to their unique property of large specific 

surface area when being applied in membrane filtration, tissue engineering, and electrode 

applications1-3. Electrospinning has been demonstrated as a kind of nanofibers fabrication method 

with the potential for control of structural and mechanical properties. Electrospinning makes use of 

electrostatic force to stretch polymer jet into nanofibers as a rapid stress-induced polymer 

processing. In detail, by virtue of the imbalance of columbic force due to electrical charges, surface 

tension, and viscoelastic force, polymer jet undergoes electrostatic repulsion and elongates to 

nanofibers as solvent evaporates. Theoretical research has demonstrated that the joint effects of 

evaporation and stretching determine the polymer structure and mechanical properties during 

electrospinning.4  

To date, there are two mainstream mechanisms established for nanopores formation during 

electrospinning as shown in Figure 3-1. One mechanism is thermally induced phase separation5-8, 

which requires temperature decreasing caused by rapid solvent evaporation. Once phase separation 

occurs, the evaporation of solvent-rich phase, or polymer-poor phase, leaves behind voids thereby 

forming pores along the fiber. The other mechanism is using water vapour effect. In this situation, 

the water vapour molecules not only act as nonsolvent leading to vapour induced phase separation5, 

9-10 but also induce breath figures6, 11. Breath figures forms due to the condensation of water vapour 

on the surface of polymer jet and further formed into droplets as temperature on the surface is 

significantly decreased. Hence, the droplets leave imprints on the surface as nanopores as the jet 

dries up. However, this process is relatively slower compared with phase-separation and only 

forms pores on the surface of electrospun nanofibers12. Nevertheless, it can still obtain porous 

nanofibers with either internal porosity or surface roughness by electrospinning a kind of 

hydrophobic polymer from a volatile and water-compatible solvent at a proper level of relative 

humidity. 

Many researchers has verified that electrospinning parameters, including molecular weight of 

polymer6, solvent7, 13-14, polymer concentration7, 14, spinning voltage14,  as well as ambient 

parameters15-17,  have influence on morphology of porous nanofiber in terms of nanoporosity as 

well as size, shape, and distribution of these pores. Apart from experimental observation, some 

researchers contributed to the understanding of electrospun porous nanofibers by theoretical 

analysis. Dayal et al. extended Yarin and Reneker’s model of electrospinning process dynamics18,19 

to illustrate the dynamics of pore formation. It was revealed that morphology transition along the 

spinline was driven by the concentration sweep during electrospinning.20 However, there is still 
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limited research to date on structure development and structure-property relationship of porous 

nanofibers.  

Many researchers have realized morphology control and structure development of nanofibers by 

adjusting electrospinning conditions. Kongkhlang et al. found that a decrease of the oxyethylene 

unit in the Polyoxymethylene (POM) copolymer, an increase of solvent vapor pressure, a decrease 

of spinning voltage, as well as an increase of relative humidity would led to an increase in 

nanoporosity14. It is shown the electrospinning of PSU, a hydrophobic polymer, led to broad 

distribution in fiber diameter and more porous morphology at high relative humidity21. Pai et al. 

reported interior porosity of polystyrene fibers prepared from DMF at different levels of humidity17 

In this chapter, the new type of spinneret, channel spinneret, was adopted to investigate the effect 

of spinneret design on morphology formation of PLA nanofibers. Besides, the effect of other 

electrospinning parameters such as crystallization ability of polymer and take-up velocity were also 

studied and analyzed comprehensively in order to contribute to the understanding of porosity 

formation during electrospinning. 

 

3-2 Experimental 

3-2-1 Materials 

The polymer solution used was prepared by dissolving poly (lactic acid) (PLA) in different organic 

solvent, such as dichloromethane (DCM), N, N-dimethylformamide (DMF) and Hexafluoro-2-

propanol (HFIP) at the same concentration of 12 wt%. PLA raw materials were purchased from 

NatureWorks LLC as PLA (6252D) with high crystallization ability and PLA (6060D) with low 

crystallization ability, which are briefly abbreviated as H-PLA and L-PLA, respectively. The 

respective relative viscosities of H-PLA and L-PLA were 2.5±0.10 and 3.5±0.25. Moreover, the H-

PLA (PLA polymer 6252D) showed high melt index of 70-85g/min at 210℃, while L-PLA (PLA 

polymer 6060D) exhibited low melt index of 10g/min at 210℃. That implies that L-PLA owns high 

molecular weight than H-PLA.  This indicated that H-PLA has higher molecular weight as 

compared to L-PLA. All chemicals were used without further purification. 

3-2-2 Electrospinning 

The prepared PLA solution was spun with two types of spinneret system, nozzle spinneret and 

channel spinneret (Figure 2-2) by using NANON (MECC). As shown in Figure 2-2 in chapter 2, 

nozzle spinneret is the cylindrical shape needle, while channel spinneret has a block shape with 

four channels inside. The structure of spinneret is expected to influence the jet formation, 

especially Tylor cone, as well as the capillary flow of polymer solution in spinneret.  The 

spinnerets used both were with an inner diameter of 0.3 mm (24 gauge size). The applied voltage is 

set as 20kV in the case of nozzle-based electrospinning and at an applied voltage of 30kV in the 

case of channel-based electrospinning. The feed rate was fixed at 1.0 ml/hhole and the top of 
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spinneret-to-collector distance was 150mm. Different types of collectors were used to spin 

nanofibers with different fiber orientation. A rotating drum collector was used to collect 

macroscopically aligned nanofibers at take-up velocity of up to 1890 m/min, while the plate 

collector was used to spin randomly oriented nanofibers. Humidity was maintained over 80% as a 

high humidity environment. The electrospun nanofibers were dried in a desiccator for at least 24 

hours prior to use. 

3-2-3 Morphology characterization of electrospun nanofibers 

A scanning electron microscope (FE-SEM, Hitachi S4200) was used to observe the fiber 

morphology. After gold coating, the acceleration voltage was fixed as 8 kV. The average fiber 

diameter and fiber orientation of each sample was determined by using image analysis software 

(Image J). 

The approach to pore structure characterization of porous electrospun nanofibers involves 

measurement of porosity and roundness distribution. For each SEM image, the porosity was 

determined by digitally measuring the area ratio occupied by the pores and fibers, shown in 

Equation 3-1, by using Photoshop software.  

       𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
∑ 𝑆𝑝𝑜𝑟𝑒

𝑆𝑓𝑖𝑏𝑒𝑟
× 100%  

                        
    (Equation 3-1) 

where Spores and Sfiber were area of nanopores on the surface of electrospun nanofibers and the area 

of nanofibers3. In the case of characterization of roundness distribution, a roundness frequency 

histogram was constructed with 10 size categories, ranging from 0 to 1. Individual roundness is 

defined by size of pore area divided by the size of circle-shape area, circumference of which is 

equal to that of pore.  

 

3-3 Result and discussion 

3-3-1 Effect of polymer crystallization ability on PLA porous morphology 

Based on previous result, mixed solvent with ratio of 85 to 15, w/ w, was selected to investigate 

effect of polymer crystallization ability on porous morphology of PLA nanofibers. Figure 3-2 

presented SEM images of H-PLA and L-PLA nanofibers spun from mixed solvent of DCM and 

DMF with the concentration of 85/15, w/ w, by nozzle and channel spinneret, respectively. As 

shown, more regular pore size was achieved with L-PLA than H-PLA. Moreover, even more 

regular pore size was achieved with L-PLA by channel spinneret compared with that by nozzle 

spinneret as shown in Figure 3-2 (b) and (d). This means that the influence of crystallization ability 

on the surface morphology was more obvious in the case of channel spinneret rather than nozzle 

spinneret. The difference in fiber morphology was related to molecular weight and/or molecular 

mobility, which was illustrated as figure 3-3. When considering the process of polymer solution 

transforming into solid nanofibers, in the early stage before solvent evaporation started, there was 

no difference between H-PLA and L-PLA polymer solutions in terms of phase separation. 
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However, as electrospinning continued, the high molecular weight polymer chains of L-PLA 

exhibited low molecular mobility and this resulted in less effective phase separation due to fast 

solvent evaporation rate. This led to more porous morphology of high crystallization ability 

nanofibers. 

3-3-2 Effect of take-up velocity on PLA porous morphology 

Various take-up velocities up to 1890m/min were adopted to collect PLA nanofibers, in order to 

investigate take-up velocity effect on morphology. The polymer solution used was prepared by 

dissolving L-PLA and H-PLA in mixed solvent of DCM and DMF at the concentration of 12 wt%. 

Mix ratio was fixed at 85/15, w/w. Two types of spinnerets, nozzle spinneret and channel spinneret 

(Figure 2-2), were adopted to fabricate fibers.  

Figure 3-4 shows SEM images of H-PLA nanofibers spun by nozzle spinneret at different take-up 

velocities. The nanofibers can be clearly observed as porous nanofibers since nanopores formed on 

the surface and the morphology was not greatly affected by increasing take-up velocity up to 

1890m/min. The diameter and surface porosity are presented in Table 3-1 and Figure 3-5.  As 

shown, with an increase in take-up velocity up to 1890m/min, average diameters of H-PLA 

nanofibers exhibited decreasing trend from 1106nm to 797nm which could be attributed to 

mechanical stretching effect. Therefore, smoother fibers were obtained at higher take-up velocity 

when H-PLA nanofibers were electrospun by nozzle spinneret as a result of the elongation as 

nanofibers stretched along fiber axis at high take-up velocity (Table 3-1 and Figure 3-5 (a)).  

However, surface porosity of above mentioned nanofibers was not influenced by increased take-up 

velocity as that of nanofibers and fluctuated in the range from 38.6% to 46.9% (Table 3-2 and 

Figure 3-5 (b)). 

Figure 3-6 is SEM images of PLA nanofibers with surface morphology affected by take-up 

velocity electrospun by nozzle spinneret. The result indicated that nanofibers electrospun by nozzle 

spinneret at a take-up velocity of 0 m/min appeared to be porous regardless of molecular weight. 

However, nanopores disappeared gradually along with increasing in take-up velocity. It may be 

explained by electrical elongation during electrospinning. At high take-up velocity, nanofibers 

were stretched along the fiber axis. The elongation of jets segments led to a decrease in the charge 

per unit length of the jet. Therefore, the decrease in intensity of electrical charge resulted in smooth 

fibers 

 Table 3-3 shows the diameter of L-PLA nanofibers with nozzle spinnerets collected at different 

take-up velocities while the diameter of L-PLA nanofibers with nozzle spinneret as a function of 

take-up velocity are plotted in Figure 3-7. It was found that take-up velocity led to the decrease in 

diameter of nanofibers. Specifically, for nozzle spinneret, the diameters decreased with an increase 

in take-up velocity, while the same decreasing trend could be noted in the case of channel spinneret. 

However, its trend was not as obvious as that in nozzle-based electrospinning. 
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To quantify the surface porosity of porous electrospun nanofibers, surface porosity of different 

nanofibers were measured and listed in Table 3-4, and the relationship between surface porosity 

and take-up velocity were plotted in Figure 3-8. As the graph shown, surface porosity decreased 

with an increase in take-up velocity. In addition, when considering relationship between surface 

porosity and diameter, Figure 3-9 indicated that an increase in diameter led to high surface porous 

nozzle-spun PLA nanofibers. Figure 3-10 was pore roundness distribution of PLA porous 

nanofibers at different take-up velocities spun by nozzle spinneret. As shown, the high ratio of 

large roundness pores means that a majority pores tended to be close to circle shape. By comparing 

these two figures, the results showed that PLA nanofibers spun by nozzle and collected at high 

take-up velocity presented higher ratio of large roundness, especially when take-up velocity was 

higher than 630m/min. 

 

3-3-3 Effect of spinneret design on PLA porous morphology 

Comparatively, the fiber morphology of L-PLA nanofibers electrospun by the newly-developed 

channel spinneret is shown in Figure 3-11. The diameter and surface porosity were summarized in 

Tables 3-5 and 3-6. There was a previous study proven that this channel spinneret was able to 

modify internal structure of electrospun nanofibers [24]. In this study on porous electrospun 

nanofibers, it was similar to nozzle-based electrospun nanofibers that porous morphology was 

observed in the case of random nanofibers and smoother nanofiber were fabricated by arising from 

the increasing take-up velocity. Nevertheless, at take-up velocity of 1890 m/min, L-PLA 

nanofibers exhibited a wrinkled morphology rather than smooth fibers. Figures 3-12 and 3-13 

display the variation in diameter and surface porosity of nanofibers spun with nozzle and channel 

spinnerets with respect to take-up velocity. As shown, high take-up velocity led to the decrease in 

average diameter of both nozzle-spun and channel-spun PLA porous nanofibers. The decrease in 

diameter was more obvious for the nozzle electrospinning system. Similarly, nozzle-spun 

nanofibers exhibited a more noticeable increase in terms of surface porosity, while in the case of 

channel spinneret fiber diameter distribution was in a narrow range but porosity varied from 20% 

to 50% according to Figure 3-14. The different porous morphology at high take-up velocity 

(1890m/min) could be related to the difference in average diameter of nanofibers. It is suspected 

that solvent evaporation works dominantly rather than friction between polymer jet and air when 

jet was flying from spinneret to collector in the case of channel system. Hence moisture was easy 

to condense on the surface of polymer jet and let to porous nanofibers in channel-based 

electrospinning. 

And the decreasing trend is more obvious in the case of channel spinneret with a decrease from 50% 

to 18% in surface porosity of PLA nanofibers. For the relationship between porosity and diameter, 

the surface porosity of channel-spun nanofibers varied from 20% to 50% with diameter varied 

from 900 nm to 1.1 μm. Figure 3-15 is pore roundness distribution of PLA porous nanofibers at 

different take-up velocities spun by channel spinneret. 
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Previous studies have indicated phase separation is the main mechanism for pores formation on the 

fiber surfaces. In this study, when electrospun from a kind of volatile solvent, DCM, rapid solvent 

evaporation led to cooling from the consumption of the heat of vaporization, which is accompanied 

by heating from the friction between polymer jet and air (Figure 3-16). In the case of channel-

based electrospinning, the evaporation rather than friction played dominant role because of the 

large jet diameter. Hence, water is more easily to condense into droplet on the surface of jet 

compared with nozzle-based electrospinning. Furthermore, channel spinneret resulted into porous 

fiber even at high take-up velocities.  

 

3-4 Conclusion 

In this study, morphology of porous nanofibers of PLA with different crystallization ability was 

investigated by varying types of spinnerets and take-up velocity. Surface morphology of porous 

nanofibers was found to be influenced by take-up velocity and crystallization ability of polymer. 

An increase in take-up velocity led to porous nanofibers with smoother surface morphology and 

the effect was more obvious in the case of L-PLA. It might be due to the fact that the low 

crystallization ability PLA, L-PLA, owns high molecular weight which led to low molecular 

mobility of L-PLA compared with H-PLA. Moreover, by comparing nanofibers produced by the 

newly-developed channel spinneret with that by conventional nozzle spinneret, it was found that 

finer and highly dense pores were induced on the surface of PLA nanofibers, and channel spinneret 

could facilitate molecular weight effect but hinder take-up velocity effect on surface porosity of 

PLA nanofibers.  
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Spinneret
Take-up Velocity

(m/min)
diameter (nm)

Nozzle

0 1420±340

630 1106±225

1260 910±189

1890 797±114

Table 3-1 Diameter of H-PLA nanofibers spun from DCM/DMF by different spinnerets 

and collected at different take-up velocities. 
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Table 3-2 Surface porosity of H-PLA nanofibers spun by different spinnerets and collected at 

different tak2e-up velocities. 

Spinneret
Take-up Velocity

(m/min)
Porosity (%)

Nozzle

0 45

630 43

1260 38

1890 49



61

Table 3-3 Diameter of PLA porous nanofibers spun by nozzle spinneret and collected at 

different take-up velocities.

Solvent Polymer Take-up velocity(m/mim) Diameter(nm)

DCM/DMF

(85/15)
L-PLA

0 1375225

63 1290102

126 1141215

630 871101

1260 630101

1890 57195
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Table 3-4 Surface porosity of PLA nanofibers electrospun collected at 

different take-up velocities and by nozzle spinneret. 

Solvent Polymer
Take-up 

velocity(m/mim)

Surface porosity 

(%)

DCM/DMF

(85/15)
L-PLA

0 37.0

63 37.1

126 23.8

630 16.0

1260 10.6

1890 6.7
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Solvent Polymer Take-up velocity(m/mim) Diameter(nm)

DCM/DMF

(85/15)
L-PLA

0 101588

63 969139

126 987124

630 88044

1260 87692

1890 936143

Table 3-5 Diameter of PLA porous nanofibers spun by channel spinneret and 

collected at different take-up velocities.
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Table 3-6 Surface porosity of PLA nanofibers electrospun collected at different take-

up velocities and by channel spinneret. 

Solvent Polymer Take-up velocity(m/mim)Surface porosity (%)

DCM/DMF

(85/15)
L-PLA

0 50.3

63 34.8

126 29.6

630 25.4

1260 17.9

1890 19.7
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Figure 3-1 Schematic drawing illustrating mechanisms of  pores formation in nanofibers. 
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Figure 3-2 SEM images of PLA nanofibers prepared from DCM/HFIP by nozzle 

and channel with different molecular weight: (a) (a) low Mw. (nozzle), (b) (b) 

low Mw. (channel), (c) (c) high Mw. (nozzle), (d) (d) high Mw. (channel), 

respectively.

H-PLA L-PLA
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Figure 3-3 Schematic drawing shows mechanisms of porous nanofibers formation 

between different molecular weight.
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Figure 3-4 SEM images of H-PLA nanofibers prepared by nozzle with different take-

up velocities: (a) random, (b) 630m/min, (c) 1260 m/min, (d) 1890 m/min, and their 

(e) diameters and (f) surface porosity as a function of take-up velocity

1.00um

1.00um

1.00um

1.00um

(a): random
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Figure 3-5 SEM images of H-PLA nanofibers prepared by nozzle with different take-up 

velocities: (a) random, (b) 630m/min, (c) 1260 m/min, (d) 1890 m/min, and their (e) 

diameters and (f) surface porosity as a function of take-up velocity

(a)

(b)



Figure 3-6 SEM images of L-PLA nanofibers prepared by nozzle with different take-up 

velocities: (a) 0 m/min, (b) 32 m/min, (c) 63 m/min, (d) 126 m/min, (e) 630 m/min, (f) 

1260 m/min, (g) 1890 m/min.
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Figure 3-7  Relationship between diameter and take-up velocity of PLA nanofibers 

electrospun by nozzle spinneret. 
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Figure 3-9 Relationship between porosity and diameter of PLA nanofibers 

electrospun by nozzle spinneret. 
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Figure 3-10 Roundness distribution of surface pore of PLA nanofibers spun by nozzle 

spinnerets and collected at different take-up velocities.
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Figure 3-11 SEM images of L-PLA nanofibers prepared by channel with different take-

up velocities: (a) 0 m/min, (b)32 m/min, (c) 63 m/min, (d) 126 m/min, (e) 630 m/min, 

(f)1260 m/min, (g)  1890 m/min.



Figure 3-12 Relationships between (a) diameter and take-up velocity, and (b) diameter and 

porosity of L-PLA porous nanofibers spun by nozzle and channel spinnerets.
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Figure 3-13 Relationship between porosity and take-up velocity of PLA nanofibers 

electrospun by different types of spinnerets (nozzle and channel). 



Figure 3-14 Relationships between porosity and diameter of L-PLA porous nanofibers 

spun by nozzle and channel spinnerets.
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Figure 3-15 Roundness distribution of surface pore of PLA nanofibers spun by 

channel spinnerets and collected at different take-up velocities.
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Figure 3-16 Schematic picture of spinneret effect on porous fibers formation
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Chapter IV  

Study on structure and mechanical properties of porous PLA nanofibers 

4-1 Introduction  

Electrospun fibers show superior properties such as high surface area and aspect ratios, low density, 

high porosity, and exceptional mechanical strength1-4. Among these, mechanical properties are one 

of the most universal properties concerned. Along with increasing attention being considered on 

nanofiber application, it is required to realize their properties tailoring according to intended purpose. 

The previous literatures showed that mechanical properties of individual nanofibers could dominate 

their deformations, dynamics, stability, adhesion and contacts and global mechanical response of 

nanofiber devices and nanofiber networks.5-7 Apart from these, they have to exhibit sufficient 

mechanical properties to perform their targeted functionalities in the specific applications. Recently, 

several experimental methods and instruments have been dedicated to the mechanical tensile 

characterization of single electrospun nanofibers8-11. Of these methods, the commercial nano-tensile 

tester allows many samples to be tested conveniently and provide the most information on the 

mechanical properties12. 

Several research groups have reported remarkable enhancements in mechanical properties of 

electrospun polymeric fibers, relative to their bulk values, for fibers below a critical diameter, 

typically in the submicron range13. It is well established that internal structure of nanofibers is very 

vital in nanofibers investigation due to an intimate relationship existing among morphology, polymer 

structure and its physical properties. Further investigation attributed the mechanical deformation 

characteristics of fibers with different diameters to the random or/and ordered arrangements of the 

crystalline and amorphous phases in the fibers.14,15 As an example, Wong et al claimed that the 

amorphous phase of the fibers provides the elastomeric properties and the crystalline phase imparts 

dimensional stability to the array of molecules16.  
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Electrospinning has been proved to be an effect method to modify internal structure along with the 

processing. In terms of structure modification via polymer processing, previous researchers have 

proved that processing method and post processing, such as injection molding and annealing process, 

have significant but different degree of impact on the quantities of the amorphous and crystalline 

phases and their interphase17,18. As proven by Arinstein and Zussman, the relaxation process 

generated by the evaporation of solvent within electrospun nanofibers, can significantly affect the 

mechanical properties of polymeric nanofibers.19 In addition, the intrinsic properties of polymer 

conformation played a vital role in the polymer and resulting nanofibers physical properties. Zhang 

et al found that nanofiber with different tensile properties could be tailored by selection of polymer 

molecular weight and processing conditions, especially the take-up velocity. Their study showed that 

the high molecular weight led to nanofibers with large distribution of crystallites, which induced 

residual stresses during high take-up velocities18.  

Although a handful of researches have underwent on mechanical properties investigation of 

electrospun nanofiber, limited researches focus on mechanical properties on porous nanofibers. In 

Chapter 2, it has been demonstrated that morphology of porous PLA nanofibers could be 

manipulated by using new spinneret system during electrospinning. Therefore, in this chapter, the 

relationship of morphology-mechanical properties and internal structure-properties of porous PLA 

nanofibers were investigated as an effect of spinneret type, polymer molecular orientation and 

processing conditions.  

Diameter and alignment degree of the fibers were observed through field emission scanning electron 

microscope (FE-SEM). The crystalline morphologies and molecular orientation was confirmed along 

the fiber direction by wide-angle X-ray diffraction (WAXD) and polarized fourier transform infrared 

(PFTIR). Mechanical properties were characterized by using a Nano-mechanical Testing System 

(Nano UTMTM, MTS Systems Corporation). 
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4-2 Experimental 

4-2-1 Materials 

The PLA solutions were prepared by dissolving high and low crystalline structure PLA (referred to 

Chapter 3) in mixed solvent of DCM and DMF at the ratio of 85/15, w/w, or pure DCM. The polymer 

concentration was fixed as 12wt%.  

4-2-2 Electrospinning 

The electrospinning setup consists of a high voltage supplier, a syringe pump, a syringe, fine 

conductive spinneret and different types of conductive collectors. The prepared PLA solutions were 

electrospun with two types of spinneret systems, nozzle spinneret and channel spinneret (Figure 2-

2). The spinnerets used both were with an inner diameter of 0.3 mm (24 gauge size). In the case of 

PLA electrospun system, the applied voltage is set as 20kV and 30kV for nozzle-based 

electrospinning and channel-based electrospinning, respectively. The feed rate was fixed at 1.0 

ml/hhole and the top of spinneret-to-collector distance was 150mm. A rotating drum collector was 

used to collect macroscopically aligned nanofibers at take-up velocity of 630, 1260 and 1890 m/min, 

while the plate collector was used to spin randomly oriented nanofibers. Humidity was maintained 

over 80% as a high humidity environment to obtain porous PLA nanofibers. The electrospun 

nanofibers were dried in a desiccator for at least 24 hours prior to use. 

4-2-3 Morphology and Internal Structure Characterization 

A scanning electron microscope (FE-SEM, Hitachi S4200) was used to observe the fiber morphology 

at acceleration voltage of 8kV. The nanofiber mats were prepared by first placing them on the stubs 

and then coating the surfaces with gold. The average fiber diameter and fiber orientation of each 

sample was determined by using image analysis (Image J) software. 

Wide angle X-ray diffraction (WAXD) was performed under ambient condition using a Rigaku X-

ray diffractometer (SmartLab and RINT-2100-FSL) with Cu Kα as the X-ray source and operated at 

40 kV and 30 mA. The 2θ scanning angle was between 5-30° by using SmartLab. Two dimensional 

wide angle x-ray diffractometer (2D-WAXD) was used to obtain the diffraction patterns via an 
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imaging plate system with the graphite-monochromatized CuKα line as an incident X-ray beam ( 

=1.5418 Å), at the mentioned voltage and current by using RINT-2100-FSL. Crystalline orientation 

of the fibers was calculated by using peak analysis (Fityk) software (Figure 4-1). For a randomly 

crystalline oriented sample, H is almost equal to 0 while, for an anisotropic sample with crystalline 

oriented along the fiber axis, H is equal to 100. Lattice spacing (d) of the [110] and [200] diffractions, 

d110/200, were evaluated by the Bragg equation as shown in Eq. 2-2 in Chapter 2.   

Polarized fourier transform infrared (PFTIR) spectroscopy were obtained using Perkin Elmer 

Spectrum GX in transmission mode, 16 scans were signal-averaged with a resolution of 2 cm-1 at 

room temperature. Bundles of nanofibers were used to eliminate the difference among single 

nanofiber. In the parallel polarization, the direction of the electric vector of the incident beam is 

parallel to the fiber axis while in the perpendicular polarization; the vector is perpendicular to the 

fiber axis. Figure 4-2 shows the PFTIR spectra of as spun PLA nanofibers20. Differences in IR 

absorbance intensities for spectra obtained from two mutually perpendicular polarizations clearly 

highlight the presence of molecular chain orientation within the fibers.   

To characterize molecular orientation quantitatively, dichroic ratio (R) is calculated by equation of 

R = A∥/A⊥, where A∥ is parallel-polarized infrared absorbance intensity and A⊥ is perpendicular-

polarized infrared absorbance intensity for a particular vibration to the stretching direction. For a 

randomly oriented sample, R is equal to 1 while, for an anisotropic sample with polymer chains 

oriented along the fiber axis, R is equal to infinity.  

The average molecular orientation, f, and the angle between the molecular axis and the fiber bundle 

axis, ϕ, are shown in Figure 4-3 and can be calculated as Equation. 4-1 

𝑓 =
[3〈𝑐𝑜𝑠2𝜙−1〉]

2
=

(𝑅−1)(𝑅+2)

(𝑅0−1)(𝑅0+2)
                          Equation 4-1 

where 𝑅  is dichroic ratio mentioned above, whiles  𝑅0  is the dichroic ratio of a sample with 

perfect chain alignment in the drawing direction, given by: 

𝑅0 = 2 𝑐𝑜𝑡2𝜓                                 Equation 4-2 



Chapter IV  Study on structure and mechanical properties of porous PLA nanofibers 

85 

 

Where 𝜓 is an angle between the transition moment vector and the chain axis. It is often assumed 

to be either parallel or perpendicular to the chain axis. In both case of PLA, it was assumed that the 

transition moment vectors of the parallel bands are perfectly parallel to the chain axis21. In this case, 

Equation 4-1 can be calculated and simplified into  

𝑓 =
(𝑅 − 1)

(𝑅 + 2)⁄                             Equation 4-3 

𝑓 = 1 represents perfect uniaxial alignment of molecules along the fiber axis, while 𝑓 = −0.5 

represents perfect perpendicular orientation. 𝑓 = 0 implies random orientation.   

The alignment distribution of fibers within bundles was determined by image analysis of SEM 

images and displayed as 𝜃, such as illustration shown in Figure 4-4. At least 20 pieces of nanofibers 

were selected to determine average alignment angle 𝜃. The imperfect alignment of fibers in bundles 

may contribute to inaccurate determination of the dichroic ratio and average molecular orientation 

for individual fibers. In order to minimize this effect, f were divided by a coefficient  𝑐𝑜𝑠𝜃 , as 

showed in Equation 4-4，  

𝑓adjusted =
𝑓

cosθ⁄                           Equation 4-4 

4-2-4 Tensile Properties Characterization 

Tensile test were performed at a strain rate of 25 % min-1 using a Nano-mechanical Testing System 

(Nano UTMTM, MTS Systems Corporation) with 500 mN load range, and 50 nN load resolution 

(Figure 4-5). Ten samples with a measured 10 mm gauge length electrospun single nanofiber were 

prepared under the same processing conditions for each tensile test. The fiber diameters were 

measured by FE-SEM observation of the fiber segments not subjected to stress for calculation of 

tensile strength.  
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4-3 Results and discussion 

4-3-1 Investigation on relationship between internal structure and mechanical 

properties of PLA porous nanofibers 

According to chapter 3, electrospinning of high crystallization ability PLA resulted in less porous 

nanofibers. Thus, H-PLA porous nanofibers were selected to investigate internal structure-

mechanical properties of porous nanofibers. 

(i). Diameter 

Figure 4-6 presents surface morphology of H-PLA nanofibers collected as different take-up 

velocities. Table 4-1 and Figure 4-7 show the diameter of high crystalline ability PLA (H-PLA) 

nanofibers with various spinnerets as a function of take-up velocity. It was found that take-up 

velocity led to the decrease in diameter of nanofibers. Specifically, for nozzle spinneret, diameter 

decreased with an increase in take-up velocity, and the same decreasing trend could be noticed in 

channel-based system. However, its trend is not as obvious as that in nozzle-based electrospinning. 

These was in good accordance with the result discussed in chapter 2. 

(ii). Crystalline structure 

WAXD patterns in Figure 4-8 are belonging to as-spun H-PLA nanofibers. Neither ring-like nor arc-

reflection was observed on the patterns as a result of slow crystallization rate. In order to display 

crystalline morphology, annealing was performed on the nanofiber mats as a post process treatment. 

For the annealing process, electrospun PLA nanofiber mats were kept in an enclosed oven (AVO-

310N, As One) at an elevated and fixed temperature of 90 oC for 5 hours interval. Figure 4-9 shows 

the WAXD patterns of PLA nanofibers processed with annealing. The arc-like reflections on the 

pattern obtained from aligned PLA electrospun fibers highlighted the presence of crystalline 

orientation within the fibers. Shrinking of the arc-length suggests that high take-up velocity induced 

the crystallites to develop higher orientation along the fiber axis.  
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WAXD profiles in Figure 4-10 indicated the presence of crystals within annealed PLLA nanofibers. 

The most intense peak was observed at around 2θ =16.0 o attributed to [110] and [200] planes, which 

was the characteristic reflections of PLA homocrystallites (α’- and α-form)22. Nanofibers collected 

at low take-up velocity (630m/min) exhibited low diffraction intensity. The diminished reflection 

intensity for nanofibers at low take-up velocity may be understood due to distribution of diffraction 

intensity over the extended arc lengths. Lattice spacing (d) of the [110] and [200] diffractions, d110/200, 

were evaluated by the Bragg equation and shown in Table 4-2 with aims to understand the influence 

of take-up velocity on crystalline structure within PLA nanofibers. The values of d110/200 are plotted 

with respect to take-up velocity in Figure 4-11. The result implied that the decrease trend in d-spacing 

could be observed in the case of nozzle-spun nanofibers with an increase in take-up velocity. 

However, the variation of d110/200 in the case of channel-spun nanofibers was much less significantly. 

It means that nozzle spinneret favored more packed chain in the unit cell compared with channel 

spinneret when collecting PLA nanofibers at high take-up velocity. 

(iii). Molecular orientation 

Molecular orientation of PLA nanofibers prepared by different spinneret systems collected at 

different take-up velocities was examined by PFTIR. Adjusted average molecular orientation for 

vibration bonds along H-PLA backbone are listed in Table 4-3. Figure 4-12 was plotted as a 

relationship between adjusted molecular orientation and take-up velocity. An increasing in take-up 

velocity from 630m/min to 1890m/min did not induce significant variation in adjusted molecular 

orientation.  

(iv). Mechanical properties  

H-PLA was dissolved in mixed solvent of DCM and DMF to prepare electrospinning solutions. 

Figures 4-13 and 4-14 shows the representative tensile stress-strain curves and the initial linear 

elastic deformation of single electrospun PLA nanofibers by different types of spinneret and 

collected at different take-up velocities. The experimental parameters and tensile mechanical 

properties of individual single nanofibers extracted are summarized in Table 4-4. And the mechanical 
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properties, i.e. tensile modulus, tensile strength as well as strain at break, were plotted in Figure 4-

15, 4-16 and 4-17 versus take-up velocity.  

It can be seen that nozzle spinneret led to ductile nanofibers especially at low take-up velocity. 

Specifically, the average ultimate tensile strength of single PLA nanofibers spun by nozzle spinneret 

and collected at take-up velocity of 630m/min are 48.39 ± 25.03 MPa and the strain at break reached 

around 55%. However, for the nanofibers at higher take-up velocity, 1260m/min and 1890m/min, 

the corresponding tensile strength increased up to 160.0±68.24 MPa and 195.2 ± 81.6 MPa, 

respectively, while the strain at break is dropped to about 20% correspondingly. By contrast, 

according to Figure 4-13, it can be observed that channel-based PLA porous nanofibers have very 

similar tensile behavior when collected at different take-up velocities.  More intuitive comparisons 

in terms of take-up velocity effect on tensile mechanical properties could be found in line graphs, 

Figure 4-15, 4-16 and 4-17. The increase in take-up velocity resulted in the increase in tensile 

modulus and tensile strength but the decrease in strain at break in the case of nozzle-spun PLA 

nanofibers. In contrast, the value of mechanical properties characterized above did not be affected 

by take-up velocity when error bar were took into account in the case of channel spinneret.  SEM 

images of corresponding single nanofibers were listed in Figure 4-18. However, no obvious 

morphological difference in terms of diameter or porosity could be observed among these nanofibers. 

Nevertheless, in retrospect to the internal structure analysis of low molecular weight PLA nanofibers, 

it is found that the difference tensile properties could be attributed to d-spacing in crystalline phase 

(Figure 4-10).  For the nanofibers spun from channel-based electrospinning, the effect of take-up 

velocity on d-spacing and mechanical properties was not significant. By comparison, as for the 

nozzle-based electrospun nanofibers, an increase in take-up velocity led to the decrease in d-spacing 

and the increase in tensile modulus, tensile strength as well as strain at break. Therefore, it could be 

implied that more packed crystalline structure within nanofibers resulted in more brittle nanofibers. 
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4-3-2 Investigation on relationship between morphology and mechanical properties of 

PLA porous nanofibers 

In this part, L-PLA nanofibers were selected to fabricate from pure solvent of DCM to obtain highly 

porous nanofibers. Due to the low boiling point of DCM, the nanofibers morphology could be 

maintained as porous from solvent of DCM. In the meantime, L-PLA was selected in this section as 

it was proved that high molecular weight led to more porous PLA nanofibers.  

i. Morphology and internal structure investigation 

Both morphology and internal structure were investigated to understand the mechanism behind. 

Figure 4-18 displays SEM images of PLA nanofibers spun by different spinnerets and at two take-

up velocities. Their porosity was measured and listed in Table 4-5 and plotted with take-up velocity 

shown as Figure 4-19. Additionally, the roundness, or pore size, distributions of nanofibers from 

each condition are shown in Figure 4-20. It was noticed that porous nanofibers spun by channel 

exhibited small diameter as well as highly dense pores formation on the surface of nanofibers, 

although almost the same degree of porosity. Moreover, when considering molecular orientation, it 

is found from the value of adjusted average molecular orientation in Table 4-6 that these porous 

fibers presents a higher molecular orientation in the case of crystalline C-O-C band in 1090 cm-1. 

Compared with H-PLA nanofibers (Figure 4-12), the increasing trend in terms of adjusted molecular 

orientation was more obvious in the L-PLA nanofibers. This was in good accordance with previous 

results. High molecular weight of L-PLA polymer favors the occurrence and high degree of 

molecular orientation because of the delayed relaxation time. The slow relaxation time permits the 

long chain molecules to undergo extension upon deformation and achieve high orientation.23,24 In 

addition, as for spinneret effect, it is found that channel spinneret led to high value of adjusted 

molecular orientation rather than nozzle spinneret. 

 

ii. Mechanical properties 
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The tensile strength of random PLA nanofibers from solvent of DCM were plotted with respect to 

diameter as shown in Figure 4-21. It is found that with an increase in diameter of porous nanofibers, 

tensile strength showed a decreasing trend. This is size effect on mechanical properties of nanofibers 

as finer nanofibers exhibited enhanced tensile properties.13 The size effect could be due to the 

electrical shear stress on the surface of polymer jet and the whipping instability under electrostatic 

force. Hence, these finer nanofibers always displayed an improvement in the crystallinity and 

molecular orientation16,18. 

Moreover, In order to illustrate the mechanism of improved mechanical properties of porous PLA 

nanofibers, Figure 4-22 shows stress-strain curves of PLA porous nanofibers spun by both nozzle 

and channel spinneret and collected at 0m/min and 1890m/min. Each stress–strain curve was made 

of two nearly linear stress–strain stages. The first stage corresponds to the linearly elastic region 

similar to that of most linearly elastic materials, and the second region corresponds to the linearly 

strain-hardening region with very large plastic deformation till the final breakage point. In the region, 

significant chain sliding happened. However, it is interesting to notice that stress-strain curve of 

channel-based nanofibers displayed a plateau after yield point. 

Table 4-7 shows the tensile modulus, tensile strength and strain at break obtained from the stress 

versus strain data. On one hand, as can been seen, the nanofibers collected at high take-up velocity 

of 1890m/min tend to have higher tensile modulus and tensile strength than the nanofibers collected 

as random fibers. On the other hand, in terms of strain at break, random PLA nanofibers spun by 

nozzle and channel spinnerets exhibited similar ultimate strain around 45%. However, channel-based 

porous nanofibers collected at take-up velocity of 1890m/min displayed extremely large ultimate 

strain of 69% among these four set of porous nanofibers. Obviously, that is to say, channel nanofibers 

led to ductile nanofibers in the system of PLA-DCM when electrospun at high take-up velocity. 

Tensile strength versus diameter of the above fabricated nanofibers was shown in Figure 4-23. The 

results clearly illustrated that finer porous nanofibers corresponded to high tensile strength, which is 

similar with size effect. In addition, in terms of spinneret effect, it is found that nozzle spinneret led 

to nanofibers with high value but largely deviated tensile strength. Moreover, the decrease in tensile 
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strength related to fiber diameter is more significantly in the case of nozzle-based electrospinning. 

Overall, on the basis of above study in morphology and internal structure, it concluded that it is 

possible to fabricate porous nanofibers with different mechanical properties by controlling porous 

morphology. 

 

4-4 Conclusion 

In this chapter, mechanical properties of porous PLA nanofibers were investigated by single fiber 

tensile test to reveal morphology-structure-properties relationship of porous nanofibers. On one hand, 

electrospinning of H-PLA with different take-up velocities resulted in porous nanofibers with similar 

fibers morphology but different internal structure. The increase in tensile modulus, tensile strength 

as well as strain at break of nanofibers collected at high take-up velocity could be attributed to the 

highly packed crystalline structure within nanofibers induced by large stretching force. On the other 

hand, the surface morphology of porous nanofibers was realized by using the new kind of spinneret, 

channel spinneret, as densely pores were formed on the surface of PLA nanofibers. Moreover, the 

dense pores were responsible for the ductile mechanical deformation behavior as shown in tensile 

test. Therefore, the mechanical properties of porous nanofibers could be manipulated through 

morphology and structure control during electrospinning for further application. 
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Spinneret
Take-up Velocity

(m/min)
diameter (nm)

Nozzle

630 1106±225

1260 910±189

1890 797±114

Channel

630 907±123

1260 830±116

1890 766±130

Table 4-1 Diameter of H-PLA nanofibers spun by different spinnerets and 

collected at different take-up velocities. 
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Table 4-2 2θ and d-spacing of H-PLA nanofibers spun by different spinnerets, 

and collected at different take-up velocity 

Spinneret
Take-up Velocity

(m/min)
2θ (°) d-spacing (nm)

Nozzle

630 14.9 0.595

1260 15.2 0.583

1890 15.05 0.589

Channel

630 15.2 0.583

1260 15.2 0.583

1890 15 0.591
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Spinneret
Take-up Velocity

(m/min)

fadjusted

Vibration band 

of Amorphous 

C-C

955(cm-1)

fadjusted

Vibration band 

of Crystalline

C-O-C

1090(cm-1)

Nozzle

630 0.115 0.060 

1260 0.248 0.145 

1890 0.138 0.074 

Channel

630 0.143 0.051 

1260 0.270 0.162 

1890 0.171 0.104 

Table 4-3 Adjusted average molecular orientation of H-PLA nanofibers 

spun by different spinnerets, and collected at different take-up velocities.
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Table 4-4 Tensile properties of H-PLA single porous nanofibers spun by 

different spinneret and collected at different take-up velocities

Spinneret

Take-up

Velocity 

(m/min)

Tensile 

Modulus 

(GPa)

Tensile 

Strength 

(MPa) 

Strain at 

Break 

(mm/mm)

Nozzle

630 1.82 ± 1.07
48.39 ±

25.03
0.55± 0.16

1260 3.31±0.66 160.0±68.24 0.21±0.04

1890 5.04 ± 2.75 195.2 ± 81.6 0.23± 0.08

Channel

630 4.38 ± 1.91 124.3 ± 63.2 0.21 ± 0.11

1260 4.32 ± 1.41 112.8 ± 29.6 0.14 ± 0.05

1890 3.20 ± 0.98 110.1 ± 27.8 0.23 ± 0.07
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Table 4-5 Diameter of porous L-PLA nanofibers spun from pure DCM by 

different spinnerets and collected at different take-up velocities.

Spinneret
Take-up Velocity 

(m/min)
Porosity (%)

Nozzle

0 15.1

630 7.3

1890 3.6

0 16.5

Channel

630 14.7

1890 3.7
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Table 4-6 Adjusted average molecular orientation of porous L-PLA 

nanofibers spun from pure DCM by different spinnerets and collected at 

different take-up velocities.

Spinneret
Take-up Velocity 

(m/min)

Adjusted average molecular orientation

Vibration band of 

Amorphous C-C 

955(cm-1)

Vibration band of 

Crystalline C-O-C 

1090(cm-1)

Nozzle

630 0.185 0.029 

1890 0.103 0.081 

Channel

630 0.219 0.008 

1890 -0.023 0.154 



100

Table 4-7 Tensile properties of high molecular weight L-PLA single porous 

nanofibers spun from pure DCM by different spinnerets and collected at 

different take-up velocities.

Spinneret

Take-up

Velocity 

(m/min)

Tensile 

Modulus 

(GPa)

Tensile 

Strength 

(MPa) 

Strain at 

Break 

(mm/mm)

Nozzle

0 1.25 ± 0.88 32.6 ± 18.5 0.49± 0.5

1890 5.09 ± 2.24
184.1 ±

81.92
0.179± 0.07

Channel

630 0.25 ± 0.22 5.094 ± 3.72 0.45 ± 0.49

1890 2.88 ± 0.83 83.11 ± 14.2 0.69 ± 0.32
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Figure 4-1. Analysis of  crystalline orientation  from WAXD patterns of PLLA  

nanofibers .
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Figure 4-2 Polarized FTIR spectra of PLA nanofibers with different take-up 

velocities: Electric vector of the incident IR beam parallel to the fiber axis (a) 

and perpendicular to the fiber axis (b), respectively.

a: ∥

b: ⊥

C-O-C
1090 cm-1

C-C
955 cm-1
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Figure 4-3 The illustration of molecular orientation of  PLA nanofiber



104

q

Mechanical 
stretching direction

Figure 4-4.  The illustration of alignment distribution of  PLA nanofiber

3.00 um
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(a) (b)

Figure 4-5 Schematic picture of single nanofiber tensile test (a) and photos during single 

nanofiber tensile test (b).
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Figure 4-6 SEM images of PLA porous nanofibers spun from different spinnerets and 

collected at different take-up velocities: a: nozzle, 630m/min; b: nozzle, 1260m/min; c: 

nozzle, 1890m/min; a’: channel, 630m/min; b’: channel, 1260m/min; c’: channel, 

1890m/min; 

3.00um3.00um

3.00um1.50um

3.00um3.00um

a a’

b b’

c c’
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Figure 4-7 Relationship between diameter and take-up velocity of H-PLA nanofibers 

spun by different spinnerets and collected at different take-up velocities.
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@ 0m/min

@ 630m/min

@ 1890m/min

Nozzle

Figure 4-8 WAXD patterns of H-PLA nanofibers electrospun form nozzle and channel 

spinneret and collected at different take-up velocities, 630, 1260,1890m/min.  

@ 0m/min

@ 630m/min

@ 1890m/min

Channel
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@ 0m/min

@ 630m/min

@ 1890m/min

Nozzle

Figure 4-9 WAXD patterns of annealled H-PLA nanofibers electrospun form nozzle 

and channel spinneret and collected at different take-up velocities, 630, 

1260,1890m/min.  

@ 0m/min

@ 630m/min

@ 1890m/min

Channel
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Nozzle Channel

Figure 4-10 WAXD diffractograms of annealed H-PLA nanofibers electrospun form 

nozzle and channel spinneret and collected at different take-up velocities, 630, 

1260,1890m/min.  
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Figure 4-11 Relationship between d-spacing and take-up velocity of annealed H-PLA 

nanofibers
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Figure 4-12 Relationship between adjusted average molecular orientation and take-up 

velocity of H-PLA nanofibers; (a) 955(cm-1) and (b) 1090(cm-1)
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Figure 4-13 (a)Stress-Strain curve and (b) Initial linearly elastic region exaggeration of 

stress-strain curves of H-PLA nanofibers by nozzle spinneret but collected at different 

take-up velocities

(a)

(b)

─ PLA-DCM/DMF; Nozzle 

@630m/min 

─ PLA-DCM/DMF; Nozzle 

@1260m/min

─ PLA-DCM/DMF; Nozzle 
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Figure 4-14 (a)Stress-Strain curve and (b) Initial linearly elastic region exaggeration of 

stress-strain curves of H-PLA nanofibers by channel spinneret but collected at different 

take-up velocities

(a)

(b)
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Figure 4-15 Effect of take-up velocity on tensile modulus of PLA porous nanofibers 

electrospun by different spinnerets.
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Figure 4-16 Effect of take-up velocity on tensile strength of PLA porous nanofibers 

electrospun by different spinnerets.
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Figure 4-17 Effect of take-up velocity on strain at break of PLA porous nanofibers 

electrospun by different spinnerets.
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Figure 4-18 SEM image of L-PLA porous nanofibers electrospun from DCM. The 

nanofibers were spun by nozzle and channel spinneret  and collected at different take-up 

velocities: a: nozzle spinneret, 0m/min, a’: channel spinneret, 0m/min, b: nozzle 

spinneret, 1890m/min, b’: channel spinneret, 1890m/min.
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Figure 4-19 Relationship between surface porosity and take-up velocity of L-

PLA porous nanofiber from DCM by different spinnerets and at different tale-up 

velocities
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Figure 4-20 Roundness distribution of  L-PLA porous nanofiber spun from pure 

DCM by nozzle and channel spinnerets and collected at different take-up velocities.
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Figure 4-21 Relationship between tensile strength and diameter of L-PLA porous 

nanofibers spun by nozzle spinneret as random fibers.
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Figure 4-22 Stress-Strain curve of L-PLA porous nanofibers by different spinnerets and 

at different take-up velocities.



123

Figure 4-23 Relationship between tensile strength and diameter of L-PLA porous 

nanofibers spun by different spinnerets and at different take-up velocities.
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Chapter V  

Structure investigation of PCL/POSS composite nanofibers 

5-1 Introduction 

The mixing of nanofillers with polymers to form composite materials has been practiced for decades. 

The nanofillers are those with at least one of whose dimensions in the nanometer rage form 1 to 

100nm. Nanofillers improve the mechanical, barrier, electrical, and thermal properties of base 

polymers significantly at a very low filler concentration compared to conventional 

macrocomposites.1 Nanoparticles of precise size and shape, such as carbon nanotubes, inorganic 

nanoparticles, and dendrimers, are currently the preferred fillers in the research aiming to probe the 

influence of particle shape on the structure and properties of nanoparticle-polymer composites2. 

Polyhedral oligomeric silsesquioxane POSS, a new class of specific cage structure nanofiller, has 

emerged for use in nanostructured materials recently. It is a class of three-dimensional nanoparticles, 

with approximately 1-3 nm in size. By attaching or modifying the POSS molecules with functional 

groups, such as alcohol, amines, carboxylic acids, the material can be used as building block for 

high-performance and functional polymer composites in aerospace, material, biological, and 

electronic applications3-4. Meanwhile, POSS also are referred to as molecular silica and be used to 

modify the properties of polymer5.  

Unlike most silicones or fillers, POSS molecules contain organic substituents on their outer surfaces, 

making them compatible or miscible with most polymers. In addition, these functional groups can 

be specifically designed as either non-reactive or reactive6. In general, nanoparticles can be 

incorporated into polymers systems by (i) miscibility of nanoparticles into polymers through 

physical interactions or (ii) chemical reaction between nanoparticles and the polymers5-7. In the case 

of physical blending, the nanometer-scale POSS, which is comparable to polymer segments and 

coils8, enables to modify the properties of organic polymer acting at the molecular level even by 

physical blending. When incorporating POSS into polymer solutions by physical blending, the 

various terminated group not only facilitate the dispersion in various organic chemical, but also 

provide the possibility in controlling interaction between polymer and POSS nanoparticles. The 

morphology, thermal stability, electrical properties and mechanical properties of POSS-modified 

thermoplastics have been pointed out to be largely affected by the chemical structure, concentration, 

and dispersion degree of POSS by numerous groups.6,9  

Through incorporating nanoparticles, the development of polymer matrix nanocomposites opens 

pathways for engineering flexible composites that exhibit advantageous properties2. With well 

dispersion in polymer, nanoparticles are expected to affect structure evolvement within electrospun 

composite nanofibers. Because of length scales of nanoparticles, the filler objects approach the length 

scale of a single polymer coil and develop unique interactions10.  
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Poly(ε-caprolactone) (PCL) is a linear aliphatic semi-crystalline polyester with simple chemical 

structure and has been widely studied. Many fundamental works have been reported on the 

crystallization kinetics of nanometer-scale polymer domains in physical and chemical confinement 

states11.  Based on these prior studies, crystalline morphology12 and molecular orientation13 in 

electrospun nanofibers were also investigated recently. Hence, PCL was chosen in this study as 

polymer to study the structure evolvement of polymer nanofibers with the presence of nanoparticles.     

Therefore, it is new and vital to clarify how the molecular or crystalline structure of polymer based 

nanocomposites was influenced by the presence of POSS nanoparticles. Electrospinning is capable 

as the processing method to address the issue. It has been proved that the nanoparticles solubility 

along with the fast solvent evaporation occurring during the electrospinning process, promotes the 

nanofiller dispersion into the polymer matrix14,15. Moreover, high shear rate enables the 

incorporation of POSS moieties into linear polymer chains and/or polymer networks will 

undoubtedly modify the local molecular interactions, local molecular topology, and the resulting 

polymer chain and segment mobility3. In this chapter, octakis(3-

hexylamidopropyl)octasilsesquioxane (Amide-POSS) was synthesized and physically blended into 

PCL solution and electrospun into composite nanofibers. Additionally, take-up velocity was induced 

by a rotating disc as an external stretching force. The morphology of nanofibers was characterized 

by scanning electron microscopy (SEM) observation. The influence of POSS nanoparticles on PCL 

molecular orientation and crystallite orientation was investigated by wide angle X-ray diffraction 

(WAXD) measurements and polarized FT-IR. 

 

5-2 Experimental 

5-2-1 Materials 

 

Octakis(3-hexylamidopropyl)octasilsesquioxane (Amide-POSS) was synthesized as the following 

procedure. To a solution of the appropriate propionic acid in anhydrous THF (0.1M) was added 1.2 

equiv. of NHS. The reaction mixture was cooled to 0℃ and 1 equiv. of DCC was added. The solution 

was then brought to room temperature and stirred overnight under Ar. The resulting mixture was 

filtered and concentrated on evaporator. The residue was dissolved in Methanol. To the resulting 

solution, 0.15 equiv. of POSS, triethylamine was added and the mixture was stirred at room 

temperature under Ar for 4 hours. The resulting mixture was concentrated, washed by Methanol and 

filtered. The solution was concentrated and followed by recrystallization to afford pure product. The 

procedure was shown as Scheme 5-1. 

Figure 5-1 shows the chemical structures of PCL and Amide-POSS particles used. Poly(caprolactone) 

(PCL) of average molecular weight 80,000 g/mol was purchased from Sigma-Aldrich Chemical Co. 

Inc. Chloroform was purchased from Nature Chemical and used as received.   
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5-2-2 Electrospinning 

 

The homogenous PCL/POSS solutions with different types of POSS were prepared using the 

following procedure to ensure the well dispersion of POSS nanoparticles. The weighted PCL 

polymer (7wt %) was dissolved in chloroform first. The weighted Amide-POSS were added into 

methanol (0.2ml) separately and ultrasonic treated for 2hrs. The transparent POSS-methanol solution 

was added into PCL solution slowly. Then the PCL/Amide-POSS solution was stirred at room 

temperature for 24 hrs and electrospun into nanofibers. During the electrospinning process, a plastic 

syringe with a needle (27 G, inner diameter of 0.2mm) was used to hold the polymer solutions. A 

high voltage of 30 kV was applied by connecting a high-voltage supplier to the needle, while the 

collector was grounded to create a potential difference. The feed rate of the syringe was fixed at 0.05 

ml•h-1. A disc collector was used to obtain aligned nanofibers in this study. Take-up velocity 

corresponding to the rotation speed of the disc collector was changed up to 1890 m/min. The distance 

between the tip of the needle and collector was 15cm. The electrospun nanofibers were dried in a 

desiccator for at least 24 hours prior to use. PCL/Q8M8 nanofibers were prepared by the same 

procedure. In addition, pure PCL nanofibers with weight percentage of 7wt% were fabricated at the 

similar procedure.  

 

5-2-3 Characterization  

A field emission scanning electron microscope (FE-SEM, Hitachi S4200), operated at an 

acceleration voltage of 8 kV, was used to observe the morphology of the nanofibers. The average 

fiber diameter was determined by using image analysis (Image J) software. 

Wide angle X-ray diffraction (WAXD) was performed under ambient condition using a Rigaku X-

ray diffractometer (SmartLab and RINT-2100-FSL) with Cu Kα as the X-ray source and operated at 

40 kV and 30 mA. The 2θ scanning angle was between 5-30o by using SmartLab. Two dimensional 

wide angle x-ray diffractometer (2D-WAXD) was used to obtain the diffraction patterns via an 

imaging plate system with the graphite-monochromatized CuKα line as an incident X-ray beam ( 

=1.5418 Å), at the mentioned voltage and current by using RINT-2100-FSL. Crystalline orientation 

of the fibers was calculated by using peak analysis (Fityk) software. (Figure 3-1 in Chapter 3) In 

order to understand the variation of crystalline structure, lattice spacing (d) of the diffractions, d were 

evaluated by the Bragg equation (Equation 4-1 in Chapter 4). 

Small angle X-ray Scattering (SAXS) was performed in the transmission mode using a Bruke 

Micro7 with pinhole collimation and a fixed anode source. CuKa radiation ( = 1.5418 Å) generated 

at 40 kV and 30 mA was used. A two-dimensional multiwire proportional HI-STAR area detector 

was used to detect the SAXS signals. An exposure time of 10 mins was used for each sample. The 
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transmission factors of the samples were determined using glassy carbon as a standard. The data was 

corrected for air scattering by subtracting an empty camera data file (obtained under identical 

experimental conditions) from the SAXS data. After background subtraction, the equatorial and 

meridional scattering data were obtained by integration of the scattering intensities over azimuthal 

angles of 75°-105° and 165°-195° respectively. Long period (L) of the meridian was evaluated by 

the Equation 5-1.         

L = 2𝜋
𝑞𝑚𝑎𝑥⁄                                                                        (Equation 5-1) 

where qmax = 4πsinθ / λ is the scattering vector. 

Polarized Fourier transform infrared (PFTIR) spectroscopy were obtained using Perkin Elmer 

Spectrum GX in transmission mode, 16 scans were signal-averaged with a resolution of 2 cm-1 at 

room temperature. In the parallel polarization, the direction of the electric vector of the incident beam 

is parallel to the fiber axis while in the perpendicular polarization; the vector is perpendicular to the 

fiber axis. The bands of symmetric C-O-C stretching at 1167cm-1 and (C-O and C-C) stretching in 

the crystalline phase in 1294cm-1 showed higher intensities when in the parallel polarization. 

Differences in IR absorbance intensities for spectra obtained from two mutually perpendicular 

polarizations clearly highlight the presence of molecular chain orientation within the fibers. To 

characterize molecular orientation quantitatively, dichroic ratio (R) and average molecular 

orientation (f) were determined by Equation 4-4 in Chapter 4.13,16   

 

5-3 Results 

5-3-1 Fiber Morphology 

The presence of the POSS, physically blended in the solution, is expected to influence the 

electrospinning process. For PCL/Amide-POSS system, the influence of take-up velocity on fiber 

morphology and structure was assessed by varying take-up velocity from 315m/min to 1890m/min. 

The composite nanofibers according to SEM micrographs, shown as Figure 5-2 (a–h), were 

demonstrated to be fine nanofibers. Figure 5-3 shows relationship between average diameter and 

take-up velocity of PCL and PCL/Amide-POSS nanofibers. With an increase in take-up velocity, 

diameter of PCL/Amide-POSS composite nanofibers showed a decreasing trend while that of pure 

PCL nanofibers were not influenced by take-up velocity. By comparing PCL nanofibers and 

PCL/Amide-POSS nanofibers collected at low take-up velocity of 315m/min, it could be found that 

the addition of POSS nanoparticles led to thick nanofibers. However, this addition effect turned to 

be unobvious when take-up velocity increased to 1890m/min as the diameters were shown to be 

250nm in both electrospinning systems. Moreover, it is important to underline that the morphology 

of the nanofibers does not change after the addition of POSS nanoparticles, while SEM-EDS analysis 

demonstrates a homogeneous Si distribution on the fiber surface as shown in Figure 5-4(b). These 
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results indicated that the nano-scale POSS particles were well dispersed in the fibers after the rapid 

solvent evaporation process.  

5-3-2 Crystalline orientation  

Figure 5-5 shows the WAXD patterns of PCL and PCL/Amide-POSS nanofibers collected at 

different take-up velocities. Both the composite nanofibers and PCL polymer nanofibers displayed 

(110) and (200) diffraction peaks at 21.3° and 23.7°, respectively.  

The two arc-like diffractions highlighted the presence of orientated crystal planes within the 

nanofibers. It could be found that these crystals were oriented along the fiber axis as the centers of 

both diffraction arcs were perpendicular to the fiber axis14. Moreover, the decrease in arc-length was 

observed with an increase of take-up velocity from 315m/min to 1260m/min in the case of 

PCL/POSS composite nanofibers, which suggested that high take-up velocity led to enhanced 

crystallite orientation. This is quantitatively demonstrated by applying Herman’s orientation function 

(fx) to identify the orientation of the crystal lattice within the nanofibers. The relationship between 

crystalline orientation and take-up velocity is shown in Figure 5-6. At take-up velocity of 315m/min, 

crystalline orientation of PCL and PCL/Amide-POSS were close at the value of 75%. It is noticed 

that an increase in take-up velocity resulted in the increase of crystalline orientation, especially for 

the composite nanofibers with POSS as the crystalline orientation of PCL/Amide-POSS composite 

nanofibers increased from 75% to 82%.  

5-3-3 Crystalline structure 

To understand the variation of crystalline structure during electrospinning with different take-up 

velocities, lattice spacing (d) of the [110] and [200] diffractions, d(110) and d(200), were evaluated 

by the Bragg equation as shown in Figure 5-7. Compact packing of the molecular chains can 

encourage the [110] and [200] reflections of the α-form crystals shift to higher 2θ. That was observed 

as the d-spacing in (110) lattice planes decreased from 0.425nm to 0.42nm with take-up velocity 

increased to 1890m/min. Meanwhile, d-spacing within PCL or PCL/Amide-POSS nanofibers with 

respect to (200) lattice planes were slightly decreased by increasing take-up velocity. This indicated 

that take-up velocity favors the formation of compact internal structure regardless of the presence of 

POSS nanoparticles and the addition of POSS did not impose influence on take-up velocity effect.  

5-3-4 Crystallite size 

Figure 5-8 shows relationship between crystallite size <L>110  for the (110) reflection and take-up 

velocity of PCL nanofibers and POSS/PCL composite nanofibers. As shown, crystallite size of both 

PCL and PCL/POSS nanofibers decreased with an increase in take-up velocity, and no obvious 

difference between crystallite size of PCL and POSS/PCL nanofibers. At high take-up velocity, the 

polymer jet underwent additional stretching force compared with those collected at low take-up 

velocity. The stretching stress extended and aligned more extended PCL molecular chains along the 

fiber axis, which could act as row neclei for subsequent crystallization. The decreased crystallite size 

at high take-up velocity may attributed to the increasing number of nuclei.13 However, <L>110  did 

not show a significant change after an addition of Amide-POSS.  
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5-3-5 Molecular orientation 

Molecular orientation within PCL and PCL/ Amide-POSS nanofibers collected at different take-up 

velocities were examined by PFTIR. Different absorbance intensities were observed between the 

PFTIR spectra obtained with two mutually perpendicular polarizations (Figure 5-9). The bands of 

symmetric C-O-C stretching at 1167cm-1 and (C-O and C-C) stretching in the crystalline phase at 

1294cm-1 was examined due to the large number of C-O-C, C-O and C-C along PCL backbone.  

Average molecular orientation fθ for C-C and C-O stretching bands belonged to PCL polymer chains 

can be found in Figure 5-10. Higher fθ values for the stretching of the amorphous and crystalline C-

C and C-O stretching bands along PCL backbone suggest that they are in polarization to fiber axis. 

As indicated in Figure 5-9 (a), in the case of amorphous part both PCL and PCL/Amide-POSS 

composite nanofibers showed low molecular orientation regardless of an increase in take-up velocity 

and little difference was observed between average molecular orientation of pure PCL and that of 

PCL/Amide-POSS nanofibers. However, molecular orientation in crystalline part shown in Figure 

5-9 (b) turned out to be enhanced with increasing take-up velocity, and the tendency was emphasized 

with the addition of POSS nanoparticles. Moreover, it is found that the composite nanofibers 

incorporated with nanoparticles exhibited high molecular orientation in crystalline part compared 

with pure polymer nanofibers. Hence, it is demonstrated that molecular chain of PCL was oriented 

as a result of high take-up velocity and the presence of POSS nanoparticles simultaneously. 

 

5-4 Conclusion 

In this chapter, Octakis(3-hexylamidopropyl)octasilsesquioxane (Amide-POSS) was incorporated 

into PCL solution and nanofibers based PCL/POSS system were prepared by electrospinning at 

different take-up velocities. The morphology and internal structure of the nanostructured nanofibers 

were studied in terms of crystalline structure and molecular orientation to reveal the effects of take-

up velocity and Amide-POSS addition. The morphological characterization indicated a dispersion of 

POSS at a submicrometer level regardless of take-up velocity and the presence of POSS. Moreover, 

it is demonstrated that an increase in take-up velocity resulted in the increase in crystalline orientation, 

the decrease in crystallite size and the d-spacing and the increase in molecular orientation within 

electrospun PCL nanofibers. Meanwhile, the incorporation of Amide-POSS resulted in fine 

nanofibers with high molecular/crystalline orientation compared with PCL nanofibers especially at 

high take-up velocity. Hence, it is demonstrated that molecular chain and crystalline structure of 

PCL was oriented as a result of high take-up velocity and the presence of POSS nanoparticles 

simultaneously. 
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Figure 5-2 SEM images of PCL and PCL/Amide-POSS nanofibers collected 

at different take-up velocities: (a)PCL nanofibers, 315m/min, (b) PCL 

nanofibers, 630 m/min, (c) PCL nanofibers, 1260 m/min, (d) PCL nanofibers, 

1890 m/min, (e) PCL/Amide-POSS nanofibers, 315 m/min, (f) PCL/Amide-

POSS nanofibers, 630 m/min, (g) PCL/Amide-POSS nanofibers, 1260m/min, 

(h) PCL/Amide-POSS nanofibers, 1890m/min.
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Figure 5-3 Relationship between diameter of (a)PCL and (b)PCL/Amide-POSS 

nanofibers and take-up velocity
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(b)

(a)

Figure 5-4 SEM images and (b) SEM/EDX image showing the distribution of 

silicon in PCL/Made-POSS composite nanofibers collected at 315m/min
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Figure 5-5 WAXD patterns  of PCL and PCL/Amide-POSS nanofibers 

collected at different take-up velocities: (a)PCL nanofibers, 315m/min, (b) 

PCL nanofibers, 630 m/min, (c) PCL nanofibers, 1260 m/min, (d) PCL 

nanofibers, 1890 m/min, (e) PCL/Amide-POSS nanofibers, 315 m/min, (f) 

PCL/Amide-POSS nanofibers, 630 m/min, (g) PCL/Amide-POSS nanofibers, 

1260m/min, (h) PCL/Amide-POSS nanofibers, 1890m/min.
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PCL/Amide-POSS nanofibers as a function of take-up velocity
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Figure 5-8 Crystal size of plane (110) with PCL and PCL/Amide-POSS 

nanofibers as a function of take-up velocity.

3

4

5

6

7

8

9

0 500 1000 1500 2000

Take-up velocity (m/min)

<
L
>

1
1
0

(n
m

)

● PCL
○ PCL/Amide-POSS

140



10001100120013001400

┴

Wavenumber (cm-1)

A
b
s
o
rb

a
n
c
e

Crystalline part

1294 cm-1

Amorphous part

1167 cm-1

Figure 5-9 Polarized FT-IR spectra of macroscopically aligned electrospun 

PCL nanofibers : Electric vector of the incident IR beam perpendicular to the 
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Chapter VI  

Effect of POSS content and chemical structure of PCL/POSS composite 

nanofibers 

6-1  Introduction 

Much attention has been attracted on POSS molecules as molecular-scale equivalents to organically 

modified particles because they are hybrid materials containing rigid inorganic cores modified by a 

huge variety of pendant group functionalities. Over 100 different POSS molecules are commercially 

available with different organic functionalities for matching with desired matrix polymer1. Early 

research showed the modification on the surface of the nanoparticles with an organic moiety to 

closely match the chemical structure of polymer could produce strong interaction with a polymer as 

compatibilization2,3.  Hence, a concern has been come up with how chemical structure of POSS 

influence morphology and internal structure of polymer when incorporated into a kind of polymer.  

Relative energy distance calculations was used as a method to predict the POSS-polymer interactions 

and it has been applied for various POSS−polymer combinations. As reported, thermal and 

mechanical properties of the PET/POSS nanohybrids match with corresponding thermodynamic 

solubility parameters.4  The kind of POSS with higher predicted solubility in nylon exhibited 

enhanced dispersion and mechanical properties at both nano- and bulk scale5. 

For this chapter, the focus is on the structure evolvement of PCL nanofibers with different content 

and type of POSS nanoparticles as a result of interaction during electrospinning. The interaction was 

tailored by varying the content of POSS addition and the chemical structure of POSS to exert effect 

on behavior of polymer chain.  

To present date, few studies have examined the structure development of electrospun nanofibers 

from the viewpoint of interaction between polymer chain and POSS nanoparticles. In addition, to 

modify the internal structure of PCL/POSS nanofibers, the fibers were electrospun with a rotating 

disc collector at different disc take-up velocities. The morphology of nanofibers was characterized 

by scanning electron microscopy (SEM) observation. The lamellar and crystalline structure was 

investigated by small angle X-ray scattering (SAXS) and wide angle X-ray diffraction (WAXD), 

respectively. Lastly, molecular orientation within composite nanofibers was studied by polarized FT-

IR. 
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6-2 Experimental 

6-2-1 Materials 

Octakis(3-hexylamidopropyl)octasilsesquioxane (Amide-POSS) was synthesized as shown in 

Chapter 5.  The other two types of POSS derivatives: Octakis(3-

hydroxypropyldimethylsiloxy)octasilsesquioxane (OHPS) and Octakis(dimethylsilyloxy) cubic 

silsesquioxane (Q8M8) were purchased from Hybrid Plastics Inc. and used as received without any 

further treatment. Figure 6-1 shows the chemical structures of the POSS particles used. 

Poly(caprolactone) (PCL) of average molecular weight 80,000 g/mol was purchased from Sigma-

Aldrich Chemical Co. Inc. Chloroform was purchased from Nature Chemical and used as received.   

6-2-2 Electrospinning 

The homogenous PCL/POSS solutions with different types of POSS were prepared using the 

following procedure to ensure the well dispersion of POSS nanoparticles. The weighted PCL 

polymer (7wt %) was dissolved in chloroform first. The weighted Amide-POSS were added into 

methanol (0.2ml) separately and ultrasonic treated for 2hrs. The transparent POSS-methanol solution 

was added into PCL solution slowly. Then the PCL/Amide-POSS solution was stirred at room 

temperature for 24 hrs and electrospun into nanofibers. Comparably, weighted OHPS and Q8M8 were 

first dissolved in chloroform and mixed with PCL-chloroform solution. The content of POSS 

nanoparticles varied from 0.8phr to 4.8phr. During the electrospinning process, a plastic syringe with 

a needle (27 G, inner diameter of 0.2mm) was used to hold the polymer solutions. A high voltage of 

30 kV was applied by connecting a high-voltage supplier to the needle, while the collector was 

grounded to create a potential difference. The feed rate of the syringe was fixed at 0.05 ml•h-1. A 

disc collector was used to obtain aligned nanofibers in this study. Take-up velocity corresponding to 

the rotation speed of the disc collector was changed up to 1890 m/min. The distance between the tip 

of the needle and collector was 15cm. The electrospun nanofibers were dried in a desiccator for at 

least 24 hours prior to use. PCL/Q8M8 nanofibers were prepared by the same procedure. In addition, 

pure PCL nanofibers with weight percentage of 7wt% were fabricated at the similar procedure.  

 

6-2-3 Characterization 

A field emission scanning electron microscope (FE-SEM, Hitachi S4200), operated at an 

acceleration voltage of 8 kV, was used to observe the morphology of the nanofibers. The average 

fiber diameter was determined by using image analysis (Image J) software. 

Wide angle X-ray diffraction (WAXD) was performed under ambient condition using a Rigaku X-

ray diffractometer (SmartLab and RINT-2100-FSL) with Cu Kα as the X-ray source and operated at 

40 kV and 30 mA. The 2θ scanning angle was between 5-30o by using SmartLab. Two dimensional 

wide angle x-ray diffractometer (2D-WAXD) was used to obtain the diffraction patterns via an 

imaging plate system with the graphite-monochromatized CuKα line as an incident X-ray beam ( 
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=1.5418 Å), at the mentioned voltage and current by using RINT-2100-FSL. For a randomly 

crystalline oriented sample, crystalline orientation is almost equal to 0, while for an anisotropic 

sample with crystalline oriented along the fiber axis, crystalline orientation is equal to 100. In order 

to understand the variation of crystalline structure, lattice spacing (d) of the diffractions, d were 

evaluated by the Bragg equation (Equation 4-1 in Chapter 4). 

Small angle X-ray Scattering (SAXS) was performed in the transmission mode using a Bruke 

Micro7 with pinhole collimation and a fixed anode source. CuKa radiation ( = 1.5418 Å) generated 

at 40 kV and 30 mA was used. A two-dimensional multiwire proportional HI-STAR area detector 

was used to detect the SAXS signals. An exposure time of 10 mins was used for each sample. The 

transmission factors of the samples were determined using glassy carbon as a standard. The data was 

corrected for air scattering by subtracting an empty camera data file (obtained under identical 

experimental conditions) from the SAXS data. After background subtraction, the equatorial and 

meridional scattering data were obtained by integration of the scattering intensities over azimuthal 

angles of 75°-105° and 165°-195° respectively. Long period (L) of the meridian was evaluated by 

the Equation 5-1 in chapter 5.         

Polarized Fourier transform infrared (PFTIR) spectroscopy were obtained using Perkin Elmer 

Spectrum GX in transmission mode, 16 scans were signal-averaged with a resolution of 2 cm-1 at 

room temperature. In the parallel polarization, the direction of the electric vector of the incident beam 

is parallel to the fiber axis while in the perpendicular polarization; the vector is perpendicular to the 

fiber axis. The bands of symmetric C-O-C stretching at 1167cm-1 and (C-O and C-C) stretching in 

the crystalline phase in 1294cm-1 showed higher intensities when in the parallel polarization. 

Differences in IR absorbance intensities for spectra obtained from two mutually perpendicular 

polarizations clearly highlight the presence of molecular chain orientation within the fibers. To 

characterize molecular orientation quantitatively, dichroic ratio (R) and average molecular 

orientation (f) were determined by Equation 4-4 in chapter 4.   

 

6-3 Results 

6-3-1 Effect of Amide-POSS content on structure of PCL/POSS nanofibers 

To study the Amide-POSS concentration effect on morphology and internal structure of composite 

nanofibers, various amounts of Amide-POSS nanoparticles, ranging from 0.8phr, 1.6phr to 3.2phr, 

were incorporated to 7wt% PCL solution. These prepared solutions were then subjected to 

electrospinning with the previous electrospinning conditions except that take-up velocity was fixed 

at 630m/min.   

Figure 6-2 shows SEM images and the average diameter of PCL/Amide-POSS composite nanofibers 

as an effect of various Amide-POSS content. The figure indicates that, as a result of the increasing 

content of POSS nanoparticles, the standard deviation of fiber diameters increased although the 



Chapter VI  Effect of POSS content and chemical structure of PCL/POSS composite nanofibers 

146 
 

average diameter remained constant around 240nm. Hence, change in the average diameter (d) do 

not occur with adding POSS to the starting solution. 

In order to further assess the macromolecular arrangement modifications, wide-angle X-ray 

diffraction studies were performed. The scattering patterns were obtained from bundles of fibers held 

in the same macroscopic alignment as taken from the rotating collector and in all cases the rotation 

direction, and fiber alignment, is vertical on the page. Figure 6-3 shows the effect of Amide-POSS 

content on crystalline orientation of composite nanofibers. The result shows that crystalline 

orientation varied little with POSS content increased from 0.8phr to 3.2phr. As for crystallite size, 

the increase in Amide-POSS content led to composite nanofibers with crystal size around 5.8nm 

(Figure 6-4). Similar result was found in Figure 6-5 in terms of d-spacing as d-spacing of (110) plane 

and (200) plane was around 0.42nm and 0.38nm regardless of the amount of POSS added. The 

insignificant variation in crystalline orientation and d-spacing implies that the increased amount of 

interaction between POSS and polymer had a slight influence on crystalline structure of PCL/Amide-

POSS composite nanofibers.  

Furthermore, average molecular orientation for C-C and C-O stretching bands belonged to PCL as 

an effect of Amide-POSS content can be found in Figure 6-6. It could be indicated that along with 

increasing POSS content, composite nanofibers with high f were electrospun, especially with respect 

to the crystalline vibrational band of 1294cm-1. This suggests that the Amide-POSS contributed to 

high molecular orientation and the influence is more significant with high Amide-POSS contents. 

 

6-3-2 Effect of Q8M8 content on structure of PCL/POSS nanofibers 

Meanwhile, Q8M8 nanoparticles were incorporated to 7wt% PCL solution with content of 0.8phr, 

1.6phr, 3.2phr and 4.8phr to study Q8M8 content effect on structure of PCL/POSS nanofibers. Figure 

6-7 shows SEM image of these PCL/ Q8M8 composite nanofibers. As shown, even QM content 

increased to 4.8phr, POSS aggregation did not appear on the surface on nanofibers. All the 

electrospun nanofibers were uniaxial aligned nanofibers which are characterized by the absence of 

droplets but uniform and defect-free. Conversely, by varying Q8M8 amount, from 0.8phr to 4.8phr 

with respect to PCL, and keeping constant the electrospinning conditions, the nanofibers exhibits a 

decreasing diameter (Figure 6-8).  

In terms of POSS content effect on internal structure, the crystalline structure of these PCL/POSS 

composite nanofibers was examined by WAXD. Figure 6-9 shows the WAXD patterns for 

electrospun nanofibers, based on PCL/ Q8M8 solutions, with different Q8M8 loading. For electrospun 

composite nanofibers, two diffraction arcs indicated that the as-spun PCL/POSS nanofibers 

contained orientated crystal palnes within the nanofibers. Considering these figures, the relationship 

between crystalline orientation and take-up velocity is shown in Figure 6-10. Obviously, high QM 

content led to an increased crystalline orientation from 81% to 85% within composite nanofibers. 
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Meanwhile, in Figure 6-11, the increase in QM content did not alter the d-spacing of (110) plane but 

led to a decrease in d-spacing of (200) plane, which indicating the electrospun composite nanofibers 

with high QM content consist of densely packed aligned crystalline structure.  

Average molecular orientation as an effect of take-up velocity is shown as Figure 6-12. It is obvious 

that high QM content resulted in high average molecular orientation along the fiber axis regardless 

of stretching bands belonged to PCL. Moreover, crystalline part of 1294cm-1 presented high average 

molecular orientation compared with the amorphous part of 1167cm-1. 

 

6-3-3 Effect of chemical structure of POSS on structure of PCL/POSS nanofibers 

To study effect of chemical structure on structure of PCL/POSS nanofibers, three kinds of POSS 

nanoparticles were selected with different terminal group. OHPS with hydroxyl group, Amide-POSS 

with amide group and Q8M8 with alkyl group were blended into electrospinning PCL-chloroform 

solution as the procedural stated above. The POSS content were fixed as 3.2phr with respect to PCL 

content and take-up velocity was set as 1260m/min. The other experimental conditions were the 

same as experimental section. 

i. Fiber Morphology  

SEM micrographs in Figure 6-13 show that morphologies of PCL and PCL composite nanofibers 

with different types of nanoparticles addition. No POSS aggregation was observed according to the 

SEM images as all the fibers showed to be fine nanofibers with smooth fiber surface regardless of 

any kind of POSS incorporated. The average diameters of PCL, PCL/OHPS, PCL/Amide-POSS and 

PCL/Q8M8 nanofibers were 291±69cm, 382±88cm, 286±83cm and 351±70cm, respectively. 

Although the diameters were similar considering standard deviation as shown in Figure 6-13 (e), it 

is shown that the PCL/OHPS and PCL/Amide-POSS exhibited the maximum and minimum fiber 

diameter. 

ii. Crystalline structure 

In general, the crystalline region of a polymer is composed of lamellar stacks where there is 

alternatively stacking of crystalline and amorphous phases (long period)6. Crystalline structure of 

the nanofibers were investigated with SAXS and WAXD. Information of the long-range ordering 

and molecular length-scale were determined from SAXS while crystalline orientation and d-spacing 

were obtained from WAXD.  

Figure 6-14 (a-d) shows the two-dimensional SAXS patterns obtained from composite nanofibers 

with different types of POSS nanoparticles. The SAXS images show two meridional reflections, 

which could be quantitatively analyzed as long period. The small long period L suggests that thinner 

lamellae developed within nanofibers as the crystallization process progresses. Figure 6-14 (e) 

presents the long period of PCL/POSS nanofibers incorporated with different kinds of POSS. The 

size of the lamellar stacks (crystallite size) varied but were around 14nm. It could be noticed that 
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Amide-POSS showed the largest long period, which was around 14.8nm. Compared with that of 

pure PCL nanofibers, the addition of Amide-POSS led to a larger long period while the presence of 

Q8M8 and OHPS resulted in a smaller long period.  

By quantitatively analyzing the diffraction arcs, crystalline orientation was calculated and plotted 

against type of POSS nanoparticles as shown in Figure 6-15. The presence of POSS nanoparticles 

induced the enhancement of crystalline orientation compared with pure PCL nanofibers and among 

these three types of nanoparticles, Q8M8 resulted in the highest crystalline orientation. Meanwhile, 

spacing of the crystal layers in relation to type of POSS is shown as Figure 6-16. It is found that 

composite nanofibers with the addition of POSS nanoparticles exhibited smaller d-spacing except of 

the PCL/Amide-POSS nanofibers. And among the composite nanofibers, d-spacing was decreased 

in the sequence of Amide-POSS, Q8M8 and OHPS.  

Correlating crystalline structure with nanofibers morphology, it is interesting to notice that 

PCL/Amide-POSS nanofibers, the finest nanofibers, exhibited the most packed internal structure 

while the thickest nanofibers, PCL/OHPS nanofibers, showed the least packed internal structure.  

iii. Molecular orientation 

Figure 6-17 shows molecular orientation of POSS composite nanofibers with different types of 

nanoparticles. Considering both amorphous and crystalline band, the average molecular orientation 

increased in the sequence of pure PCL, PCL/OHPS, PCL/Amide-POSS, and PCL/Q8M8. This means 

that the presence of POSS nanoparticles contributed to the orientation of polymer chains along the 

fiber axis. And the most significant effect was observed in the case of Q8M8.     

 

6-4 Discussion  

FTIR, WAXD and SAXS were employed to determine the molecular and structural characteristics 

of PCL with the influence of POSS molecules. The results indicated that the presence of POSS 

nanoparticles contributed to thick nanofibers with high crystalline orientation, packed internal 

structure and high molecular orientation. Moreover, in the case of PCL/Amide-POSS composite 

nanofibers, an increase in concentration of Amide-POSS up to 3.2phr did not induce significant 

change in surface morphology or internal structure. However, the addition of Q8M8, a kind of POSS 

nanoparticles with short alkyl group, resulted in enhancement in molecular orientation of PLA within 

electrospun PCL/ Q8M8 composite nanofibers. At this stage, we cannot provide a conclusive 

statement regarding the interaction mechanism within nanofibers incorporated with various kinds of 

POSS. One explanation could be different degree of interaction between POSS and polymer 

stemming from different chemical structure of POSS. Solubility parameters (δ), in conjunction with 

the Flory-Huggins theory shown in Equation 6-1, have provided guidelines for estimating the 

miscibility and/or solubility of organic materials, such as solvents or polymers7.  

𝛿2 =
∆𝐸

𝑉𝑀
 = 𝛿𝑑

2 + 𝛿𝑝
2 + 𝛿ℎ

2                                                              
 
(Equation 6-1) 
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Here, δ is the total solubility parameter (the Hildebrand solubility parameter), ∆𝐸 is the cohesive 

energy while the subscripts d, p, and h denote the dispersion forces, polar interactions, and hydrogen 

bonding contributions, respectively. The difference in solubility parameters between two materials 

(𝑅𝑎) is given by the Equation 6-2  

(𝑅𝑎)2 = 4(𝛿𝑑1 − 𝛿𝑑2)2 + (𝛿𝑝1 − 𝛿𝑝2)
2

+ (𝛿ℎ1 − 𝛿ℎ2)2  
                      

(Equation 6-2) 

In this study, the subscripts 1 and 2 refer to the POSS nanoparticle and polymer PCL, respectively. 

The smaller value in the 𝑅𝑎 between POSS and PCL, the better the affinity of POSS with the polymer 

PCL.  To simplify the calculation of POSS nanofillers, it is assumed that the inorganic part of POSS, 

siloxane bonding, does not react with the organic material, so the functional organic group in the 

POSS nanofillers determines the solubility parameter. Table 1 lists the calculated solubility 

parameters of PCL, OHPS, Amide-POSS and Q8M8 by using group contribution method5. From 

these calculations, it is evident that Q8M8 has the smallest relative energy difference to PCL 

(𝑅𝑎(Q8M8- PCL) = 9.44 compared with that of Amide-POSS to PCL (𝑅𝑎(Amide-POSS - PCL) 

=10.32) and that of OHPS to PCL (𝑅𝑎(OHPS - PCL) =10.35). The lower solubility parameter for 

Q8M8-PCL compound indicated stronger POSS-PCL interaction between Q8M8 and PCL. The 

stronger interaction facilitated the orientation of PCL polymer chains during electrospinning, which 

finally resulted in high crystalline orientation, more packed internal structure and high molecular 

orientation. 

 

6-5 Conclusion 

The effect of content of POSS and chemical structure of POSS particle on the structure of PCL-based 

composite fibers were investigated. An increase of Amide-POSS content up to 3.2phr did not affect 

the diameter and internal structure of composite nanofibers with certain take-up velocity. This result 

implies that stretching effect on polymer crystallization behavior and orientation within composite 

nanofibers was more obvious compared with effect of POSS content. However, in the case of Q8M8 

POSS nanoparticle, it is found high POSS content up to 4.8phr resulted to densely compact and 

oriented crystalline structure with high molecular orientation. It is proven that chemical structure of 

POSS nanoparticle could also exert influence on internal structure evolvement, especially orientation 

of polymer chain, stemming from degree of interaction between POSS nanoparticle and polymer 

chain during electrospinning. 

 



Chapter VI  Effect of POSS content and chemical structure of PCL/POSS composite nanofibers 

150 
 

6-6 Reference 

1. Milliman, H. W.; Boris, D.; Schiraldi, D. A., Experimental Determination of Hansen Solubility 

Parameters for Select POSS and Polymer Compounds as a Guide to POSS–Polymer Interaction 

Potentials. Macromolecules 2012, 45 (4), 1931-1936. 

2. Joshi, M.; Butola, B. S., Studies on nonisothermal crystallization of HDPE/POSS nanocomposites. 

Polymer 2004, 45 (14), 4953-4968. 

3. Sirin, H.; Kodal, M.; Ozkoc, G., The influence of POSS type on the properties of PLA. Polymer 

Composites 2014, n/a-n/a. 

4. Lim, S.-K.; Hong, E.-P.; Song, Y.-H.; Choi, H.; Chin, I.-J., Poly(ethylene terephthalate) and polyhedral 

oligomeric silsesquioxane nanohybrids and their physical characteristics. J Mater Sci 2010, 45 (21), 

5984-5987. 

5. Misra, R.; Fu, B. X.; Plagge, A.; Morgan, S. E., POSS-nylon 6 nanocomposites: Influence of POSS 

structure on surface and bulk properties. Journal of Polymer Science Part B: Polymer Physics 2009, 47 

(11), 1088-1102. 

6. Wu, J.; Schultz, J. M.; Samon, J. M.; Pangelinan, A. B.; Chuah, H. H., In situ study of structure 

development during continuous hot-drawing of poly(trimethylene terephthalate) fibers by simultaneous 

synchrotron small- and wide-angle X-ray scattering. Polymer 2001, 42 (16), 7161-7170. 

7. Lee, K.; Lim, H. J.; Yang, S. J.; Kim, Y. S.; Park, C. R., Determination of solubility parameters of 

single-walled and double-walled carbon nanotubes using a finite-length model. RSC Advances 2013, 3 

(14), 4814-4820. 



151

Figure 6-1 Chemical structure of (a)PCL, (b) OHPS ,  (c) Amide-POSS and (d) Q8M8
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Figure 6-2 SEM images of PCL/QM nanofibers with different Amide-POSS 

content: (a) 0.8phr, (b) 1.6phr and (c) 3.2 phr. (d)relationship between average 

diameter and Amide-POSS content of electrospun PCL/Amide-POSS 

nanofibers. Take-up velocity is 630m/min.
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Figure 6-3 WAXD patterns of PCL/Amide-POSS nanofibers with different 

POSS content: (a) 0.8phr, (b) 1.6phr and (c) 3.2 phr. (d)relationship between 

crystalline orientation and Amide-POSS content of electrospun PCL/Amide-

POSS nanofibers. Take-up velocity is 630m/min.
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Figure 6-4 Relationship between crystalline orientation and POSS content of 

PCL/Amide-POSS nanofibers
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Figure 6-5 Relationship between d-spacing and Amide-POSS content of 

electrospun PCL/Amide-POSS nanofibers: (a) d-spacing of (110) plane and (b) 

d-spacing of (200) plane
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Figure 6-6 Relationship between average molecular orientation and Amide-POSS 

content of electrospun PCL/Amide-POSS nanofibers, take-up velocity is 630m/min
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Figure 6-7 SEM images of PCL/QM nanofibers with different Amide-POSS 

content: (a) 0.8phr, (b) 1.6phr and (c) 3.2 phr and (d) 4.8phr of electrospun 

PCL/Q8M8 nanofibers. Take-up velocity is 630m/min.
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Figure 6-8 Relationship between diameter and POSS content of PCL/Q8M8

nanofibers. Take-up velocity is 630m/min.
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Figure 6-9 WAXD patterns of PCL/Amide-POSS nanofibers with different 

POSS content: (a) 0.8phr, (b) 1.6phr, (c) 3.2 phr and (d) 4.8phr of electrospun 

PCL/Q8M8 nanofibers. Take-up velocity is 630m/min.
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Figure 6-10 Relationship between crystalline orientation and POSS content of 

PCL/Q8M8 nanofibers. Take-up velocity is 630m/min.
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Figure 6-11 Relationship between d-spacing and Q8M8 content of electrospun 

PCL/ Q8M8 nanofibers: (a) d-spacing of (110) plane and (b) d-spacing of (200) 

plane
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Figure 6-12 Relationship between average molecular orientation and Amide-

POSS content of electrospun PCL/ Q8M8 nanofibers. Take-up velocity is 

630m/min

-0.3

-0.1

0.1

0.3

0.5

0.7

0.9

0 1 2 3 4 5 6

● 1167cm-1

○ 1294cm-1

POSS content (phr)

A
v
e

ra
g

e
 m

o
le

c
u

la
r 

o
ri
e

n
ta

ti
o

n

162



0

100

200

300

400

500

600

Blank OHPS Amide-POSS Q8M8

D
ia

m
e

te
r 

(n
m

)

Type of POSS

(a) blank (b) OHPS

(c) Amide-POSS (d) Q8M8

(e)

Q8M8

Figure 6-13 SEM images of composite nanofibers with different types of 

POSS nanoparticles: (a) blank or pure PCL nanofibers, (b) OHPS, (c) Amide-

POSS and (d) Q8M8 . (e) Diameter of PCL/POSS nanofibers with various 

types of POSS.
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Figure 6-14 Small-angle X-ray images of composite nanofibers with 

different types of POSS nanoparticles: (a) blank or pure PCL nanofibers, (b) 
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Figure 6-15 Crystalline orientation of PCL/POSS nanofibers with different 

types of POSS
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Figure 6-16 (a) d-spacing of (110) plane and (b) d-spacing of (200) plane of 

PCL/POSS nanofibers with different types of POSS nanoparticles
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Figure 6-17 Average molecular orientation of PCL/POSS nanofibers 

incorporated with different types of POSS: (a) 1163cm-1, (b)1294cm-1
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Chapter VII 

 General conclusions 

 

This research investigated morphology, structure and mechanical properties of polymer and 

composite nanofibers by using electrospinning as main effects of type of spinneret and the addition 

of nanoparticles. As for polymer nanofibers, fine PVDF nanofibers and porous PLA nanofibers were 

electrospun by nozzle and channel spinnerets and collected at various take-up velocities up to 

1890m/min. In the case of composite nanofibers, composite nanofibers were fabricated with different 

type of nanoparticles, nanoparticles content and at different take-up velocities. Morphology and 

nano-structure were characterized by using scanning electron microscope (SEM), wide angle x-ray 

diffraction (WAXD), small angle x-ray scattering (SAXS) and polarized fourier transform infrared 

spectroscopy (PFTIR). In addition, nano-tensile tests were conducted on single nanofibers in order 

to determine the relationship between morphology, structure and mechanical properties of nanofibers.   

In Chapter 2, effect of spinneret type on structure of electrospun fine PVDF nanofibers were 

investigated along with the effect of take-up velocity and solution parameters. It is found that an 

increase in TBAC addition resulted in more packed internal structure with high β-phase as a result 

of electrical conductivity. However, high take-up velocity did not lead to significant influence on 

PVDF internal structure in terms of β-phase as well as d-spacing. It suggested that electrostatic 

drawing acted more effectively rather than practicable mechanically drawing in the electrospinning 

system with TBAC addition. Moreover, the TBAC content effect was more obvious in solution with 

high viscosity and the difference in β-phase content between nozzle and channel spinnerets was 

gradually reduced with increasing TBAC content, regardless of take-up velocity. It might be related 

to viscoelastic and electrostatic force when polymer jet was travelling from top of spinneret to the 

collector. Therefore, it is demonstrated that electrospinning parameters, conductivity and spinneret 

system, could affect the effectiveness of mechanical stretching induced by take-up velocity on 

internal structure of electrospun nanofibers. 
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In Chapter 3, effect of spinneret type on porous morphology formation of PLA nanofibers was 

investigated. It is found that porous morphology control of PLA nanofibers could be realized by 

tailoring type of spinneret, polymer molecular weight, and take-up velocity. High take-up velocity, 

1890m/min, led to smoother fiber surface, whereas high molecular mobility of low crystallization 

ability PLA resulted in more porous nanofibers. By comparing nanofibers spun by different 

spinnerets, it is found that channel spinneret led to finer and highly dense pores on the surface of 

PLA nanofibers and it presented a synergistic effect with polymer chain mobility effect but 

antagonistic effect with take-up velocity effect on surface porosity of PLA nanofibers.  

In chapter 4, mechanical properties of porous PLA nanofibers were investigated as a relationship 

between morphology and internal structure. Nano-tensile test was conducted with porous nanofibers 

with different internal structure and porous morphology. The structure-property relationship was 

studied by using H-PLA as the increase in tensile modulus, tensile strength as well as strain at break 

of nanofibers collected at high take-up velocity could be attributed to the highly packed crystalline 

structure within nanofibers induced by large stretching force. Comparably, correlating to 

morphology development of porous PLA nanofibers in chapter 3, the ductile mechanical deformation 

behavior shown in tensile test could be ascribed to the dense pores. Therefore, the mechanical 

properties of porous nanofibers could be manipulated through morphology and structure control 

during electrospinning for further application. 

Chapter 5 investigated morphology and internal structure of PCL and Amide-POSS/PCL nanofibers 

collected at different take-up velocities in terms of crystalline structure and molecular orientation to 

reveal the effects of take-up velocity and Amide-POSS addition. It is demonstrated that an increase 

in take-up velocity resulted in the increase in crystalline orientation, the decrease in crystallite size 

and the d-spacing and the increase in molecular orientation within electrospun PCL nanofibers. 

Moreover, the molecular/crystalline orientation was enhanced with the incorporation of Amide-

POSS especially at high take-up velocity. Hence, it demonstrated a synergistic effect of high take-

up velocity and the presence of POSS nanoparticles on structure of PCL composite nanofibers in 

terms of molecular and crystalline orientation. 
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In chapter 6, the effect of content of POSS and chemical structure of POSS particle on the structure 

of PCL-based composite fibers were investigated. An increase of Amide-POSS content up to 3.2phr 

did not affect the diameter and internal structure of composite nanofibers with certain take-up 

velocity. This result implies that stretching effect on polymer crystallization behavior and orientation 

within composite nanofibers was more dominant compared with effect of POSS content. However, 

in the case of Q8M8 POSS nanoparticle, it is found high POSS content up to 4.8phr resulted to densely 

compact and oriented crystalline structure with high molecular orientation. It is proven that chemical 

structure of POSS nanoparticle could also exert influence on internal structure evolvement, 

especially in terms of orientation of polymer chain, stemming from degree of interaction between 

POSS nanoparticle and polymer chain during electrospinning. 

This thesis contributes to better understanding on the mechanism behind the structure evolvement of 

nanofibers and composite nanofibers during electrospinning, and to identify determining parameters 

that can be used to tailor their mechanical performance through morphology and structure control. 

Morphology and internal structure of electrospun polymer nanofibers and composite nanofibers 

could be manipulated by using novel channel spinneret, incorporating nanoparticles as well as 

varying take-up velocity. Moreover, morphology-mechanical and structure-properties relationship 

was revealed in case of porous nanofibers. Based on these fundamental investigation, structure 

evolvement of nanofibers during electrospinning is expected to be contributed to the development 

of polymer processing. In addition, the properties manipulation of polymer nanofibers were further 

understood for potential applications.  
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