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Bacterially produced poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] 

(PHBHx) is a new type of bioplastic which not only inherits the excellent 

biodegradability and biocompatibility of its parent homopolymer, 

polyhydroxybutyrate (PHB), but also overcomes PHB’s brittleness and stiffness with 

the incorporation of 3-hydroxyhexanoate (Hx) comonomer units with medium-chain-

length (mcl) side chains. The tough and ductile PHBHx, with a much lower 

crystallinity and melting temperature, is well-suited for many practical applications. 

Efforts have been made to broaden the application range of PHBHx by introducing the 

beta-form crystalline structure, where the molecular chains adopt a planar zig-zag 

conformation. However, it is extremely difficult to produce this beta-form in PHBHx 

due to its much lower crystallinity and much more flexible molecular chains. In this 

study, we report an approach using the technique of electrospinning.  

The strain-induced metastable β-form crystalline structure was successfully 

introduced in PHBHx by collecting the macroscopically aligned electrospun PHBHx 

nanofibers across the air gap on a piece of aluminum foil and on the tapered edge of a 

high-speed rotary disk. The presence of the β-form crystal structure in electrospun 

fiber mats was confirmed by wide-angle X-ray diffraction (WAXD) and Fourier 

transform infrared spectroscopy (FTIR), with molecular orientation of the polymer 

chains along the fiber axis revealed by polarized FTIR.  

Selected area electron diffraction (SAED) and AFM-IR were utilized to 

investigate the morphological and structural details of individual PHBHx nanofibers. 

ABSTRACT 



 xvi 

The results demonstrated a coexistence of the thermodynamically stable α-form 

crystalline structure, where molecular chains adopt a left-handed 21 helical 

conformation, and the β-form in single fibers. The molecular orientation level and the 

relative amounts of the two crystalline polymorphs were found to be highly dependent 

on fiber collection methods and fiber diameter. Moreover, the α and β-form were 

revealed to be spatially distributed as a core-shell structure consisting of an α-form-

rich core and a β-form-rich shell, with the thickness of the shell remaining constant 

despite the variation of fiber diameter. According to these observations, a possible 

mechanism for the generation of the β-form was proposed.  

The effects of electrospinning parameters on the formation of the beta-form 

were systematically investigated. The results indicated that more β-crystals can be 

produced when 1) a higher fiber take-up is used, so that the polymer chains are further 

stretched before fiber solidification; 2) an optimal solution concentration is chosen, so 

that a balance between polymer chain deformation and relaxation is maintained 

throughout the whole electrospinning process; and 3) a more volatile solvent is used, 

so that more planar zig-zag chains are kinetically frozen in the fibers without being 

converted to the helical conformation as the fibers solidify. These experimental results 

indicate that the β-content in PHBHx nanofibers can be easily regulated by modifying 

the electrospinning conditions.  

Finally, the influence of the presence of the β-form on the piezoelectric 

response of the electrospun PHBHx nanofibers was studied. It was observed that the 

fibers containing the β-form exhibited an obvious piezoelectric response to the applied 

pressure, possibly due to the planar zig-zag conformation of the chains which gives 

rise to a significant dipole moment change when subjected to mechanical deformation. 
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In addition, the sensitivity of the piezoelectric PHBHx nanofibers to mechanical 

pressure was measured to be 7.46 mV/kPa. These preliminary investigations indicate 

that the piezoelectric performance of PHBHx can be largely improved by increasing 

the concentration of the piezoelectric-active β-form crystalline structure. The 

piezoelectric PHBHx distinguishes itself from all the other piezoelectric polymers 

with its excellent biodegradability and biocompatibility, environmental-friendliness 

and most importantly, low manufacturing cost. It is a promising piezoelectric polymer 

which can be applied in advanced areas including portable/foldable electronic devices, 

artificial electronic skins and implantable sensors. 

 



 1 

INTRODUCTION 

1.1 Poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHx)  

Polyhydroxyalkanoates (PHAs) are a class of biodegradable and biocompatible 

aliphatic polyesters that can be synthesized by a variety of bacteria as intracellular 

carbon and energy storage materials, and they are the only bioplastics completely 

synthesized by microorganisms1. Up until now, more than 150 different PHA 

monomers have been reported, with some common ones shown in Figure 1.1. These 

monomers compose a wide variety of PHAs with rich properties depending on their 

structures, allowing a broad application of PHAs. These applications include 

environmentally friendly biodegradable plastics for packaging, fibers, biodegradable 

and biocompatible implants, and controlled drug release carriers1. Besides the 

polymers, PHA monomers and oligomers can also be useful in developing biofuels, 

drugs and animal nutrition supplements.1 Therefore, microbial PHAs have formed an 

industrial value chain and attracted worldwide attention.  

Chapter 1 



 2 

 

1.1 Common PHA monomer structures. Short-chain-length monomers: 3-

hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV). Medium-chain-length 

monomers: 3-hydroxyhexanoate (3Hx), 3-hydroxyoctanoate (3HO), 3-

hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDD) This figure is 

reproduced from Chen et al.1, copyright (2010), by permission of 

Springer. 

Among all the PHAs, Poly ([R]-3-hydroxybutyrate) (PHB) homopolymer is 

the most extensively studied polymer due to its excellent biodegradability and 

biocompatibility. However, because of the near perfect stereo-regularity of the 

isotactic chain configuration generated by the bio-catalyzed polymerization process2,3, 

the bacterially produced PHB has very high crystallinity (>60%). This results in a 

rigid and brittle material with poor mechanical properties. The melting temperature 

(Tm) of PHB is also high (ca. 180°C),2 which is very close to its thermal 

decomposition temperature. This thermal instability makes it even harder to process 

PHB using melt processing equipment used for conventional plastics. As a result, the 

application range of PHB is significantly limited. Effort has been made to regulate the 

crystallinity and Tm of PHB by copolymerizing 3HBs with other PHA monomers with 

slightly longer side chains, such as 3HV. The resultant polymer, Poly([R]-3-



 3 

hydroxybutyrate-co-[R]-3-hydroxyvalerate (PHBV) was once considered a successful 

biopolymer and was first commercialized by Imperial Chemical Industries (ICI) in 

1983 under the trade name Biopol. However, it later turned out that the 3HB and 

3HV units are isodimorphous4, meaning that the 3HV units can be easily incorporated 

into the crystal lattice of PHB without the anticipated disruption of crystallinity. As a 

result, the characteristics of PHBV are not largely improved in comparison to PHB. 

In order to further enhance the processing properties of PHB, a small amount 

of hydroxyalkanoic acid monomer with a side chain consisting of at least 3 carbon 

atoms, such as 3-hydroxyhexanoate (3Hx), was randomly copolymerized with 3HBs 

to avoid the isodimorphism. The chemical structure of the resultant random 

copolymer, Poly([R]-3-hydroxybutyrate-co-[R]-3-hydroxyhexanoate) (PHBHx), is 

depicted in Figure 1.2a. The longer side chains, or short branches in 3Hx units (Figure 

1.2b), act as a molecular defect and disrupt the excessive regularity of the polymer 

chain and consequently lowers the crystallinity and Tm.
5  For example, as the Hx 

content increases from 0mol% to 11.7mol%, the melting point decreases from 180°C 

to 110°C, a temperature well below its thermal decomposition. Meanwhile, the 

crystallinity decreases from 64% to 33%.2 With an increase in the 3Hx fraction, the 

material exhibits high toughness and ductility, as well as convenient thermal 

properties similar to those of linear low density polyethylene (LLDPE)5. The 

incorporation of 3Hx co-monomers efficiently decreases the crystallinity and melting 

temperature of the material, which makes it much easier to process the polymer for 

many practical applications.  
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1.2  Chemical structure (a) and molecular chain model (b) of PHBHx. The 

value of y in (a) is between 2 and 50%. The molecular chain model in (b) 

is reproduced from Noda et al.3, copyright (2005), by permission of 

American Chemical Society.   

In addition to its excellent processing properties, PHBHx also exhibits 

outstanding biodegradability; this material can be completely degraded into water and 

carbon dioxide (CO2) in both aerobic and anaerobic environments.6 It also shows 

robust ambient hydrolytic stability, digestibility in hot alkaline solution, superb 

oxygen and odor barrier performance, excellent surface properties for printing and 

adhesion, and compatibility with many other materials, including degradable polymers 

such as Polylactic acid (PLA).7,8 Recent advances in modern biotechnology and 

fermentation engineering, coupled with efficient purification and compounding 

technology, have made it possible to commercially produce PHBHx at a cost and 

performance competitive with conventional petroleum-based plastics. Therefore, there 

has been active interest in utilizing this bioplastic as a potential sustainable 

replacement for conventional petroleum-based plastics. 
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1.2 Crystal Structures of PHB-based PHAs 

1.2.1 The α-form 

Bacterially produced PHB homopolymer has a high crystallinity due to the 

perfect isotactic configuration of the polymer chains with only the (R)-configuration. 

Under typical conditions such as melt, cold or solution crystallization, bacterial PHB 

would crystalize in the α-form crystal structure. This crystal form is characterized by 

two antiparallel chains in the left-handed 21 helical conformation packed in an 

orthorhombic unit cell with a space group of P212121-D2
4 and lattice parameters of 

a=0.576 nm, b=1.320 nm and c (fiber axis)=0.596 nm9 (Figure 1.3). A typical X-ray 

diffraction pattern of the α-form PHB is shown in Figure 1.4a. Conformational 

analysis based on intramolecular potential energy calculations indicated that the esters 

of the antiparallel chains are nearly at the same level and the angle between dipoles is 

about 60°, which suggests that dipole-dipole interactions are the main factor 

controlling the molecular chain packing.10  

In α-crystals of PHB, the predominant chain folding occurs along the 

crystallographic a-axis, i.e. along the <100> direction with existing successive folds in 

the <110> and <1-10> directions, and the folded chains are packed along the b-axis by 

weak van der Waals forces.11–13 The polymer chains in the α-crystals of PHB adopts a 

helical conformation due to the formation of hydrogen bonding between the CH3 

group of one helix and the C=O group of adjacent helix, unlike PP for which the 

driving force is unfavorable methyl/methyl (van der Waals) interactions.14,15 Sato et al. 

observed that this C-H…O=C hydrogen bond exists along the a-axis of the crystal 

lattice rather than the b-axis.16–20 Unlike proteins, this bipolar interaction between 
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continuous anti-parallel helical chains, stabilized by the ester moieties, removes the 

need for intra-helix hydrogen bonds to stabilize the helix.21  

 

1.3 Projection of the α-form crystal structure of bacterially produced isotactic 

PHB. This figure is reproduced from Yokouchi et al.9, copyright (1973), 

by permission of Elsevier Science Ltd. 
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1.4 2D wide-angle X-ray diffraction (WAXD) of ultrahigh-molecular-weight 

PHB stretched films, and two types of molecular chain conformations, 21 

helix (α-form) and planar zigzag (β-form). (a) hot-drawn PHB film with 

only the α-form crystal structure and (b) two-step drawn and annealed 

PHB film with both the α and the β-form crystal structure. 2D WAXD 

patterns in (a) and (b) are reproduced from Iwata et al.22, copyright 

(2005), by permission of American Chemical Society. 



 8 

1.2.2 The β-form 

The β-form crystal structure of PHB (or PHBV) is recognized as a strain-

induced paracrystalline structure of highly extended chains. In the β-form, the polymer 

chains adopt a twisted planar zig-zag conformation, which is a nearly fully extended 

chain conformation. The unit cell is also orthorhombic with lattice parameters of a= 

0.528 nm, b= 0.920 nm and c (fiber period)= 0.470 nm23. It was first observed in hot-

drawn PHB thin film9, and later was found in uniaxially stretched cold-drawn PHBV 

film24. Over the following ten years, the metastable β-form has been successfully 

generated in thin films25,26,22,27 or melt-spun fibers28–35 of PHB and PHBV under 

different post-processing conditions, where the films or fibers were highly stretched, 

although the draw ratios may vary. It is reported that the β-form remained relatively 

unchanged for months at room temperature25,30, suggesting that this crystal structure 

does not undergo secondary crystallization. Figure 1.4b shows the wide angle X-ray 

diffraction (WAXD) pattern of a stretched PHB film containing β-crystals. Compared 

to the diffraction pattern of the α-form in Figure 1.4a, this diffraction pattern exhibits a 

pair of new reflections on the equator, which were assigned to the β-form. Based on 

the new equatorial reflections, Yokouchi et al.9 speculated that the β-form is a kind of 

paracrystalline structure in which the polymer chains are arranged regularly in the 

lateral direction, but irregularly along the fiber axis. The observed fiber period (0.47 

nm) is very close to that calculated for fully extended chains (0.474nm), but much 

longer than the fiber period of the α-form (0.298 nm). Accordingly, it was considered 

that the β-form has a nearly planar zig-zag conformation. Marchessault et al.24 later 

argued that the β-form is likely to have a hexagonal unit cell rather than an 

orthorhombic one, because only one pair of new equatorial reflections was observed. 

According to the conformational analysis based on energy minimization of a single 
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molecular chain, they proposed a refined molecular model for the β-form PHB. 

Because it is difficult to obtain pure β-form PHB sample, the detailed structure of the 

β-form crystal structure is still unclear.   

1.3 Generation Mechanism of the β-form 

For strain-induced polymorphic crystallization, the formation of a new 

crystalline polymorph is usually via crystalline phase transformation. However, the 

formation of the β-form crystalline structure in PHB or PHBV is different. 

Marchessault and co-workers24 observed that the β-form was formed in cold-drawn 

unoriented PHBV films, indicating that the generation of the β-form does not require 

prior alignment of the α-form crystals. Accordingly, they proposed that the β-form 

originates from the amorphous regions between α-crystals rather than a transformation 

from the α-phase. The XRD results of hot-drawn melt-spun PHB fibers36 and two-

step-drawn UHMW-PHB films25,26 also suggest that the β-form is predominantly 

generated from the orientation of free chains between the α-crystal lamellas. 

Furthermore, Yamane and co-workers29 reported that the β-form can be formed in 

amorphous PHB fibers drawn at a temperature just above Tg, indicating that the β-

form actually emanates from the completely free amorphous chains.  

Iwata et al.22 investigated the structural changes of hot-drawn ultrahigh-

molecular-weight PHB (UHMW-PHB) films during a subsequent two-step-drawing 

process using the time-resolved synchrotron wide- and small-angle X-ray scattering 

(WAXD and SAXS) measurements, together with the measurement of the stress–

strain curve. The proposed mechanism for the generation of the β-form is shown 

schematically in Figure 1.5. Initially, the hot-drawn films only contain α-form crystal 

structure. The α-crystals in the hot-drawn film have a shish-kebab structure consisting 
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of fibril-like crystals (shish) and lamellae crystals (kebabs) (Figure 1.5a). In the two-

step-drawing process, the shish-kebab structure remained consistent until the yield 

point of the stress-strain curve. At the yield point, the long period increased suddenly 

as indicated by the SAXS data. This increase of the long period is primarily resulted 

from the elongation of the amorphous regions between the lamellar crystals in the 

kebabs. At the yield point, the characteristic β-form reflections appeared, while the 

intensities of the α-form reflections were almost unchanged, indicating that the α-

crystalline lamellas were not deformed.  After the yield point, both the elongation to 

break and the intensity of the β-form reflections increased, suggesting that the tie 

chains in the shish region was highly stretched to form the β-structure. In the 

meantime, the intensity, crystal orientation and crystal size of the α-form decreased, 

indicating crystalline phase transformation from the α-form to β-form (Figure 1.5b). 

At the plateau region of the stress-strain curve, the deformation and slide of lamellar 

crystals occurred. The lamellar crystals deformed by the collision of shish-kebab 

structure and the molecular chains cropped out from deformed lamellar crystals are 

stretched to the planar zigzag conformation (β-form) (Figure 1.5b and 1.5c).22 

According to these experimental results, the authors stated that the β-form originates 

not only from the oriented free chains in the amorphous regions between the α-

crystalline lamellas, but also from the crystalline transformation from α to β-form.22 
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1.5 Schematic illustration of the generation mechanism for the β-form 

crystals in hot-drawn UHMW-PHB films during two-step-drawing at 

room temperature proposed by Iwata et al..22 The shish–kebab structure 

containing only the α-form crystals remained unchanged until the yield 

point (a). At the yield point, some parts of the shish region broke and the 

β-form crystals were formed by elongating the molecular chains in the 

amorphous region between the α-form lamellar crystals (b). After the 

yield point, the α-to-β crystalline phase transition occurs, accompanied 

by the crystal shrinkage along the crystallographic b-axis (c). Reproduced 

from Iwata et al.22, copyright (2005), by permission of American 

Chemical Society. 

Tanaka et al.33 reported a new mechanism for the generation of the β-form in 

one-step-drawn PHBV melt-spun fibers with isothermal crystallization near Tg (Figure 

1.6). The PHBV fibers were first prepared by melt-spinning and then quenched into 

ice-water before drawing. Isothermal crystallization of glassy fibers was performed in 

ice water for 24 hours to prevent rapid crystallization and facilitate the development of 

crystalline nuclei. During the isothermal crystallization near Tg, many small α-

crystallites grow slowly in the amorphous fibers. The β-crystals are generated upon 
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drawing at room temperature by stretching the molecular chains in the constrained 

amorphous region between the α-crystallites, which act as the cross-linking points. 

The α-form lamellar crystals with different thickness are formed from the small 

crystalline nuclei by crystallization during annealing at elevated temperature (60°C). 

This generation mechanism of the β-form is different from those proposed previously 

for the cold-drawn, hot-drawn, and two-step-drawn PHB films or fibers as seen in 

Figure 1.5. 

 

1.6 Generation mechanism of the α and β-form crystal structure in one-step-

drawn P(3HB-co-8mol%-3HV) fibers with isothermal crystallization near 

Tg. Reproduced from Tanaka and co-workers33, copyright (2006), by 

permission of American Chemical Society. 

1.4 Effect of the β-form Crystal Structure on PHA Properties 

Various properties of PHAs can be strongly affected with the generation of the 

β-form. For example, the mechanical properties of PHB/PHBV thin films and fibers 

are largely improved when the β-form is generated.22,25–29,32,33,36,37 As a result, the rigid 

and brittle PHB/PHBV become much stronger and tougher. Moreover, the formation 

of β-form has a large effect on the biodegradability and piezoelectricity of PHB. From 
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the results of Iwata and his colleagues31,38, it is known that the rate of enzymatic 

erosion of the β-form was faster than that of the α-form, indicating that the rate of 

enzymatic degradation can be easily controlled by the molecular conformation despite 

the same chemical structure. Fukada39 et al. observed shear piezoelectricity in oriented 

films of PHB and PHBV. They found that the instantaneous piezoelectric constant in 

the crystalline phase is constant, independent of temperature, while the piezoelectric 

constant in the oriented non-crystalline phase is relaxational and has an opposite sign 

to that in the crystalline phase. Upon increasing the HV content, the piezoelectric 

constant became independent of temperature, indicating that the oriented non-

crystalline phase has disappeared owing to the increased molecular chain mobility of 

due to copolymerization. These observations indicate that we may be able to regulate 

the piezoelectricity of these materials by inducing orientation in the non-crystalline 

region or defects in the crystalline region. 

As stated above, the formation of the β-form crystalline structure would largely 

affect the properties of PHB and its copolymer PHBV. Thus, it is intriguing to 

generate such a structure in PHBHx, which has a similar chemical structure, in order 

to broaden the range of applications. In fact, some efforts were made to achieve this 

goal. For example, Fischer et al.37 prepared uniaxially oriented films of PHBHx by 

utilizing the method stated in ref26. Ding40 et al. followed Tanaka’s “recipe”32 and 

generated strong PHBHx melt-spun fibers. Indeed, the mechanical properties were 

improved and the α-form crystalline domains were more oriented, but there was no 

hint of the appearance of the β-form. Fischer et al.37 speculated that this is due to the 

insufficient stretching of the free chains and tie molecules between the α-crystalline 

domains. The exclusion of the Hx units from the PHB crystals results in a lower 
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crystallinity, which makes it much harder to orient the chains in the amorphous phase 

towards the stretching direction and further extend them to adopt a planar zig-zag 

conformation. As a result, new methods should be used to obtain the β-form crystal 

structure in PHBHx. These methods should be able to a) efficiently facilitate the 

orientation and stretching of the free chains in the amorphous phase to adopt a planar 

zig-zag conformation; b) effectively sustain the near-fully extended state of free chains 

once achieved. Taking these into account, electrospinning seems to be a good choice.   

1.5 Electrospinning 

Electrospinning is an effective and versatile fiber fabrication technique with 

the capability of producing 1-D nanomaterials from a broad class of macromolecular-

based systems41. A variety of electrospun fibers have been successfully fabricated and 

find applications in many areas including tissue engineering, energy storage and 

conversion, sensors and filtration membranes42.  

In a typical electrospinning setup (Figure 1.7), the solution is pumped out of 

the syringe at a constant flow rate from the needle tip, which is connected to a large 

positive voltage. When a sufficiently high voltage is applied, the solution droplet is 

stretched and adopts the shape of a Taylor cone43 at a critical point when the 

electrostatic repulsion overcomes the surface tension of the solution and a stream of 

solution erupts from the surface44. If there are enough chain entanglements in the 

solution, the stream does not break up and thus a straight solution jet is formed. Later, 

the jet rapidly dries and thins due to the extremely fast solvent evaporation and strong 

electrically-driven stretching force in a whipping process caused by the electrostatic 

repulsion initiated at small bends in the fiber.  The bending instability in the whipping 

process causes the random deposition of the nano-scaled fibers on a grounded or 
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negatively charged collector, typically several centimeters away from the needle tip, 

and thus a uniform 2-D non-woven fibrous mesh is formed45.  

 

1.7 Schematic diagram of a typical electrospinning setup. 

Efforts have been made to demonstrate the stretching forces and their effects 

on the polymer chain orientation during the whole electrospinning process.44,46,47 It is 

estimated that the straight jet would experience a draw ratio of around 1000 and strain 

rates ranging from 100 to 1000s-1 44, depending on the conditions. When entering the 

whipping region, the initial strain rate is around 1000s-1 and then reduced gradually 

due to an increase of the solution viscosity as the solvent evaporates. The total draw 

ratio is estimated to be as high as 2500046. It was questioned early on in 
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electrospinning research whether these large draw ratios and strain rates would induce 

orientation at the molecular level. Early researchers, utilizing conventional techniques 

including wide angle X-ray diffraction (WAXD), Fourier Transform Infrared 

spectroscopy (FTIR) and Raman spectroscopy, always found a negligible orientation 

in the electrospun random mats48. However, these results are a convolution of 

microscopic orientation and macroscopic alignment43. In order to eliminate the 

influence of fiber alignment, many modified collectors were designed to collect well-

aligned fibers. Fenessey48 et al were among the first researchers to use a high-speed 

rotary mandrel to collect macroscopically aligned electrospun fibers. They claimed 

that both the molecular orientation and crystallinity of the aligned polyacrylonitrile 

(PAN) fibers increased compared to that of the random mesh. It was hypothesized that 

the increased orientation was mainly induced by the additional stretching the fibers 

experienced when reaching the rotary mandrel, which was supported by the parallel 

reduction of the fiber diameter. In 2003, Li49 et al reported that they successfully 

improved the fiber alignment by using two negatively charged metallic plates 

separated by an air gap. Later, Kakade50 et al. actually showed a very high molecular 

orientation in the well-aligned electrospun Poly (ethylene oxide) (PEO) fibers when 

using the “air-gap” collector mentioned above. The authors hypothesized that the high 

level of PEO chain orientation is induced by the orientation of the water (solvent) 

dipoles in the electrical field used for electrospinning, because of the similarity of the 

relaxation time for water and the PEO backbone. The fiber alignment in the air-gap 

occurs due to the hopping back and forth of the nanofibers between the two charged 

plates caused by electrostatic repulsion, which leaves the water molecules and PEO 

chains little time to relax.  
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Another attractive feature of electrospinning is that the resulting nanofibers 

could have a distinct crystallization behavior compared to bulk materials or thin films. 

The strong stretching forces and the extremely rapid solvent evaporation would 

sometimes induce the formation of metastable phases or crystalline polymorphs. 

Kongkhlang51 et al. claimed that the extended chain crystals (ECC) can be easily 

achieved by electrospinning due to the strong elongation forces. Around the same 

time, Yee52 et al. observed that in the electrospun Poly (vinylidene fluoride) (PVDF) 

nanofibers, the metastable β-form with a planar zigzag conformation was formed due 

to the strong stretching forces as well. On the other hand, Stephens53 et al found that it 

is the metastable γ-form with a pleated sheet conformation which is predominant in 

the electrospun Nylon-6 fibers rather than the thermodynamically stable α-form with a 

fully extended planar zig-zag conformation. The authors hypothesized that the 

introduction of the γ-form is due to the strong stretching forces and rapid solvent 

evaporation during the electrospinning process, so that the metastable γ-form chains 

are kinetically locked in the resultant electrospun nanofibers. More importantly, these 

crystal morphologies and molecular orientation can be manipulated by simply 

changing some electrospinning parameters, such as the applied voltage, solvent, 

temperature and collecting method.  

In fact, there have been some reports of the introduction of the metastable β-

form crystal structure in electrospun PHA fibers. For example, the β-form was found 

in the electrospun PHB nanofibers from dilute polymer solution via the conventional 

electrospinning technique54. The author speculated that the β-form structure was 

induced by the electrospinning process where the polymer chains were highly 

stretched and oriented by the electrostatic force and confined in the nanofibers formed 
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by the extremely fast solvent evaporation. Therefore, when the chains folded to 

crystallize, the free chains between lamellas were strongly elongated to form the 

planar zigzag conformation. Later, this metastable β-form was found in the 

macroscopically aligned electrospun PHBV fibers collected using a high-speed rotary 

drum55. Comparing this result with that of the fibers collected with the traditional 

collector of aluminum foil where only the α-form structure was observed, the authors 

hypothesized that the β-form was induced by the additional stretching force offered by 

the rotary drum. This also indicated that the intrinsic stretching forces in the 

electrospinning process were not sufficient to stretch the free chains between the 

lamellar crystals because of the increase of the volume fraction of the amorphous 

phase due to the copolymerization. These research results shed light on the production 

of the β-form crystal structure in PHBHx by electrospinning. Due to the complete 

exclusion of the Hx units from PHB crystal lattice, the crystallinity of PHBHx is 

further reduced compared to PHBV. As a result, even stronger extra stretching forces 

might be needed to fully extend the amorphous chains. Although the existence of the 

β-form in electrospun PHBHx had not yet been reported, electrospinning is still 

considered a promising method to introduce the β-form in PHBHx.   

1.6 Research Motivation and Objectives 

As mentioned above, PHBHx is a new type of bio-based polyester which not 

only inherits the great biodegradability and biocompatibility of its parent 

homopolymer PHB, but also overcomes its brittleness and stiffness with the 

incorporation of the Hx units with a side chain consisting of three carbon atoms. Two 

crystalline polymorphs have been reported in PHB and PHBV- the thermodynamically 

stable α-form consisting of molecular chains with a left-handed 21 helical 
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conformation and the metastable β-form with chains adopting a planar zig-zag 

conformation. The presence of the metastable β-form has a significant influence in 

terms of the mechanical properties, thermal properties, biodegradability as well as 

piezoelectric response. In order to broaden the application range, we ascertained that it 

was important to introduce this β-form crystal structure in PHBHx. However, it is very 

difficult to produce the β-form in PHBHx using traditional polymer processing 

techniques due to its much lower crystallinity and much more flexible molecular 

chains caused by the complete exclusion of the Hx units from the PHB crystal lattice. 

Consequently, up until my involvement in this work, there had been no report of the 

appearance of the β-form in any form of PHBHx, although efforts37,56 have been 

made. Electrospinning is an interesting processing technique that eventually enabled 

us to produce the β-form in the electrospun PHBHx nanofibers because of the 

extremely strong stretching forces and fast solvent evaporation during the 

electrospinning process. In addition, by using modified collectors such as the air-gap 

collector and a rotating collector, extra stretching forces can be imposed on the as-

spun fibers during collection before their solidification. This would further stretch the 

fibers and deform the molecular chains, so that the chances of getting the near-fully 

extended planar zig-zag chains and subsequently obtaining the β-form in PHBHx 

nanofibers was higher.  

The objectives of this project include:  

1. Introducing the metastable β-form crystalline structure in PHBHx by 

electrospinning. Investigating the influence of different collecting 

methods on the molecular chain orientation and crystal structure in the 

PHBHx nanofibers.  
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2. Studying the internal structure of the individual PHBHx nanofiber in 

order to elucidate the mechanisms for the generation of the β-form in 

the fibers. 

3. Regulating the concentration of the β-form structure in the PHBHx 

nanofibers by adjusting proper electrospinning conditions.  

4. Investigating the influence of the formation of the β-crystalline form on 

the external properties of the electrospun PHBHx nanofibers.  

1.7 Dissertation Overview 

This dissertation is divided into 6 chapters. Chapter 1 introduces the 

background, research motivation and research objects of this project. Chapter 2-5 

construct the main body of this dissertation and each chapter has its own introduction, 

experimental, results and discussion and conclusion. Briefly, Chapter 2 describes how 

we managed to produce the β-form crystalline structure in electrospun PHBHx 

nanofibers by collecting the fibers onto an air-gap collector and a rotary disk collector. 

The molecular chain orientation and crystal structure in the PHBHx nanofibers were 

characterized at both the fiber mat scale and the single fiber scale. Chapter 3 describes 

the discovery of a core-shell structure due a heterogeneous spatial distribution of the α 

and β-form crystal structure in individual rotary-disk-aligned PHBHx nanofibers. The 

dependence of the concentration of the two PHBHx crystalline polymorphs as well as 

the molecular orientation level on fiber diameter was also investigated by using the 

SAED and AFM-IR technique. Accordingly, Chapter 4 illustrates how the 

electrospinning parameters, including the rotation speed of the collector, polymer 

concentration and nature of the solvents used could be optimized aiming to produce 

the highest content of the β-form in the resultant PHBHx nanofibers. In Chapter 5, the 
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influence of the appearance of the β-form crystal structure on the piezoelectric 

properties of the PHBHx nanofibers is discussed. Lastly, Chapter 6 summarizes the 

results of my work and discusses future areas that should be pursued.  
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DISCOVERY OF β-FORM CRYSTAL STRUCTURE IN ELECTROSPUN 

PHBHX NANOFIBERS 

2.1 Introduction 

PHBHx is a new type of bio-based polyester that belongs to the 

polyhydroxyalkanoates (PHA) family. Like its parent homopolymer PHB, PHBHx has 

excellent biodegradability and biocompatibility. In addition, with the incorporation of 

Hx units with a longer side chain, the mechanical properties and thermal stability of 

PHBHx are significantly improved compared to PHB and PHBV due to the effective 

decrease of crystallinity and melting temperature. Many properties of PHBHx, 

including chemical, thermal and mechanical properties, can be adjusted by changing 

the comonomer content. 

It has been established that PHB and PHBV can exhibit two crystalline 

polymorphs, the thermodynamically stable α-form consisting of molecular chains 

adopting a left handed 21 helical conformation and the metastable β-form with chains 

adopting a planar zig-zag conformation, depending on processing conditions. The 

generation of the β-form crystal structure has a large effect on various properties of the 

material, including the mechanical properties1–6, biodegradability7,8 and piezoelectric 

response9. It would be interesting to explore the possibility of generating this strain-

induced metastable structure in PHBHx to further broaden the application range.  

Electrospinning is a polymer processing technique that may enable the 

production of the β-form in electrospun PHBHx nanofibers. It is an effective and 

Chapter 2 
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versatile technique that utilizes electrostatic forces to draw the solutions or melts of 

many different macromolecular systems to produce nanofibers (10 nm to 5 μm). 

Electrospinning has two intriguing features: 1) very strong electrically driven 

stretching forces during the electrospinning process; 2) extremely fast solvent 

evaporation. These two features are very useful to us because we can 1) stretch the 

polymer chains to a near-fully extended state to adopt a planar zig-zag conformation; 

2) kinetically lock the planar zig-zag chains in their metastable state in the solidified 

fiber to form the β-structure. In addition, extra stretching forces can also be imposed 

on the as-spun fibers before solidification by using modified collectors including the 

gapped collector and rotary collector.  

In this study using two modified collectors, i.e., an aluminum foil with a 

rectangular air gap and a rotary disk with a tapered edge, we have succeeded in 

obtaining the β-crystalline polymorph in macroscopically aligned electrospun PHBHx 

nanofibers. For fiber mats, the fiber morphology, crystal structure and chain 

conformation were characterized by scanning electron microscopy (SEM), wide angle 

X-ray diffraction (WAXD), and transmission Fourier-transform infrared spectroscopy 

(FTIR). In addition, with the aid of selected area electron diffraction (SAED) and 

AFM-IR, we were able to investigate the structure and orientation within PHBHx 

nanofibers at the single fiber scale. 

2.2 Experimental 

2.2.1 Materials 

 Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHx) with 3.9 mol% Hx 

content (Mw=843,000 g/mol, PDI=2.2) was supplied by the Procter & Gamble 
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Company. The polymer was purified by dissolving in chloroform followed by 

filtration and subsequent precipitation in hexane. The solvent, 1,1,1,3,3,3-hexafluoro-

2-propanol (HFIP), was purchased from Sigma Aldrich and used as received. 

2.2.2 Electrospinning 

A 1 wt% electrospinning solution was prepared by dissolving the purified 

PHBHx into HFIP and stirring at 60 °C overnight to ensure complete dissolution. At 

room temperature, the polymer solution was loaded into a 3 ml BD plastic syringe 

with a 21-gauge stainless steel needle, which was connected to the positive terminal of 

a high-voltage supply held at 10 kV. Two different negatively charged collectors, a 

parallel-electrode collector and a rotary disk collector, were used to collect electrospun 

nanofibers with desired morphologies. For the parallel-electrode collector, a 

rectangular slot was cut in a piece of aluminum foil, leaving the slot as a 35 mm × 10 

mm air gap. For the rotary disk collector, the disk was designed to have a tapered edge 

with half angle of 30˚ in order to create a converging electric field. The angular 

velocity of the rotary disk was set to 3500 RPM, corresponding to a linear velocity of 

1117 m/min at the edge of the disk. The applied voltage between the needle and the 

collectors was 25 kV. The working distance and solution supply rate were 25 cm and 

0.5 ml/h, respectively. All the electrospun mats were dried in vacuum for 24 h to 

remove any residual solvent prior to further investigation. 

2.2.3 Characterization 

2.2.3.1 Fiber mats 

The morphology of the electrospun PHBHx nanofibers was observed using a 

field-emission scanning electron microscope (SEM, JEOL JSM 7400F) at an 
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accelerating voltage of 3.0 kV. Fiber diameters were measured using ImageJ software. 

Wide Angle X-ray Diffraction (WAXD) measurements were carried out under 

ambient conditions using a Rigaku Ultima (IV) instrument operating at 44 kV and 40 

mA with Cu Kα (λ=1.5418 Å) as the X-ray source. Scans were performed in a 2θ 

range of 10–40° at a speed of 1°/min and a sample step of 0.1°. The Fourier transform 

infrared (FTIR) spectra were collected using a Thermo Nicolet NEXUS 670 at room 

temperature in transmission mode. For each sample, 128 scans were signal-averaged at 

4 cm-1 spectral resolution. A ZnSe wire grid polarizer was used to collect the polarized 

FTIR spectra of the fiber mats. As shown in Figure 2.1, two polarized IR beams 

perpendicular to each other were obtained by setting the polarizer at +45° and -45° 

instead of 0° and 90° in order to eliminate instrument polarization coming from the 

beamsplitter. Specifically, the aligned fiber mats were fixed at a position where the 

fiber axis was oriented at an angle of 45° with the horizontal axis, and thus, parallel to 

the +45° polarized IR beam. All the spectra were baseline corrected with the software 

of GRAMS AI (Thermo Scientific). 
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2.1 Schematic diagram of the polarized FTIR beam and the aligned fiber 

samples. 

2.2.3.2 Single fibers 

Selected area electron diffraction (SAED) patterns and bright field images 

were recorded by a transmission electron microscope (TEM, Tecnai G2 12) with a 

low-dose CCD camera at an accelerating voltage of 120 kV. The nanofibers were 

deposited on 300 mesh copper grids coated with lacey carbon film to reduce specimen 

damage. When performing the SAED experiment, the diffractions patterns were 

obtained at a fixed camera length of 2.1 m, and the TEM images were taken at a 

constant magnification of 97,000. A thin layer of gold polycrystals was sputtered on 

each of the copper grid before the deposition of the fibers, which was used to calibrate 

the camera constant and correct any system distortion.  

The high-resolution AFM images and IR spectra of single electrospun fibers 

were acquired with a NanoIR2TM AFM-IR (Anasys Instruments). In order to maintain 

a good contact between the sample and substrate, PHBHx nanofibers were electrospun 

directly on silicon wafer substrates that are transparent in the mid-IR region from 900 
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cm-1 to 3600 cm-1. The NanoIR spectra were collected with a spectral resolution of 2 

cm-1, coaveraging 256 cantilever ringdowns for each data point.      

2.3 Results and Discussion 

2.3.1 Studies on fiber mats  

In recent years, many studies have illustrated the huge impact of the collectors 

on fiber morphologies, macroscopic alignment, and molecular orientation10–14. The 

morphologies of electrospun PHBHx nanofibers collected using different collectors, 

while keeping the other electrospinning parameters the same, were examined with 

SEM, and the images are shown in Figure 2.2. The SEM images clearly show how the 

collectors affect the fiber morphology.  Due to the bending instability in the whipping 

region, the fibers collected on the aluminum foil off the gap are randomized (Al foil 

random fibers, figure 2.2a), while the fibers collected across the air gap (air gap 

aligned fibers, figure 2.2b) and on the tapered edge of the rotary disk (rotary disk 

aligned fibers, figure 2.2c) are well-aligned. Furthermore, the average diameter of the 

aligned fibers (270±20 nm) was much smaller than that of the Al foil random fibers 

(500±30 nm), indicating additional stretching and drawing during formation. It has 

long been accepted that under rotating collection, the electrospun fibers were further 

stretched and aligned towards the roll up direction. However, in the case of the air gap 

aligned fibers, the stretching is caused by the electrostatic attractive forces between the 

positive residual charges on the fibers and the negative charges accumulated on the 

gap edge. These attractive forces, in concert with the repulsive forces between the 

residual charges on the undischarged fibers in the air gap, result in macroscopic 

alignment of the fibers15.  
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2.2 SEM images of electrospun PHBHx fibers collected (a) on the aluminum 

foil off the air gap, (b) across the air gap, and (c) on the rotary disk. 

In this study, the molecular orientation in the fiber mats was characterized by 

polarized Fourier transform infrared spectroscopy (p-FTIR). p-FTIR has been widely 

used to study the molecular orientation and conformational changes of polymer chains 

during electrospinning11,14. For FTIR spectra with the incident infrared beam polarized 

in certain directions, a high absorbance intensity will be measured if the change in 

dipole moment of the vibration has a component along the electric vector of the 

incident beam. Figure 2.3 shows the parallel and perpendicular p-FTIR spectra of the 

Al foil random fibers (Figure 2.3a), air gap aligned fibers (Figure 2.3b) and rotary disk 

aligned fibers (Figure 2.3c). As shown in the figure, the p-FTIR spectra for the aligned 

fibers in two mutually perpendicular directions exhibited a clear difference in 

absorbance intensity, which indicated the presence of molecular orientation of the 

PHBHx polymeric chains. In order to quantify this microscopic orientation, the 

normalized dichroic difference (NDD) of some characteristic peaks were calculated 

using the following equation (assuming uniaxial symmetry), 
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where A|| is the parallel-polarized infrared absorbance intensity and A⊥ is the 

perpendicular-polarized infrared absorbance intensity relative to the macroscopic fiber 

axis. As seen from this equation, the NDD can range from -1/2 to 1 with NDD=0 

when the sample is isotropic. As listed in Table 1, the NDD for the carbonyl stretch 

was calculated as 0.001, -0.134, and -0.100 for the Al foil random fibers, air gap 

aligned fibers and rotary disk aligned fibers, respectively. NDD < 0 indicates that the 

absorbance intensity of C=O is lower when the electric vector of the incident infrared 

beam is parallel to the fiber axis, compared to that when the vector is perpendicular to 

the fiber axis (A|| < A⊥). This result suggested that the carbonyl bond exhibited a 

perpendicular orientation to the fiber axis, and polymer chains were oriented along the 

fiber axis, because the carbonyl bond is approximately perpendicular to the molecular 

backbone as anticipated by its chemical structure. As the NDD of carbonyl bond 

approaches -1/2, the chains are more oriented along the fiber axis. On the other hand, 

NDD>0 for the C-O-C bond along the molecular backbone suggests that the C-O-C 

bonds were oriented approximately parallel to the fiber axis. As the NDD of C-O-C 

bond approaches unity (1.0), the chains are more oriented along the fiber axis. From 

Table 1 we see that the air gap aligned fibers had the lowest NDD (highest absolute 

value) for C=O stretching and the highest NDD for C-O-C stretching, which suggests 

that the air gap aligned fibers had the highest level of chain orientation along the fiber 

axis. Particularly, it is noted that the NDDs of the three bands were always around 0 

for the Al foil random fibers. This result is due to the lack of macroscopic alignment 

of the fibers.  Under these conditions, nothing can be said about the degree of chain 

alignment within the individual fibers. 
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Table 2.1 Normalized dichroic difference (NDD) of different vibrational bands. 

 

Vibration band (cm-1) 
Normalized Dichroic Difference 

Al foil Air-gap Rotary disk 

1725 (C=O stretching) 0.006 -0.134 -0.100 

1128 (symmetric C-O-C stretching) -0.009 0.758 0.453 

1099 (asymmetric C-O-C stretching) 0.009 0.348 0.151 
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2.3 Polarized FTIR spectra of the Al foil random fibers (a), air-gap aligned 

fibers (b), and rotary disk aligned fibers (c). The incident IR beam is 

polarized in two mutually perpendicular directions which are 

perpendicular (red) and parallel (black) to the aligned fiber axis, 

respectively. 

The crystal morphology of electrospun PHBHx nanofibers was examined by 

WAXD and FTIR. Figure 2.4 shows the WAXD profiles of the Al foil random fibers, 

air gap aligned fibers and rotary disk aligned fibers. In all profiles, diffraction peaks 

assigned to the α-form with a 21 helical conformation were observed8,16,17. 

Furthermore, in the WAXD profiles of the air gap aligned fibers and rotary disk 

aligned fibers, a diffraction peak assigned to the β-form with a planar zigzag chain 

conformation was observed at 2θ =19.6° 3,7,8,18. As is apparent, the rotary disk aligned 

fibers had significantly more β-form than the air gap aligned fibers. For display 
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purposes, the intensity of α (020) at 2θ=13.7° in all the profiles was normalized to 

unity. Considering that no β-form was found in the Al foil random fibers, this 

extended chain conformation must be induced by the two modified collection methods 

where macroscopically aligned fibers were obtained since the different collection 

strategies (on an air gap vs. on a rotary disk rotating at 3500 rpm) involve substantially 

different stretching forces on the fiber and a corresponding increase in the amount of 

β-form was found for the latter.  

 

2.4 WAXD profiles of electrospun PHBHx fibers obtained using different 

collectors. 

The introduction of the planar zigzag chain conformation in the fibers collected 

across a gap or on a rotating disk was further confirmed by transmission FT-IR spectra 
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(Figure 2.5). The C=O stretching in PHAs is strongly correlated with the polymer 

backbone conformation11. As seen in Figure 2.5a, the C=O stretching band of the off-

gap random fibers can be resolved into an intense peak at 1725 cm-1 corresponding to 

the crystalline phase, and a weak shoulder at 1746 cm-1 corresponding to the 

amorphous phase. As the amount of the β-form increased, going from random fibers to 

aligned fibers (normalized WAXD result), the peak at 1725 cm-1 became broader and 

shifted to higher frequency, while the shoulder at 1746 cm-1 showed an increase in its 

relative intensity and shifted to lower frequency. In other words, the peak and the 

shoulder gradually approached each other and became more similar in shape as the 

concentration of the β crystalline form increased. In addition, some spectral changes 

also occurred in the fingerprint region. In Figure 2.5b, peaks at 1304, 1080 and 969 

cm-1 developed along with the increase of β-form while peaks at 1277, 1047 and 950 

cm-1 receded into shoulders. Similar observations have been made in other studies19. 

These observations are important because they demonstrate a correlation between the 

presence of the metastable β-structure (confirmed by WAXD) and the changes, 

especially the appearance of new bands, in the vibrational spectra. As a result, those 

peaks mentioned above could be regarded as indicators of the presence of the planar 

zig-zag backbone characteristic of the β crystalline polymorph.  
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2.5 FT-IR spectra of off-gap random fibers, in-gap aligned fibers and rotary 

disk aligned fibers in (a) C=O stretching region and (b) C-O-C stretching 

region. 
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2.3.2 Studies on single fibers 

    

2.6 Bright field TEM images of single electrospun PHBHx nanofibers from 

different collectors (a-c), and their corresponding SAED patterns (a’-c’). 
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Selected area electron diffraction (SAED) via low dose TEM was used to 

examine the crystal structure and orientation at single fiber scale. Figure 2.6 shows the 

bright field images and SAED patterns of individual electrospun PHBHx fibers 

collected on aluminum foil (a, a’), across the air gap (b, b’) and on the tapered edge of 

the rotary disk (c, c’). The fibers from the air gap (5b) and the rotary disk (5c) were 

comparable in size with diameters of 195 nm and 221 nm, respectively, while the fiber 

from the aluminum foil (5a) was two times bigger with a diameter of 495 nm. The 

corresponding SAED patterns of these three fibers showed clear differences from each 

other: Although all three SAED patterns had crystalline reflections characteristic of 

the orthorhombic α-form crystals, the orientation of the crystals changed significantly 

when using different collectors. In this study, the crystalline orientation is quantified 

by the tangential spread of electron diffraction, or the degree of the central angles (ψ) 

of the equatorial α(020) and α(110), meridional α(002) and layer α(111) arc-shaped 

reflections, which are summarized in Table 2. The central angle of the arcs 

corresponds to the angular distribution of the indexed crystallographic planes20,21, so 

smaller ψ indicates higher degree of uniaxial orientation of the crystals. From Table 2, 

it is noted that the fiber from the rotary disk always exhibited the smallest ψ for all 

arcs, suggesting that in this single fiber, the α-form crystals had the highest degree of 

orientation among the three samples, and the polymeric chains in the crystals were 

highly oriented along the fiber axis. The crystalline reflection of the β-form crystals 

appeared in fibers from the two modified collectors where a pair of new equatorial 

arcs were observed in both 4b’ and 4c’, which are assigned to the β-form crystal plane. 

Since the β-form crystal structure is a strain-induced paracrystalline structure, this 

observation indicates that the two modified collectors indeed introduced extra 
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stretching forces on the fibers that are strong enough to stretch the polymer chains to 

an essentially fully extended condition. It is also noted that the β-form arcs always had 

a small central angle of 8° (Table 2), suggesting a high orientation of the molecular 

chains in the β-crystals along the fiber axis under different collection conditions.  

For each of the three SAED patterns, the intensity profile along the equatorial 

line was plotted against the scattering vector (1/d, reciprocal of space distance), and 

the profiles obtained are shown in Table 2. In order to eliminate the influence of non-

structure-related factors, such as electron beam conditions and photo recording 

conditions, the background gray values for all three SAED patterns were equalized 

before analysis. The baseline was corrected by fitting the background for each of the 

profiles. The following observations were made from these intensity profiles: First, 

from left to right, the intensities of the α(020) and α(110) peaks both decreased while 

the intensity of the β  peak increased, indicating a decrease in the α-crystal structure 

content and a correlated increase in the β-crystal structure content. These observations 

indicate that the stretching forces from the insulated gap, which are caused by the 

electrostatic attraction between the positively charged fibers and the negatively 

charged gap edges and the electrostatic repulsion between the residual positive charges 

on each fiber, are significantly weaker than those from the rotary disk. In addition, the 

correlated increase of the β-crystal content along with the decrease of the α-crystal 

content suggests that the formation of the β-form crystal structure is initiated by the 

stretching forces from the two modified collectors, and the α and β-form crystal 

structures were formed simultaneously from amorphous and mobile polymer chains by 

two competing crystallization processes during collection. It is noted that this 

formation mechanism of the β-form crystal structure is different from those proposed 
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by Iwata and Ishii in which the β-crystals are formed after the α-crystals. Second, the 

full-width at half-maximum (FWHM) of the two α-peaks increased, indicating a 

decrease in the effective crystal size according to the Scherrer equation22. However, 

the FWHM of the β-peak in the last two profiles were similar, suggesting that the 

effective size of β-crystals remains the same when experiencing different stretching 

forces. The decrease of the effective sizes of the α-crystals may be due to faster 

solvent evaporation and thus more rapid solidification when using the modified 

collectors. As a result, the polymer chains were locked up at the initial state of 

crystallization. In short, the extra stretching forces provided by the modified collectors 

during the collection process would initiate the formation of the β-crystalline structure 

by extending the mobile amorphous chains to a planar zig-zag conformation, which 

competes with the formation of the α-crystalline structure. In addition, these stretching 

forces would enhance the orientation of the α-crystals along the fiber axis and 

decrease their effective sizes. However, the influence of the stretching forces on the 

orientation degree and sizes of the β-crystals is limited.  

When the SAED patterns in 5b’ and 5c’ were carefully examined, we found 

that for each indexed α-crystal plane listed in Table 2, there was always a 

superposition of two arcs with different widths in the azimuthal direction, especially in 

5b’ (see schematics in Table 2). One arc had a larger central angle but was narrower, 

and the other one had a smaller central angle but was broader, indicating that there 

were two sets of α-crystals differing in orientation degree and crystal size. It was also 

observed that the narrower arc became much smaller as the stretching forces increased 

from 5a’ to 5c’ while the broader arc was only slightly smaller, indicating that the 

stretching had different influences on the orientation of the two sets of α-crystals. 
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Another interesting observation was the appearance of a large α (001) layer line across 

the meridian in 5b’ while two pairs of distinct α (011) arc reflections were observed in 

5c’. These results indicate a change in the packing states of the molecular chains in the 

α-form crystal structure along the fiber axis.  

To summarize, the results from the SAED experiments on single fibers 

confirm a significant influence of the collection methods on the crystal structure and 

orientation level of the crystals, which is consistent with the conclusions drawn from 

the investigations on fiber bundles. Furthermore, the SAED results also demonstrated 

that substantial polymer chain orientation does occur even in randomly collected fibers 

on aluminum foil, something that could not be previously determined in fiber bundle 

studies23. These results further indicate that stretching forces during the 

electrospinning process are large enough to partially orient the chains, but are not 

large enough to extend the chains to a planar zig-zag conformation, which requires 

extra stretching forces during collection. In addition, in the SAED experiments, the 

rotary disk aligned fibers were observed to have the highest level of chain orientation.  

This contrasts with the results obtained from polarized FT-IR experiments where the 

bundle of air-gap aligned fibers apparently show the highest level of chain orientation 

among all three samples. This discrepancy may be due to the misalignment and 

size/morphology nonuniformity (beads) of the rotary disk aligned fibers in the bundle 

which would cause averaging of the polarized FT-IR signals over fiber bundles. As a 

result, investigation of individual polymer nanofibers becomes increasingly more 

important. 
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Table 2.2 Schematic of the SAED patterns of single fibers collected with different 

methods and central angles of the arc reflections of the indexed 

crystalline planes.  

a the intensities of the reflections are represented by the gray scale 

As stated above, SAED is a powerful technique for the investigation of single 

electrospun nanofibers. However, SAED experiments are sometimes difficult and 

time-consuming23.  To complement these results, we have used a novel technique, 

AFM-IR, which allows direct investigation of both the crystalline and amorphous 

phases of ultrafine electrospun fibers at the single fiber scale. AFM-IR is a technique 

combining Atomic Force Microscopy (AFM) and Infrared Spectroscopy (IR) for 
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nanoscale characterization.  It provides IR spectra and AFM images simultaneously of 

sub-100 nm features. The source is a tunable IR laser whose wavelength can be swept 

through the infrared “fingerprint” region in less than 1 minute. If one of the 

wavelengths is absorbed by the sample, then thermal expansion of the sample occurs 

on the ns time scale, which causes a modulation of the oscillating AFM cantilever. 

This creates a “ringdown” at that particular frequency which decays as the heat 

dissipates. The positive amplitude of the oscillation represents the IR band intensity 

and hence as the frequency is tuned through the IR region (900 cm-1 – 3600 cm-1), an 

IR spectrum is obtained at a spatial resolution of 50 - 100 nm. More details of this 

instrumentation are reported elsewhere24. 
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2.7 AFM images of single electrospun PHBHx fibers collected on (a) 

aluminum foil (473 nm) and (b) the tapered edge of a rotary disk  (324 

nm); (c) IR spectra of fibers shown in (a) and (b). The red dots on the two 

individual fibers indicate the position of the AFM tip. 

In order to test the feasibility of this technique, the IR spectra of a single fiber 

from the Al foil collector and a single rotary disk fiber were collected and compared 
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with the transmission FT-IR spectra of their corresponding fiber mats (Figure 2.4, 

spectra in black and blue).  Figure 2.7(a) and 2.7(b) are the AFM images of the two 

fibers with diameters of 473 nm and 324 nm, respectively.  The IR spectra of these 

two single fibers are displayed in Figure 2.7(c).  As shown in the figure, the spectrum 

of the fiber collected on Al foil could be resolved into two features, an intense peak at 

1725 cm-1 and a weak shoulder at 1746 cm-1, corresponding to the α crystalline phase 

and the amorphous phase, respectively. However, in the spectrum of the fiber 

collected on a rotary disk, two distinct peaks at 1728 cm-1 and 1740 cm-1 were 

observed, which were assigned, respectively, to the more ordered α crystalline phase 

and the β crystalline phase. These NanoIR spectra are in good agreement with the 

traditional FT-IR spectra in terms of peak/shoulder position and relative intensity. 

However, it is noted that the peaks in the nanoIR spectra are more highly resolved, 

compared to the corresponding FT-IR spectra which are broadened and smeared due 

to averaging over a distribution of slightly misaligned fibers.  

2.3.3 Generation mechanism of the β-form crystal structure 

The generation of the β-form crystal structure could have a significant 

influence on various properties of the material. So far, this strain-induced metastable 

crystalline structure has been reported in highly crystalized materials of PHB and 

PHBV processed in different ways, including hot/cold drawn films, two-step-drawn 

fibers, and one-step-drawn fibers after isothermal crystallization8. In these highly 

stretched PHB or PHBV thin films and fibers, the β-form was believed to originate 

from the free chains in the amorphous phase between well-developed α lamellar 

crystals. In other words, the β-form crystal structure is generated after the formation of 

the α-crystals. However, by using similar processing methods, one cannot obtain the 
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β-form crystal structure in PHBHx25, because of the large amount of amorphous 

chains in the material which could not be highly extended during processing.  

In our present work, we successfully generated the β-form crystalline structure 

in PHBHx by collecting the nanofibers on a high-speed-rotating disk, although the 

crystallinity of the resultant fibers is as low as 44±1% as suggested by a preliminary 

DSC measurement (if the crystallinity is calculated with the equation Xc= ΔHm / 

ΔHm0× 100%, where ΔHm0 is the melting enthalpy of 100% crystalline PHB 

homopolymer (146 J/g26)). Based on the experimental observations that the α and β-

form crystals co-exist simultaneously in the resultant fibers, and that the increase of 

the β-crystal content is correlated with the decrease of the α-crystal content with 

increasing stretching forces during collection (see SAED), we conclude that both the α 

and β crystalline forms are formed during collection. Both appear to be formed from 

amorphous and mobile chains by two distinct, competing crystallization processes. 

The possible generation mechanisms of the β-crystalline structure are illustrated in 

Figure 2.8. Unlike the generation mechanism reported previously (β-crystals are 

formed after the α-crystals), the β-form in the electrospun PHBHx nanofibers is 

actually formed at the same time as (Route 1), or even before the formation of the α-

form (Route 2). The dissolved polymer chains in their random coil state, are highly 

stretched during electrospinning and thus extended and oriented along the stretching 

direction. As a result, the amorphous fibers arriving at the air gap or rotary disk consist 

of oriented polymer chains along the fiber axis and are plasticized by remaining 

solvent. During collection, the amorphous fibers are further stretched by the additional 

elongational forces provided by stretching across a gap or by winding up on a high-

speed rotating wheel. At the highest elongation, some oriented chains in the 
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amorphous fiber would be fully extended and adopt a planar zig-zag conformation. At 

high solvent evaporation rates, this metastable β-conformation would be locked in the 

solidified fiber, and thus β-crystals would be formed simultaneously with the α-

crystals, as illustrated in Route 1.  An additional possibility is that under strong tensile 

forces during collection, most of the polymer chains in the amorphous fiber are fully 

extended and adopt a planar zig-zag conformation. At slower evaporation rates due to 

the trapping of residual solvent in the core of the as-spun fiber, a portion of the chains, 

especially in the core, would relax and convert to the more stable helical conformation 

(α-form). Therefore, the final solidified fibers would contain both the α and the β-

crystalline structure, as illustrated in Route 2. Realistically the actual generation 

mechanism might be a combination of both and ongoing studies will hopefully 

provide more insight into the formation process of the β-form in PHBHx. 



 54 

 

2.8 Two possible generation mechanisms for the formation of the α and β-

form crystal structure during electrospinning and collection. Route 1 

indicates the simultaneous formation of the α and β-crystalline forms 

during nanofiber collection. Route 2 indicates that the α-crystalline form 

is generated after the formation of the β-form. The α-crystalline form is 

originated from the relaxed planar zig-zag chains (β-form) due to the 

existence of residual solvent in the core. In this figure, wavy lines in the 

fiber illustrate the 21 helical backbones of the chains in the α-phase, 

straight lines illustrate the planar zig-zag backbones of the chains in the 

β-phase, and random curvy lines illustrate the free chains in the 

amorphous phase. Cyan color in the figure represents solvent. 

2.4 Conclusions 

A microstructural investigation of electrospun PHBHx nanofibers was 

conducted on fiber mats and on single nanofibers. The molecular chain conformation, 

the crystal structure and the orientation of the crystals/chains were investigated by 

polarized-FT-IR, WAXD, SAED and AFM-IR, and were found to be highly 

dependent on the collection methods. More importantly, for the first time, the strain-
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induced β-form crystal structure was obtained in electrospun PHBHx nanofibers by 

using two modified collectors.  The β-form was identified based on the appearance of 

a new crystalline reflection in WAXD and SAED and the spectral changes observed in 

the IR spectra. In addition, the results from the SAED experiments on individual fibers 

provided insights about the correlations between stretching forces and the degree of 

orientation and size of the α and β-crystals.  Finally, the AFM-IR technique was 

demonstrated to be a powerful and efficient tool for the microstructural investigation 

of individual electrospun nanofibers. In addition, according to the experimental 

results, we proposed a new generation mechanism of the β-form crystal structure that 

is significantly different from those previously reported. The β-crystals, originating 

from the oriented free chains in the fiber, were formed at the same time as, or even 

before the formation of the α-crystals during collection. Our present study has led to 

an additional investigation of the relationship between the β-structure and the 

mechanical properties and processing protocols of PHBHx. The corresponding 

changes in the macroscopic performance of the material, together with its excellent 

biodegradability and biocompatibility, make PHBHx a promising material in many 

application areas.  



 56 

(1)  Iwata, T.; Tsunoda, K.; Aoyagi, Y.; Kusaka, S.; Yonezawa, N.; Doi, Y. 

Mechanical Properties of Uniaxially Cold-Drawn Films of poly([R]-3-

Hydroxybutyrate). Polym. Degrad. Stab. 2003, 79 (2), 217–224 DOI: 

10.1016/S0141-3910(02)00274-4. 

(2)  Aoyagi, Y.; Doi, Y.; Iwata, T. Mechanical Properties and Highly Ordered 

Structure of Ultra-High-Molecular-Weight poly[(R)-3-Hydroxybutyrate] 

Films: Effects of Annealing and Two-Step Drawing. Polym. Degrad. Stab. 

2003, 79 (2), 209–216 DOI: 10.1016/S0141-3910(02)00273-2. 

(3)  Iwata, T.; Aoyagi, Y.; Fujita, M.; Yamane, H.; Doi, Y.; Suzuki, Y.; Takeuchi, 

A.; Uesugi, K. Processing of a Strong Biodegradable Poly[(R)-3-

Hydroxybutyrate] Fiber and a New Fiber Structure Revealed by Micro-Beam 

X-Ray Diffraction with Synchrotron Radiation. Macromol. Rapid Commun. 

2004, 25 (11), 1100–1104 DOI: 10.1002/marc.200400110. 

(4)  Furuhashi, Y.; Imamura, Y.; Jikihara, Y.; Yamane, H. Higher Order Structures 

and Mechanical Properties of Bacterial Homo poly(3-Hydroxybutyrate) Fibers 

Prepared by Cold-Drawing and Annealing Processes. Polymer (Guildf). 2004, 

45 (16), 5703–5712 DOI: 10.1016/j.polymer.2004.05.069. 

(5)  Antipov, E. M.; Dubinsky, V. A.; Rebrov, A. V.; Nekrasov, Y. P.; Gordeev, S. 

A.; Ungar, G. Strain-Induced Mesophase and Hard-Elastic Behaviour of 

Biodegradable Polyhydroxyalkanoates Fibers. Polymer (Guildf). 2006, 47 (15), 

5678–5690 DOI: 10.1016/j.polymer.2005.04.111. 

(6)  Tanaka, T.; Fujita, M.; Takeuchi, A.; Suzuki, Y.; Uesugi, K.; Ito, K.; Fujisawa, 

T.; Doi, Y.; Iwata, T. Formation of Highly Ordered Structure in Poly[( R )-3-

Hydroxybutyrate- c O -( R )-3-Hydroxyvalerate] High-Strength Fibers. 

Macromolecules 2006, 39 (8), 2940–2946 DOI: 10.1021/ma0527505. 

(7)  Iwata, T.; Aoyagi, Y.; Tanaka, T.; Fujita, M.; Takeuchi, A.; Suzuki, Y.; 

Uesugi, K. Microbeam X-Ray Diffraction and Enzymatic Degradation of 

Poly[( R )-3-Hydroxybutyrate] Fibers with Two Kinds of Molecular 

Conformations. Macromolecules 2006, 39 (17), 5789–5795 DOI: 

10.1021/ma060908v. 

     REFERENCES 



 57 

(8)  Ishii, D.; Lee, W.-K.; Kasuya, K.-I.; Iwata, T. Fine Structure and Enzymatic 

Degradation of poly[(R)-3-Hydroxybutyrate] and Stereocomplexed 

Poly(lactide) Nanofiber. J. Biotechnol. 2007, 132 (3), 318–324 DOI: 

10.1016/j.jbiotec.2007.03.019. 

(9)  Fukada, E.; Ando, Y. Piezoelectric Properties of Poly-β-Hydroxybutyrate and 

Copolymers of β-Hydroxybutyrate and β-Hydroxyvalerate. Int. J. Biol. 

Macromol. 1986, 8 (6), 361–366 DOI: http://dx.doi.org/10.1016/0141-

8130(86)90056-5. 

(10)  Yee, W. A.; Kotaki, M.; Liu, Y.; Lu, X. Morphology, Polymorphism Behavior 

and Molecular Orientation of Electrospun Poly(vinylidene Fluoride) Fibers. 

Polymer (Guildf). 2007, 48 (2), 512–521 DOI: 10.1016/j.polymer.2006.11.036. 

(11)  Chan, K. H. K.; Wong, S. Y.; Li, X.; Zhang, Y. Z.; Lim, P. C.; Lim, C. T.; 

Kotaki, M.; He, C. Bin. Effect of Molecular Orientation on Mechanical 

Property of Single Electrospun Fiber of poly[(R)-3-Hydroxybutyrate-Co-(R)-

3-Hydroxyvalerate]. J. Phys. Chem. B 2009, 113 (40), 13179–13185 DOI: 

10.1021/jp905820h. 

(12)  Kongkhlang, T.; Tashiro, K.; Kotaki, M.; Chirachanchai, S. Electrospinning as 

a New Technique to Control the Crystal Morphology and Molecular 

Orientation of Polyoxymethylene Nanofibers. J. Am. Chem. Soc. 2008, 130 

(46), 15460–15466 DOI: 10.1021/ja804185s. 

(13)  Fennessey, S. F.; Farris, R. J. Fabrication of Aligned and Molecularly Oriented 

Electrospun Polyacrylonitrile Nanofibers and the Mechanical Behavior of 

Their Twisted Yarns. Polymer (Guildf). 2004, 45 (12), 4217–4225 DOI: 

10.1016/j.polymer.2004.04.001. 

(14)  Kakade, M. V; Givens, S.; Gardner, K.; Lee, K. H.; Chase, D. B.; Rabolt, J. F. 

Electric Field Induced Orientation of Polymer Chains in Macroscopically 

Aligned Electrospun Polymer Nanofibers. J. Am. Chem. Soc. 2007, 129 (10), 

2777–2782 DOI: 10.1021/ja065043f. 

(15)  Chaurey, V.; Chiang, P.-C.; Polanco, C.; Su, Y.-H.; Chou, C.-F.; Swami, N. S. 

Interplay of Electrical Forces for Alignment of Sub-100 Nm Electrospun 

Nanofibers on Insulator Gap Collectors. Langmuir 2010, 26 (24), 19022–

19026 DOI: 10.1021/la102209q. 

(16)  Cai, H.; Qiu, Z. Effect of Comonomer Content on the Crystallization Kinetics 

and Morphology of Biodegradable poly(3-Hydroxybutyrate-Co-3-

Hydroxyhexanoate). Phys. Chem. Chem. Phys. 2009, 11 (41), 9569–9577 DOI: 

10.1039/b907677h. 



 58 

(17)  Cheng, M.-L.; Lin, C.-C.; Su, H.-L.; Chen, P.-Y.; Sun, Y.-M. Processing and 

Characterization of Electrospun poly(3-Hydroxybutyrate-Co-3-

Hydroxyhexanoate) Nanofibrous Membranes. Polymer (Guildf). 2008, 49 (2), 

546–553 DOI: 10.1016/j.polymer.2007.11.049. 

(18)  Orts, W. J.; Marchessault, R. H.; Bluhm, T. L.; Hamer, G. K. Observation of 

Strain-Induced β Form in Poly(β-Hydroxyalkanoates). Macromolecules 1990, 

23 (26), 5368–5370 DOI: 10.1021/ma00228a014. 

(19)  Murakami, R.; Sato, H.; Dybal, J.; Iwata, T.; Ozaki, Y. Formation and Stability 

of β-Structure in Biodegradable Ultra-High-Molecular-Weight poly(3-

Hydroxybutyrate) by Infrared, Raman, and Quantum Chemical Calculation 

Studies. Polymer (Guildf). 2007, 48 (9), 2672–2680 DOI: 

10.1016/j.polymer.2007.03.001. 

(20)  Yoshioka, T.; Dersch, R.; Greiner, A.; Tsuji, M.; Schaper, A. K. Highly 

Oriented Crystalline PE Nanofibrils Produced by Electric-Field-Induced 

Stretching of Electrospun Wet Fibers. Macromol. Mater. Eng. 2010, 295 (12), 

1082–1089 DOI: 10.1002/mame.201000207. 

(21)  Yoshioka, T.; Dersch, R.; Tsuji, M.; Schaper, A. K. Orientation Analysis of 

Individual Electrospun PE Nanofibers by Transmission Electron Microscopy. 

Polymer (Guildf). 2010, 51 (11), 2383–2389 DOI: 

10.1016/j.polymer.2010.03.031. 

(22)  Lin, D. D. Y.-S. Orientation and Morphology Development in Electrospun 

Nanofibers. Ph. D. Dissertation, University of Michigan, 2005. 

(23)  Richard-Lacroix, M.; Pellerin, C. Molecular Orientation in Electrospun Fibers: 

From Mats to Single Fibers. Macromolecules 2013, 46 (24), 9473–9493 DOI: 

10.1021/ma401681m. 

(24)  Dazzi, A.; Prater, C. C. B.; Hu, Q.; Chase, D. B.; Rabolt, J. F.; Marcott, C. 

AFM-IR: Combining Atomic Force Microscopy and Infrared Spectroscopy for 

Nanoscale Chemical Characterization. Appl. Spectrosc. 2012, 66 (12), 1365–

1384. 

(25)  Josefine Fischer, J.; Aoyagi, Y.; Enoki, M.; Doi, Y.; Iwata, T. Mechanical 

Properties and Enzymatic Degradation of poly([R]-3-Hydroxybutyrate-Co-[R]-

3-Hydroxyhexanoate) Uniaxially Cold-Drawn Films. Polym. Degrad. Stab. 

2004, 83 (3), 453–460 DOI: 10.1016/j.polymdegradstab.2003.08.006. 



 59 

(26)  Barham, P. J.; Keller, A.; Otun, E. L.; Holmes, P. A. Crystallization and 

Morphology of a Bacterial Thermoplastic: Poly-3-Hydroxybutyrate. J. Mater. 

Sci. 1984, 19 (9), 2781–2794 DOI: 10.1007/BF01026954. 



 60 

DISCOVERY OF CORE-SHELL STRUCTURE WITH POLYMORPHIC 

HETEROGENEITY IN SINGLE PHBHX NANOFIBERS 

3.1 Introduction 

In Chapter 2 we showed that the metastable β-form crystalline structure, with 

molecular chains adopting a planar zig-zag conformation, was successfully produced 

in the macroscopically aligned electrospun PHBHx nanofibers collected using the two 

modified collectors. We also demonstrated that this β-form coexists with the 

thermodynamically stable α-form in the fibers at the single fiber scale. In addition, the 

relative amounts of the two crystalline polymorphs can be affected by the collection 

methods. In order to further elucidate the crystallization behavior of the polymer 

chains during the electrospinning process, studies on the internal structure of a single 

electrospun nanofiber, including the spatial distribution of the two crystalline 

polymorphs, become essential. Unfortunately, very few techniques can simultaneously 

provide the necessary spatial resolution and phase sensitivity/specificity.  

The combination of atomic force microscopy (AFM) and infrared (IR) 

spectroscopy can overcome these technical limitations. This technique, known as 

AFM-IR, is based on the photothermal induced resonance effect (PTIR),1–6 It is a 

powerful tool which provides topographic information that can be correlated with 

chemical, conformational and molecular orientation information at a spatial resolution 

of 50-100 nm. Unlike conventional FT-IR spectroscopy, the AFM-IR technique uses a 

sharp, gold-coated AFM tip to detect the rapid thermal expansion of the sample caused 

Chapter 3 
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by the absorption of short (10 ns) pulses of IR radiation. When the monochromatic 

laser radiation approaches an IR frequency that excites a molecular vibration in the 

sample, the light is absorbed and induces a rapid thermal expansion of the sample, 

which is in contact with the AFM tip.  This results in a simultaneous deflection of the 

AFM tip and causes a “ring down” of the cantilever at its natural deflection resonant 

frequencies as the heat dissipates. These motions of the cantilever are “detected” by a 

second laser beam reflected off the top of the cantilever, and this signal is measured 

using a position-sensitive photodetector. The resonance amplitude induced in the 

cantilever is proportional to the amount of IR radiation absorbed by the sample.1–6 

Thus, the resulting AFM-IR spectrum is obtained by measuring the ring-down 

amplitudes while tuning the IR laser over the IR fingerprint region. More details 

concerning this AFM-IR instrument can be found elsewhere.1–6 The development of 

the AFM-IR technique, with the fine spatial resolution provided by the AFM tip and 

the phase sensitivity provided by the IR spectroscopy, allows us, for the first time, to 

probe the spatial distribution of crystalline polymorphs in a single electrospun 

nanofiber.     

 In this study, we report the investigation of polymorphic distribution in 

single, rotary disk aligned, electrospun nanofibers using the AFM-IR technique. The 

coexistence of the α and β-form crystalline polymorphs in single nanofibers was 

confirmed by both AFM-IR and selected area electron diffraction (SAED) via low 

dose TEM. In addition, the dependence of the β-content and the molecular orientation 

on fiber size were investigated by these two techniques at the single fiber scale. 

Furthermore, the spatial distribution of the two polymorphs throughout individual 
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fibers with different diameters was examined by AFM-IR spectroscopy and imaging at 

a spatial resolution of 50 nm.  

3.2 Experimental  

3.2.1 Materials 

In this study, bacterially produced PHB-3.9Hx and HFIP were used to prepare 

the electrospinning solution. More details can be found in Section 2.2.1.  

3.2.2 Electrospinning  

The electrospinning of PHB-3.9Hx/HFIP solution was carried out with details 

described in Section 2.2.2. In particular, a 5 mm thick rotary disk with a flat edge was 

used to facilitate the fiber collection for AFM-IR studies. Mid-IR (900-3600 cm-1) 

transparent silicon wafers (Addison Engineering, Inc.) were cut into 5 mm (width) × 8 

mm (length) pieces and stuck to the flat edge of the rotary disk. During 

electrospinning, the fibers were electrospun directly onto the silicon wafer to maintain 

a good contact between the fiber and the substrate. The density of fibers on the silicon 

wafer can be easily adjusted by controlling the length of electrospinning time, which, 

for this study, was set to 45 seconds to obtain a rough fiber density of 2 fibers/mm 

(length). After fiber deposition, the silicon wafers were stored under vacuum for 24 

hours to remove any residual solvent prior to further investigation. 

3.2.3 Microtoming 

A bundle of rotary disk aligned nanofibers were parallel embedded in 2 Ton 

epoxy (ITW Devcon) before subjecting to microtoming. After curing, 250-nm-thick 
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sections were cut by microtoming (Leica Ultracut UCT) at room temperature. The thin 

sections were later transferred to a 10 mm ×10 mm ZnS flat for AFM-IR studies.  

3.2.4 Selected Area Electron Diffraction (SAED)  

The SAED patterns and bright-field images of the electrospun fibers were 

obtained with details described in Section 2.2.3.2.  

3.2.5 AFM-IR measurement:  spectroscopy vs. imaging 

Our nanoscale infrared measurements were carried out with a nanoIR2™ 

platform (Anasys Instruments, Santa Barbara, CA), which focuses radiation from a 

tunable IR laser source onto a location on the sample top surface from above.1–6 A 

gold-coated SiN AFM tip (Anasys Instruments) with a nominal tip radius of 20 nm 

was used to examine the fibers in contact mode. The power of the incident IR laser 

was adjusted to around 2% of the open beam intensity for this study to obtain a good 

ring-down signal. Also, an additional mesh filter was placed in front of the IR laser in 

the mirror box to further attenuate the beam in order to avoid sample 

melting/softening. For IR mapping, the system was tuned to coordinate the update of 

the IR signal and the pixel rate of the image. The AFM height and IR peak images 

were first-order flattened using the instrument’s built-in software (Analysis Studio, 

Anasys Instruments). The AFM-IR spectra were collected with a data point spacing of 

2 cm-1, co-averaging 256 cantilever ring-downs within the range 1680-1780 cm-1. The 

actual spectral resolution in this wavenumber range is 4 cm-1, which is the laser line 

width.  For each sampling spot on the fibers, five spectra from the same position were 

averaged to reach a satisfactory signal-to-noise ratio. All measurements were carried 

out under ambient conditions. 
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3.3 Results and Discussion  

3.3.1 AFM-IR measurement of single nanofibers: IR mapping 

Macroscopically aligned electrospun PHBHx nanofibers can be obtained by 

using a rotary disk as the fiber collector.7 In this study, individual PHBHx nanofibers 

from the same batch were examined by AFM-IR. Figure 1a and 1a’ display the AFM 

height images of two single rotary disk aligned fibers. The two fibers differ in size, 

and the diameters of the two fibers are 263 nm and 390 nm, respectively. Our previous 

study7 showed that the strain-induced, metastable, β-form crystalline structure, with 

extended polymer chains adopting a planar zig-zag conformation, would be introduced 

when the fibers were collected on a high-speed rotary disk. Current results suggest that 

the appearance of the β-crystalline phase is indicated by the characteristic IR 

absorption peak at 1740 cm-1 in the IR spectrum, compared to the IR absorption peak 

at 1728 cm-1 characteristic of the α-crystalline phase, which is the most common 

crystal structure of PHBHx. In order to investigate the spatial distribution of the two 

crystalline phases in the nanofibers, we imaged the two single fibers by tuning the 

frequency of the incident IR laser to 1740 cm-1 and 1728 cm-1, the two characteristic 

frequencies corresponding to the β-form and α-form crystalline structure, respectively. 

The IR images are shown in Figure 1b and 1b’. For each IR image, the upper half was 

recorded at 1740 cm-1 and the lower half at 1728 cm-1. By carefully examining these 

IR images we can make several observations. First, when comparing Figure 1b and 

1b’, it is observed that under the same mapping conditions, the thinner fiber (263 nm) 

has higher absorption at 1740 cm-1 yet lower absorption at 1728 cm-1, indicating that 

the thinner fiber tends to have higher β-content than the thicker fiber (390 nm). 

Because the two fibers were fabricated under the same electrospinning conditions, the 
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difference in diameter should be due to the different stretching forces they experienced 

during electrospinning and collecting process. It is calculated that the draw ratio of the 

263 nm fiber is approximately 2.2 times larger than that of the 390 nm fiber. Hence, 

more molecular chains in the thinner fiber would be found in the planar zig-zag 

conformation and pack to form the β-crystalline form.  
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3.1 AFM height images (a, a’), IR peak images (b, b’) and AFM-IR spectra 

(c, c’) of two single electrospun PHBHx fibers. The black spots in b and 

b’ indicate the position of the AFM tip when collecting the AFM-IR 

spectra.   
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3.3.2 SAED analysis of single fibers 

The dependence of the β-form content on fiber diameter is further confirmed 

by the selected area electron diffraction (SAED) patterns of individual PHBHx 

nanofibers with different diameters. Figure 2a and 2b display the original SAED 

patterns of two single PHBHx nanofibers from the same batch. The insets show the 

bright field TEM images of the two single fibers. The diameters of the two fibers are 

251 nm and 417 nm respectively, which are comparable with those of the two fibers in 

the AFM-IR study. For comparative purposes, the original SAED patterns were 

contrast-inverted as shown in Figure 2a’ and 2b’. By comparing the two inverted 

SAED patterns, it is observed that the equatorial arcs assigned to the β-form crystal 

plane7 are clearly visible in 2a’ (indicated by the red arrow), while in 2b’ they can 

barely be recognized. For each of the SAED patterns, the intensity profile along the 

equatorial line was plotted in Figure 2a’’ and 2b’’ correspondingly against the 

scattering vector (1/d, reciprocal of space distance). Obviously, the intensity of the β 

peak in 2a’’ is much higher than that in 2b’’, indicating that the thinner fiber contains 

more β-form crystals than the thicker fiber. In addition, it is also observed that the arcs 

in 2a’ are less tangentially-spread, or have a smaller central angle than those in 2b’, 

which indicates that the thinner fiber (251 nm) has a higher molecular orientation than 

the thicker fiber (417 nm). That is, both the content of the β-form crystalline structure 

and the degree of molecular orientation in a single electrospun PHBHx nanofiber 

increase as the fiber diameter decreases. Hence, based on the results from the AFM-IR 

and SAED studies, it is concluded that the β-form content in single PHBHx fibers is 

highly dependent on fiber diameter, which is governed by the stretching forces 

experienced during the electrospinning and nanofiber collection process. The thinner 
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the fibers are, the higher the β-form content, and the higher the degree of molecular 

orientation. 
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3.2 The original (a, b) and contrast-inverted (a’, b’) SAED patterns of two 

individual electrospun PHBHx nanofibers with diameters of 251 nm and 

417 nm, respectively. The insets are bright-field TEM images of the two 

fibers. The intensity profiles of (a) and (b) along the equatorial line are 

plotted in (a’’) and (b’’), respectively.   
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3.3.3 AFM-IR measurement of single nanofibers: IR spectra 

The second observation we made from the IR images in Figure 1b and 1b’ is 

that for both fibers, the absorption at 1740 cm-1 is always higher along the fiber edges, 

especially in 1b’ where the absorption is almost completely concentrated on the two 

edges. This observation suggests a heterogeneous distribution of the α- and β-

crystalline structure through the fiber. More importantly, it suggests an interesting 

core-shell structure where the shell contains much more β-crystal polymorph than the 

core. In addition, by carefully examining the two IR images, we found that the 

thickness of the shell, which is indicated by the width of the red lines along the fiber 

edges, is approximately 10 nm regardless of the fiber size.  

In order to test our hypothesis of a core-shell structure for the fiber, for each of 

the two fibers, AFM-IR spectra were collected at different positions where the IR 

image indicates the existence of heterogeneity. The AFM-IR spectra are shown in 

Figure 1c and 1c’. All the AFM-IR spectra have two characteristic peaks at 1740 and 

1728 cm-1, which were assigned7 to the carbonyl stretching of the β and α-crystalline 

form, respectively. However, the relative intensity of the two peaks depends on the 

fiber size and the position within the fiber. For example, in Figure 1c, the three spectra 

collected on the fiber edge, E1, E2 and E3 have a higher 1740 cm-1 peak while the 

three spectra collected in the fiber center, C1, C2 and C3 have a higher 1728 cm-1 

peak. Similar observations were made in Figure 1c’. For each fiber, the spectra 

collected at different spots on the edge or in the center share the same spectral shape, 

but differ in absolute intensity. This might be due to the rough surface of the fiber 

affecting the contact of the AFM tip on the fiber surface from spot to spot.  

Spectra C1, E1 (spectra in red) and C1’, E1’ (spectra in black) were plotted in 

the same figure as shown in Figure 3. For comparative purposes, the intensities of the 
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highest peaks of all spectra were normalized to 1.0. By comparing C1 and C1’, we 

observed that both spectra have characteristic peaks at 1728 and 1740 cm-1, although 

the 1740 cm-1 peak in C1 has a much higher intensity than that in C1’, indicating that 

through the core area, the 263 nm diameter thinner fiber has more β-form crystalline 

content than the 390 nm diameter thicker fiber. By comparing the color paired two 

groups of curves, i.e., C1, E1 (solid spectra) and C1’, E1’ (dashed spectra), we noticed 

that E1 and E1’ always tend to have a much higher 1740 cm-1 peak compared to C1 

and C1’. This observation indicates that the morphology of the polymer chains indeed 

shows heterogeneity throughout a single fiber, and the shell contains more β-form 

crystals than the core. Interestingly, when comparing E1 and E1’, there is not much 

difference between the two spectra in terms of band shape, which suggests that the 

crystal structure or the chain morphology in the shell is independent of fiber size.  
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3.3 Comparison of AFM-IR spectra collected from different positions on the 

two individual electrospun PHBHx nanofibers. 

3.3.4 AFM-IR measurement of fiber cross-sections 

Additional support for the conclusion that the rotary disk aligned electrospun 

PHBHx nanofibers have a core-shell structure with the core primarily containing the 

α-form crystalline structure and the shell primarily containing the β-form crystalline 

structure, comes from an investigation of the cross-sections of the fibers. Figure 4a 

and 4a’ shows the AFM height image of the cross-sections of two rotary disk aligned 

fibers from the same batch with diameters of 260 nm and 312 nm, respectively. Again, 

IR images were captured at the two characteristic frequencies of 1740 and 1728 cm-1. 

In order to eliminate the influence of sample thickness variation and thermal drift, the 



 73 

ratio of the two mappings, i.e. I
1740

/I
1728

, were taken as shown in Figure 4b and 4b’. 

The color bar indicates the increase of the relative intensity of the IR absorption from 

purple to red. Since the 2 ton® epoxy has negligible absorption of the IR laser at 1740 

cm-1 and 1728 cm-1, the IR mapping ratio in the epoxy area should equal 1, which is 

represented by the green/yellow color in Figure 4b and 4b’. As shown, for each of the 

two fiber cross-sections, a clear red ring was observed at the circumference of the fiber 

cross-section making a clear differentiation of the fiber cross-section and the epoxy, 

indicating that in the ring area the ratio of I
1740

/I
1728 

is larger than 1, or the IR 

absorption at 1740 cm-1 is higher than that at 1728 cm-1 This observation confirms the 

existence of a thin shell, which contains more β-form crystals, in the rotary disk 

aligned electrospun PHBHx nanofibers. Furthermore, for both of the two cross-

sections, the thickness of the ring is consistently found to be approximately 10 nm, 

which is comparable with the width of the red lines along the fiber edges in Figure 1b 

and 1b’. This strongly suggests that the thickness of the shell in the fibers is about 10 

nm, regardless of the fiber diameter. In addition, it is also observed that in Figure 4b 

the color in the core area of the fiber cross-section is yellow, which shifts towards the 

red direction compared to the green color in the epoxy area. This indicates a slightly 

higher content of β-form than the α-form in the core. Conversely, in Figure 4b’ the 

color in the core area is green, which shifts towards the purple direction compared to 

the yellow color in the epoxy area, indicating a lower content of β-form than the α-

form. This observation is consistent with the observation in Figure 3 where the 1740 

peak in spectrum C1 is higher than that in C1’. However, the ring is not intact around 

the circumference of the fiber cross-section (4b), and there is some extra red area 

beyond the ring (4b’). This might be due to the smearing of the polymer during the 
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microtome process, which causes a random burst or contraction of the polymer if the 

diamond knife is dull or the cutting speed is slow.  

 

3.4 AFM height image (a, a’) and IR peak image ratios (b, b’) of the cross-

sections of two individual electrospun PHBHx nanofibers. 
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3.3.5 Generation mechanism of the core-shell structure 

Based on the experimental observations above, we propose a possible 

generating mechanism for the formation of the core-shell structure in the electrospun 

PHBHx nanofibers collected with a rotary disk, which is illustrated in Figure 5. The 

dissolved polymer chains in their random coil state are highly stretched during 

electrospinning and thus extended and oriented along the stretching direction. As a 

result, the amorphous fibers arriving at the rotary disk consist of polymer chains 

oriented along the fiber axis. These chains are likely still plasticized by remaining 

solvent. During collection, the amorphous fibers are further stretched by the additional 

elongation forces provided by the high-speed rotating wheel. At the highest 

elongation, most of the polymer chains in the amorphous fiber are fully extended and 

adopt a planar zigzag conformation as depicted in the as spun fiber in Figure 5. Due to 

the extremely rapid solvent evaporation rate at the surface of the fiber, the planar zig-

zag chains near the surface will be kinetically frozen and crystallize into the 

metastable β-form. Thus, a thin layer of skin, or shell is formed. Later, the solidified 

shell would act as a semi-permeable barrier limiting evaporation of the residual 

solvent in the core. As a result, a portion of the chains, especially in the core, would 

have time to relax and convert to the more stable helical conformation (α-form). 

Therefore, the final solidified fibers would have a core-shell structure where crystal 

structures are different in the core and in the shell. 
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3.5 Possible generation mechanism for the formation of the core-shell 

structure of the electrospun PHBHx nanofibers collected with a rotary 

disk. The wavy curves in the core of the final solidified fiber are 

indicative of the 21 helical backbones of the chains in the α-crystalline 

form; the straight lines in the as spun fiber and the shell of the final 

solidified fiber illustrate the planar zig-zag backbones of the chains in the 

β-crystalline form; the random curves illustrate the free chains in the 

amorphous region. The blue color in this figure represents solvent. 

Core-shell structures has been observed in polymer nanofibers fabricated by 

monoaxial electrospinning from a variety of polymer/solvent systems.8–14 In 2003, 

Reneker and co-workers9 reported that the birefringent jets observed during 

electrospinning always have outer layers brighter than the core. They attributed this 

birefringence differentiation to the formation of a core-shell structure in which the 

shell has a higher molecular orientation level and density than the core due to the 

larger electric stretching forces and faster solvent evaporation at the surface of the jet.9 

This core-shell structure in the electrospinning jet led to a core-shell fiber morphology, 
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with the most extreme case being the ribbon-like fibers which are formed when the 

mechanically strong skin at the surface of the jet solidified and collapsed into flat 

ribbons as the solvent evaporation progresses.15  Simulations by Guenthner et al.16 

demonstrated that the final morphology of the fiber is controlled by the competition 

between the solvent evaporation rate and the diffusion rate from the solvent-rich core 

to the polymer-rich shell. The core-shell structure is thus formed whenever the solvent 

evaporation rate exceeds a critical value.16 Recently, Stachewicz et al.13 reported a 

direct observation of the core-shell structure in PVA electrospun fibers by 

investigating the fiber cross-sections using phase contrast AFM imaging. A stiffer thin 

shell was clearly observed at the circumference of the fiber cross-section, indicating a 

composite structure of the fiber consisting of a rigid, dense shell region of aligned 

polymer chains surrounding a bulk-like isotropic core.13 Interestingly, the authors also 

observed that the thickness of shell was consistent for PVA fibers with different 

diameters.13 The formation of a highly oriented, rigid, and densely packed shell has 

always been associated with enhancement of the modulus of the electrospun 

nanofibers.13 As a result, the mechanical properties of the fibers can be fine-tuned by 

changing the volume ratio of the core to the shell. In fact, studies have demonstrated 

that decreasing the fiber diameter,17–25 or increasing the volume fraction of the shell 

region (considering that the shell thickness is independent of the fiber size),8,13 could 

largely improve the mechanical properties of the electrospun fibers.   

So far, to the best of our knowledge, in all reports concerning the core-shell 

structures in electrospun nanofibers, the core and the shell regions were differentiated 

by physical differences, including density and molecular orientation. However, in the 

present study, we showed for the first time that the chemical structures (the crystalline 
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phase and the molecular conformation) in the core and shell regions of the electrospun 

fibers are different. This result proves the ability of such a simple technique of 

monoaxial electrospinning to produce chemically anisotropic fibers with long-range 

order. A similar core-shell structure constructed by two crystalline polymorphs was 

observed in biodegradable Poly[(R)-3-hydroxybutyrate] (P(3HB)) melt spun 

microfibers processed by a method combining cold-drawing and two-step-drawing,26 

However in this core-shell structure, the core region consists of both α and β-form 

crystals, while the shell region contains only α-crystals. This is due to a different 

mechanism for the generation of the core-shell structure in the melt-spun microfibers: 

The β-form in the core region was generated from amorphous chains between α-

crystal lamellas by the strong stretching of two-step-drawing. Meanwhile, in the shell 

region, since the α-form lamellar crystals rotated along the two-step-drawing direction, 

molecular chains between lamellar crystals could not elongate sufficiently.26 In other 

words, the β-form was generated after the formation of the α-form crystalline structure 

in P(3HB) melt-spun microfibers, which is just the opposite of the case in PHBHx 

electrospun nanofibers where the α-crystalline structure was formed after the 

formation of the β-form as a result of the relaxation and reorganization of the planar 

zig-zag chains under the “annealing” effect of the residual solvent, especially in the 

fiber core, whose diffusion and evaporation was hindered by the already-solidified, 

densely packed β-shell.  

Polymorphs, with the same chemical composition but different molecular 

packing, may have significantly different chemical and physical properties, thus 

largely influencing the final performance of a material. There are quite a few papers 

reporting property differences between the α and β-form crystalline structure of PHB, 
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including the mechanical properties, biodegradability as well as piezoelectricity27. For 

instance, it has been widely recognized28–33 that the β-form PHB has much higher 

strength and modulus than its α-form counterpart. Study of the enzymatic degradation 

of the PHB26,34 melt-spun microfibers revealed that the degradation rate of the β-phase 

with an all-trans conformation is higher than that of the α-phase with a helical 

conformation. Consequently, the final properties of the PHBHx nanofibers can be 

largely influenced by the composition of the α and β phases, which is highly 

dependent on the electrospinning conditions. According to the core-shell model, if the 

application of the PHBHx nanofibers requires properties dominated by the β-

crystalline structure, we could increase the absolute content of the β-form by 

increasing the overall stretching forces during electrospinning or expediting solvent 

evaporation to make it faster than solvent diffusion in the radial direction. In addition, 

we could increase the relative content of the β-form by reducing the fiber diameter in 

order to increase the relative volume fraction of the β-phase-rich shell. 

3.4 Conclusions  

Nanoscale chemical characterization of electrospun PHBHx nanofibers was 

conducted on individual fibers utilizing techniques of SAED and AFM-IR. Two 

crystalline polymorphs of PHBHx, the thermodynamically stable α-form with 21 

helical chains, and the strain-induced metastable β-form with planar zig-zag chains, 

were confirmed to coexist in the nanofibers. The molecular orientation level and the 

concentration of the β-form was examined by both SAED and AFM-IR, and were 

found to be highly dependent on the fiber size. In addition, the spatial distribution of 

the two polymorphs was investigated by AFM-IR spectra and imaging. Interestingly, a 

core-shell structure was observed in the fibers consisting of an α-form-rich core and a 



 80 

β-form-rich shell. In addition, it was also observed that the thickness of the shell 

remained consistent though the fiber size varied, indicating that the formation of the 

shell is predominantly controlled, among other factors, by the competition between the 

evaporation and diffusion of the solvent. Based on the above experimental 

observations, a possible generation mechanism of the core-shell structure was 

proposed.  During fiber solidification, the planar zig-zag chains, originating from the 

oriented free chains in the fiber, were kinetically frozen near the fiber surface and 

formed the β-form-rich shell due to the extremely high solvent evaporation rate at the 

surface. The zig-zag chains in the core area of the fiber relax and convert to more 

stable helical chains forming the α-form-rich core. This is allowed by the existence of 

residual solvent, evaporation of which was hindered by the densely-packed shell. This 

study showed that the AFM-IR technique is indeed a powerful and efficient tool for 

the nanoscale investigation of single electrospun fibers which provided both 

topographic and structural information at a spatial resolution well below the 

diffraction limit in the infrared. The investigation of the polymorphic distribution in 

nanofibers as a function of processing/collection conditions would provide us with a 

deeper understanding of the molecular chain behavior under extremely high 

shearing/stretching forces plus ultrafast solvent evaporation rate during 

electrospinning. This level of fundamental understanding of structure/property/process 

relationships is a critical first step towards the rational design and fabrication of 

polymeric nanofibers with specific properties which are end-use driven. 
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EFFECTS OF ELECTROSPINNING CONDITIONS ON THE FORMATION 

OF THE β-FORM CRYSTALLINE STRUCTURE 

4.1 Introduction 

It has been established that short chain length, scl-PHAs, under different 

processing conditions, can crystalize in two crystal polymorphs, the 

thermodynamically stable α-form and the metastable β-form,. The polymer chains in 

the α-crystals adopt a 21 helical conformation, while the ones in β-crystals adopt a 

twisted planar zig-zag conformation.1 The properties of PHB are significantly 

influenced by the crystal structures present. For example, β-form PHB generally has 

higher strength and modulus than its α-counterpart.2 In addition, the β-form has been 

reported to have different enzymatic erosion rate3 and piezoelectric response4 than the 

α-form. As a result, it is intriguing to explore processing protocols for the enhanced 

generation of this β-form crystal structure in the PHB-based copolymer of PHBHx to 

further broaden its application range.  

Electrospinning is a unique technique for the production of polymer 

nanofibers, with a richness of accessible nanofiber structures which cannot be 

produced by other processing techniques. In chapter 2 we described the successful 

production of the β-form crystal structure in PHBHx through electrospinning by 

utilizing modified collectors.5 However, the influences of the electrospinning 

conditions on formation of the β-form have not been systematically studied. 

According to the core-shell model of the spatial distribution of the α and β-form in 

Chapter 4 
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single PHBHx nanofibers proposed in Section 3.3.5, one may promote the formation 

of β-form in the fibers by 1) increasing the overall stretching forces during 

electrospinning; 2) expediting solvent evaporation to allow to compete with solvent 

diffusion in the radial direction; and/or 3) reducing the fiber diameter to increase the 

relative volume fraction of the β-phase-rich shell. By adjusting the proper 

electrospinning parameters, PHBHx nanofibers with desired characteristics can be 

obtained. In this study, electrospinning parameters, including the fiber take-up speed, 

type of solvent, and polymer solution concentration, were carefully tuned in order to 

find optimal electrospinning conditions to produce the β-form. The influence of these 

three parameters on the morphology and structure of the PHBHx nanofibers has been 

systematically investigated.    

4.2 Experimental 

Materials used in this study include PHB-3.9Hx polymer, HFIP, chloroform 

(CHCl3) and N,N-Dimethylformamide (DMF). Details about the polymer can be 

found in Section 2.2.1. The other three chemicals, HFIP, CHCl3 and DMF, were all 

purchased from Sigma Aldrich and used as received.  

The details of electrospinning and fiber characterization techniques, including 

WAXD and FTIR, are described in Section 2.2.2 and 2.2.3.1, respectively.  

4.3 Results and Discussion 

4.3.1 Effects of fiber take-up speed 

The fiber take-up speed, or the rotation speed of the collector, is reported to 

have an influence on the chain orientation of the electrospun nanofibers6,7 , with the 

degree of orientation increasing  with higher fiber take-up speed. In our case, 
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considering the positive correlation between the chain orientation and β-form structure 

formation, one would expect to obtain electrospun PHBHx fibers with more β-form if 

we increase the rotary speed of the disk collector. In order to test this assumption, the 

rotary disk was set at three different rotation speeds to collect the electrospun fibers: 0 

rpm (stationary disk), a lower speed of 1050 rpm (335m/min) and a higher speed of 

3500 rpm (1117m/min) while keeping all other processing parameters the same. The 

electrospinning parameters and the resulting fiber diameters are listed in Table 4.1, 

and the fiber morphologies at different rotary speeds are shown in Figure 4.1. We 

observed that as the rotary speed increases, the degree of fiber alignment along the 

rollup direction increases. In addition, the fiber diameter decreases monotonically 

along with the increase of the rotary speed, indicating stronger drawing forces 

imposed on the fibers.  

Table 4.1 Electrospinning conditions and the resulting fiber diameters at different 

rotary speeds. 

 

Angular 

Speed (rpm) 

Concentration 

(wt%) 
Solvent 

Flow rate 

(ml/h) 

Collecting 

distance (cm) 

Average 

diameter (nm) 

0 5 HFIP 0.5 25 500±50 

1050 5 HFIP 0.5 25 320±40 

3500 5 HFIP 0.5 25 270±30 
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4.1 SEM images of the electrospun fibers collected at different fiber take-up 

speeds of (a) 0 rpm (b) 1050 rpm and (c) 3500 rpm. 

Comparing the normalized WAXD profiles of the fibers collected at different 

rotary speeds in Figure 4.2, we observed an obvious increase in the amount of β-form 

structure associated with the increase in rotation speed. Thus, a positive correlation 

between the β-form structure formation and the rotary speed is observed. 
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4.2 WAXD profiles of electrospun PHBHx fibers collected at different rotary 

speeds. 

This positive correlation was further demonstrated by conventional FTIR 

spectroscopy. As evidenced in Figure 4.3, the IR bands change with an increase of the 

rotary speed in a way that is characteristic of the development of the β-form structure, 

as mentioned in Section 2.3.1. That is, in the C=O stretching region (4.3a), as the 

amount of the β-form structure increases, the peak at 1725 cm-1 and the shoulder at 

1746 cm-1 gradually approach each other and became more similar in shape. In 

addition, in the C-O-C stretching region (4.3b), peaks at 1304, 1080 and 969 cm-1 

developed, with the increase of β-form structure while peaks at 1277, 1047 and 950 

cm-1 receded into shoulders. Therefore, as demonstrated by the WAXD and 
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conventional FTIR results, the rotary speed of the collector does significantly affect 

the macroscopic alignment and the crystal morphology of the electrospun fibers. Thus, 

the amount of the β-form structure in the resultant fibers can be adjusted by simply 

changing the rotary speed.  
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4.3 FTIR spectra of the electrospun PHBHx fibers collected at different 

rotary speeds in (a) C=O stretching region and (b) C-O-C stretching 

region. 
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4.3.2 Polymer solution concentration 

Fiber diameter is another important parameter that could have a significant 

influence on various properties of the electrospun fibers. Recent studies have 

demonstrated a complex dependence of the crystallinity, chain orientation and 

modulus of the electrospun fibers with their diameters8–12. In our present work, we 

investigated how changes in the fiber diameter affect the crystal morphology of the 

electrospun PHBHx fibers. To this end, electrospun fibers with different diameters 

were prepared by varying the solution concentration while keeping other parameters 

the same (Table 4.2). The fiber morphologies are shown in Figure 4.4, from which the 

fiber size was found to increase monotonically from around 150 nm to 800 nm when 

increasing the solution concentration from 0.5% to 2.5% (w/w). At the same time, an 

improvement of the fiber alignment was observed.  

Table 4.2 Electrospinning conditions and fiber diameters as a function of solution 

concentration. 

   

Concentration 

(wt%) 

Angular 

speed (rpm) 
Solvent 

Flow rate 

(ml/h) 

Collecting 

distance (cm) 

Average 

diameter (nm) 

0.5 3500 HFIP 0.5 25 155±20 

1 3500 HFIP 0.5 25 270±30 

2.5 3500 HFIP 0.5 25 800±100 
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4.4 SEM images of the electrospun fibers from solutions with different 

concentrations: (a) 0.5 % (b) 1% and (c) 2.5% (w/w). 

Figure 4.5 shows the normalized WAXD profiles of the electrospun fibers with 

different diameters. As shown in Figure 4.5, fibers prepared from the solution with a 

concentration of 1% (w/w) have the highest amount of the β-form structure. However, 

the amount of the β-form structure in the other two bundles of fibers are very similar 

to each other (the amount in fibers from a solution concentration of 0.5% is slightly 

higher) even though they have very different diameters. Surprisingly, in this case the 

content of the β-form in the aligned fibers did not show a monotonic increase along 

with the decrease of the fiber diameter as expected, which seems to be inconsistent 

with the core-shell model proposed in Section 3.3.5. However, this discrepancy could 

be explained by the different viscoelastic properties of the electrospinning solutions at 

different solution concentrations. It is known that, in general, electrospinning solution 

concentration has a positive influence on fiber diameters.  However the dependence of 

fiber diameter on the solution concentration is strongly non-linear, particularly at 

higher concentrations,13 which is very similar to the case of corresponding variations 

of solution viscosity and the viscoelastic properties. This indicates that the strong 

influence of solution concentration on fiber diameter comes primarily from the change 
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of the viscoelastic response of the solution jet to deformations. Dilute PHBHx/HFIP 

solutions with low polymer concentrations, such as 0.5% (w/w), tend to have a low 

viscosity and thus a low degree of chain entanglement. In fact, our experiments 

showed that 0.5% is the lowest solution concentration we can use to fabricate smooth 

fibers. That is, PHBHx/HFIP solutions with concentrations below 0.5% would result 

in beaded fibers implying reduced chain entanglement. This observation suggests that 

0.5% is very near to the entanglement concentration Ce. As a result, the polymer 

chains in the 0.5% solution should have much shorter relaxation time, so that the 

partially disentangled14 and highly-oriented chains in the early part of the straight jet 

section may undergo relaxation downstream, especially in the whipping region. This 

leads to poor molecular orientation in the as-spun fibers reaching the rotary disk. 

Therefore, although experiencing certain elongation during collection, the partially 

disentangled and relaxed chains in the as-spun fibers from the 0.5% solution could not 

be fully stretched to adopt the planar zig-zag conformation. Consequently, thinner 

fibers obtained from the 0.5% solution exhibit a lower content of β-form crystal 

structure than those produced from the 1% solution. On the other hand, when solution 

concentration is increased to 2.5%, the entanglement of the polymer chains becomes 

much denser, as indicated by the significant increase of solution viscosity. This 

extensive entanglement would hinder the relaxation of the polymer chains, but also 

impede their deformation during electrospinning. As a result, the stretching forces 

imposed on the spinning jet and the as-spun fibers during spinning and collection may 

no longer be sufficient to orient the molecular chains along the fiber axis and 

subsequently extend them to adopt the planar zig-zag conformation. Accordingly, 

thicker fibers produced from the 2.5% solution have less β-crystal content than the 
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fibers produced from the 1% solution. From this experiment, the optimal solution 

concentration to produce β-form is found to be 1%, under which a balance between 

the deformation and relaxation of the polymer chains is reached throughout the 

electrospinning process.  

 

4.5 WAXD profiles of the electrospun fibers from solutions with different 

concentrations. 

FTIR spectra of macroscopically aligned, electrospun fibers with different 

diameters are shown in Figure 4.6. As seen in Figure 4.6a, the C=O stretching band of 

the fibers produced from the 1% solution (red spectra) can be resolved into two 

distinct peaks at 1728 and 1740 cm-1, which are assigned to the strained α-crystalline 

phase and the β-crystalline/strained amorphous phase, respectively. These two peaks 
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are also observed in the blue spectra corresponding to the fibers obtained from the 

2.5% solution, in which the 1728 cm-1 peak shifted slightly to lower frequency while 

the 1740 cm-1 peak decreased in relative intensity. These observations further confirm 

the decline of molecular chain orientation as well as the amount of the β-crystals in the 

fibers as the solution concentration increased from 1% to 2.5%. Interestingly, when 

the solution concentration is reduced to 0.5%, the C=O stretching band of the resultant 

fibers (black spectrum) exhibits a broad α-crystalline peak centered at 1725 cm-1 as 

well as a strong peak at 1742 cm-1 whose relative intensity is comparable to that of the 

1740 cm-1 peak in the red spectra. The C=O stretching band of the thin fibers obtained 

from the 0.5% solution (black spectrum) is very different from that of the fibers from 

the 2.5% solution (blue spectrum). Considering a similar content of the β-form in the 

two fiber bundles, this difference in C=O stretching may stem from different internal 

structure in the fibers. It is speculated that the fibers produced from all three solutions 

have the core-shell structure described in Section 3.3.5, whereas the structural and 

orientation gradients are strongly dependent on solution concentration, or the 

viscoelastic properties of the solution. On the other hand, the lower macroscopic 

alignment of the thin fibers from the 0.5% solution, as seen in Figure 4.4a, may also 

contribute to the strange shape of the C=O stretching band. As a result, investigations 

of single fibers are necessary in order to provide further details. In the C-O-C 

stretching region (Figure 4.6b), characteristic IR features of the β-form crystal 

structure were observed in all three spectra, including peaks at 1304 and 1080 cm-1 as 

well as shoulders at 1277, 1047 and 950 cm-1. These features once again confirm the 

existence of the β-structure in all three fibers bundles. However, no obvious spectral 
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changes as a function of the β-form content was found. Further investigations are 

needed to give solid explanations to these observations.  
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4.6 FTIR spectra of the electrospun fibers from solutions with different 

concentrations in (a) C=O stretching region and (b) C-O-C stretching 

region. 
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4.3.3 Solvent 

Solvent has a big influence on solution properties, such as the conductivity, 

viscosity and dielectric properties, etc., all of which play a significant role in the 

electrospinning process. Thus, choosing the proper solvent is important for the 

production of fibers with desirable characteristics. In the present work, we compared 

two solvent systems to investigate the effect of solvent on the crystal morphology of 

electrospun PHBHx fibers. The detailed information of the two solvent systems and 

the corresponding electrospinning parameters are listed in Table 4.3 and 4.4, 

respectively. 

Table 4.3 Selected properties of the solvents used. 

 

Solvent System Constituent 
Density 

(g/ml) 

Boiling 

point (°C) 

Vapor pressure 

(at 20°C) 

I (Pure solvent) HFIP 1.596 58.2 16kPa 

II (Solvent 

mixture) 

Chloroform 

90 wt% 
1.483 61.2 21.09kPa 

DMF 

10 wt% 
0.948 154.0 516Pa 
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Table 4.4 Electrospinning conditions and the sizes of fibers from different solvent 

systems. 

 

The morphology of the electrospun fibers from different solvent systems are 

shown in Figure 4.7. Conventionally, when using aluminum foil as the collector, 

random fiber mats obtained from the two different solvent systems show similarity in 

size (Figure 4.7a and 4.7b). Interestingly enough, when using a rotary disk as the 

collector, one obtains macroscopically aligned fibers for both solvent systems, but the 

size of the fibers from the solvent mixture of chloroform and DMF with a weight ratio 

of 9:1 (Figure 4.7b’) is much smaller than that from the pure solvent of HFIP (Figure 

4.7a’).   

Solvent 

System 

Concentration 

(wt%) 

Flow rate 

(ml/h) 

Collecting 

distance 

(cm) 

Collector 

Average 

diameter 

(nm) 

I 2.5 0.5 25 

Al foil 1200±225 

Rotary disk 

(3500rpm) 
800±100 

II 5 0.5 25 

Al foil 1250±100 

Rotary disk 

(3500rpm) 
330±35 
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4.7 SEM images of the electrospun fibers obtained from different solvent 

systems of pure HFIP (a,a’) and a mixture of chloroform and DMF (b,b’). 

The crystal structure of the fibers from different solvent systems was examined 

by WAXD, and the results are shown in Figure 4.8. As evidenced in the normalized 

WAXD profiles, the aligned fibers obtained from the mixture of chloroform and DMF 

have a much larger amount of β-crystals. This is further confirmed by FTIR spectra 

shown in Figure 4.9. As can be seen, the spectral changes are characteristically 

correlated to the increase of the β-form crystal structure. In the C=O stretching region, 

the peak at 1729cm-1 shifts to higher frequency while the shoulder at 1743cm-1 

develops and shifts to lower frequency. In the C-O-C stretching region, the 
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characteristic development of peaks at 1080 and 969cm-1 and recession of the peak at 

950cm-1 is observed.  

 

4.8 WAXD profiles of the electrospun fibers from different solvent systems. 
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4.9 FTIR spectra of the electrospun PHBHx fibers collected from different 

systems in (a) C=O stretching region and (b) C-O-C stretching region. 
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HFIP and chloroform are known as good solvents for PHBHx at room 

temperature. From Table 5 we see that chloroform has a higher vapor pressure than 

HFIP under ambient conditions, indicating that CHCl3 is more volatile. The core-shell 

model in Chapter 3 suggests that fibers produced using more volatile solvent should 

have higher β-form content since more planar zig-zag chains, especially in the core, 

would be kinetically frozen in the fibers without being converted to the helical 

conformation when solidified. Accordingly, instead of HFIP, CHCl3 was used to 

produce more β-form crystal structure in the fibers. In order to improve the 

spinnability of the PHBHx/CHCl3 solution and prevent the clogging at the needle tip, 

a small portion (10 wt%) of DMF, which has a high electrical conductivity and 

dielectric constant, was added to CHCl3 to form a binary solvent system. In contrast to 

CHCl3 or HFIP, DMF is a poor solvent for PHBHx at room temperature, and it does 

not evaporate easily as shown by its low vapor pressure. During electrospinning, 

particularly in the fiber collection stage, the small DMF molecules act as plasticizers, 

which postpones the fiber solidification and facilitates the motion and deformation of 

the molecular chains. This leads to the dramatic reduction of the fiber size and 

increase of the β-structure content. The results in this experiment show that choosing a 

proper solvent is important in controlling the formation of the β-crystalline structure in 

the electrospun PHBHx nanofibers.  

4.4 Conclusions 

Electrospinning parameters, including fiber take-up speed, solvent, and 

solution concentration, were tested to evaluate their effects on the formation of the β-

form crystal structure in electrospun PHBHx nanofibers. The experimental results 

showed that these parameters have significant influence on the morphology and 
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structure of the fibers. It was also found that more β-crystals can be produced in the 

fibers when 1) a higher rotation speed of the rotary disk is used, so that the polymer 

chains are further extended before fiber solidification; 2) an optimal solution 

concentration is chosen, so that a balance between polymer chain deformation and 

relaxation is maintained throughout the whole electrospinning process; 3) a more 

volatile solvent is used, so that more planar zig-zag chains are kinetically frozen in the 

fibers without being converted to the helical conformation before the fibers solidify. In 

conclusion, the content of the β-form in the PHBHx nanofibers can be easily 

controlled by changing the electrospinning conditions. Since the internal structure of a 

material predominantly determines its external properties, the performance of the 

electrospun PHBHx nanofibers can thus be fine-tuned by adjusting the proper 

electrospinning parameters so as to meet the requirements of the application. 
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DISCOVERY OF PIEZOELECTRICITY IN ELECTROSPUN PHBHX 

NANOFIBERS CONTAINING Β-FORM CRYSTALLINE STRUCTURE 

5.1 Introduction 

In previous chapters, we described the successful introduction of the 

metastable β-form crystalline structure, in which the polymer chains adopt a planar 

zig-zag conformation, into PHBHx by electrospinning. This β-form was found to 

coexist with the thermodynamically stable α-form crystal structure in single 

electrospun PHBHx nanofibers, where the two crystalline polymorphs were observed 

to be spatially distributed as a core-shell structure consisting of an α-form-rich core 

and a β-form-rich shell. According to this core-shell model, electrospinning conditions 

were optimized to achieve the highest concentration of the β-form in the fibers. This 

fundamental research on the crystal structure of electrospun PHBHx nanofibers lead 

us to investigate the external properties of the fibers which are significantly influenced 

by the internal structure. This chapter will focus on the exploration of the relationship 

between the β-form crystal structure and piezoelectric properties of the PHBHx 

nanofibers.    

Piezoelectricity, a Greek term for pressure electricity, describes the ability of 

certain materials to generate electrical charge when subjected to mechanical stress 

(direct piezoelectric effect), or to expand or contract when put in an electrical field 

(indirect/converse piezoelectric effect).1–4 The piezoelectric effect is recognized as the 

linear electromechanical interaction between the mechanical and electrical states in 

Chapter 5 



 109 

materials which lack inversion symmetry.5 The nature of the piezoelectric effect is 

strongly related to the existence of electrical dipole moments in solids, which may 

either be induced for ions at crystal lattice sites with asymmetric charge surroundings 

or carried directly by molecular groups.1 When subjected to mechanical deformation, 

non-centrosymmetric piezoelectric materials will exhibit a potential difference 

between the surfaces due to a change of dipole moments. This potential difference, or 

voltage, causes electrical charges to be driven around a circuit (current) and thus 

create electricity.1 Among all piezoelectric materials, piezoelectric polymers have 

attracted special attention over the last two decades because of their 

structural/dimensional flexibility, light weight, ease of processing, large sensitive area 

and relatively low cost implementation.6–8 According to Broadhurst and Davis, there 

exist four critical elements for all piezoelectric polymers: (1) the occurrence of 

permanent molecular dipoles; (2) the ability to align the molecular dipoles; (3) the 

ability to sustain this dipole alignment once it is achieved; and (4) the ability of the 

material to undergo large strains when mechanically stressed.2 Electrospun PHBHx 

nanofibers meet all these criteria because (1) The O=C-CH2 dipoles exist in the 

material; (2) the strong stretching during electrospinning orients the molecular chains 

along the fiber axis, and thus aligns the molecular dipoles; (3) the fast solvent 

evaporation during electrospinning facilitates the preservation of dipole alignment 

through fiber solidification; (4) the flexible fibers can withstand large deformations. 

Consequently, PHBHx nanofibers are very likely to have piezoelectric characteristics. 

In this study, we investigate the piezoelectric response of electrospun PHBHx 

nanofibers as a function of crystal structure.  Macroscopically aligned PHBHx 

nanofibers containing the metastable β-form crystalline structure were fabricated by 
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using a high-speed rotary disk as the collector. A control sample was made by 

annealing these fibers at 130 °C for 24 hours, so that the annealed fibers contained 

only the α-crystalline form. The piezoelectric properties of the aligned fibers, both 

before and after annealing, were characterized utilizing a piezoelectric cantilever. The 

mechanisms for the development of piezoelectric response of the fibers are proposed 

and the sensitivity of the piezoelectric PHBHx nanofibers to pressure was quantified.     

5.2 Experimental 

5.2.1 Electrospinning 

Macroscopically aligned PHBHx nanofibers containing the metastable β-form 

crystalline structure were fabricated by using a high-speed rotary disk as the collector. 

Details of the electrospinning process can be found in Section 2.2.2. Specifically, the 

rotary disk was carefully wrapped with non-sticky aluminum foil, so that free-standing 

ribbons (Figure 5.1) of highly aligned PHBHx nanofibers can be easily peeled from 

the flat edge of the rotary disk. 

  

5.1 Picture of a piece of free-standing fiber ribbon. 
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5.2.2 Annealing 

It has been reported that the metastable β-form crystalline structure of PHBHx 

can be annealed back to the α-form at 130°C.9 Accordingly, fiber ribbons were 

annealed at 130°C in an oven for 24 hours in order to facilitate the conversion of  the β 

polymorph into the α polymorph. In particular, the two ends of the fiber ribbons were 

clamped onto a glass slide, so that the macroscopic alignment of the fibers was 

retained during annealing.  

5.2.3 Fiber mat characterization 

The morphology and crystal structure of the rotary disk aligned fibers before 

and after annealing were characterized by SEM and WAXD. More experimental 

details can be found in Section 2.2.3.  

5.2.3.1 Measurement of piezoelectric response 

A homemade piezoelectric cantilever was used to test the piezoelectric 

response of the macroscopically aligned PHBHx nanofibers. As illustrated in Figure 

5.2(a), two piezoelectric lead zirconate titanate (PZT) sheets (T105-H4E-602, Piezo 

Systems), A and B, were glued onto the top and bottom of a 32 mm long × 3.5 mm 

wide rectangular stainless steel layer. PZT sheet A at the top has a dimension of 22 

mm (length) x 3.5 mm (width), while sheet B at the bottom is slightly shorter with a 

dimension of 12 mm x 3.5mm. A thin brass cylinder with a diameter of 1 mm was 

glued to the tip of the cantilever to act as the testing probe. More details about the 

piezoelectric cantilever can be found elsewhere10–15. Due to a converse piezoelectric 

effect, the application of external voltages across PZT sheet A will generate axial 

displacement of the cantilever, as well as the testing probe. Figure 5.2(b) shows the 

displacement of the probe at different applied voltages. The probe displacement was 
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measured using a laser displacement sensor (LC-2450, Keynece Corporation) with a 

resolution of 0.5 μm. The external voltage was supplied by a function generator 

(Agilent 33220A, 20MHz).  

 

5.2  Schematic diagram of the piezoelectric cantilever (a) and a plot of the 

displacement of the probe against applied voltage (b). 

For measuring the piezoelectric response of the fibers, a 5 mm wide × 10 mm 

long fiber ribbon was interfaced with a flexible PDMS substrate. In order to reduce the 

background noise, this PDMS substrate was covered with insulating Kapton® tape. 

Conductive copper tape (3M 3313, 1/2 inch), serving as the electrodes, was used to 

stick the two ends of the fiber ribbon onto the substrate in a way that the aligned fibers 

are completely straight without load. The piezoelectric test started with a careful 

engagement of the cantilever probe onto the surface of the fiber ribbon. Afterwards, 

square wave voltages, supplied by the function generator, were applied across the 
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cantilever to generate the vibration of the cantilever at a frequency of 10 Hz. The 

probe engaged on the fiber ribbon thus deformed the straight fibers synchronously. 

The induced voltages resulted from the deformation of the aligned fibers were 

recorded on a digital oscilloscope (Agilent Infinitum 1.5 GHz, 8GSa/s). The 

experimental set-up is illustrated in Figure 5.3. Control experiments were performed to 

verify that no obvious voltage signal was observed without the fiber ribbon. All 

experiments were performed on a Newport optical table (RS100, Newport 

Corporation) to minimize background vibrations. 

 

5.3 Schematic diagram of the piezoelectric response testing instrument. 

5.3 Results and Discussion 

The morphologies and crystal structures of the macroscopically aligned 

PHBHx nanofibers before and after annealing are shown in Figure 5.4. It is observed 
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that after annealing, the alignment of the fibers remained constant, while the β-crystals 

disappeared as the X-ray diffraction peak of the β-form at 19.6° could no longer be 

seen in Figure 5.4 b’. Furthermore, the two diffraction peaks of the α-form became 

narrower, i.e. the FWHM of the two α-peaks became smaller after annealing, 

indicating that the size of the α-crystals increased due to the reorganization of the 

molecular chains during annealing.  

 

5.4 SEM images and WAXD patterns of the macroscopically aligned 

PHBHx nanofibers before annealing (a, a’) and after annealing (b, b’). 

The piezoelectric response of the PHBHx nanofibers before and after 

annealing was measured with a 10V applied voltage. The experimental results are 

presented in Figure 5.5. As shown, the fibers before annealing (signal in black) exhibit 
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much higher voltage output (c.a. 240 mV peak to peak) than the fibers after annealing 

(signal in red), indicating a strong correlation of the piezoelectricity of the fibers with 

the presence of the β-form crystal structure.  

 

5.5 Induced voltage vs. time output of the rotary disk aligned PHBHx 

nanofibers before annealing (black signal) and after annealing (red 

signal). 

The β-crystalline form contains molecular chains that exhibit a planar zig-zag 

conformation. As shown in Figure 5.6b, the electronegative O atoms from the C=O 

group and the electropositive H atoms from the adjacent CH2 group reside on opposite 

sides of the polymer backbone. As a result, a net dipole moment is formed 

perpendicular to the polymer backbone.  From Chapter 2 we know that the polymer 

chains in the rotary disk aligned fibers are highly oriented along the fiber axis. 

Therefore, when aligned fibers are bent, the oriented polymer chains confined in the 

fibers are deformed, which causes a change of the dipole moment. Consequently, a 

potential difference is generated between the two ends of the fibers, which appears as 

the positive black voltage spikes in Figure 5.5. On the other hand, although electric 

dipoles exist in the molecular chains of the α-form, the left-handed 21 helical 
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conformation aligns all the dipole moments in a way that they cancel each other 

(Figure 5.6a). This results in a zero net dipole moment in the α-crystals, and thus the 

annealed aligned fibers containing only the α-form crystalline structure barely exhibit 

piezoelectric characteristics. Interestingly, Ando and his co-workers16–18 investigated 

the piezoelectric properties of α-PHB and found that oriented α-form PHB exhibits 

intrinsic shear piezoelectricity, i.e., the internal rotation of dipolar atomic groups 

associated with the asymmetric carbon atoms (O=C-CH2, Figure 5.6a) in the helical 

chains of the α-form cause electric polarization when shear stress is applied.16,17 

However, this shear piezoelectricity was not observed in Figure 5.5. This might be due 

to: (1) the molecular chains are not sufficiently sheared in this experiment to display 

the shear piezoelectricity, with the fact that the shear piezoelectric coefficient of α-

PHB is low19; (2) the annealing process may have degraded the high orientation level 

of the chains, so the α-crystals after annealing are randomly distributed in the fibers. 

Further investigations are necessary to gain a better insight into this observation.  
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5.6 Electric dipoles in 21 helical PHB chains (α-form) (a) and planar zig-zag 

PHB chains (β-form) (b). 

Another interesting feature in Figure 5.5 is the alternative appearance of 

positive and negative voltage spikes. This phenomenon can be explained by the charge 

and discharge of the piezoelectric PHBHx fibers during the press-hold-release cycle 

(Figure 5.7). When the brass probe starts to press the fiber ribbon, the oriented 

molecular chains in the fibers are deformed, which results in an instantaneous 

potential difference between the two ends of the fiber ribbon. This potential difference 

is represented by the positive voltage signal in Figure 5.7. In response to this induced 

potential difference, external free charges (green line) are driven to the fiber ribbon to 

neutralize this potential difference. During this process, the net charge (pink line) on 

the fiber ribbon increases. When the press is held, i.e. the mechanical strain remains 

constant, both the induced potential difference and the net charge are gradually 

diminished, as the piezoelectric bound charges are balanced by the external free 
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charges. At zero potential difference, the fiber ribbon is fully charged. When the press 

is released, the built-in potential difference disappears, and the external free charges 

accumulated at both ends of the fiber ribbon flow back in a direction opposite to the 

accumulation process. This results in an opposite potential difference which is 

observed as the negative voltage signal. As shown in Figure 5.7, the opposite potential 

difference and net charge also experience a gradual reduction. As soon as the potential 

difference reaches zero, the discharge of the fiber ribbon is complete.   

 

5.7 Electric charge movements during a press-hold-release cycle. The black 

line represents the real voltage signal. The dark green line represents the 

free charge transport from the external circuit to the fibers. The pink line 

represents the net charges in the fiber ribbon. 
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The above experimental results indicate the possibility of piezoelectric PHBHx 

nanofibers being used as nanogenerators. Meanwhile, the piezoelectric characteristics 

make the fiber ribbons promising as building blocks for piezoelectric sensors. In order 

to evaluate the sensitivity of the fiber ribbon, the applied voltage was adjusted to 

explore the relationship between the induced voltage and the applied pressure using 

the apparatus shown in Figure 5.3. The pressure applied on the fibers is calculated by 

the equation: 

p =
𝐾×𝐷

𝐴
 

where K represent the spring constant of the cantilever. D is the axial displacement of 

the probe, and A is the contact area of the probe and the fiber ribbon. It is known that 

K=128.9±2.2 N/m20. D is measured by the laser displacement sensor as shown in 

Figure 5.1b and A= πr2 where r=0.5 mm. The induced voltages were recorded through 

a range of applied voltages from 4 to 10 V with increments of 1 V. A plot of the 

induced voltage as a function of the applied pressure is shown in Figure 5.8b, where a 

linear relationship was observed. Hence, the sensitivity of the fiber ribbon can be 

calculated from the slope of the linear fit, which turns out to be 7.46 mV/kPa. 

Although this sensitivity seems to be much lower compared to other piezoelectric 

sensors, it can be improved by many methods including: 1) changing the sensor 

architecture, e.g., stacking multiple layers of piezoelectric fiber ribbons together; or 2) 

increasing the concentration of the piezoelectric-active component (β-crystals) in the 

fibers.  
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5.8 (a) Schematic illustration of an analytical model for the response of the 

PHBHx fiber ribbon under applied pressure. The blue letter p and red 

letter A denote the applied pressure and the contact area of the probe and 

the fiber ribbon, respectively. (b) Experimental (black) and linear fitted 

(red) pressure response curves. 
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5.4 Conclusions 

In this study, the piezoelectric properties of the electrospun PHBHx nanofibers 

were investigated as a function of crystal structure. The piezoelectric response of the 

rotary disk aligned fibers, before and after annealing, was characterized with a lab-

based testing device. The results showed that the nanofibers containing the metastable 

β-form crystalline structure consisting of planar zig-zag chains, exhibit an obvious 

piezoelectric response when mechanically deformed. However, after annealing and 

conversion of the β-form crystals to the α polymorph this piezoelectric response 

disappeared. This observation indicated a strong correlation between the piezoelectric 

properties of the fibers and the presence of the β-form crystalline structure. 

Subsequently, the sensitivity of the piezoelectric PHBHx nanofibers to the applied 

pressure was measured. The induced voltages were recorded as the applied pressure 

was changed and a linear relationship was observed. As a result, the piezoelectric 

sensitivity of the fibers was measured to be 7.46 mV/kPa. The implications of these 

preliminary investigations of the piezoelectricity of PHBHx are far reaching because 

now we know that the piezoelectric performance of this material will be largely 

improved by increasing the concentration of the piezoelectric-active β-form crystalline 

structure, which can be accomplished by utilizing innovative polymer processing 

techniques. The piezoelectric PHBHx distinguishes itself from all the other 

piezoelectric polymers with its excellent biodegradability and biocompatibility, 

environmental-friendliness and most importantly, low manufacturing cost. It is a very 

promising piezoelectric polymer which can find applications in many advanced areas 

including portable/foldable electronic devices, artificial electronic skins and 

implantable sensors.  
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CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

For the first time the strain-induced, metastable β-form crystal structure, in 

which molecular chains adopt a planar zig-zag conformation, was successfully 

introduced in PHBHx by electrospinning. We obtained this β-form in macroscopically 

aligned PHBHx nanofibers collected across the air gap on a piece of aluminum foil 

and on the tapered edge of a high-speed rotary disk. The two modified collectors – the 

air-gapped aluminum foil and the rotary disk – provided extra stretching forces during 

fiber collection, which is essential for the generation of the β-form. The presence of 

the β-form crystalline structure in electrospun fiber mats was confirmed by wide-angle 

X-ray diffraction (WAXD) and Fourier transform infrared spectroscopy (FTIR). Based 

on the observation of a new crystalline reflection peak in WAXD profile and the 

associated spectral changes in the FTIR spectra, we were able to substantiate the 

existence of the β-form crystalline structure in PHBHx. In addition, polarized FTIR 

spectra revealed that the polymer chains in the macroscopically aligned PHBHx 

nanofibers are oriented along the fiber axis.  

In order to have a better understanding of the internal structure of the 

electrospun PHBHx nanofibers, selected area electron diffraction (SAED) and AFM-

IR were utilized to investigate the morphological and structural details of individual 

PHBHx nanofibers. The results demonstrated a coexistence of the thermodynamically 

stable α-form, with molecular chains adopting a left-handed 21 helical conformation, 

Chapter 6 
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and the metastable β-form in single fibers. The molecular orientation level and the 

relative amounts of the two crystalline polymorphs were found to be highly dependent 

on fiber collection methods as well as fiber diameter. More importantly, the AFM-IR 

spectra and imaging of single PHBHx nanofibers revealed that the α and β-form 

crystal structures are spatially distributed as a core-shell structure consisting of an α-

form-rich core and a β-form-rich shell. In addition, it was observed that the thickness 

of the shell remained constant despite the variation of fiber diameter, indicating that 

the formation of the β-form-rich shell was predominantly controlled by the 

competition between the solvent evaporation and diffusion. According to these 

observations, a new mechanism for the generation of the β-form was proposed which 

is significantly different from those previously reported. That is, the β-crystals were 

generated before the formation of the α-crystals. During fiber solidification, the planar 

zig-zag chains, originating from the oriented free chains in the fiber, were kinetically 

frozen near the fiber surface and formed the β-form-rich shell due to the extremely 

high solvent evaporation rate at the surface. Subsequently, the planar zig-zag chains in 

the core area relaxed and converted to more stable helical chains due to the existence 

of residual solvent. As a result, the α-form-rich core was formed.  

After development of the polymorphic, heterogeneous, core-shell model 

described above, electrospinning parameters, including fiber take-up speed, solution 

concentration and solvent, were adjusted with a goal of increasing the concentration of 

β-form in PHBHx nanofibers.  The experimental results showed that these three 

parameters all have a significant influence on the morphology and structure of the 

fibers. More β-crystals can be produced in the fibers when 1) a higher rotation speed 

of the rotary disk is used, so that the polymer chains are further extended before fiber 
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solidification; 2) an optimal solution concentration is chosen, so that a balance 

between polymer chain deformation and relaxation is maintained throughout the 

whole electrospinning process; 3) a more volatile solvent is used, so that more planar 

zig-zag chains are kinetically frozen in the fibers without being converted to the 

helical conformation before the fibers solidify. These experimental results indicate that 

the β-form content in PHBHx nanofibers can be easily regulated by modifying the 

electrospinning conditions.  

The presence of the β-form crystal structure has a significant influence on the 

external performance of the electrospun PHBHx nanofibers. We characterized the 

piezoelectric response of the rotary disk aligned fibers before and after annealing. It 

was observed that the fibers, before annealing, which contain the metastable β-form 

crystal structure, exhibit an obvious piezoelectric response to the mechanical 

deformation. However, this piezoelectric response disappeared after annealing and 

conversion of the β-form crystals to the α-polymorph. This observation indicated a 

strong correlation between the piezoelectric properties of the fibers and the presence 

of the β-form crystal structure, possibly due to the planar zig-zag conformation of the 

chains which gives rise to a significant dipole moment change when subjected to 

mechanical deformation. In addition, the sensitivity of the piezoelectric PHBHx 

nanofibers to mechanical pressure was characterized. The induced voltages were 

recorded while changing the applied pressure, and a linear relationship was observed. 

As a result, the piezoelectric sensitivity of the fibers was measured to be 7.46 mV/kPa. 

In conclusion, in this study we managed to introduce a new crystal structure in 

PHBHx by electrospinning. In addition, the structure/property/process relationships 

were systematically investigated. The implications of this study are far reaching since 
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the crystal structure of a polymer plays an important role in the properties which are 

manifested after processing. If a desired crystalline polymorph can be locked in by 

controlling the processing environment, then we have yet another parameter with 

which to engineer the properties of PHBHx. We believe that the new properties 

brought about by the metastable β-form, such as the piezoelectricity, together with its 

excellent biodegradability and biocompatibility, environmental friendliness and low 

manufacturing cost, will make the bio-based PHBHx a very promising green polymer 

which can easily find applications in many diverse venues.  

6.2 Future Work 

6.2.1 Characterization of molecular orientation at the single fiber scale 

In Chapter 2, we described the characterization of the molecular orientation in 

the fiber mats by polarized Fourier transform infrared spectroscopy (p-FTIR). 

However, this molecular orientation is an average of the molecular orientation for 

many individual fibers with different morphological and structural details. In order to 

eliminate the effect of this averaging, investigations of molecular orientation at the 

single fiber scale are necessary. SAED is a powerful technique which can extract the 

molecular orientation information for single PHBHx nanofibers from the tangential 

spread of the crystal reflection arcs. However, the analysis with SAED is restricted to 

the crystalline phase.1 With a built-in IR polarizer, AFM-IR is able to probe local 

molecular chain orientation in the crystalline domains as well as the non-crystalline 

phase in a single electrospun fiber at a spatial resolution of sub-100 nm. The built-in 

polarizer can polarize the incident IR beam in two mutually perpendicular directions: 

at 0° polarization, the electric field of the s-polarized IR laser is parallel to the surface 
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of the substrate, while at 90° polarization, the electric field of the p-polarized IR laser 

has a major component normal to the surface of the substrate.2,3 As a result, if a pair of 

crossed fibers are deposited on the sample substrate in the way shown in Figure 6.2, at 

0° polarization, the electric field of the IR laser is parallel to the axis of the vertically 

aligned fiber while perpendicular to that of the horizontally aligned fiber. The IR 

image of these two fibers at a characteristic vibrational frequency should exhibit a 

difference if molecular orientation exists. In order to test our hypothesis, we tuned the 

frequency of the incident IR laser to 1740 cm-1 (β-form carbonyl stretching frequency) 

and imaged two pairs of crossed fibers at 0° polarization. The AFM and IR images are 

shown in Figure 6.2. Interestingly, the horizontally aligned fibers show an intense 

absorption at 1740 cm-1, while the vertically aligned fibers can barely be seen in the IR 

image. This observation indicates a high molecular orientation of the β-chains along 

the fiber axis, because from the molecular model in Figure 6.2c we know that the C=O 

stretching is perpendicular to the backbone of the planar zig-zag chains. This 

preliminary result suggests that AFM-IR can be used to characterize the molecular 

orientation in individual PHBHx nanofibers. In addition, the sub-100 nm spatial 

resolution of AFM-IR enables the investigation of local molecular orientation at 

different locations on a single fiber. According to the core-shell structure described in 

Chapter 3, we speculate that the molecular orientation in the β-form-rich shell and α-

form-rich core should be different. Consequently, future work should involve the 

quantification of molecular orientation in the core and shell. This could be 

accomplished by analyzing the s-and p-polarized AFM-IR spectra collected in the 

shell and in the core, respectively.   
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6.1 Schematic illustration of the electric field of the s-polarized IR laser at 0° 

polarization. 

 

6.2 AFM topographic image (a) and IR image at 1740 cm-1 (b) of two pairs 

of crossed fibers at 0° polarization (s-polarized IR beam). (c) is the 

molecular model of the planar zig-zag chains in β-form crystal structure. 

6.2.2 Optimization of β-form content in electrospun PHBHx nanofibers   

In Chapter 4 we explored the influence of fiber take-up speed, solution 

concentration and solvent properties on the generation of the β-form in the electrospun 

PHBHx nanofibers. The β-form content in the fiber mats produced under different 

electrospinning conditions was only characterized with traditional techniques 

including WAXD and FTIR. For future work, advanced techniques such as SAED and 
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AFM-IR should be utilized to systematically investigate the internal structure 

(molecular orientation and crystalline polymorph distribution) of single PHBHx 

nanofibers as a function of electrospinning conditions, so that the core-shell model 

proposed in Chapter 3 can be further verified.  

In addition, other influential electrospinning parameters should also be 

investigated. These parameters, in principle, can be divided into three categories 

referring to (1) polymer-solution properties; (2) technical features related to the 

electrospinning set-up and (3) ambient conditions.4 In category 1, parameters like the 

Hx content in PHBHx should be considered. The Hx comonomers were incorporated 

in PHB to disrupt the crystallization process and subsequently lower the crystallinity. 

As a result, the Hx content should have a significant effect on the morphology and 

structure of the electrospun fibers. Figure 6.3 shows the SEM images of the 

electrospun nanofibers of three PHBHx samples with different Hx content. It is 

observed that under the same electrospinning conditions, the distinct and well-defined 

fibers gradually become fuzzy and fused along with the increase of the Hx content in 

PHBHx. Apparently, the Hx content can largely affect the morphology of the resultant 

fibers. It would be intriguing to find out how this parameter affects the generation of 

the β-form crystal structure in the PHBHx nanofibers.   
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6.3 SEM images of electrospun nanofibers of PHB-3.9Hx (3.9 mol% Hx 

content) (a), PHB-7.6Hx (b) and PHB-13Hx (c). 

In category 2, parameters such as applied voltage, solution flow rate, needle 

diameter and working distance, which influence the stretching of the spinning jet and 

solvent evaporation during electrospinning, should be investigated. In category 3, the 

effects of temperature and electrospinning atmosphere should be investigated. 

Specifically, temperature could affect both the evaporation rate of the solvent and the 

viscosity of the polymer solution.5 As a result, it is very likely that temperature will 

have a big impact on the crystallization behavior of the polymer chains during the 

electrospinning process. On the other hand, the type of atmosphere could also affect 

the crystal structure in the resultant electrospun fibers. For example, Giller et al.6 

fabricated unique electrospun Nylon-6 fibers by electrospinning into a closed chamber 

filled with solvent vapor. The authors reported that the crystalline state of the resultant 

fibers is highly dependent on the concentration of the solvent vapor in the chamber. 

The above mentioned future investigations are essential for the achievement of the 

optimization of the β-form content in the electrospun PHBHx nanofibers  
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6.2.3 Thermoreversible gel of PHBHx  

We recently observed an interesting thermally reversible sol-gel transition in 

PHBHx CHCl3/DMF or CHCl3/1,4-dioxane solutions. PHBHx was dissolved in 

CHCl3/DMF or CHCl3/1,4-dioxane binary solvent system at elevated temperatures 

(100 °C) under stirring, where CHCl3 is recognized as a good solvent for PHBHx 

while DMF and 1,4-dioxane are poor solvents for PHBHx at room temperature. The 

clear PHBHx solution, slowly cooled to room temperature (c.a. 20 °C), yielded an 

opalescent gel. As seen in Figure 6.4, a sol-gel transition occurs as the temperature is 

raised from room temperature to 100°, and this transition is reversible.  

 

6.4 Thermally reversible sol-gel transition in PHBHx CHCl3/DMF solution. 

It was observed that the physical properties of the thermoreversible gel can be 

largely influenced by various parameters. Figure 6.5 lists a variety of gels formed 

under different conditions. It clearly shows that the viscosity and turbidity of the gel 

are highly dependent on: (1) the content of the Hx units in the PHBHx polymer; (2) 

the solution concentration; (3) the composition of the binary solvent system; and (4) 
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the temperature at which the gel was formed (gelation temperature). As seen in Figure 

6.5, the turbid and hard (crumbly) gels gradually become clear and soft when 

increasing the Hx content in PHB, increasing the gelation temperature as well as 

decreasing the solution concentration (row 1, 2 &4 in the figure). On the other hand, 

the composition of the binary solvent system, i.e. the co-solvent ratio doesn’t seem to 

have a significant effect on the turbidity of the gel. However, it does appear to control 

the viscosity of the gels. 

 
Note: Letter C and OX denote CHCl3 and 1,4-dioxane, respectively; R.T. denotes room temperature. 

6.5 Formation of PHBHx thermoreversible gel as a function of Hx co-

monomer content (row 1), solution concentration (row 2), composition of 

binary solvent system (row 3) and gelation temperature (row 4).  
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Freeze drying the gel revealed a 3D network of very fine PHBHx fibers as 

shown in Figure 6.6. The diameter of the fibers varies from tens of nanometers to sub-

micron. The crystal structure of the freeze-dried gel was characterized with WAXD. 

Figure 6.7 shows the WAXD profiles of the freeze-dried gel and the raw PHBHx 

powder. It is observed that the freeze-dried gel has the same crystal structure as the 

raw polymer powder- both are pure α-form. 

 

6.6 SEM images of the freeze-dried gel at magnifications of 2,500 (a) and 

50,000 (b). The scale bar in (b) is 100nm. 



 136 

 

6.7 WAXD profiles of raw PHBHx powder (a) and freeze-dried gel (b). 

We produced thin films of the thermoreversible gel by smearing the gel onto a 

glass slide and subsequently drying the wet smeared gel under ambient conditions. 

After the solvent evaporated, clear and smooth gel films were obtained. Again, we 

characterized the crystal structure of the gel films with WAXD and found that the 

diffraction profile obtained was very different from those plotted in Figure 6.7. In 
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Figure 6.8a we observed that the α (111) peak (2θ=22°) disappeared, and the α (110) 

peak became broad and weakened. Meanwhile, a new diffraction peak at 2θ=19.7° 

appeared. This new peak is very similar to the β-form diffraction peak observed in the 

WAXD profile of the rotary disk aligned fibers in terms of peak position and peak 

width (FWHM). More interestingly, the WAXD profile of the stretched gel film 

(Figure 6.8b) shows an increase of the relative intensity of this new peak as well as the 

reappearance of the α (110) peak. These observations indicate that β-form crystallites 

may exist in the gel film, and the stretching of the gel film facilitates the development 

of both the α and β-crystalline structure. The recrystallization of the kinetically frozen 

molecular chains in the gel film during stretching caused an enthalpy change in the 

system, which may explain the massive heat observed physically when stretching the 

gel film.  
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6.8 WAXD profiles of the gel film before (a) and after stretching (b). 

These preliminary results only show the tip of the iceberg. Many more 

experiments should be carried out before we can draw any conclusion confidently. The 

hint of the appearance of the β-crystalline structure in the gel film is very encouraging 

which indicates that it might be possible to massively produce PHBHx thin films with 

a large concentration of β-crystals. These β-form-rich PHBHx thin films may find 

many new applications which would never be possible for α-PHBHx.  
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