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 The crystalline/amorphous phase transformation behaviors monitored at the bulk 

and interface regions of a newly developed biopolymer, poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (P(HB-co-HHx)), and those of its basic unit, poly(3-hydroxybutyrate) 

(PHB), were investigated by using transmission and attenuated total reflection (ATR) 

infrared (IR) spectroscopy coupled with the generalized two-dimensional (2D) 

correlation analysis.  Wide-angle X-ray diffraction (WAXD) and differential scanning 

calorimetry (DSC) were employed to study the thermal properties of the polymers.  The 

asynchronous 2D correlation spectra generated from the dynamic IR spectra in the C=O 

stretching region for the two polymers reveal the coexistence of two crystalline 

components assignable to the highly ordered and less-ordered crystalline parts of the 

polymers.  The phase transformation process of P(HB-co-HHx) and that of PHB take 

place through an intermediate state.  The distributions of the crystalline phase detected by 

ATR and transmission techniques suggest that the population of polymer crystals at the 

surface is higher than that in the bulk for both polymers.  The time-dependent IR spectral 

variations indicate that P(HB-co-HHx) crystallizes much slower than PHB.  The HHx 

unit incorporated in P(HB-co-HHx) markedly reduce not only the degree of crystallinity 

but also the crystallization rate of PHB.  The highly ordered and less-ordered crystalline 

parts of P(HB-co-HHx) exhibit different crystallization behaviors, and the orders of 

crystal growth steps are inverse between the gradual cooling crystallization of the melt 

and the isothermal crystallization of the supercooled liquid. 
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CHAPTER I 
 

INTRODUCTION 
 

1.1 Biopolymers: Materials for a Sustainable Future 

 

Polymeric materials derived from petrochemicals are indispensable for modern 

human life.  Their diverse applications range from a simple garbage bag to a medical 

device being used in human body.  However, petrochemicals are limited in their 

abundances, and petroleum-based synthetic polymers cause tremendous 

environmental problems, especially at the waste disposal process.  As a consequence, 

many researchers and manufacturers are driven towards consensus on materials that 

can be produced from renewable resources and would not persist in the environment.   

 

At present, a number of truly biodegradable polymers are commercially 

available.  Among several categories of those biopolymers, bacterially synthesized 

polyhydroxyalkanoates (PHAs) have received a great attention as a new family of 

environmentally friendly polymeric materials [1-7].  PHAs are a class of naturally 

occurring biodegradable polyesters accumulated as energy-storing inclusion body 

granules in the cells of certain microorganisms [1-4].  Despite their completely 

natural origin, PHAs bear a fairly close resemblance to some petroleum-based 

synthetic polymers in chemical structures and physical characteristics and possess an 

attractive combined set of end use properties.  Poly(3-hydroxybutyrate) (PHB), the 

simplest bacterial PHA, is the most abundant polyester found in bacteria [1,4,6].  The 

chemical structure of PHB and its reported crystalline structure [9,10] are shown in 

Figure 1.1 A and B, respectively.   

 

 PHB bears similar glass transition temperature (Tg), melting temperature (Tm), 

and comparable ultimate tensile strength to those of polypropylene (PP) [1,4,6].  

PHB is perfectly biocompatible, its medical use is therefore one of the important 



   

potential applications being contemplated.  However, due to the high stereoregularity 

of biologically produced macromolecules, PHB is a highly crystalline polymer that is 

stiff and brittle.  It is also thermally unstable during processing [6].  The molecular 

weight of PHB decreases significantly at temperatures just above the Tm.  This 

unfortunate aspect of properties poses a limitation of the application to a flexible 

film, which is one of the largest uses of biodegradable polymers.  Consequently, 

various efforts have been made to copolymerize PHB with other comonomers to 

improve its mechanical properties [6].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Chemical structure (A) and the reported crystalline structure [9,10] (B) 

of PHB.  (Reproduced from reference 9 with permission (B).  Copy-right 1973 

Elsevier Science.) 

 

 One concept is to include a more bulky comonomer to reduce the crystallinity 

and presumably increase the flexibility of the resulting copolymers.                        

A

B

A

B
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The copolymerization with 3-hydroxyvalerate (HV) was the first attempt performed 

by ICI (Billingham, UK), in the early 1980s [1,6].  However, the crystallinity of     

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(HB-co-HV)) never falls below 

50% due to the isodimorphism of the P(HB-co-HV) copolymer [6].  It has been 

reported that poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHx)) 

shows a greater Tm drop, at a given mol% comonomer, in comparison to           

P(HB-co-HV) [6].  Interestingly, hexanoate and larger comonomers depress Tm in the 

same manner regardless of their molecular sizes [6].  This feature indicates the break 

down of the isodimorphism occurring in the P(HB-co-HV) copolymer by the 

incorporation of comonomer units with three or more carbon unit side groups [6].      

 

1.2 Development of Nodax Copolymer 

  

 The Procter and Gamble Company (Cincinnati, USA) has introduced a new 

family of commercial PHA copolymers under the trade name NodaxTM [8].  Nodax 

copolymer is comprised of 3-hydroxybutyrate and other longer side-chain 3-

hydroxyalkanoates [6,8].  Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)s with the 

Tm of about 110 to 160 ºC and approximately 35 to 45% crystallinity are typical 

available commercial grades of Nodax copolymer.  The chemical structure of Nodax 

copolymer is shown in Figure 1.2 

 

 

 

   

 

 
Figure 1.2 Chemical structure of Nodax copolymer.   

 

 The introduction of less crystallizable units, i.e., HHx, into the molecular chains 

of PHB dramatically improves the physical and mechanical properties of the 

resulting copolymer [6,8].  As a consequence, Nodax copolymer possesses various 

attractive features, which are not only the notable physical and mechanical properties 
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but also the additional beneficial characteristics of polyesters.  Nodax copolymer has 

excellent surface properties (e.g., printability, dyeability, dispersibility, adhesion, 

etc.), and it is compatible with various additives and other polymers [8].  Examples 

of the potential applications of Nodax copolymer include flushable products, films 

and flexible packagings, coated papers, synthetic papers, and bioresorbable medical 

devices [8].  

 

1.3 Crystallinity and Phase Transformation of Nodax Copolymer 

 

 Crystallinity is one of the most important key parameters for material 

applications of polymers and their further chemical or mechanical processing.  The 

crystalline/amorphous phase transformation behavior of PHAs has gained keen 

interest recently [11-14].  A fundamental understanding of the crystallization and 

melting processess of this class of polymers is essential for improving their 

mechanical properties of biopolyesters.   

 

 Surface properties and surface phenomena of polymers are also of considerable 

interest from both fundamental and technological points of views.  Crystallization 

behavior of macromolecules at surface and interface regions plays an important role 

in numerous properties, e.g., mechanical strength, chemical compatibility, and 

biocompatibility, of polymeric materials [15].  In applications of polymers to thin 

films and coatings, for examples, it is often the interfacial behavior that governs the 

material performance rather than the bulk.  For biocompatible objects such as a 

polymeric scaffold, the tissue/polymer interface where a cellular adhesion occurs is 

very important [16-18].  Kai et al. [16] investigated the effects of surface 

morphology on the biocompatibility of P(HB-co-HHx)/PHB blends by using 

scanning electron microscopy (SEM).  It was found that the biocompatibility 

depends strongly on the surface crystallinity of the blending films [16].  As described 

above, the applications of Nodax copolymer have been expanded to a greater extent 

including biodegradable films, coatings, and bioresorbable medical devices.  

Therefore, the study on the surface properties of this class of polymers is crucial not 

only for improving the performances of existing film products but also for 
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developing new generation of biodegradable films.   

 

1.4 Two-dimensional Infrared Spectroscopy for Polymer Analysis 

 

 Infrared (IR) spectroscopy has been successfully employed to investigate the 

conformational changes and local molecular environments of polymers during their 

phase transition process [19-24].  This is because the technique provides not only 

sensitivity to changes in molecular interactions and polymer crystallinity but also 

substantial advantages that allow the dynamic studies at the microscopic molecular 

level.  IR spectra of polymers are often complicated, two-dimensional (2D) 

correlation analysis proposed by Noda [25-27] enables a more detailed interpretation 

of the IR spectral variations of polymers.  The technique emphasizes spectral 

information not readily observable in conventional one-dimensional (1D) IR spectra.  

An asynchronous 2D spectrum is very powerful in differentiating highly overlapped 

bands that vary out of phase under the external perturbation [25-29].  The signs of 

synchronous and asynchronous cross peaks indicate the successive order of the 

events taking place in the system of interest under the applied perturbation [24-29].  

These features make the technique ideally suitable for the study of polymer 

crystallization.  The studies on the crystalline/amorphous phase transformation by 

using 2D IR correlation spectroscopy have been carried out for a number of polymers 

including PHAs [12-14].   

 

 As described previously, an insight into the surface phenomena of polymers is 

fundamentally essential for their various applications.  In order to precisely extract 

the surface information, a non-destructive characterization technique capable of 

selectively probing surface molecules is required.  There are various techniques 

applicable to polymer surface analysis [30], for examples, SEM, X-ray photoelectron 

spectroscopy (XPS), and atomic force microscopy (AFM).  Attenuated total 

reflection (ATR) IR spectroscopy is known as one of the powerful surface 

characterization techniques that can provide information, e.g., chemical reactions, 

functional groups, and molecular orientation, at the surface and interface regions of 

polymers [31-36].  Quantitative information of a sample can also be obtained from a 
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system with an optical contact between the sample and an internal reflection element 

(IRE) [32].  ATR IR spectroscopy possesses several advantages such as non-

destructive nature, easy and fast operation, and little or no sample preparation [31-

36]. 

 

1.5 Scope of the Research 

 

 The research aims at understanding the thermal behavior and 

crystalline/amorphous phase transformation of Nodax copolymer (P(HB-co-HHx), 

HHx = 12 mol%) and those of PHB, which is a basic unit for all other PHA 

polymers.  2D IR correlation spectroscopy, wide-angle X-ray diffraction (WAXD), 

and differential scanning calorimetry (DSC) were employed to investigate the 

thermal properties and temperature- and time-dependent phase behaviors of the 

polymers.    

 

 The surface phenomena of Nodax copolymer and those of PHB were studied by 

means of ATR IR spectroscopy coupled with 2D correlation analysis.  The time-

dependent ATR and transmission spectra of Nodax copolymer and those of PHB 

were monitored in order to follow the time-dependent crystal growth at the surface 

and in the bulk of the two polymers.  The temperature-dependent IR spectral 

variations observed for the surface of Nodax copolymer during the melting process 

were also compared to those observed for the bulk sample. 

 

 Since the formation of an ordered structure during the crystallization of semi-

crystalline polymers depends strongly on the crystallization conditions, the 

crystallization mechanisms of Nodax copolymer under different crystallization 

conditions were revealed by using 2D IR correlation analysis.   

 

1.6 Objectives of the Research 

 

 1. To study the crystalline/amorphous phase transformation of Nodax 

copolymer and PHB by using transmission and ATR IR spectroscopy. 
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2. To compare the thermal behaviors and spatial distributions of crystals 

detected at bulk and film/ATR crystal interface of Nodax copolymer and PHB. 

 3. To apply 2D correlation analysis on the sets of the dynamic IR spectra for 

extracting additional information involved inter- and intra-molecular interactions, 

which is generally obscure in a conventional 1D IR spectrum. 
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CHAPTER II 
 

THEORETICAL BACKGROUND 
 

2.1 Polyhydroxyalkanoate Copolymers 

 

2.1.1 Material Background 

 

Poly((R)-3-hydroxyalkanoates) (PHAs) are a class of bacterial storage 

compounds synthesized during unbalanced growth by many Gram-negative and 

Gram-positive bacteria [1-7].  PHAs are accumulated intracellularly in the form of 

inclusion bodies at levels up to 90% of the cellular dry weight [1,4].  PHAs can be 

isolated by breaking open the cells and using either an aqueous- or solvent-based 

extraction process to remove cell debris, lipid, nucleic acids, and proteins [1,4].  

Traditionally, they have been produced by fermentation of renewable biomass such 

as sugars, fatty acids, or oils [1,4].  A schematic representation of the intracellularly 

deposited PHA granules is shown in Figure 2.1.         

 

 

 

 

 

 

 

 
 

Figure 2.1 Ralstonia eutropha containing PHB granules (white fraction). 

 

 Poly((R)-3-hydroxybutyrate) (PHB) was the first member of PHAs discovered 

by Lemoigne [1,4], and is the most abundant polyester found in bacteria.  Bacterial 

copolymers containing randomly distributed (R)-3-HB and (R)-3-HV 



     

units (P(HB-co-HV)) have been sold commercially for over a decade under the trade 

name Biopol®.  About 150 hydroxyalkanoates other than HB have been identified as 

constituents of PHAs during the past three decades.   

 

 PHAs can be biodegraded to water and carbon dioxide or methane by a large 

variety of ubiquitous microorganisms present in many ecosystems.  This fairly easy 

biodegradability came as a surprise given the inertness of the water-insoluble, 

hydrophobic, and partially crystalline polymers.  The degradation mechanism of 

PHAs has been studied extensively and reported elsewhere [37-39]. 

 

 2.1.2 Development of Polyhydroxyalkanoate Copolymers 

 

 PHAs offer a comprehensive design space with properties spanning a large range 

and extending the relatively narrow property range offered by existing absorbable 

synthetic polymers.  The highly abundant PHB homopolymer, however, is a 

relatively stiff and rigid material.  The introduction of a comonomer into the PHB 

backbone significantly increases the flexibility and toughness of the polymer.  This is 

evident in P(HB-co-HV) and P(3HB-co-4HB) [6].  A progressive and substantial 

change in the mechanical properties of PHB also occurs when the pendant groups are 

extended from the polymer backbone [1,4,6].  Extending the distance between the 

ester groups in the PHA backbone can also dramatically affect the mechanical 

properties of PHAs.  The thermal properties of PHAs vary with types and sizes of the 

comonomer units.  In general, Tm decreases as the pendant groups become longer.  

This is particularly important in the melt processing of PHB, which is unstable at 

temperatures just above its Tm [1,4].  By incorporating other longer side-chain 

comonomers into the PHB backbone, lower-melting PHB-based copolymers, which 

are more readily processed, can be obtained. 

 

 As described in INTRODUCTION, the P(HB-co-HV) copolymer tends to form 

isodimorphic crystals [6].  The HB units fit in the crystal habit of the HV units, and 

vice versa.  This effect results in a relatively low Tm depression of PHB as a function 

of the HV content.  The question of when isodimorphism is dispelled is an important 

issue for inducing more flexibility of PHAs with moderate crystallinity.  It was found 
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that a greater Tm drop, at a given mol% comonomer, can be achieved for P(HB-co-

HHx) [6].  The HHx comonomer and other longer side-chain comonomers depress Tm 

in nearly the same pattern [6].  This is consistent with the theory of non-crystallizing 

comonomer Tm depression, which states that the Tm depression is only dependent on 

the non-crystallizing comonomer mol%.  Further evidence for the break down of the 

isodimorphism is given by X-ray diffraction (XRD) [6]. 

 

 Nodax copolymer being investigated in the present study is a member of the 

family of P(HB-co-HHx) copolymers recently developed by the Procter and Gamble 

Company (Cincinnati, USA) [8].  It is a semi-crystalline polyester with relatively 

similar mechanical and thermal properties to those of polyethylene (PE) and PP 

[6,8].  Key attributes and beneficial characteristics of Nodax copolymer are outlined 

as follows: 

 - available from renewable resources, biocompatible, and biodegradable, 

- impervious to grease, water, and other liquids, 

- excellent barrier for odor, oxygen, carbon dioxide, and moisture combined with 

heat-sealability and thermally processable, 

 - ideal surface properties, i.e., adhesion, dispersibility, wettability, printability, 

and dyeability,  

- compatible with various additives and fillers and blendable with many other 

polymers. 

 

 By modifying molecular weights and comonomer contents of Nodax copolymer, 

an extremely wide range of material forms and applications can be achieved.  

Potential applications of Nodax copolymer include fibers, foams, synthetic papers, 

injection molded articles, blow mold articles, films, coatings, adhesives, latex, etc.  

 

2.2 Phase Transformation Behavior of Polymeric Materials 

 

 2.2.1 Polymer Crystallinity 

 

 Properties of polymeric materials depend strongly on their crystallinity.  In 

general, macromolecules exist both in crystalline and amorphous states, which show 
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substantially different behaviors.  Crystalline materials have their molecules arranged 

in repeating patterns.  Consequently, they all tend to have highly ordered and regular 

structures.  Amorphous materials, on the other hand, have their molecules arranged 

randomly and in long chains, which entangle around one-another, resulting in large 

regions of irregular conformations. 

 

 Most polymers assume semi-crystalline morphology.  That is, parts of molecules 

are arranged in a regular order, composing the crystalline regions.  In between these 

crystalline regions, the amorphous regions comprising of molecules in randomly 

disorganized state exist.  The crystalline regions show a high degree of order formed 

by folding and stacking of the polymer chains.  The amorphous regions show no 

long-range order, and the polymer chains are entangled as illustrated in Figure 2.2.  

Semi-crystallinity is a desirable characteristic for various applications of polymeric 

materials.  Semi-crystalline polymers combine the strength of crystalline materials 

with the flexibility of amorphous substances. 

 

 

 

 

 

 

 

  

 
Figure 2.2 Illustration for the coexistence of crystalline and amorphous regions in 

semi-crystalline polymers.  

 

 2.2.2 Thermal Transition Phenomena 

 

 Polymers typically have small diffusion coefficients in the melt, and high-

molecular weight polymers have a high degree of entanglement, which prevents the 

chains from reaching an equilibrium structure.  At low temperatures, molecular 

motions in an amorphous region are restricted to molecular vibrations.  The 
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entangled chains cannot rotate or move in space.  This is the so-called “glassy state”.  

The glassy state can be considered as a supercooled liquid where the molecular 

motions have been frozen.  A polymer in its glassy state is hard, rigid, and brittle like 

a crystalline solid but retains the molecular disorder of a liquid.  When the polymer is 

heated until its Tg, segments of the entangled chains can then move, and the 

amorphous region becomes rubbery, which is soft and flexible.  The glass transition 

is a property of only the amorphous portion of a semi-crystalline polymer.  The 

crystalline portion remains crystalline during the glass transition.  On the other hand, 

melting is the transition from a crystalline solid to a liquid.  When a polymer melts, it 

slowly becomes liquid over a fairly broad temperature range.  The crystalline portion 

of a polymer is a non-equilibrium distribution of a large number of crystallites of 

different sizes and in different environments.  They all do not melt at exactly the 

same temperature.  The melting is a property of only the crystalline portion of a 

polymer. 

 

 Crystalline structures in polymers form as a result of the kinetics of the 

crystallization process [15].  When a polymer melt is cooled to a temperature below 

its Tm, the crystallization occurs by nucleation and growth of spherulites.  After 

completion of the primary crystallization at the first fixed temperature, it is a general 

phenomenon for polymers that crystallization does not come to an end but continues 

upon further cooling.  The regions between the crystallites that remain amorphous 

after the primary isothermal crystallization still have the potential to crystallize.  The 

secondary crystallization occurs in between the original existing crystalline lamellae.  

The temperature range where crystallization occurs, similar to the temperature range 

of melting, is always broad.  Especially broad crystallization and melting ranges are 

observed for polymers with a small amount of non-crystallizable units [15].    

 

2.3 Differential Scanning Calorimetry 

 

 DSC is a technique for measuring the energy necessary to establish a nearly zero 

temperature difference between a sample substance and an inert reference material, 

as the two specimens are subjected to identical temperature regimes in an 

environment heated or cooled at a controlled rate.   
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Figure 2.3 Example of a DSC plot showing the thermal transitions occurring in the 

sample material as temperature increases (heating scan). 

 

 When thermal transition occurs in the sample, DSC provides a direct 

calorimetric measurement of the transition energy at the temperature of the 

transition.  The technique is commonly used to characterize the thermal transition 

temperatures such as the Tg, Tc, and Tm of polymers.  

 

2.4 X-ray Diffraction 

 

 XRD is often used to study the nature and extent of crystallinity of polymers.  A 

crystalline structure is a regular arrangement of atoms.  As stated earlier, polymers 

generally contain both the crystalline and amorphous phases.  Crystalline regions in a 

polymer seated in a well-defined manner act as diffraction grating.  When the beam 

of X-ray passes through a polymer sample, the regularly arranged atoms reflect the 

X-ray beam constructively and produce an enhanced intense pattern.  Therefore, the 

emerging diffracted pattern shows alternate dark and light bands on the screen.  

Figure 2.4 shows a schematic diagram for obtaining an XRD pattern.     

 

� An XRD pattern of a polymer contains both sharp as well as defused bands.  

Sharp bands correspond to crystalline regions and defused bands correspond to 

amorphous regions.   
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Figure 2.4 Schematic diagram for obtaining an XRD pattern.  

 

Crystals and the crystalline state can be defined in a number of different ways, 

e.g., density, enthalpy or free energy change on heating, spectroscopic associations, 

presence of certain planes of registry in microscopy.  For XRD, a crystal is defined 

as a perfect three-dimensional (3D) order.  For a semi-crystalline polymer, 100% 

crystallinity is never obtained by this definition since there are large interfacial 

regions where some degree of disorder is present.  A perfect 3D order means that the 

structure repeats in all directions so that by describing the structure locally, i.e., in a 

repeating 3D unit, the entire structure can be uniquely described.  

 

2.5  Infrared Spectroscopy for Polymer Analysis 

 

 IR spectroscopy has been proven to be a powerful technique for studying the 

polymer crystallinity [19-24].  The technique is rapid and applicable to a number of 

samples with various forms.  Many IR sampling techniques are generally available in 

common laboratories and easy to use. 

 

 In the study of polymer crystallinity, the IR absorption bands involved in the 

amorphous/crystalline phase transformation process are termed ‘amorphous bands’ 

and ‘crystalline bands’ according to their relative intensities present in each state of a 

polymer.  The structural arrangement in a free amorphous state is different from that 

in a crystalline state.  In a crystal field, a molecule usually has a lower symmetry 
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than in an amorphous state.  As a result, certain types of vibrations that are inactive 

in an amorphous polymer may become active in a crystalline polymer, and therefore 

either new absorption bands or band splittings show up in an IR spectrum when 

polymers change from amorphous to crystalline phase. 

 

Attenuated Total Reflection and Transmission Techniques 

 
 ATR is a spectroscopic technique utilizing an internal reflection phenomenon 

uniquely established when light traveling in an optically denser medium (IRE) 

impinges on surface of a rarer medium with an incident angle greater than the critical 

angle.  It is the technique of recording the optical spectrum of a material that is in 

contact with an IRE.  Therefore, ATR is considered as a surface-sensitive 

characterization technique. 

 
 
 
 
 

 
Figure 2.5 IRE configurations commonly used in ATR experiments: single 

reflection variable-angle hemispherical crystal (left); and multiple reflection single-

pass crystal (right).  

 

 ATR has been successfully employed to extract information, e.g., chemical 

reactions, functional groups, molecular orientations, at the surface and interface 

regions of polymers [31-37].  The technique possesses several advantages such as 

non-destructive nature, easy and fast operation, and little or no sample preparation.  

Quantitative information can also be obtained from a system with an optical contact 

between the sample and an IRE [32].   

 

 Transmission technique is the most commonly used IR sampling technique.  In 

transmission measurement, light propagates throughout a whole sample.  Therefore, 

the information obtained is the average information coming from both the surface 
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and bulk of the sample. 

 

 
               
Figure 2.6 Transmission measurement experimental setup. 
 
2.6 Two-dimensional Infrared Correlation Spectroscopy 

  

 2.6.1 General Concept   

  

 The basic concept of 2D IR correlation spectroscopy was first introduced by 

Noda [25].  2D IR spectroscopy is a technique where the spectral intensity is plotted 

as a function of two independent IR wavenumbers.  The general scheme for 

obtaining 2D IR correlation spectra is shown in Figure 2.7 [28].  There are various 

types of external perturbations used to stimulate the system of interest, for examples, 

electrical, thermal, chemical, and mechanical excitations.  It is also very common to 

collect a set of dynamic spectra as a function of the system physical variable itself, 

such as temperature, concentration, and pressure. 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.7 Schematic illustration for the generation of 2D IR correlation spectra. 
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2.6.2 Two-Dimensional Cross Correlation Function 

 

 To generate 2D IR correlation spectra, once a set of time-dependent spectral 

intensities is available, the mathematical procedure known as 2D cross correlation 

function is performed.  

 
             ( , ) ( ) ( , )y t y y tν ν ν= + �             (2.1) 
 

             1 1( ) ( , ) i ty t e dtω

ω ν

∞

−

−∞

Υ = ∫� �                        (2.2) 

  *
2 2( ) ( , ) i ty t e dtω

ω ν

∞

−∞

Υ = ∫� �                        (2.3) 

  

 1( )ωΥ�  is the Fourier transform of the time-dependent spectral intensity 

variations  1( , )y tν  observed at spectral variable ν1.  The conjugate of the Fourier 

transform of the time-dependent spectral intensity variations 2( , )y tν  observed at 

spectral variable ν2 is given by *
2 ( )ωΥ� .  A 2D correlation intensity X (ν1,ν2)  is a 

complex number comprising two orthogonal (i.e., real, Φ(ν1,ν2), and imaginary, 

iΨ(ν1,ν2)) components known as the synchronous and the asynchronous 2D 

correlation intensity.  The cross correlation function is given in terms of Fourier 

transform of time-dependent signals by: 
 

               *
1 2 1 2

0

1( , ) ( ) ( )d
t

ν ν ω ω ω

π

∞

Χ = Υ ⋅Υ∫ � �    

   1 2 2( , ) , )iν ν ν ν= Φ + Ψ 1(                                   (2.4) 

 
 The synchronous spectrum, 1 2( , )ν νΦ , represents the overall similarity between 

two spectral intensity variations measured at different spectral variables, as the 

moiety related to the spectral information changes as a function of time under 

external perturbation.  The asynchronous spectrum, 1 2( , )ν νΨ , on the other hand, 

indicates the dissimilarity of the spectral intensity variations. 
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2.6.3 Synchronous and Asynchronous Correlation Spectra 

 

 Figure 2.8 shows a schematic example of a synchronous 2D correlation 

spectrum plotted as a contour map.  A synchronous spectrum is a symmetric 

spectrum with respect to a diagonal line corresponding to coordinates ν1 = ν2.  

Correlation peaks appear at both diagonal and off-diagonal positions.  The intensity 

of peaks located at diagonal positions corresponds to the autocorrelation function of 

spectral intensity variations.  The diagonal peaks are, therefore, referred to as 

‘autopeaks’.  In Figure 2.8, there are four autopeaks located at the spectral 

coordinates A, B, C, and D.  The magnitude of an autopeak represents the overall 

extent of spectral intensity variation observed at the specific spectral variable ν 

during the observation interval.  Thus, any regions of a spectrum that change 

intensity to a great extent under a given perturbation will show strong autopeaks.  

Those remaining near constant, on the other hand, develop weak or no autopeak.      

  

 

Figure 2.8 Schematic contour map of a synchronous 2D correlation spectrum. 

 

 Cross peaks located at the off-diagonal positions of a synchronous 2D spectrum 

represent simultaneous or coincidental changes of spectral intensities observed at two 

different spectral variables, ν1 and ν2.  In the example spectrum, bands A and C are 

synchronously correlated, as well as bands B and D.  While the sign of autopeaks is 

always positive, the sign of cross peaks can be either positive or negative.  The sign 
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of synchronous cross peaks becomes positive if the spectral intensities at the two 

correlated spectral variables are either increasing or decreasing together during the 

observation interval.  On the other hand, a negative sign of cross peaks indicates that 

one of the spectral intensities is increasing while the other is decreasing.  In Figure 

2.8, the sign of cross peaks at the spectral coordinates A and C is negative, indicating 

that intensity at one band is increasing while the other is decreasing.  The cross peak 

sign at the coordinates B and D is positive, indicating that both bands decrease or 

increase together. 

 

 Figure 2.9 shows an example of an asynchronous 2D correlation spectrum.  The 

intensity of an asynchronous spectrum represents sequential, or successive, changes 

of spectral intensities measured at ν1 and ν2.  Unlike a synchronous spectrum, an 

asynchronous spectrum is antisymmetric with respect to a diagonal line.  The 

asynchronous spectrum has no autopeak.  It is consisting exclusively of cross peaks 

located at off-diagonal positions.     

 

 

 

 

 

 

 

 

 

 

 
Figure 2.9 Schematic contour map of an asynchronous 2D correlation spectrum. 

 

 An asynchronous cross peak develops only if the intensities of two spectral 

bands change out of phase with each other.  This feature is especially useful in 

differentiating overlapped bands arising from spectral signals of different origins.  

For example, different spectral intensity contributions from individual components of 

a complex mixture, chemical functional groups experiencing different effects from 
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some external fields, or inhomogeneous materials comprised of multiple phases may 

all be effectively discriminated.  Even if bands are located close to each other, as 

long as the signatures or the pattern of sequential variations of spectral intensities are 

substantially different, asynchronous cross peaks will develop between their spectral 

coordinates.  The sign of asynchronous cross peaks can be either negative or positive.  

The sign of an asynchronous cross peak becomes positive if the intensity change at 

ν1 occurs predominantly before ν2 in the sequential order of time.  It becomes 

negative if the change occurs after ν2.  This rule, however, is reversed if     

1 2( , )ν νΦ < 0.  The example spectrum in Figure 2.9 indicates that the intensity 

changes at bands A and C occur after the changes at B and D.  
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CHAPTER III 
 

EXPERIMENTAL SECTION 
 

3.1 Materials and Equipments 

 

3.1.1 Samples  

 

 Bacterially synthesized P(HB-co-HHx) (HHx = 12 mol%) and PHB were 

provided by the Procter and Gamble Company (Cincinnati, USA).  The crude              

P(HB-co-HHx) sample was refined by dissolving in hot chloroform (CHCl3, Wako 

Pure Chemical Industries, Ltd., Osaka, Japan), vacuum-filtering the residual biomass, 

and precipitating with methanol (CH3OH, Wako Pure Chemical Industries, Ltd., 

Osaka, Japan).  The chloroform:methanol volume ratio for the precipitation was 

approximately 1:10.  The precipitated P(HB-co-HHx) sample was vacuum-dried at 

60 oC for 24 hours and then kept in a desiccator until used.   

  

 The PHB sample is a purified sample and thus was used as received.  

Chloroform was used as a solvent for re-dissolving the purified samples.  The 

thermal properties and percentages of crystallinity of the samples are summarized in 

Table 3.1.   

 

Table 3.1  Thermal properties and percentages of crystallinity of P(HB-co-HHx) 

and PHB 

 P(HB-co-HHx) PHB 

Glass transition temperature, Tg, oC 2.4 4 

Crystallization temperature, Tc, oC 51 100 

Melting temperature, Tm, oC 110 170 

Percentage of crystallinity, % 35 55 

 



 3.1.2 Infrared Optical Elements 

 

1. Calcium fluoride (CaF2) transmission windows (
2CaFRI 1.4= ) 

2. Zinc selenide (ZnSe) transmission windows (RIZnSe =2.4) 

3. Germanium (Ge) transmission windows (RIGe =4.0) 

4. Multiple reflection ATR accessory with a 45o-ZnSe IRE  

  (IRE dimension: 10x75.5x3 mm, Spectra Tech) 

5. Multiple reflection ATR accessory with a 45o-Ge IRE  

  (IRE dimension: 10x75.5x3 mm, Spectra Tech) 

 

3.2 Instruments 

 

 3.2.1 Differential Scanning Calorimeters 

 

1. Seiko EXDSTAR6000 apparatus with a DSC6200 module 

2. Perkin-Elmer differential scanning calorimeter (Pyris 6 DSC) 

  

3.2.2 X-ray Diffractometers 

 

1. Rigaku R-Axis IV imaging plate diffractometer  

X-ray source: CuKα radiation, wavelength 1.5418 Å, from a Rigaku 

Ultra-X18 rotating anode X-ray generator, 40 kV, 100 mA. 

2. Two-circle Rigaku X-ray diffractometer equipped with a scintillation 

detector (RINT2000/PC) 

X-ray source: MoKα radiation, wavelength 0.71069 Å, from a Rigaku 

Ultra-X18 rotating anode X-ray generator, 40 kV, 240 mA. 

 

3.2.3 Infrared Spectrometers 

 

1. Nicolet Magna-IRTM 550 spectrometer 

2. Nicolet Nexus 670 spectrometer 
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Instrumental Setup  

Source Globar 

Beam splitter KBr 

Detector Mercury cadmium telluride (MCT) 

Acquisition Parameters  

Spectral resolution, cm-1 2 

Number of scans 512 

Result spectrum Absorbance 

 

3.2.4 Temperature Controllers for Infrared Measurements 

 

1. Transmission temperature controller unit (CHINO, model SU) 

2. ATR temperature controller unit (CHINO, model LT230) 

 

3.3 Experimental Procedures 

 

 3.3.1 Differential Scanning Calorimetry Measurements 

 

 A DSC measurement of the precipitated P(HB-co-HHx) sample was performed 

by using the Seiko EXDSTAR6000 apparatus with a DSC6200 module over a 

temperature range of -40 to 120 oC at heating and cooling rates of 10 oC min-1.   

 

 For the chloroform solution-cast P(HB-co-HHx) sample, a DSC measurement 

was performed by using the Perkin-Elmer differential scanning calorimeter (Pyris 6 

DSC) over a temperature range of -40 to 120 oC at heating and cooling rates of 20 oC 

min-1.  

 

 3.3.2 Wide-angle X-ray Diffraction Measurements 

 

 A WAXD pattern and an XRD trace of the P(HB-co-HHx) sample were 

measured at room temperature (25 oC) in a scattering angle range of 2θ  = 5-35o by 
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using the Rigaku R-Axis IV imaging plate diffractometer.           

            

 Temperature-dependent WAXD patterns of the P(HB-co-HHx) sample were 

measured over a temperature range of 25.0-110.0 oC in a scattering angle range of 

2θ  = 5-13o by using the two-circle Rigaku X-ray diffractometer.  For comparison, 

the corresponding WAXD patterns of the PHB sample were collected over a 

temperature range of 28.3-174.3 oC in a scattering angle range of 2θ  = 2-13o by 

using the two-circle Rigaku X-ray diffractometer.   

  

 XRD patterns of the chloroform solution-cast P(HB-co-HHx) sample were 

measured by using the two-circle Rigaku X-ray diffractometer and the imaging plate 

over a temperature range of 30.1-105.8 oC in a scattering angle range of 2θ  = 2-30o.  

Silicone powder was put in the samples for the calibration of the angles. 

 

 3.3.3 Infrared Measurements 

 

 3.3.3.1 Thermally Induced Phase Transformation of PHB 

 

  A film of the PHB sample was prepared by casting its chloroform solution 

on a CaF2 window.  The film was kept in a vacuum-dried oven at 60 oC for 12 

hours and cooled down to room temperature before the measurements.     

   

  The CaF2 window with the PHB film was placed in a home-made 

temperature-controlled transmission cell connected to the transmission 

temperature controller unit.  IR spectra of the PHB film were collected by using 

the Nicolet Magna-IRTM 550 spectrometer.  The spectral acquisitions were 

performed over a temperature range of 40-180 oC with an interval of 10 oC via 

both heating up and cooling down processes. 

   

  3.3.3.2 Thermally Induced Phase Transformation of P(HB-co-HHx)  

 

  A film of the P(HB-co-HHx) sample was prepared by casting its 
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chloroform solution on a CaF2 window.  The film was kept at 60 oC in a 

vacuum-dried oven for 12 hours and cooled down to room temperature before 

the measurements. 

   

  The temperature of the CaF2 window with the P(HB-co-HHx) film was 

controlled by using the transmission temperature controller unit.  IR spectra of 

the P(HB-co-HHx) film were measured by using the Nicolet Magna-IRTM 550 

spectrometer.  The temperature-perturbed dynamic IR spectra were collected 

throughout a temperature range of 30-140 ºC with an interval of 10 oC via both 

heating up and cooling down processes. 

 

3.3.3.3 Surface Melting and Crystallization Behavior of PHB and            

P(HB-co-HHx)  

 

  Temperature-Dependent Attenuated Total Reflection Measurements 

 
    The multiple reflection ATR accessory with a 45o-ZnSe IRE was 

employed for the temperature-dependent ATR measurements.  The temperature 

of the attachment that holds the ZnSe IRE with the P(HB-co-HHx) film was 

controlled by using the ATR temperature controller unit.  To assure the optical 

contact between the film and the IRE, the P(HB-co-HHx) film was prepared by 

casting its chloroform solution directly on the ZnSe IRE.  The film was kept at 

60 oC in a vacuum-dried oven for 12 hours and cooled down to room 

temperature before the measurements.  Temperature-dependent ATR spectra of 

the film were collected by using the Nicolet Nexus 670 spectrometer.  The 

measurements were carried out over a temperature range of 30-140 oC with an 

increment of 10 oC.  

 

  Time-Dependent Infrared Measurements   

 

   The same ATR experimental setup as described above without the ATR 

temperature controller unit was employed for the time-dependent ATR 

measurements of the P(HB-co-HHx) and PHB films.  Time-dependent 
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transmission measurements were also performed for P(HB-co-HHx) and PHB.  

The films were prepared by casting their chloroform solutions on ZnSe 

transmission windows in the same manner as that for the ATR measurements.      

    

   All time-dependent measurements were conducted at room temperature.  

After the solvent castings, the films were air-dried for 30 minutes before the 

measurements.  The time-dependent IR spectra were collected by using the 

Nicolet Nexus 670 spectrometer every 15 minutes until the crystal growth was 

by and large completed (i.e., no significant spectral change was observed after 

prolonged measurement). 

 

   To minimize the effect of a localized anomalous refractive index 

dispersion results from absorption peaks, the Ge IRE was employed for 

comparison.     

 

   In order to directly compare the surface information obtained from the 

ATR technique with the bulk information obtained from the transmission 

technique, all ATR spectra were penetration depth-corrected to eliminate the 

artifact arising from the wavenumber-dependent sampling depth of the ATR 

technique.  It should be noted that the inherent wavenumber-dependent ATR 

spectral intensity is eliminated by this operation.  However, the corrected ATR 

spectra still carry the surface information of the polymer films since the actual 

sampling depth of the entire spectra is up to a few micrometers from the sample 

surface while the transmission spectra carry the bulk information of the whole 

films. 

 

3.3.3.4 Crystallization Behavior of P(HB-co-HHx) under Different 

Crystallization Conditions 

 

 Gradual Cooling Crystallization  

 

   A film of the P(HB-co-HHx) sample was prepared by casting its 

chloroform solution on a CaF2 window.  After chloroform evaporated, the film 
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was heated to 140 oC and kept for 30 minutes.  IR spectra of the film were 

measured by using the Thermo Nicolet Magna-IRTM 550 spectrometer.  The 

temperature of the CaF2 window with the P(HB-co-HHx) film was controlled by 

using the transmission temperature controller unit.  The temperature-dependent 

dynamic IR spectra were collected throughout a temperature range of 140-30 ºC 

with a decrement interval of 10 oC.  The cooling rate was 2 oC/min.  The sample 

film was kept at each temperature for 15 minutes before the measurement. 

   

  Supercooled Melt Crystallization 

 

   The sample film was prepared by casting its chloroform solution on a CaF2 

window in the same manner as that for the gradual cooling crystallization.  After 

chloroform evaporated, the film was heated to 140 oC and kept for 30 minutes 

before rapidly quenched to room temperature.  The time-dependent IR spectra 

were collected at room temperature by using the Thermo Nicolet Magna-IRTM 

550 spectrometer with a time interval of 30 minutes until the crystal growth was 

by and large completed (i.e., no significant spectral change was observed after 

prolonged measurement).  

 

 Solvent-cast Film Crystallization 

 

   The sample film was prepared by casting its chloroform solution on a CaF2 

window.  After the solvent casting, the sample film was air-dried for 30 minutes 

before the measurements.  The IR spectrum of the sample film measured after 

the solvent evaporated showed no spectroscopic evidence for the presence of 

chloroform.  The time-dependent IR spectra were collected at room temperature 

by using the Thermo Nicolet Magna-IRTM 550 spectrometer with a time interval 

of 15 minutes until the crystal growth was by and large completed (i.e., no 

significant spectral change was observed after prolonged measurement). 

 

3.4 Two-dimensional Correlation Analysis 

 

 The IR spectra to be analyzed were preprocessed to minimize the effect of 
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baseline instability prior to the 2D correlation calculation.  The spectral regions of 

interest were subjected to a linear baseline correction, followed by offsetting to the 

zero absorbance value.  The calculations of 2D correlation spectra were performed 

by using the 2D-Pocha software composed by Daisuke Adachi (Kwansei-Gakuin 

University, Japan).  Temperature-averaged and time-averaged IR spectra in the 

selected wavenumber regions were used as the reference spectra for the 2D 

correlation calculations of the temperature and time-dependent IR spectra, 

respectively. 
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CHAPTER IV 
 

RESULTS AND DISCUSSION 
 

4.1 Wide-angle X-ray Diffraction Study and Thermal Analysis of               

P(HB-co-HHx) and PHB 

 

4.1.1 Wide-angle X-ray Diffraction 

 

 Figure 4.1 A and B shows the WAXD pattern and the XRD trace of the 

precipitated P(HB-co-HHx) sample measured at room temperature, respectively.  It 

was reported that the unit cells of PHB and poly(hydroxyvalerate) (PHV) belong to 

the orthorhombic system (α = β = γ = 90o) with a = 5.76 Å, b = 13.20 Å, c = 5.96 Å 

and a = 9.52 Å, b = 10.08 Å, c = 5.56 Å [9,10,40].  The P(HB-co-HHx) sample also 

shows the orthorhombic system (α = β = γ = 90o) with a = 5.76 Å, b = 13.20 Å, c = 

5.96 Å, which is the same as the PHB crystal system.  The P(HB-co-HV) copolymers 

with the HV compositions from 0-37 mol % crystallize in the PHB lattice while 

those with the HV compositions from 53-95 mol % crystallize in the PHV lattice 

[41].  The (110) d spacing of P(HB-co-HV) apparently increases as the HV content 

increases to 37 mol % while the (020) and (002) d spacings remain unchanged.  As 

described above, P(HB-co-HHx) shows only one crystalline form with the PHB 

lattice.  One may expect that the propyl side chains of HHx units expand the (110) d 

spacing of the PHB lattice in P(HB-co-HHx) even more so than that in P(HB-co-HV) 

due to the steric effects of the propyl side chains.  However, the (110) d spacing of 

P(HB-co-HHx) is smaller than that of P(HB-co-HV) [41].  It can be assumed that the 

propyl side chains of HHx have stronger inter-and intramolecular interactions than 

the ethyl side chains of HV since the propyl side chains are located closer to the C=O 

groups in the lattice constant a axis than the ethyl side chains.  Another possibility is 

that the propyl side chains of HHx are protruded in the crystal structure while the 

ethyl side chains of HV can be fixed in the crystal with PHB.  Therefore, the (110) d 

spacing of P(HB-co-HHx) may show the proximity value with that of PHB. 
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Figure 4.1  A WAXD pattern of the precipitated P(HB-co-HHx) sample measured 

at room temperature (A), and an XRD trace of P(HB-co-HHx) obtained by a radial 

microdensitometer scan of the diagram shown in (A). 

 

 Figure 4.2 shows the temperature-dependent WAXD patterns of the precipitated 
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P(HB-co-HHx) sample.  It can be seen that the (110) d spacing expands as 

temperature increases.  The (020), (040), and (031) d spacings, however, do not 

change with temperature.  The peak due to the lattice constant a shifts to a large 

value as temperature increases.  Referring to the crystalline structure of PHB and the 

proposed helical structure of P(HB-co-HHx) [9,10], one can assume that there are 

inter- and intramolecular interactions between the C=O and CH3 groups in the  

P(HB-co-HHx) copolymer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.2  Temperature-dependent WAXD patterns of the precipitated           

P(HB-co-HHx) sample measured over a temperature range of 25-110 oC. 
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 Figure 4.3 shows variations in the (110) peak area and the (110) d spacing versus 

temperature.  The peak area and peak maximum indicate the crystallinity and thermal 

expansion of the sample, respectively.  It is noted that the (110) d spacing expands 

gradually with temperature while the peak area slightly changes until 50 oC and 

shows a gradual decrease above 50 oC.  

 

 Figure 4.4 shows the temperature dependences of the (020) peak area and (020) 

d spacing.  Note that the thermal behavior of the (020) peak area is similar to that of 

the (110) peak area.  However, the (020) d spacing shows less thermal expansion 

compared to the (110) d spacing. 

 

   

  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.3  Temperature-dependent peak areas and d spacings of the (110) 

reflection of the precipitated P(HB-co-HHx) sample. 
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Figure 4.4 Temperature-dependent peak areas and d spacings of the (020) 

reflection of the precipitated P(HB-co-HHx) sample. 

  

 Figure 4.5 shows temperature-dependent variations in the lattice parameters, a 

and b, of the precipitated P(HB-co-HHx) sample.  The a lattice parameter increases 

gradually with temperature while the b lattice parameter slightly changes.  It is very 

likely that the increase in the a lattice parameter results from the decrease in the 

inter- and intramolecular interactions between the C=O and CH3 groups along the a 

axis of the crystalline structure.  The interaction is mainly concerned with the 

hydrogen bond between the C=O and CH3 groups, but there is a possibility that some 

C=O groups interact with the propyl side chains. 
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Figure 4.5 Changes in the lattice parameters, a and b, of the precipitated        

P(HB-co-HHx) sample versus temperature. 

 

 The temperature-dependent WAXD patterns of the chloroform solution-cast 

P(HB-co-HHx) sample are shown in Figure 4.6.  The variations in the (110) peak 

area and (110) d spacing versus temperature are demonstrated in Figure 4.7.  The 

temperature-dependent changes in the (110) peak area are quite different between the 

precipitated and solution-cast samples.  The crystallinity of the precipitated sample 

slightly changes until around 50 oC while that of the solution-cast sample increases 

until around 54 oC.  The maximum of the peak area around 54 oC suggests a 

recrystallization of the chloroform solution-cast sample. 
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Figure 4.6  Temperature-dependent WAXD patterns of the chloroform solution-

cast P(HB-co-HHx) sample measured over a temperature range of 30.1-105.8 oC. 
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Figure 4.7 Temperature-dependent peak areas and d spacings of the (110) 

reflection of the chloroform solution-cast P(HB-co-HHx) sample. 

 

 Figure 4.8 depicts effects of temperature on the lattice parameter a of the 

solution-cast sample.  Changes in the lattice parameters of polymers can be observed 

under various conditions.  Information about the changes in the lattice parameters 

provides insight into the forces that bind atoms and molecules in the crystal structure 

and the factors that determine the crystal structure.  There is a slight difference in the 

shift of the lattice parameter a between the precipitated and solution-cast samples.  

The change in the lattice parameter a of the solution-cast sample is somewhat larger 

than that of the precipitated sample.  This difference arises from the difference in the 

crystallite size.  The gradual peak shift of the WAXD patterns with temperature 

indicates the thermal expansion of the crystalline structure of the sample. 
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Figure 4.8 Changes in the lattice parameters, a, of the chloroform solution-cast 

P(HB-co-HHx) sample versus temperature. 

 

 The temperature-dependent WAXD patterns of the PHB sample are presented in 

Figure 4.9.  The clear (020), (110), (111), (031), and (040) d spacings reveal that the 

crystallinity of PHB is higher than that of P(HB-co-HHx).  Figure 4.10 A and B 

shows the temperature dependences of the (110) peak area and (110) d spacing and 

those of the (020) peak area and (020) d spacing of PHB, respectively.  There is a 

drastic drop of the (110) and (020) peak areas around 160 oC.  The (110) d spacing of 

PHB shows a gradual change with temperature as in the case of P(HB-co-HHx) 

while the (020) d spacing shows only a small shift, unlike that of P(HB-co-HHx).  

The (110) peak area of PHB remains nearly unchanged until 140 oC while             

that of P(HB-co-HHx) decreases gradually from fairly low temperature.                        

The copolymerization of the HHx unit into the molecular chain of PHB significantly 

changes the thermal behavior of the resulting copolymer.  

 

 

 

 

5.74

5.78

5.80

5.82

5.84

d a

Temperature (oC)
20 30 40 50 60 70 80 90 100

5.76

5.74

5.78

5.80

5.82

5.84

d a

Temperature (oC)
20 30 40 50 60 70 80 90 100

5.76

37



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9 Temperature-dependent WAXD patterns of PHB measured over a 

temperature range of 28.30-174.30 oC.  
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Figure 4.10 Temperature-dependent peak areas and d spacings of the (110) 

reflection (A) and  (020) reflection (B) of PHB. 

 

 Effects of temperature on the lattice parameters of PHB are shown in Figure 

4.11.  The lattice parameters for both P(HB-co-HHx) and PHB show significant 

variations with temperature.  This is an evidence showing that the inter- and 

intramolecular interactions are not strong along the a axis in P(HB-co-HHx) and 
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PHB crystallites.  The variation in the lattice parameter a suggests that these 

interactions are due to the C=O and CH3 groups [42-44]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Changes in the lattice parameters, a and b, of PHB versus temperature. 

 

4.1.2 Differential Scanning Calorimetry 

 

 Figure 4.12 A and B shows the DSC curves of the first cooling and second 

heating scans of the precipitated P(HB-co-HHx) sample while Figure 4.13 A and B 

shows those of the chloroform solution-cast sample.  The WAXD patterns of the 

solution-cast sample show that the (110) peak area has a maximum value around    

54 oC.  The maximum of the (110) peak area may be ascribed to the recrystallization 

process of the solution-cast sample.  Note that two peaks of Tm appear in the DSC 

curve of the solution-cast sample.  There are two possibilities for the origin of the 

two peaks in the second heating scan of DSC; (1) the melt and recrystallization of the 

sample and (2) the presence of two types of crystalline lamellae in the sample.   
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Figure 4.12 DSC curves of the first cooling scan (A) and second heating scan (B) of 

the precipitated P(HB-co-HHx) sample; heating and cooling rates were 10 oC min-1. 
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Figure 4.13 DSC curves of the first cooling scan (A) and second heating scan (B) of 

the chloroform solution-cast P(HB-co-HHx) sample; heating and cooling rates were 

20 oC min-1. 
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4.2 Thermally Induced Phase Transformation of PHB  

 

 4.2.1 Temperature-dependent Changes in the C=O Stretching Region 

 

 Figure 4.14 shows temperature-dependent IR spectra of PHB in the 1800-1680 

cm-1 region where bands due to the C=O stretching modes appear.  The band shape in 

this region changes largely from a sharp peak with a broad shoulder to a symmetrical 

broad band with increasing temperature.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.14 IR spectra of PHB in the C=O stretching region (1800-1680 cm-1) 

collected over a temperature range of 40-180 oC. 

 

 A dramatic change in the IR spectra was observed in the vicinity of 140 oC.  The 
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C=O stretching band region consists of at least two dominant bands.  The sharp band 

at 1723 cm-1 arises from the crystalline C=O groups, and the broad band at 1740 cm-1 

is attributed to the amorphous C=O groups [45].  The band at 1723 cm-1 decreases 

with increasing temperature and disappears above the Tm while the band at 1740 cm-1 

gradually increases.  The spectral changes observed in Figure 4.14 reflect the melting 

of PHB.  The band at 1723 cm-1 is a unique indicator for monitoring the melting or 

crystallization process of PHA polymers. 

 

 There are two possible interpretations for the origin of the splitting of the C=O 

band observed below the Tm; (1) an interaction between the C=O and CH3 groups 

[42-44,46] and (2) a dipole-dipole coupling interaction between ester groups in an 

ordered structure [47-49]. 

 

 The X-ray crystallographic studies of PHB showed that the distance between the 

C=O and CH3 groups along the a axis is close enough for supposing the interactions 

between them.  The temperature-dependent variations in WAXD patterns of PHB 

reveal that the lattice parameter a shows a significant change with the temperature 

increase.  In other words, the thermal energy weakens the interactions along the a 

axis.  The change in the interactions between the C=O and CH3 groups may cause the 

change in the C=O stretching band.  The sharp peak at 1723 cm-1 may arise from the 

C=O groups involved in the C=O and CH3 interactions while the broad feature at 

1740  cm-1 may be due to the free or non-interaction C=O groups. 

  

 Another possibility that causes the C=O band splitting is the transition dipole 

coupling of the ester groups in an ordered structure.  For methyl acetate, which can 

be a model compound for the ester group incorporated in the main chain of PHB, the 

dipole practically lies along the C=O bond.  Galbiati et al. [49] measured IR and 

Raman spectra of several aliphatic esters in gas, liquid, and solid phases.  It was 

revealed that the observed frequencies of the C=O stretching vibrations (νC=O) of the 

compounds can be grouped into three wavenumber regions for the three phases; (1) 

νC=O > 1760 cm-1 for the gas phase, (2) 1750 cm-1 > νC=O > 1740 cm-1 for the liquid 

phase, and (3) 1730 cm-1 > νC=O > 1720 cm-1 for the solid phase.  They also 

performed MNDO (modified neglect of differential overlap) semiempirical quantum 
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chemical calculation for estimating the minimum-energy geometry and dipole 

moment and derived the following results: the dipole-dipole interaction causes a 

lower frequency shift of the C=O stretching band, and the maximum distance 

capable of producing a band splitting is not larger than ca. 4-5 Å.  In polymer 

systems, a band splitting due to the dipole-dipole interaction is observed when the 

molecules form an ordered structure [48,50,51].  Torii and Tasumi [50,51] showed 

that the amide I bands of several proteins, which contain the ordered structures such 

as α-helix and β-sheet, are successfully reproduced by the model calculation based 

on the dipole-dipole coupling mechanism.  Referring to the stereograph of the 

molecular structure for PHB in a crystalline state determined by XRD [9], the 

polymer chains form a helical structure, and the crystal lattice of the polymer 

contains two left-handed helical molecules in an antiparallel orientation.  In the 

helical structure, the distance between the neighboring C=O groups along the chain 

is ca. 4-5 Å.  Thus, the splitting of the C=O stretching band of PHB observed below 

the Tm possibly arises from the dipole-dipole interaction between the C=O groups in 

the crystalline structure. 

 

 To extract more detailed information about the spectral variations taking place 

during the phase transition process, 2D correlation spectroscopy was employed.  

Figure 4.15 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1780-1700 cm-1 generated from the temperature-

dependent IR spectra measured over a temperature range of 40-150 oC, respectively.  

Two autopeaks developed at 1744 and 1724 cm-1 together with negative cross peaks 

at ~(1744, 1724) cm-1 indicate the spectral variations of the amorphous and 

crystalline components of the PHB polymer.  Three pairs of cross peaks are observed 

at ~(1744, 1731), ~(1744, 1722), and ~(1731, 1722) cm-1 in the corresponding 

asynchronous spectrum.  It should be noted that the existences of these bands are 

confirmed also by the second derivative of the spectrum of PHB at 40 oC shown in 

Figure 4.16.  Although the band at 1731 cm-1 presents as a small peak in the second 

derivative spectrum, the asynchronous 2D spectrum clearly sorts out the existence of 

this band.  The second derivative spectrum depicts two bands at 1748 and 1739 cm-1 

in the amorphous region.  These two bands, however, show no asynchronicity with 

each other in the 2D asynchronous spectrum.  The positive synchronous spectral 
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intensity in the region containing the coordinate at ~(1731, 1722) cm-1 indicates the 

same direction of the intensity variations of these two bands while the negative 

synchronous spectral intensity containing the coordinates at ~(1744, 1731) and 

~(1744, 1722) cm-1 suggests that the broad band located around 1744 cm-1 varies in 

the opposite direction from the two bands at 1731 and 1722 cm-1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.15 Synchronous (A) and asynchronous (B) correlation spectra of PHB in 
the C=O stretching region constructed from dynamic IR spectra in the melting 
process.  
 
 
 The highly overlapped bands located around 1744 and 1722 cm-1 are not 

resolved in the synchronous map because, unlike an asynchronous spectrum, which 
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is powerful in differentiating bands arising from different origins, a synchronous 

spectrum generally shows overall similarities of spectral variations.  The frequencies 

of the bands in the C=O stretching region and their assignments are summarized in 

Table 4.1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.16 A second derivative spectrum calculated from the infrared spectrum of 

PHB in the C=O stretching region at 40 oC. 

  

 Of note in the asynchronous map is that there are asynchronous cross peaks 

between the crystalline and amorphous bands.  This indicates that the decreases in 

the crystalline components and the increase in the amorphous component take place 

out of phase.  It is very likely that the melting of PHB occurs through an intermediate 

state.  However, no IR band due to the intermediate state is clearly detected.   

47



 
 
Table 4.1  Assignments of IR bands in the C=O, C-O-C, and C-H stretching 

regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The asynchronous 2D correlation spectrum resolves the two highly overlapped 

bands at 1731 and 1722 cm-1 arising from the crystalline state.  It can be seen from 

Figure 4.16 that the band at 1722 cm-1 is much stronger than that at 1731 cm-1.  

Based on its frequency and intensity, the band at 1722 cm-1 may be assigned to the 

C=O stretching mode of the well-ordered crystalline state of PHB [45].  The minor 

band at 1731 cm-1 may be due to the C=O stretching mode of the less ordered 

crystalline part of the polymer [45].  

 

 4.2.2 Temperature-dependent Changes in the C-O-C Stretching Region  

 

 Figure 4.17 shows the temperature-dependent changes in the IR spectra of PHB 

Functional groups Wavenumber (cm-1) Assignments

C=O

1748
1739
1731
1723

amorphous
amorphous
crystalline
crystalline

C-O-C

1303
1294
1280
1263
1259
1230
1183

amorphous
crystalline
crystalline
crystalline
amorphous
crystalline
amorphous

CH3

CH2

3007
2995
2985
2975
2967

2938
2934
2929

crystalline
crystalline
amorphous
crystalline
crystalline

amorphous
crystalline
crystalline

Functional groups Wavenumber (cm-1) Assignments
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crystalline
crystalline

C-O-C
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1183

amorphous
crystalline
crystalline
crystalline
amorphous
crystalline
amorphous

CH3

CH2

3007
2995
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crystalline
crystalline
amorphous
crystalline
crystalline

amorphous
crystalline
crystalline
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in the 1320-1120 cm-1 region.  A cluster of bands in this region is ascribed to the 

stretching vibrations of the C-O-C groups [45].  Although this region contains more 

bands than the C=O stretching region, the spectral changes caused by the melting 

process of the polymer are clear.  The intensities of the bands at 1294, 1280, 1263, 

and 1230 cm-1 decrease upon passing from the crystalline to the amorphous state of 

the polymer while those of the bands at 1303, 1259, and 1183 cm-1 increase in the 

course of temperature increase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Figure 4.17 IR spectra of PHB in the C-O-C stretching region (1320-1120 cm-1) 

collected over a temperature range of 40-180 oC. 

 

 The synchronous and asynchronous 2D correlation spectra in the 1330-1155   

cm-1 region calculated from the temperature-dependent IR spectra of PHB are shown 
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in Figure 4.18 A and B, respectively.  There are at least four autopeaks at 1294, 

1254, 1230, and 1180 cm-1.  The autopeak at 1294 cm-1 extends to the vicinity of 

1280 cm-1, and that near 1180 cm-1 is very broad.  Thus, it seems that both autopeaks 

consist of more than one peak.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

Figure 4.18 Synchronous (A) and asynchronous (B) correlation spectra of PHB in 

the C-O-C stretching region constructed from dynamic IR spectra in the melting 

process. 

 

 It is noted that the crystalline bands at 1294, 1280, 1263, and 1230 cm-1 do not 
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amorphous band (e.g., 1180 cm-1) and crystalline bands (e.g., ~1294-1280 cm-1 and 

1230 cm-1).  These observations again indicate the existence of an intermediate state 

during the phase transition.  The frequencies of the bands in the C-O-C stretching 

region and their assignments are summarized in Table 4.1. 

 

 4.2.3 Temperature-dependent Changes in the C-H Stretching Region   

  

 The temperature-dependent changes in the IR spectra of PHB in the 3100-2850 

cm-1 region are shown in Figure 4.19.  For the C-H stretching region, bands located 

around 2980 cm-1 are due to the CH3 asymmetric stretching mode while those appear 

around 2930 cm-1 are attributed to the CH2 antisymmetric stretching vibration.  For 

PHB, the CH3 group exists only on the side chain while the CH2 group is located on 

the skeletal chain.  As described in the INTRODUCTION, the chemical modification 

on the side chain of PHB is very important for improving its mechanical properties.  

Therefore, the investigation on the thermal behavior of the CH3 group is very 

interesting.  

 

 As temperature increases, the CH3 stretching band at 2975 cm-1 decreases while 

that at 2985 cm-1 increases.  Similarly, the CH2 stretching band at 2934 cm-1 

decreases while that at 2938 cm-1 increases with increasing temperature.  Note that at 

room temperature, there exist two peaks at 3007 and 2995 cm-1, but they disappear at 

180 oC.  These two bands and the band at 2975 cm-1 may be ascribed to the 

crystalline CH3 stretching bands resulting from the crystal field splitting of the band 

at 2985 cm-1.  Crystal field splittings of bands occur in some semi-crystalline 

polymers [23].  The crystal field splitting may be caused not only by the 

intramolecular interaction between analogous functional groups attached along a 

polymer chain but also by the intermolecular interaction between those groups 

located in the crystalline lattice.  The crystalline band splittings of certain vibration 

modes have been reported for a number of polymers especially those having a helical 

chain structure [23].  The second derivatives of the IR spectra of PHB in this region 

for the amorphous (at 180 oC) and crystalline (at 40 oC) states are shown in Figure 

4.20.  Two additional bands at 2967 and 2929 cm-1 are detected in the second 

derivative spectrum for the crystalline state. 
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Figure 4.19 IR spectra of PHB in the C-H stretching region (3100-2850 cm-1) 

collected over a temperature range of 40-180 oC. 

 

 Figure 4.21 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the 3020-2915 cm-1 region constructed from the temperature-dependent IR 

spectra.  Four autopeaks are clearly observed at 3009, 2985, 2975, and 2930 cm-1 in 

the synchronous spectrum.  The three peaks at 3009, 2975, and 2930 cm-1 share three 

positive cross peaks at (3009, 2975), (3009, 2930), and (2975, 2930) cm-1, and the 

peak at 2985 cm-1 shares negative cross peaks with those at 3009, 2975, and 2930 

cm-1.  These observations confirm that the three bands at 3009, 2975, and 2930 cm-1 

vary in the same direction, which is opposite to that of the band at 2985 cm-1, with 

the change in temperature. 
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 The asynchronous map and the second derivatives reveal that there are three 

bands at ~2940, 2934, and 2929 cm-1 assignable to the antisymmetric CH2 stretching 

mode.  The amorphous band at 2985 cm-1 shares asynchronous cross peaks with the 

crystalline bands at 3009, 2975, 2934, and 2929 cm-1.  This observation also suggests 

that the amorphous phase does not appear simultaneously with the disappearance of 

the crystalline state.  The synchronous and asynchronous 2D correlation spectra in 

the C-H stretching region reveal clearly that the intensity changes of all crystalline 

bands in this region occur simultaneously, i.e., there is no asynchronicity between 

any crystalline band in the C-H stretching region.  Therefore, it is very likely that the 

crystalline bands observed in this region are caused by the crystal field splittings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.20 Second derivative spectra calculated from the infrared spectra of PHB 

in the C-H stretching region at 40 and 180 oC. 
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Figure 4.21 Synchronous (A) and asynchronous (B) correlation spectra of PHB in 

the C-H stretching region constructed from dynamic IR spectra in the melting 

process. 

 

 A synchronous 2D correlation spectrum between the C=O and C-H stretching 

regions was generated from the temperature-dependent IR spectra and is 

demonstrated in Figure 4.22.  The synchronous cross peaks and their signs at the 

spectral coordinates of 1745 and 1725 cm-1 vs 3009, 2986, 2975, and 2930 cm-1 

clarify that the bands located at 3007, 2975, 2934, and 2929 cm-1 arise from the 

crystalline part of the polymer while the band at 2985 cm-1 is ascribed to the 

amorphous part.  The frequencies of the bands in the C-H stretching region and their 
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assignments are summarized in Table 4.1.  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.22 Hetero-correlation synchronous spectrum of PHB between the C=O and 

C-H stretching regions constructed from dynamic IR spectra in the melting process. 

 

 The temperature-dependent IR spectra of PHB during a cooling down process 

were also measured.  2D correlation maps for the C=O region show the similar 

patterns to those shown in Figure 4.15.  That is, in the crystallization process of PHB, 

the decrease in the amorphous component and the increase in the crystalline 

component do not take place simultaneously. 

 

4.3 Thermally Induced Phase Transformation of P(HB-co-HHx)  

 

 4.3.1 Temperature-dependent Changes in the C=O Stretching Region 

  
 
 Figure 4.23 shows temperature-dependent IR spectra of P(HB-co-HHx) in the 

1780-1680 cm-1 region.  A sharp band at 1723 cm-1 gradually decreases and 

eventually disappears with increasing temperature while a broad band at 1740 cm-1 

increases in intensity.  The band shape in the C=O stretching region changes 

markedly in the course of temperature increase.  The sharp peak at 1723 cm-1 is 
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assigned to the crystalline C=O band while the broad band located at 1740 cm-1 is 

attributed to the amorphous C=O band [52].  The C=O group is very sensitive to its 

environment and particularly useful for monitoring the crystallization and melting 

processes of polymers in this class.  The splitting of the C=O bands into the 

amorphous and crystalline bands observed at 1740 and 1723 cm-1, respectively, in 

the IR spectra of P(HB-co-HHx) is also observed in those of PHB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 IR spectra of P(HB-co-HHx) in the C=O stretching region            

(1780-1680 cm-1) measured over a temperature range of 30-140 oC.  

 

 To gain more detailed information about the spectral variations induced by the 

melting process, 2D correlation spectroscopy was employed.  Figure 4.24 A and B 

shows the synchronous and asynchronous 2D correlation spectra in the spectral 

region of 1790-1670 cm-1 generated from the temperature-dependent IR spectra 

measured over the temperature range of 30-140 oC, respectively.  Two autopeaks 

located at 1745 and 1723 cm-1 reflect the spectral variations due to the amorphous 

and crystalline components of the polymer, respectively.   
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Figure 4.24 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the temperature-

dependent IR spectra measured over a temperature range of 30-140 oC.  

 

 A pair of negative cross peaks developed at (1745, 1723) cm-1 in the 

synchronous spectrum indicates the opposite directions of the intensity variations in 

these two correlated bands.  In the asynchronous spectrum, two pairs of cross peaks 

appear at (1745, 1722) and (1728, 1722) cm-1.  Note that in the original one-

dimensional IR spectra, similar to PHB, only two absorption bands ascribed to the 

crystalline (i.e., the band at 1723 cm-1) and amorphous (i.e., the band at 1740 cm-1) 

parts of the copolymer are apparent, but another band is clearly sorted out at 1728 
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cm-1 in the 2D asynchronous spectrum.  The existence of this band is confirmed also 

by the second derivative of the spectrum of P(HB-co-HHx) measured at 30 oC shown 

in Figure 4.25.  The second derivative spectrum yields clear indication for the 

presence of the band around 1731 cm-1, which is consistent with the cross peak 

developed in the 2D asynchronous spectrum.  

 

 

 

 

 

 

 

 

 

 

 

  

 

 
 

Figure 4.25 A second derivative spectrum calculated from the IR spectrum of 

P(HB-co-HHx) in the C=O stretching region at 30 oC.  

 

 The positive sign of the synchronous spectral intensity in the region containing 

the (1731, 1723) cm-1 coordinates indicates the same direction of the intensity 

variations in these two bands.  The band at 1723 cm-1 is much more intense than that 

at 1731 cm-1.  Based on its frequency and band intensity, the band at 1723 cm-1 is 

assigned to the C=O stretching mode of the major crystalline component of P(HB-

co-HHx).  The weaker band at 1731 cm-1 may arise from the C=O stretching mode of 

the less ordered crystalline component of the copolymer [52].  These two highly 

overlapped crystalline bands are distinguished only in the 2D asynchronous spectrum 

because an asynchronous spectrum is very powerful in differentiating bands arising 

from different origins.  
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 Of note in the 2D asynchronous spectrum shown in Figure 4.24 B is that there 

are asynchronous cross peaks between the crystalline and amorphous bands.  This 

observation clearly indicates that the melting of the crystalline component does not 

proceed simultaneously with the formation of the completely amorphous component.  

It is very likely that the melting of P(HB-co-HHx) also takes place through an 

intermediate state.  The existence of an intermediate state during the melting process 

was reported for some other polymers including PHB [12-14,45].   

 

 4.3.2 Temperature-dependent Changes in the C-O-C Stretching Region 

  

 Figure 4.26 shows temperature-dependent IR spectra of P(HB-co-HHx) in the 

1320-1160 cm-1 region.  Bands in this region are attributed to the stretching vibration 

modes of the C-O-C groups [52].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.26 IR spectra of P(HB-co-HHx) in the C-O-C stretching region         

(1320-1160 cm-1) measured over a temperature range of 30-140 oC.  

 

 It can be seen from Figure 4.26 that these bands change largely during the 
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melting process of P(HB-co-HHx).  Bands at 1289, 1278, 1264, and 1228 cm-1 

decrease with increasing temperature while three broad bands at 1303, 1259, and 

1183 cm-1 are dominant above the Tm of the polymer.  Therefore, the four bands at 

1289, 1278, 1264, and 1228 cm-1 are ascribed to the crystalline component, and the 

three bands at 1303, 1259, and 1183 cm-1 are attributed to the amorphous part.    

 

 The synchronous and asynchronous 2D correlation spectra in the region of 1330-

1150 cm-1 generated from the temperature-dependent IR spectra of P(HB-co-HHx) 

are shown in Figure 4.27 A and B, respectively.  There are at least three autopeaks at 

1280, 1230, and 1180 cm-1.  Negative and positive 2D synchronous cross peaks at 

(1280, 1180), (1180, 1230), and (1280, 1230) cm-1 reveal that the intensities of the 

bands located near 1280 and 1230 cm-1 (the crystalline bands) vary in the same 

direction, which is opposite to the intensity variations in the bands near 1180 cm-1 

(the amorphous bands), in the course of melting.  It is noted in Figure 4.27 B that 

there are several asynchronous cross peaks between amorphous bands (e.g., bands 

near 1183 cm-1) and crystalline bands (e.g., bands near ~1289-1278 cm-1 and 1230 

cm-1).  This observation again indicates the existence of an intermediate state during 

the phase transition of the polymer.  It is very likely that the appearance of the 

asynchronous cross peaks at (1289, 1272) and (1280, 1272) cm-1 is caused by the 

band shift, and that at (1188, 1170) cm-1 is due to the band broadening and the 

baseline shift [53,54].  As can be seen from the original IR spectra (Figure 4.26) and 

the second derivatives (Figure 4.28) that there exist a large shift of the band at 1278 

cm-1 and band broadening as well as a baseline shift of the band at 1183 cm-1 in the 

course of temperature increase. 
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Figure 4.27 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C-O-C stretching region generated from the temperature-

dependent IR spectra measured over a temperature range of 30-140 oC. 
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Figure 4.28 Second derivative spectra calculated from the IR spectra of           

P(HB-co-HHx) in the C-O-C stretching region over a temperature range of 30-140 
oC.  

 

4.3.3 Temperature-dependent Changes in the C-H Stretching Region  

  

 The structural difference between P(HB-co-HHx) and PHB lies in the length of 

the alkyl side chain attached to the polymer backbone.  Accordingly, the 

temperature-dependent spectral variations in the CH3 and CH2 stretching band 

regions are important to reveal differences or similarities in the thermally induced 

microenvironmental changes of the side chains of these two polymers.  Figure 4.29 

shows temperature-dependent IR spectra of P(HB-co-HHx) in the region of 3050-

2850 cm-1.  Bands around 2980 cm-1 are attributed to the CH3 asymmetric stretching 

modes while those due to the CH2 antisymmetric stretching vibrations are identified 

around 2930 cm-1.  With the temperature increase, the CH3 stretching band at 2975 

cm-1 decreases while that at 2984 cm-1 increases in intensity.  Similarly, the CH2 

stretching band at 2934 cm-1 decreases and that at 2937 cm-1 increases in intensity on 

passing from the crystalline to the amorphous phase.  Bands in this region are highly 

overlapped.  The second derivatives of the spectra of P(HB-co-HHx) at 30 and      
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140 oC were calculated and are shown in Figure 4.30.  It can be seen from the second 

derivative spectrum of P(HB-co-HHx) at 30 oC that there are at least four major 

bands at 3008, 2997, 2975, and 2966 cm-1 in the CH3 asymmetric stretching band 

region.  For the CH2 antisymmetric stretching band region, two bands at 2934 and 

2927 cm-1 are shown up.  These bands may be attributed to the crystalline bands 

arising from the crystal field splitting, which occurs in some semicrystalline 

polymers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.29 IR spectra of P(HB-co-HHx) in the C-H stretching region             

(3050-2850 cm-1) measured over a temperature range of 30-140 oC. 

 

 Figure 4.31 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the 3020-2900 cm-1 region generated from the temperature-dependent IR 

spectra.  Four autopeaks are observed at 2985, 2975, 2944, and 2930 cm-1 in the 

synchronous spectrum.  The band at 2985 cm-1 shares three negative synchronous 

cross peaks with the bands at 3008, 2975, and 2930 cm-1.  This indicates that the 

intensities of the bands at 3008, 2975, and those around 2930 cm-1 vary in the 

opposite direction to that of the band at 2985 cm-1, with the change in temperature.  

In the corresponding asynchronous spectrum, the amorphous band at 2985 cm-1 
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shares asynchronous cross peaks with the crystalline bands at 3007 and 2975 cm-1.  

This observation also suggests that the completely amorphous component is not 

formed simultaneously with the melting of the crystalline component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.30 Second derivative spectra calculated from the IR spectra of           

P(HB-co-HHx) in the C-H stretching region at 30 and 140 oC. 

 

 Interestingly, a band at 2962 cm-1 observed in the C-H stretching region for 

P(HB-co-HHx) (Figure 4.30) is absent in that for PHB.  Therefore, it is very likely 

that this band is attributed to the CH3 asymmetric stretching mode of the side-chain 

group (propyl, –CH2CH2CH3) incorporated in P(HB-co-HHx).  It should be noted 

that no peak emerges at 2962 cm-1 in the 2D synchronous spectrum shown in Figure 

4.31 A.  This indicates that the temperature-induced intensity change in this band is 
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not prominent.  In other words, the crystalline/amorphous phase transition of    

P(HB-co-HHx) does not strongly affect the behavior of the propyl side-chain groups.  

This is consistent with the fact that the propyl group is attached to the HHx 

comonomer, which functions as a less crystallizable unit in P(HB-co-HHx). 

 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C-H stretching region generated from the temperature-

dependent IR spectra measured over a temperature range of 30-140 oC. 
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 4.3.4 Spectral Changes during the Cooling Down Process 

 

 Temperature-perturbed IR spectral variations in the C=O stretching band region 

of P(HB-co-HHx) observed during the cooling down process were also investigated.  

IR spectra in the 1780-1680 cm-1 region collected as a function of decreasing 

temperature are shown in Figure 4.32.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.32 IR spectra of P(HB-co-HHx) in the C=O stretching region measured 

over a temperature range of 140-30 oC (cooling down process). 

 

 Figure 4.33 A and B shows synchronous and asynchronous 2D correlation 

spectra generated from the temperature-dependent IR spectra in the C=O stretching 

band region for the cooling down process, respectively.  The pattern of the 2D 

asynchronous contour plot is almost the same as that for the melting process (Figure 

4.24 B) except the signs of the cross peaks.  It can be seen from Figure 4.32 that the 

amorphous C=O band at 1740 cm-1 decreases with the temperature decrease, and that 

the crystalline band at 1723 cm-1 appears at around 110 oC and develops down to 

room temperature.  Two pairs of asynchronous cross peaks are developed at the same 

coordinates as those in the asynchronous spectrum generated for the melting process.  
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This observation also indicates the coexistence of two crystalline C=O bands, and 

suggests that, in the crystallization process, the formation of the crystalline 

component does not proceed simultaneously with the decrease in the amorphous 

component.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.33 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the temperature-

dependent IR spectra measured over a temperature range of 30-140 oC (cooling down 

process). 
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4.3.5 Crystalline/Amorphous Phase Transformation Behavior of          

P(HB-co-HHx)  

 

 The temperature-dependent IR spectra of P(HB-co-HHx) depict clearly that the 

crystalline C=O band observed at 1723 cm-1 decreases during the heating up process 

and grows up during the cooling down process.  The WAXD study shows that the 

crystalline part of P(HB-co-HHx) almost disappears above ca. 110 °C.  A good 

agreement is obtained between the WAXD study and the temperature-dependent IR 

spectral variations observed in the melting process.   

 

 IR absorption bands are very sensitive to changes in microenvironments of 

molecules and the degree to which a vibrational mode is coupled to adjacent 

vibrations.  The splitting of the C=O stretching band observed below the Tm of the 

polymer is possibly caused by some specific molecular interactions previously 

described.  The analogous groups along the polymer chains are located very closely 

in the crystalline state of P(HB-co-HHx) because of the highly ordered and possible 

helical structure.  As the temperature increases, the highly ordered structure collapses 

and, consequently, the inter- and intramolecular interactions between the repeating 

units along the polymer chains in a crystalline state are diminished.  Therefore, the 

spectral changes of certain absorption bands concerning the crystalline/amorphous 

phase transition are clearly observed in the temperature-dependent IR spectra of 

P(HB-co-HHx). 

 

 4.3.6 Comparison between the Infrared Spectra of P(HB-co-HHx) and PHB 

 

 In the previous section, the temperature-dependent IR spectra of PHB were 

analyzed in detail.  In this section, the one-dimensional IR spectra and also 2D 

correlation spectra of P(HB-co-HHx) and those of PHB are compared.  In the C=O 

stretching region for PHB, three bands at 1740, 1731, and 1723 cm-1 were observed.  

Note that the frequencies of the bands observed in the C=O stretching region for 

P(HB-co-HHx) are identical to those for PHB.  This suggests that C=O groups of 

P(HB-co-HHx) and those of PHB experience very similar submolecular 

environments.  However, the relative intensity ratio of the crystalline band at 1723 

68



 
 
cm-1 to the amorphous band at 1740 cm-1 for P(HB-co-HHx) is much lower than that 

for PHB.  The IR spectra reveal clearly that the percentage of crystallinity for   

P(HB-co-HHx) is lower than that for PHB.  

 

 In the CH3 asymmetric stretching band region, the bands at 3008 and 2997 cm-1 

for P(HB-co-HHx) were observed as shoulders of the band at 2975 cm-1 while those 

for PHB are very sharp and clear.  The frequencies of the bands and the crystal field 

splitting pattern observed in the C-H stretching region for P(HB-co-HHx) are also 

very similar to those for PHB.  These spectral features again imply a higher 

crystallinity of PHB and similar microenvirontments in which the C-H groups of 

these two polymers are located.  The shapes of the bands in the C-O-C stretching 

region below the Tm for P(HB-co-HHx) are also different from those for PHB, e.g., 

the relative intensity of the bands in the region of 1295-1260 cm-1 are different 

between the two polymer samples. 

 

 The temperature-induced IR spectral changes in the C=O, C-O-C, and C-H 

stretching regions for P(HB-co-HHx) and those for PHB are similar.  However, the 

temperatures at which the significant intensity changes in the three spectral regions 

occur are different between the two polymer systems.  Marked intensity changes in 

the three spectral regions for P(HB-co-HHx) were observed at much lower 

temperature than those for PHB.  It is also noted that the intensity changes in the IR 

spectra of P(HB-co-HHx) occur gradually with increasing temperature, indicating a 

gradual deformation of its highly ordered and helical structure.  On the other hand, 

the intensities of the IR spectra of PHB change abruptly in the vicinity of the Tm of 

PHB, suggesting that the highly ordered and helical structure of PHB collapses 

rapidly at the temperature right around the Tm.      

 

 The observations described above agree very well with the WAXD and DSC 

studies, which indicate that P(HB-co-HHx) assumes an orthorhombic crystal system, 

which is identical to that of PHB, and that the percentage of crystallinity of these two 

polymers are remarkably different.  The crystallinity of PHB is higher than that of 

P(HB-co-HHx).  We observed several remarkable differences between the 

temperature-dependent IR spectra of P(HB-co-HHx) and those of PHB, however, the 

69



 
 

0.0

0.3

0.6

0.9

1780 1760 1740 1720 1700 1680

Wavenumber (cm-1)

1720

1731

30 oC

A
bs

or
ba

nc
e 

/ a
.u

.

140 oC
110

130

100
80
70
60 oC

0.0

0.3

0.6

0.9

1780 1760 1740 1720 1700 1680

Wavenumber (cm-1)

1720

1731

30 oC

A
bs

or
ba

nc
e 

/ a
.u

.

140 oC
110

130

100
80
70
60 oC

phase transition behaviors revealed by 2D correlation spectroscopy for these two 

polymer systems are basically similar.  The results indicate clearly that the HHx 

comonomer does not alter the crystalline structure of PHB.  Its major role is to break 

down the crystalline structure from place to place, and hence increasing the 

amorphous entity of the copolymer. 

 

4.4 Surface Melting and Crystallization Behavior of PHB and P(HB-co-HHx)  

 

 4.4.1 Temperature-dependent Attenuated Total Reflection Spectra in the 

C=O Stretching Region of P(HB-co-HHx) during the Melting Process   

  

 Figure 4.34 shows temperature-dependent ATR spectra of P(HB-co-HHx) in the 

1780-1680 cm-1 region.  A sharp band at 1720 cm-1 gradually decreases with 

increasing temperature while a broad band at 1731 cm-1 increases.  These spectral 

variations reflect the melting process of the copolymer.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.34 Representative ATR spectra of P(HB-co-HHx) in the C=O stretching 

region (1780-1680 cm-1) measured over a temperature range of 30-140 oC.   
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 Although the relative intensity of bands in the C=O stretching vibration region is 

different, the temperature-dependent changes observed for the ATR measurement are 

similar to those previously observed for the transmission measurement.  

 

 Figure 4.35 shows ATR (solid line) and transmission (dotted line) spectra of the 

annealed P(HB-co-HHx) film sample in the C=O stretching region measured at       

30 oC.  It can be seen that the major difference between the ATR and transmission 

spectra lies in the relative intensity of the highly ordered crystalline C=O band at 

1720 cm-1 and the amorphous C=O band at 1740 cm-1; the band at 1720 cm-1 in the 

ATR spectrum is more sharp and intense than that in the transmission spectrum.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.35 ATR (solid line) and transmission (dotted line) spectra of              

P(HB-co-HHx) in the C=O stretching region measured at 30 oC. 

 

 In general, the refractive index of organic compounds is 1.5 ± 0.2 [33], and that 

of ZnSe is 2.4.  Accordingly, for the present study, the penetration depth (dp) 

calculated for the C=O stretching vibration region, dp(1720 cm-1) is 1.17 µm.  Due to 

the shallow sampling depth of the ATR technique, the ATR spectra shown in Figures 

4.34 and 4.35 (solid line), therefore, contain only the spectral information associated 
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with the chemical species situated just a few micrometers beyond the sample surface.  

Thus, it is very likely that the differences between the ATR and transmission spectra 

are due primarily to the different behavior of molecules located at the surface and in 

the bulk of the sample.  The intensity ratio of the highly ordered crystalline C=O 

band to the amorphous one for the ATR spectrum is much higher than that for the 

transmission spectrum (Figure 4.35), suggesting that the crystallinity of the polymer 

is much higher at the film surface than in the bulk.  The broad feature at 1740 cm-1 in 

the ATR spectrum exists only as a slope with weak intensity.    

 

 Figure 4.36 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1790-1670 cm-1 generated from the temperature-

dependent ATR spectra measured during the temperature increase in the range of 30-

100 oC, respectively.  A pair of negative cross peaks developed at (1736, 1718) cm-1 

in the synchronous spectrum indicates the opposite directions of the intensity 

variations in these two correlated bands.   

  

 In the asynchronous spectrum, a pair of cross peaks appears at (1732, 1718)   

cm-1.  The presence of asynchronous cross peaks indicates the out-of-phase changes 

in the intensity of the band at 1732 cm-1 and that of the band at 1718 cm-1.  This 

observation clearly suggests that the disappearance of the highly ordered crystalline 

component of the copolymer does not simultaneously result in the formation of the 

amorphous structure.  That is, the surface melting of P(HB-co-HHx) also takes place 

through an intermediate state [55].   

   

 The 2D correlation spectra generated from the temperature-dependent ATR 

spectra also reveal that the spectral changes occurring at the surface region 

particularly involve the highly ordered crystalline component and the amorphous 

structure [55].  On the other hand, 2D correlation spectra generated from the 

temperature-dependent transmission spectra of P(HB-co-HHx) in the C=O stretching 

region clearly reveal that the bulk melting of P(HB-co-HHx) involves two crystalline 

components and the amorphous phase [52].  These observations suggest that the 

polymer crystals tend to grow at the surface in a manner different from the bulk.  It is 

very likely that the molecules situated at the surface region of the P(HB-co-HHx) 
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film sample prefer the highly ordered molecular chain structure [55]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.36 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the temperature-

dependent ATR spectra measured over a temperature range of 30-100 oC. 

  

4.4.2 Time-dependent Infrared Spectra in the C=O Stretching Region of       

P(HB-co-HHx)  

 

 Figure 4.37 A and B shows time-dependent ATR and transmission spectra of 

P(HB-co-HHx) in the C=O stretching region, respectively.  The IR spectral changes 
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induced by the time-dependent crystallization are clearly observed both from the 

ATR (A) and transmission (B) measurements.  This is because the crystallization rate 

of P(HB-co-HHx) is slow, one can supercool the system away from the thermal 

equilibrium.  Consequently, an amorphous sample can be obtained well below its 

apparent Tm, and the time-dependent crystal growth can be monitored.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.37 Representative time-dependent ATR (A) and transmission (B) spectra 

of P(HB-co-HHx) in the C=O stretching region measured at room temperature. 
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 The transition from the amorphous to the crystalline state causes the downward 

shift in the C=O stretching region.  However, the spectral features of the ATR 

spectra and those of the transmission spectra are substantially different from each 

other.  The highly ordered crystalline C=O band observed in the transmission spectra 

is not so sharp and intense as that observed in the ATR spectra.  In other words, the 

ATR spectra show higher crystalline characteristic while the transmission spectra 

manifest more of the amorphous feature.  

 

 A direct comparison between the ATR and transmission spectra measured under 

the same experimental conditions shows clear spectral differences.  Figure 4.38 

depicts the ATR and transmission spectra measured at 30 minutes after the film 

casting (A) and those measured when the crystal growth was completed (B).  The 

spectra shown in Figure 4.38 clearly indicate that the surface and bulk chemical 

species exhibit different crystallization behavior.  To minimize the effect of a 

localized anomalous refractive index dispersion results from absorption peaks, the 

Ge IRE was employed.  Figure 4.39 shows ATR spectra of P(HB-co-HHx) measured 

with the Ge IRE under the same experimental conditions as those shown in Figure 

4.38.  The ATR spectra taken with the Ge IRE also show markedly different 

characteristics from those of the transmission spectra.  For the ATR spectra measured 

when the crystal growth was completed (Figure 4.39 (solid line)), the highly ordered 

crystalline C=O band at 1721 cm-1 is very sharp and intense while the amorphous 

band at 1740 cm-1 is very weak.  The spectral features and peak positions are similar 

to those of the ATR spectra taken with the ZnSe IRE.  This observation confirms the 

difference in the surface and bulk crystallinity of the P(HB-co-HHx) copolymer. 

  

 By comparing Figures 4.35 and 4.38 B, the effect of the crystallization 

temperature on the crystal growth at the film surface and that in the bulk can be 

discussed.  The highly ordered crystalline C=O band in the transmission spectrum of 

the annealed P(HB-co-HHx) sample (Figure 4.35 (dotted line)) is more intense than 

that of the non-annealed P(HB-co-HHx) sample (Figure 4.38 B (dotted line)).  This 

observation suggests that the crystallization in the bulk proceeds far better when the 

sample is annealed at an elevated temperature.  On the other hand, the crystallization 

at the film surface is not strongly affected by the temperature at which the 
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crystallization takes place.  As seen in Figures 4.35 (solid line) and 4.38 B (solid 

line), the overall ATR spectral features of the C=O stretching bands for both cases 

are very similar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.38 ATR (solid line) and transmission (dotted line) spectra of              

P(HB-co-HHx) in the C=O stretching region: first (A) and last (B) spectra measured 

during the time-dependent IR measurements.   
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Figure 4.39 ATR spectra of P(HB-co-HHx) in the C=O stretching region measured 

at 30 minutes after the solvent casting (dotted line) and when the crystal growth was 

completed (solid line) by using the Ge IRE. 

 

 Figure 4.40 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1790-1670 cm-1 generated from the time-dependent 

ATR spectra, respectively.  A pair of cross peaks developed at (1732, 1720) cm-1 in 

the asynchronous spectrum (Figure 4.40 B) reveals that the time-dependent surface 

crystallization process of P(HB-co-HHx) also occurs through an intermediate state.  

The reorganization of the amorphous structure does not simultaneously result in the 

fully formed highly ordered crystalline component.  Similar to the surface melting, 

the time-dependent surface crystallization of P(HB-co-HHx) mainly involves the 

highly ordered crystalline component and the amorphous structure.  This observation 

also suggests that at the film surface, polymer molecules favor the highly ordered 

molecular chain structure.  
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Figure 4.40 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the time-dependent 

ATR spectra shown in Figure 4.37 A. 

  

 Figure 4.41 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1790-1670 cm-1 generated from the time-dependent 

transmission spectra, respectively.  Two pairs of cross peaks develop at (1742, 1722) 

and (1728, 1722) cm-1 in the asynchronous spectrum.  The presence of asynchronous 

cross peaks indicates that the time-dependent bulk crystallization process of P(HB-

co-HHx) occurs through an intermediate state.  Note that, similar to the bulk melting 

process of P(HB-co-HHx), two crystalline C=O bands (i.e., bands at ca. 1728 and 
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1722 cm-1) appear in the 2D correlation spectra generated from the time-dependent 

transmission spectra.  This observation suggests that the time-dependent 

crystallization occurring in the bulk of the film sample also involves two crystalline 

components and the amorphous phase [55]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.41 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the time-dependent 

transmission spectra shown in Figure 4.37 B. 
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 4.4.3 Comparison between the Time-dependent Crystal Growth of      

P(HB-co-HHx) and PHB   

  

 The introduction of the HHx unit into the molecular chain of PHB results in 

dramatically improved mechanical properties of the resulting P(HB-co-HHx) 

copolymer.  The HHx units act as a less crystallizable part and thereby depress the 

degree of crystallinity of the PHB homopolymer significantly [6].  From this aspect, 

effects of the HHx units on the crystallization process of the PHB homopolymer are 

very interesting.  

 

 Figure 4.42 A and B shows time-dependent ATR and transmission spectra of 

PHB in the C=O stretching region, respectively.  The observed IR spectra again 

indicate the different crystallization behavior at the surface and in the bulk of the 

PHB film sample.  As expected, the ATR spectra of PHB strongly represent the 

crystalline characteristic, and the amorphous feature at 1740 cm-1 is very weak.  

Similar to P(HB-co-HHx), transmission spectra of PHB show higher amorphous 

characteristic as compared to the ATR spectra.  However, time-dependent IR spectral 

variations for PHB shown in Figure 4.42 A and B are different from those for   

P(HB-co-HHx) shown in Figure 4.37 A and B.   

 

 In chloroform solution, both IR spectra of P(HB-co-HHx) and PHB show fully 

random-coil feature (see Figure 4.43).  After chloroform evaporated, P(HB-co-HHx) 

and PHB started to crystallize.  However, we could not observe the IR spectra of the 

fully random-coil PHB for the solvent-free state.  PHB assumes a crystalline state 

right after the solvent evaporation.  This observation indicates that PHB crystallizes 

rapidly, much faster than P(HB-co-HHx).  Although the highly ordered crystalline 

C=O band at 1720 cm-1 continues to develop as time passes, the overall spectral 

changes occurred during the time-dependent crystal growth are not pronounced.  

That is to say, PHB crystallizes at a much higher rate than P(HB-co-HHx).  In other 

words, the HHx comonomer incorporated in P(HB-co-HHx) significantly reduces the 

crystallization rate of the PHB homopolymer.  This is because the HHx unit is less 

crystallizable, and the presence of the HHx units in the PHB molecular chains may 

encumber the crystallization of the polymer from place to place. 
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Figure 4.42 Representative time-dependent ATR (A) and transmission (B) spectra 

of PHB in the C=O stretching region measured at room temperature.  
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Figure 4.43 Transmission spectra of P(HB-co-HHx) (solid line) and PHB (dotted 

line) in CHCl3 solution. 

 

4.5 Crystallization Behavior of P(HB-co-HHx) under Different Crystallization 

Conditions 

 

 4.5.1 Gradual Cooling Crystallization 

 

 Figure 4.44 shows temperature-dependent IR spectra of P(HB-co-HHx) in the 

1780-1680 cm-1 region.  A broad band at 1740 cm-1 decreases while a sharp band at 

1723 cm-1 gradually increases in intensity during the course of temperature decrease.  

The sharp band at 1723 cm-1 arises from the crystalline part of P(HB-co-HHx), and 

the broad band at 1740 cm-1 is attributed to the amorphous component.  These 

spectral variations reflect the crystallization process of P(HB-co-HHx). 
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Figure 4.44 IR spectra of P(HB-co-HHx) in the C=O stretching region measured 

during the gradual cooling crystallization of the melt over a temperature range of 

140-30 oC. 

 

 Figure 4.45 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1790-1670 cm-1 generated from the temperature-

dependent IR spectra.  A pair of negative cross peaks developed at (1745, 1723) cm-1 

in the synchronous spectrum indicates the opposite directions of the intensity 

variations in these two correlated bands.  In the asynchronous spectrum, two pairs of 

cross peaks appear at (1745, 1723) and (1728, 1723) cm-1.  The band at around 1728 

cm-1 revealed by the asynchronous 2D correlation spectrum arises from the less 

ordered crystalline component of P(HB-co-HHx).  The presence of asynchronous 

cross peaks indicates the out-of-phase changes in the intensity of the correlated 

bands.  Figure 4.45 B suggests that, during the crystallization process, the decrease in 

intensity of the amorphous C=O band at 1745 cm-1 and the increase in intensity of 

the crystalline C=O band at 1723 cm-1 do not occur simultaneously.   
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Figure 4.45 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the temperature-

dependent IR spectra shown in Figure 4.44. 

 

 Of note in Figure 4.45 B is that the two crystalline C=O bands at 1728 and 1723 

cm-1 share asynchronous cross peaks.  This observation indicates that the 

development of the highly ordered crystalline component and that of the less ordered 

crystalline component take place out of phase.  The negative sign of the 

asynchronous cross peak at (1728, 1723) cm-1 and the positive sign of the 

corresponding synchronous spectral intensity reveal that the formation of the highly 

ordered crystalline component proceeds prior to that of the less ordered crystalline 
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structure during the course of the gradual cooling crystallization [56].   

 

 4.5.2 Supercooled Melt Crystallization 

    

 Figure 4.46 shows time-dependent IR spectra of P(HB-co-HHx) in the C=O 

stretching band region measured during the isothermal crystallization of the 

supercooled melt.  The representative spectra shown in Figure 4.46 were collected at 

0 (start), 540, 900, 1020, 1140, 1380, 1560, 1740, 1920, 2100, and 2220 minutes 

after the initiation of the isothermal crystallization.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.46 IR spectra of P(HB-co-HHx) in the C=O stretching region measured 

during the isothermal crystallization of the supercooled liquid at room temperature. 

 

 Because the crystallization rate of P(HB-co-HHx) is slow, one can supercool the 

system away from the thermal equilibrium, and an amorphous sample can be 

obtained well below its Tm.  The time-dependent crystal growth of the supercooled 

melt was clearly revealed by the changes in intensity of the amorphous C=O band at 

1739 cm-1 and the crystalline C=O band at 1724 cm-1.  The trend of the spectral 

variations induced by the crystallization of the supercooled melt is similar to that 
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induced by the gradual cooling crystallization shown in Figure 4.44.  The amorphous 

C=O band at 1739   cm-1 decreases while the crystalline C=O band at 1724 cm-1 

gradually increases in intensity during the crystallization process.  However, the 

details of spectral features for the supercooled melt crystallization are substantially 

different from those for the gradual cooling process.  The crystalline band observed 

during the gradual cooling crystallization is more sharp and intense than that 

observed during the supercooled melt crystallization.  This observation implies that 

the crystallinity of the gradually cooled sample is much higher than that of the 

sample crystallized from the supercooled melt at room temperature.  In addition, the 

crystalline band observed during the gradual cooling process appeared very clearly as 

a well-separated band at 1723 cm-1 below the Tm of the sample and developed down 

to room temperature.  On the other hand, the crystalline band observed during the 

isothermal crystallization of the supercooled melt developed very slowly. 

 

 Figure 4.47 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1790-1670 cm-1 generated from the time-dependent 

IR spectra shown in Figure 4.46.  Two autopeaks developed at 1745 and 1724 cm-1 

reflect the spectral variations of the amorphous and crystalline C=O bands, 

respectively.  A pair of negative cross peaks appeared at (1745, 1724) cm-1 indicates 

the opposite directions of the intensity variations in these two bands.  The 

asynchronous spectrum shows two pairs of asynchronous cross peaks at (1745, 1723) 

and (1728, 1723) cm-1 similar to that for the gradual cooling crystallization case.  

This result indicates that the disappearance of the amorphous component does not 

proceed simultaneously with the appearance of the crystalline component during the 

supercooled melt crystallization.  The two crystalline C=O bands at 1728 and 1723 

cm-1 for the supercooled melt crystallization also share asynchronous cross peaks, 

indicating the time lag between the increase in intensity of these two crystalline C=O 

bands.  However, the signs of the asynchronous cross peaks shown in Figure 4.47 B 

are opposite to those shown in Figure 4.45 B.  The positive sign of the asynchronous 

cross peak at (1728, 1723)   cm-1 and the corresponding positive synchronous 

spectral intensity suggest that the increase in intensity of the band at 1728 cm-1 

occurs before that of the band at 1723 cm-1.  That is, during the supercooled melt 

crystallization, the formation of the less ordered crystalline component proceeds 
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before that of the highly ordered crystalline component.  In other words, the order of 

crystal growth steps is different from that for the gradual cooling crystallization 

process [56]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.47 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the time-dependent IR 

spectra shown in Figure 4.46. 

 

 4.5.3 Solvent-cast Film Crystallization 

 

 Figure 4.48 shows time-dependent IR spectra of P(HB-co-HHx) in the C=O 
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stretching region measured during the isothermal crystallization of the solution-cast 

film.  The representative spectra shown in Figure 4.48 were collected at 0 (start), 75, 

210, 240, 285, 315, 375, 420, 480, 660, and 1080 minutes after the initiation of the 

isothermal crystallization.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.48 IR spectra of P(HB-co-HHx) in the C=O stretching region measured 

during the isothermal crystallization of the solvent-cast film at room temperature. 

 

 The time-dependent crystal growth of the sample was also observed for the 

solution-cast film as indicated by the changes in intensity of the amorphous C=O 

band at 1740 cm-1 and the crystalline C=O band at 1724 cm-1.  The spectral 

variations shown in Figure 4.48 are very similar to those for the supercooled melt 

crystallization shown in Figure 4.46.  The development of the crystalline C=O band 

proceeded slowly, and the band shape is not sharp and intense. 

 

 Figure 4.49 A and B shows the synchronous and asynchronous 2D correlation 

spectra in the spectral region of 1790-1670 cm-1 generated from the time-dependent 

IR spectra shown in Figure 4.48.  The 2D correlation spectra shown in Figure 4.49 A 

and B are very similar to those generated for the supercooled melt crystallization 
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shown in Figure 4.47 A and B.  Two pairs of asynchronous cross peaks appear at 

(1745, 1723) and (1728, 1723) cm-1.  The signs of the asynchronous cross peaks and 

the corresponding synchronous intensity reveal that the formation of the less ordered 

crystalline component proceeds before that of the highly ordered crystalline 

component during the crystallization of the solution-cast film.  This order of crystal 

growth steps is the same as that for the supercooled melt crystallization [56]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.49 Synchronous (A) and asynchronous (B) correlation spectra of       

P(HB-co-HHx) in the C=O stretching region generated from the time-dependent IR 

spectra shown in Figure 4.48. 
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 4.5.4 Comparison among the Three Types of Crystallization Processes 

 

 2D IR correlation spectroscopy suggests that the order of crystal growth steps 

for the gradual cooling crystallization is different from that of the supercooled melt 

and solution-cast film crystallization.  For the gradual cooling process, the 

development of the highly ordered crystals occurs prior to the formation of the less 

ordered crystals.  On the other hand, for the supercooled melt and solution-cast film 

crystallization, the formation of the less ordered crystals takes place first, and the 

highly ordered crystals develop later.   

 

 Being kinetically controlled, structures formed during the crystallization of 

partially crystalline polymers are strongly affected by the thermal history and 

preceding processes.  In the gradual cooling condition, the sample is slowly cooled 

from the melt to a temperature below the Tm.  At each temperature, the sample is 

allowed to reach the equilibrium state.  Consequently, the crystallization occurs by 

nucleation and growth of spherulites [15].  The highly ordered crystals develop first 

and fill the specimen volume with a skeletal structure of crystalline lamellae.  The 

inter crystalline regions, which remained amorphous, still have the potential to 

crystallize upon further cooling.  The secondary crystallization follows at lower 

temperatures.  The formation of the less ordered crystals proceeds via insertion into 

the original stack of the crystalline lamellae.  The reduction of the order of these 

secondary crystals arises from the spatial constraint.  Clearly, the additional 

crystalline lamellae formed at lower temperatures are generally thinner, less uniform, 

and include more internal disorder.    

 

 For the supercooled melt crystallization, the sample is quenched rapidly from 

140 to 25 oC.  In this state, the crystallization is substantially retarded due to the 

reduced segmental mobility of the polymer when approaching the Tg.  Under such a 

condition, the transition from the disordered phase to the higher ordered structure 

proceeds through a continuous sequence of states rather than building up a two-phase 

structure from the very beginning.  The increase in the crystallinity of the 

supercooled melt sample is very slow.  The crystal growth occurs as the formation of 

numerous less ordered crystallites.  The apparent reduction of the order in these 
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crystallites arises from the interfacial effect of the very small size of crystals.  The 

radius of curvature is too small to have a well-developed crystal.  The interfacial 

effect is different from the effect of the over crowding by the volume filling crystal 

lamellae already existing as in the case of the gradual cooling crystallization.  Once 

these tiny crystallites are formed, the additional growth of the highly ordered 

crystals, which is characterized by the band at 1723 cm-1, will occur.  This process, 

however, is very slow.  The system is hardly at the crystal volume filled stage during 

the crystallization period.  The solution-cast P(HB-co-HHx) film exhibits similar 

crystallization behavior to that of the supercooled melt P(HB-co-HHx).  The 

crystallization was carried out starting from the state in which the mobility of the 

entanglements is suppressed.  The crystallization takes long time to proceed.  The 

very slow on-going increase in the crystallinity with long times indicates the 

difficulty in approaching the perfect fully crystalline state of the sample.  This lack of 

crystal growth results in the very weak intensity of the crystalline band observed for 

the supercooled melt and solution-cast film crystallization.      

 

 For all three types of crystallization, there is no asynchronous cross peak 

between the bands at 1745 and 1728 cm-1 in the 2D correlation spectra.  This 

observation suggests that the transition from the amorphous state to the small 

crystallites with a less ordered structure is a one step transformation. 
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CHAPTER V 
 

CONCLUSIONS 
 

5.1 Wide-angle X-ray Diffraction Study and Thermal Analysis of               

P(HB-co-HHx) and PHB 

 

The WAXD pattern of the P(HB-co-HHx) copolymer at room temperature 

indicates that P(HB-co-HHx) assumes an orthorhombic crystal system (α = β = γ = 

90o) with a = 5.76 Å, b = 13.20 Å, c = 5.96 Å, which is identical to that of PHB.  

Only the a lattice parameter that shows the thermal expansion.  This observation 

suggests that there are inter- and intramolecular interactions between the C=O and 

CH3 groups along the a axis of P(HB-co-HHx) crystallites.  The temperature-

dependent variations in the (110) peak area for P(HB-co-HHx) and PHB reveal that 

PHB keeps  its crystalline structure until around 140 oC while that of P(HB-co-HHx) 

starts breaking down from around 50 oC.  The second heating DSC scan of the 

chloroform solution-cast P(HB-co-HHx) sample shows a recrystallization peak 

around 51 oC.  This result is in a good agreement with the WAXD result that shows 

the maximum of the (110) peak area around 54 oC.   

 

5.2 Thermally Induced Phase Transformation of PHB 

  

 The melting behavior of PHB was investigated by using generalized 2D IR 

correlation spectroscopy.  The asynchronous 2D correlation spectrum generated from 

the temperature-induced dynamic IR spectra of PHB in the C=O stretching region 

resolves two highly overlapped crystalline bands located at 1731 and 1722 cm-1.  The 

intense band at 1722 cm-1 is attributed to the major crystalline part of the polymer, 

and the much weaker feature at 1731 cm-1 is assignable to the minor crystalline 

component with a less ordered structure.  The asynchronous cross peaks between the 

crystalline and amorphous bands suggest the existence of an intermediate state in the 

melting process of PHB. 



   

 Bands in the C-O-C and C-H stretching regions were classified into those arising 

from the crystalline and amorphous parts of the polymer.  The CH3 asymmetric 

stretching bands and CH2 antisymmetric stretching bands of the crystalline phase 

split into four bands at 3007, 2995, 2975, and 2967 cm-1, and two bands at 2934 and 

2929 cm-1, respectively.  These bands share positive synchronous cross peaks, and 

there is no asynchronicity among them, suggesting that these bands arise from the 

crystal filed splitting.  

 

5.3 Thermally Induced Phase Transformation of P(HB-co-HHx) 

 

 The melting behavior of P(HB-co-HHx) was investigated by using generalized 

2D IR correlation spectroscopy.  The significant intensity changes in the C=O, C-O-

C, and C-H stretching regions start taking place at much lower temperature in the 

spectra of P(HB-co-HHx) than in the spectra of PHB.  This observation indicates that 

the crystallinity decreases gradually even at low temperature for P(HB-co-HHx). 

 

 The asynchronous 2D correlation spectrum generated from the temperature-

induced dynamic IR spectra of P(HB-co-HHx) in the C=O stretching region also 

differentiates two highly overlapped crystalline bands located at 1731 and 1723 cm-1.  

Similar to the melting of PHB, the 2D asynchronous cross peaks between the 

crystalline and amorphous bands of P(HB-co-HHx) indicate the existence of an 

intermediate state during the melting process of P(HB-co-HHx).  

 

 The CH3 asymmetric stretching bands and CH2 antisymmetric stretching bands 

exhibit a crystal field splitting, which is often observed for polymers with a helical 

structure.  The similarity in the frequencies of the C=O, C-O-C, and C-H stretching 

bands of the crystalline components between PHB and P(HB-co-HHx) reveals that 

the helical structure of P(HB-co-HHx) is very close to that of PHB.  The HHx unit 

locally disrupts the highly ordered and helical structure of the copolymer from place 

to place, increasing the amorphous entity, which gives the better physical and 

mechanical properties to the copolymer. 
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5.4 Surface Melting and Crystallization Behavior of PHB and P(HB-co-HHx) 

 

 The melting behavior at the surface of P(HB-co-HHx) was studied by using 

ATR IR spectroscopy and the generalized 2D correlation analysis.  Similar to the 

bulk melting of P(HB-co-HHx), the surface melting of P(HB-co-HHx) takes place 

through an intermediate state.  However, the surface melting of P(HB-co-HHx) 

involves particularly the highly ordered crystalline component and the amorphous 

phase while the bulk melting involves two crystalline components and the 

amorphous phase. 
 

  The time-dependent crystallization at the surface and bulk of P(HB-co-HHx) and 

PHB film samples was monitored by using ATR and transmission IR spectroscopy, 

respectively.  It was revealed by the 2D correlation spectra generated from the time-

dependent IR spectra of P(HB-co-HHx) in the C=O stretching region that the surface 

and bulk crystal growth of P(HB-co-HHx) film also occurs through an intermediate 

state.  Time-dependent ATR and transmission spectra of PHB indicate that PHB 

crystallizes at a much higher rate than P(HB-co-HHx).  This observation suggests 

that the HHx units incorporated in the P(HB-co-HHx) copolymer significantly 

reduce not only the  degree of crystallinity but also the crystallization rate of the PHB 

homopolymer.  For both P(HB-co-HHx) and PHB film samples, it is very likely that 

the population of polymer crystals at the surface is higher than that in the bulk.   

 

5.5 Crystallization Behavior of P(HB-co-HHx) under Different Crystallization 

Conditions 

 

 2D IR correlation spectroscopy was employed to study the crystallization 

behavior of P(HB-co-HHx).  The order of crystal growth steps for the three different 

types of crystallization, i.e., the gradual cooling, supercooled melt, and solution-cast 

film crystallization, was investigated.  The 2D IR correlation spectra generated for 

the C=O stretching band region suggested that, for the gradual cooling 

crystallization, the development of the highly ordered crystalline component 

proceeds prior to that of the less ordered crystalline component.  On the other hand, 

for the supercooled melt and solution-cast film crystallization, the formation of the 
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less-ordered crystalline component occurs before that of the highly ordered 

crystalline component.  The transition from the amorphous state to the less-ordered 

crystalline structure is a one step transformation for all three types of crystallization.   
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Abstract

The melting behavior of a bacterially synthesized biodegradable polymer, poly(3-hydroxybutyrate) (PHB), was investigated by using
generalized two-dimensional infrared (2D IR) correlation spectroscopy. Temperature-dependent spectral variations in the regions of the C–H
stretching (3100–2850 cm−1), C=O stretching (1800–1680 cm−1), and C–O–C stretching (1320–1120 cm−1) bands were monitored during the
melting process. The asynchronous 2D correlation spectrum for the C=O stretching band region resolved two crystalline bands at 1731 and
1723 cm−1. The intense band at 1723 cm−1 may be due to the highly ordered crystalline part of PHB, and the weak band at 1731 cm−1 possibly
arises from the crystalline part with a less ordered structure. These crystalline bands at 1731 and 1723 cm−1 share asynchronous cross peaks
with a band at around 1740 cm−1 assignable to the C=O band due to the amorphous component. This observation indicates that the decreases
in the crystalline components do not proceed simultaneously with the increase in the amorphous component. In the 3020–2915 cm−1 region
where bands due to the asymmetric CH3 stretching and antisymmetric CH2 stretching modes are expected to appear, eight bands are identified
at 3007, 2995, 2985, 2975, 2967, 2938, 2934, and 2929 cm−1. The bands at 2985 and 2938 cm−1 are ascribed to the amorphous part while the
rest come from crystal field splitting, which is a characteristic of polymers with a helical structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Bacterially synthesized poly(3-hydroxyalkanoate)s
(PHAs) are a class of naturally occurring biodegradable
polyesters accumulated as energy-storing inclusion body
granules in the cells of certain microorganisms[1–4]. Since
PHAs can be biologically derived from renewable resources
and are biodegradable, they have attracted a great atten-
tion as a new family of environmentally friendly polymeric
materials[2,5–7]. Among various bacterially synthesized
PHA polymers, poly(3-hydroxybutyrate) (PHB), the oldest
known bacterial polyester, is the most abundant polyester
found in bacteria[3,7]. The chemical structure of PHB, and
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its proposed helical structure[8,9] are shown inFig. 1(A)
and (B), respectively.

PHB bears similar glass transition temperature (Tg),
melting temperature (Tm), and comparable ultimate tensile
strength to those of polypropylene (PP)[4,7]. PHB is per-
fectly biocompatible, and therefore its medical use is one
of the important potential applications being considered.
However, due to the high stereoregularity of biologically
produced macromolecules, PHB is a highly crystalline
polymer that is stiff and brittle. It is also thermally un-
stable during processing[7]. The molecular weight of
PHB degrades significantly at temperature just above the
Tm. This unfortunate aspect of properties poses a limi-
tation of, for example, the application to a flexible film,
which is one of the largest uses of biodegradable poly-
mers. As a consequence, many attempts to copolymer-
ize a comonomer with PHB monomer for improving its
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Fig. 1. Chemical structure of PHB (A), and the proposed helical structure
model8,9 for polyhydroxyalkanoates (B).

mechanical properties have been made. One idea is to in-
clude a more bulky comonomer to reduce the crystallinity
and presumably increase the flexibility of the resulting
copolymers. The copolymerization with 3-hydroxyvalerate
(3-HV) was the first attempt performed by ICI (Billing-
ham, UK) in the early 1980s[7]. However, the crys-
tallinity of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(P(HB-co-HV)) never falls below 50% due to the isodimor-
phism of the P(HB-co-HV) copolymer[7]. It has been re-
ported that poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(P(HB-co-HHx)) shows a greaterTm drop, at a given mol%
comonomer, in comparison to P(HB-co-HV) [7]. Interest-
ingly, hexanoate and larger comonomers depressTm in
the same manner regardless of their molecular sizes[7].
This feature indicates the break down of the isodimorphism
occurring in the P(HB-co-HV) copolymer by the incorpo-
ration of comonomer units with three or more carbon unit
side groups[7].

The main factor to determine mechanical properties of the
polymer is the degree of crystallinity. A fundamental under-
standing of the crystallization and melting process of this
class of polymers is essential for improving their mechani-
cal properties of biopolyesters. We have been undertaking
a series of studies on the structure and thermal behavior of
PHB and P(HB-co-HHx) by using temperature-dependent
wide-angle X-ray diffraction (WAXD), differential scan-
ning calorimetry (DSC), and two-dimensional infrared (2D
IR) correlation spectroscopy[10–12]. The WAXD study

suggested that there are inter- and intramolecular inter-
actions between the C=O and CH3 groups in PHB and
P(HB-co-HHx), and the interactions decrease along thea
axis of the crystal lattice of PHB and P(HB-co-HHx) with
temperature[10,11]. IR spectroscopy has been successfully
applied to the studies of crystalline/amorphous phase tran-
sition process of a number of polymers[12–15,17,18]. This
is because IR absorption bands are very sensitive to changes
in inter- and intramolecular interactions and conformational
changes of polymers[17]. IR spectra of polymers are often
complicated. In such a case, 2D correlation analysis pro-
posed by Noda[18,19] enables a more detailed analysis
of IR spectral variations of polymers[12–15,18–21]. The
asynchronous 2D correlation spectrum generated for the
C=O stretching band region of P(HB-co-HHx) revealed the
coexistence of two crystalline bands at 1731 and 1723 cm−1

[12]. The band at 1723 cm−1 contributes to the highly or-
dered crystalline component, and that at 1731 cm−1 arises
from the less ordered crystalline structure[12].

The present study aims at exploring the melting behavior
of PHB by using 2D IR correlation spectroscopy. IR spec-
tra of PHB, which is a basic polymer for all other PHA
polymers, have never been analyzed in detail. Therefore,
outcome of the present study is important not only for the
study of PHB itself but also for the future study of other
PHAs. In order to extract as much information related with
the phase transition behavior of PHB polymer as possible,
we analyzed not only the C=O stretching band region but
also the C–O–C stretching band and C–H stretching band
regions by employing 2D IR correlation spectroscopy. 2D
IR correlation spectroscopy was successfully employed for
studying the phase transitions of a number of PHA copoly-
mers[12–15].

2. Experimental

2.1. Materials

The purified PHB sample was provided by the Procter and
Gamble Company (Cincinnati, USA) and used as received.
Chloroform (CHCl3) was purchased from Wako Pure Chem-
ical Industries Ltd. (Osaka, Japan) and used as a solvent
without further purification.

2.2. IR spectroscopic measurements

A film of PHB sample was prepared by casting its chlo-
roform solution on a CaF2 window. The film was kept in
a vacuum-dried oven at 60◦C for 12 h and cooled down to
room temperature. IR spectra of the PHB film were col-
lected at a 2 cm−1 spectral resolution by using a Nicolet
Magna-IRTM 550 spectrometer equipped with a mer-
cury cadmium telluride (MCT) detector. To ensure a high
signal-to-noise ratio, 512 scans were co-added. The temper-
ature of the sample cell that holds the CaF2 window with
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the PHB film was controlled by using a temperature con-
troller unit (CHINO, model SU). The spectral acquisitions
were performed over a temperature range of 40–180◦C
with an increment of 10◦C.

2.3. 2D correlation analysis

All IR spectra were baseline-corrected prior to the 2D cor-
relation analysis. The calculations of 2D correlation spectra
were performed by using the 2D-Pocha software composed
by Daisuke Adachi (Kwansei-Gakuin University, Japan).
Temperature-averaged IR spectra were used as the reference
spectra for the 2D correlation calculations.

3. Results and discussion

3.1. Temperature-dependent changes in the C=O
stretching vibration region

Fig. 2 shows temperature-dependent IR spectra of PHB
in the 1800–1680 cm−1 region where bands due to the C=O
stretching modes are expected to appear. The band shape in
the C=O stretching vibration region changes largely from a
sharp peak with a broad shoulder to a symmetrical broad
band with increasing temperature. A dramatic change in the
IR spectra was observed in the vicinity of 140◦C. PHB is
known as a semi-crystalline polymer, and theTm of PHB was
reported to be 170◦C [11]. The spectral changes observed
in Fig. 2 reflect the melting of PHB. The C=O stretching
band region consists of at least two dominant bands. The
sharp band at 1723 cm−1 arises from the crystalline C=O
groups, and the broad band at 1740 cm−1 is attributed to the
amorphous C=O groups[12–16]. The band at 1723 cm−1

decreases with increasing temperature and disappears above
the Tm while the band at 1740 cm−1 gradually increases.
Accordingly, the band at 1723 cm−1 is a unique indicator
for monitoring the melting or crystallization process of PHA
polymers.

There are two possible interpretations for the origin of
the splitting of the C=O band observed below theTm; (1)
an interaction between the C=O and CH3 groups[10,11,22]
and (2) a dipole-dipole coupling interaction between ester
groups in an ordered structure[23–25].

It was reported that PHB assumes an orthorhombic crys-
tal system, P212121(D4

2), (α = β = γ = 90◦) with a =
5.76 Å, b = 13.20 Å, c = 5.96 Å (fiber axis)[9,26]. The
x-ray crystallographic studies of PHB showed that the dis-
tance between the C=O and CH3 groups along thea axis is
close enough for supposing the interactions between them.
We studied the thermal properties of PHB by using WAXD
and DSC[10,11]. The temperature-dependent variations in
WAXD of PHB revealed that the lattice parametera shows a
significant variation with the temperature increase. In other
words, the thermal energy weakens the interaction along

Fig. 2. IR spectra of PHB in the C=O stretching vibration region
(1800–1680 cm−1) collected over a temperature range of 40–180◦C.

the a axis. The change in the interaction between the C=O
and CH3 groups may cause the change in the C=O stretch-
ing band. The sharp peak at 1723 cm−1 may arise from the
C=O groups involved in the C=O and CH3 interactions while
the broad feature at 1740 cm−1 may be due to the free or
non-interaction C=O groups.

Another possibility that causes the C=O band splitting is
the transition dipole coupling of the ester groups in an or-
dered structure[23–25]. For methyl acetate, which can be
a model compound for the ester group incorporated in the
main chain of PHB, the dipole practically lies along the
C=O bond. Galbiati et al.[25] measured IR and Raman
spectra of several aliphatic esters in gas, liquid, and solid
phases. It was revealed that the observed frequencies of the
C=O stretching vibrations (νC=O) of the compounds can be
grouped into three wavenumber regions for the three phases:
(1) �C=O > 1760 cm−1 for the gas phase, (2) 1750 cm−1 >
�C=O > 1740 cm−1 for the liquid phase, and (3) 1730 cm−1

> �C=O > 1720 cm−1 for the solid phase. They also per-
formed MNDO (modified neglect of differential overlap)
semiempirical quantum chemical calculation for estimat-
ing the minimum-energy geometry and dipole moment and
derived the following results: the dipole-dipole interaction
causes a lower frequency shift of the C=O stretching band,
and the maximum distance capable of producing a band
splitting is not larger than ca. 4–5 Å[25]. In polymer sys-
tems, a band splitting due to the dipole-dipole interaction
(often called dipole-dipole coupling) is observed when the
molecules form an ordered structure[24,27,28]. Torii and
Tasumi showed that the amide I bands of several proteins,
which contain the ordered structures such as�-helix and
�-sheet, are successfully reproduced by the model calcula-
tion based on the dipole-dipole coupling mechanism[27,28].
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Fig. 3. Synchronous (A) and asynchronous (B) correlation spectra of PHB in the C=O stretching vibration region constructed from dynamic IR spectra
in the melting process.

Referring to the stereograph of the molecular structure for
PHB in a crystalline state determined by X-ray diffraction
[9], the polymer chains form a helical structure, and the
crystal lattice of the polymer contains two left-handed he-
lical molecules in an antiparallel orientation. In the helical

structure, the distance between the neighboring C=O groups
along the chain is ca. 4–5 Å. Thus, the splitting of the C=O
stretching band of PHB observed below theTm possibly
arises from the dipole-dipole interaction between the C=O
groups in the crystalline structure.
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Fig. 4. A second derivative spectrum calculated from the infrared spectrum
of PHB in the C=O stretching vibration region at 40◦C.

To extract more detailed information about the spectral
variations taking place during the phase transition pro-
cess, 2D correlation spectroscopy was employed.Fig. 3(A)
and (B) shows the synchronous and asynchronous 2D
correlation spectra, respectively, in the spectral region of
1780–1700 cm−1 generated from the temperature-dependent
IR spectra measured over a temperature range of 40–150◦C.
Two autopeaks developed at around 1744 and 1724 cm−1

together with negative cross peaks at∼(1744, 1724) cm−1

indicate the spectral variations of the amorphous and crys-
talline components of the PHB polymer. Three pairs of cross

Table 1
Assignments of IR bands in the C=O, C–O–C, and C–H stretching
vibration regions

Functional groups Wavenumber (cm−1) Assignments

C=O 1748 amorphous
1739 amorphous
1731 crystalline
1723 crystalline

C–O–C 1303 amorphous
1294 crystalline
1280 crystalline
1263 crystalline
1259 amorphous
1230 crystalline
1183 amorphous

CH3 3007 crystalline
2995 crystalline
2985 amorphous
2975 crystalline
2967 crystalline

CH2 2938 amorphous
2934 crystalline
2929 crystalline

Fig. 5. IR spectra of PHB in the C–O–C stretching vibration region
(1320–1120 cm−1) collected over a temperature range of 40–180◦C.

peaks are observed at∼(1744, 1731),∼(1744, 1722), and
∼(1731, 1722) cm−1 in the corresponding asynchronous
spectrum. It should be noted that the existences of these
bands are confirmed also by the second derivative of the
spectrum of PHB at 40◦C shown inFig. 4. Although the
band at 1731 cm−1 presents as a small peak in the second
derivative spectrum, the asynchronous 2D spectrum clearly
sorts out the existence of this band. The second derivative
spectrum depicts two bands at 1748 and 1739 cm−1 in the
amorphous region. These two bands, however, show no
asynchronicity with each other in the 2D asynchronous
map. The positive synchronous spectral intensity in the
region containing the coordinate at∼(1731, 1722) cm−1

indicates the same direction of the intensity variations of
these two bands while the negative synchronous spectral
intensity containing the coordinates at∼(1744, 1731) and
∼(1744, 1722) cm−1 suggests that the broad band located
around 1744 cm−1 varies in the opposite direction from the
two bands at 1731 and 1722 cm−1. The highly overlapped
bands located around 1744 and 1722 cm−1 are not resolved
in the synchronous map because, unlike an asynchronous
spectrum, which is powerful in differentiating bands arising
from different origins, a synchronous spectrum generally
shows overall similarities of spectral variations. The fre-
quencies of the bands in the C=O stretching vibration region
and their assignments are summarized inTable 1.

The asynchronous 2D correlation spectrum resolves the
two highly overlapped bands at around 1731 and 1722 cm−1

arising from the crystalline state. It can be seen fromFig. 4
that the band at 1722 cm−1 is much stronger than that at
1731 cm−1. Based on its frequency and intensity, the band
at 1722 cm−1 may be assigned to the C=O stretching mode
of the well-ordered crystalline state of PHB[12]. The minor
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Fig. 6. Synchronous (A) and asynchronous (B) correlation spectra of PHB in the C–O–C stretching vibration region constructed from dynamic IR spectra
in the melting process.

band at 1731 cm−1 may be due to the C=O stretching mode
of the less ordered crystalline part of the polymer[12].

Of note in the asynchronous map is that there are asyn-
chronous cross peaks between the crystalline and amorphous

bands. This indicates that the decreases in the crystalline
components and the increase in the amorphous component
take place out of phase. It is very likely that the melting
of PHB occurs through an intermediate state. However, no
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IR band due to the intermediate state is clearly detected.
In our previous study[12], it was revealed that the melt-
ing of P(HB-co-HHx) (12 mol% HHx) proceeds through an
intermediate state. Wu et al.[13] and Tian et al.[14] in-
vestigated the melting behavior of P(HB-co-HHx) (10 mol%
HHx) and P(HB-co-HV) (20.4 mol% HV), respectively, by
using 2D IR correlation spectroscopy and suggested from
the asynchronous spectra for the C=O stretching region that
an intermediatce state appears in the course of the melting
process. Thus, the present study indicates that an interme-
diate state exists commonly in the melting process of this
class of polymers.

3.2. Temperature-dependent changes in the C–O–C
stretching vibration region

Fig. 5shows the temperature-dependent changes in the IR
spectra of PHB in the 1320–1120 cm−1 region. The cluster
of bands in this region is ascribed to the stretching vibra-
tions of the C–O–C groups[12–15]. Although this region
contains more bands than the C=O stretching vibration re-
gion, the spectral changes caused by the melting process of
the polymer are clear. The intensities of the bands at 1294,
1280, 1263, and 1230 cm−1 decrease upon passing from the
crystalline to the amorphous state of the polymer, whereas
those of the bands at 1303, 1259, and 1183 cm−1 increase
in the course of temperature increase.

The synchronous and asynchronous 2D correlation spec-
tra in the 1330–1155 cm−1 region calculated from the
temperature-dependent IR spectra of PHB are shown in
Fig. 6(A) and (B), respectively. There are at least four au-
topeaks at 1294, 1254, 1230, and 1180 cm−1. The autopeak
at 1294 cm−1 extends to the vicinity of 1280 cm−1, and
that near 1180 cm−1 is very broad. Thus, it seems that both
autopeaks consist of more than one peak. A pair of asyn-
chronous peaks at (1188, 1170 cm−1) may be due to a band
shift, but the autopeak near 1180 cm−1 is so broad and thus,
there may be two bands near 1180 cm−1. It is noted that the
crystalline bands at 1294, 1280, 1263, and 1230 cm−1 do
not share any asynchronous peak, and that there are several
cross peaks between an amorphous band (e.g., 1180 cm−1)
and crystalline bands (e.g., 1294–1280 and 1230 cm−1).
These observations again indicate the existence of an inter-
mediate state during the phase transition. The frequencies
of the bands in the C–O–C stretching vibration region and
their assignments are summarized inTable 1.

3.3. Temperature-dependent changes in the C–H stretching
vibration region

The temperature-dependent changes in the IR spectra of
PHB in the 3100–2850 cm−1 region are shown inFig. 7. For
the C–H stretching vibration region, bands located around
2980 cm−1 are due to the CH3 asymmetric stretching mode
while those appeared around 2930 cm−1 are attributed to the
CH2 antisymmetric stretching vibration. For PHB, the CH3

Fig. 7. IR spectra of PHB in the C–H stretching vibration region
(3100–2850 cm−1) collected over a temperature range of 40–180◦C.

group exists only on the side chain while the CH2 group is
located on the skeletal chain. As described in the introduc-
tion, the chemical modification on the side chain of PHB
is very important for improving its mechanical properties,
therefore the investigation on the thermal behavior of the
CH3 group is very interesting.

As temperature increases, the CH3 stretching band at
2975 cm−1 decreases while that at 2985 cm−1 increases.
Similarly, the CH2 stretching band at 2934 cm−1 de-
creases while that at 2938 cm−1 increases with increasing

Fig. 8. Second derivative spectra calculated from the infrared spectra of
PHB in the C–H stretching vibration region at 40 and 180◦C.
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Fig. 9. Synchronous (A) and asynchronous (B) correlation spectra of PHB in the C–H stretching vibration region constructed from dynamic IR spectra
in the melting process.

temperature. Note that at room temperature, there exist two
peaks at 3007 and 2995 cm−1, but they disappear at 180◦C.
These two bands and the band at 2975 cm−1 may be as-
cribed to the crystalline CH3 stretching vibration bands
resulting from the crystal field splitting of the band at

2985 cm−1. Crystal field splittings of bands occur in some
semi-crystalline polymers[17]. The crystal field splitting
may be caused not only by the intramolecular interaction
between analogous functional groups attached along a poly-
mer chain but also by the intermolecular interaction be-
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Fig. 10. Hetero-correlation synchronous spectrum of PHB between the C=O and C–H stretching vibration regions constructed from dynamic IR spectra
in the melting process.

tween those groups located in the crystalline lattice. The
crystalline band splittings of certain vibration modes have
been reported for a number of polymers especially those
having a helical chain structure[17]. The second derivatives
of the IR spectra of PHB in this region for the amorphous
(at 180◦C) and crystalline (at 40◦C) states are shown in
Fig. 8. Two additional bands at 2967 and 2929 cm−1 are de-
tected in the second derivative spectrum for the crystalline
state.

Fig. 9(A) and (B)illustrates the synchronous and asyn-
chronous 2D correlation spectra in the 3020–2915 cm−1

region constructed from the temperature-dependent IR spec-
tra. Four autopeaks are clearly observed at 3009, 2985, 2975,
and 2930 cm−1 in the synchronous map. The three peaks at
3009, 2975, and 2930 cm−1 share three positive cross peaks
at (3009, 2975), (3009, 2930), and (2975, 2930) cm−1, and
the peak at 2985 cm−1 shares negative cross peaks with those
at 3009, 2975, and 2930 cm−1. These observations confirm
that the three bands at 3009, 2975, and 2930 cm−1 vary in
the same direction, which is opposite to that of the band at
2985 cm−1, with the change in temperature.

The asynchronous map and the second derivatives (Fig. 8)
reveal that there are three bands at∼2940, 2934, and
2929 cm−1 assignable to the antisymmetric CH2 stretching
mode. The amorphous band at 2985 cm−1 shares asyn-
chronous cross peaks with the crystalline bands at 3009,
2975, 2934, and 2929 cm−1. This also suggests that the

amorphous phase does not appear simultaneously with the
disappearance of the crystalline state. The synchronous and
asynchronous 2D correlation spectra in the C–H stretching
vibration region reveal clearly that the intensity changes of
all crystalline bands in this region occur simultaneously,
i.e., there is no asynchronicity between any crystalline band
in the C–H stretching vibration region. Therefore, it is very
likely that the crystalline bands observed in this region are
caused by the crystal field splittings.

A synchronous 2D correlation spectrum between the
C=O and C–H stretching regions was generated from the
temperature-dependent IR spectra and is demonstrated in
Fig. 10. The synchronous cross peaks and their signs at the
spectral coordinates of 1745 and 1725 cm−1 versus 3009,
2986, 2975, and 2930 cm−1 clarify that the bands located at
3007, 2975, 2934, and 2929 cm−1 arise from the crystalline
part of the polymer while the band at 2985 cm−1 is ascribed
to the amorphous part. The frequencies of the bands in the
C–H stretching vibration region and their assignments are
summarized inTable 1.

We also measured the temperature-dependent IR spec-
tra of PHB during a cooling down process. 2D correlation
maps for the C=O region show the similar patterns to those
shown inFig. 3. That is to say, in the crystallization pro-
cess of PHB, the decrease in the amorphous component and
the increase in the crystalline component do not take place
simultaneously.
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4. Conclusion

The melting behavior of PHB was investigated by using
generalized 2D IR correlation spectroscopy. The spectral
intensities in the C=O, C–O–C, and C–H stretching vibration
regions are markedly changed with the temperature change.
The crystalline bands decrease while the amorphous bands
increase during the melting process. This is because the
highly ordered and helical structure of the PHB polymer is
diminished at high temperature.

The asynchronous 2D correlation spectrum generated
from the temperature-induced dynamic IR spectra in
the C=O stretching vibration region resolves two highly
overlapped crystalline bands located at around 1731 and
1722 cm−1. The coexistence of these two bands is confirmed
also by the second derivative of the spectrum of PHB in
the C=O stretching band region at 40◦C. The intense band
at 1722 cm−1 may be attributed to the major crystalline
part of the polymer, and the much weaker feature at around
1731 cm−1 is possibly assignable to the minor crystalline
component with a less ordered structure. The appearances
of the asynchronous cross peaks at∼(1744, 1731) and
∼(1744, 1722) cm−1 indicate the out-of-phase variations
of the crystalline and amorphous parts, suggesting the
existence of an intermediate state in the melting process.

Bands in the C–O–C and C–H stretching regions have also
been classified into those arising from the crystalline and
amorphous parts. The CH3 asymmetric stretching bands and
CH2 antisymmetric stretching bands of the crystalline phase
split into four bands at 3007, 2995, 2975, and 2967 cm−1,
and two bands at 2934 and 2929 cm−1, respectively. This
splitting is very likely due to crystal field splitting, which is
often observed for polymers with a helical structure. These
bands share positive synchronous cross peaks, and there is
no asynchronicity among them, confirming that these bands
arise from the crystal filed splitting.
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Abstract

The thermally induced crystalline/amorphous phase transition process of a newly developed biodegradable polymer, poly(3-hydro-

xybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHx)) (HHx ¼ 12 mol%), was investigated by using generalized two-dimensional infrared

(2D IR) correlation spectroscopy. Three spectral regions, the C–H stretching (3100–2800 cm�1), C¼O stretching (1780–1680 cm�1), and C–

O–C stretching (1330–1200 cm�1) band regions were analyzed in order to explore the phase transition behavior of the copolymer. The

asynchronous 2D spectrum generated from the temperature-induced variations in IR spectra in the C¼O stretching band region clearly

revealed the coexistence of two crystalline bands at 1731 and 1723 cm�1. The dominant band at 1723 cm�1 may arise from the highly ordered

crystalline component of the copolymer, and the weaker band at 1731 cm�1 is possibly due to the minor crystalline component with a less

ordered structure. The major crystalline band at 1723 cm�1 shares asynchronous cross peaks with the amorphous band at 1740 cm�1. This

observation suggests that the melting of the crystalline structure does not simultaneously result in the formation of the completely amorphous

structure. The phase transition process of P(HB-co-HHx) (12 mol% HHx) takes place through an intermediate state. It is noted that the

vibrational frequencies of the C¼O, C–O–C, and C–H stretching bands due to the crystalline components of P(HB-co-HHx) (12 mol% HHx)

are almost identical to those of PHB. These observations indicate that the helical structure of P(HB-co-HHx) (12 mol% HHx) is very similar to

that of PHB. The inclusion of the HHx comonomer locally disrupts the highly ordered and helical structure of PHB from place to place,

thereby reducing the crystallinity of the copolymer. It was also found that the helical structure of P(HB-co-HHx) (12 mol% HHx) is deformed

gradually from much lower temperature than that of PHB.

# 2004 Elsevier B.V. All rights reserved.

Keywords: Polyhydroxyalkanoates (PHAs); Phase transition; 2D IR spectroscopy

1. Introduction

Bacterially synthesized poly(3-hydroxyalkanoate)s

(PHAs) are a class of naturally occurring biodegradable

polyesters accumulated as energy-storing inclusion body

granules in the cells of certain microorganisms [1–4]. Since

PHAs can be biologically synthesized from renewable

resources and degraded by bacteria in the soil, they have

received a great attention as a new family of environmental

friendly polymeric materials [2,5,6]. Despite their comple-

tely natural origin, PHAs bear a fairly close resemblance to

some petroleum-based synthetic polymers in chemical struc-

tures and physical characteristics and possess an attractive

combined set of end use properties. One of the simplest and

largely produced PHA polymers is poly(3-hydroxybutyrate)

(PHB) [3,4]. Its ultimate tensile strength is comparable to

that of isotactic polypropylene (PP) [4]. Since PHB is

biocompatible, its utilization for medical purposes is also

being contemplated. However, PHB is stiff and brittle due to

the high degree of crystallinity, and it is also thermally

unstable during processing [7]. Consequently, various

efforts have been made to copolymerize PHB with other

comonomers to improve its mechanical properties [7].

Recently, the Procter and Gamble Company (Cincinnati,

USA) has introduced a new family of commercial PHA
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copolymers under the trade name NodaxTM [6]. Nodax

copolymer is comprised of 3-hydroxybutyrate and other

longer side-chain 3-hydroxyalkanoates [6]. Poly(3-hydr-

oxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHx)) with

the melting temperature (Tm) of about 110–160 8C and

approximately 35–45% crystallinity are typical available

commercial grades of Nodax copolymers. The molecular

structure of P(HB-co-HHx) is shown in Fig. 1 [8,9].

The copolymer being investigated in the present study is

P(HB-co-HHx) with 12 mol% HHx comonomer. The intro-

duction of less crystallizable units, i.e., 3HHx, into the

molecular chain of PHB dramatically improves the physical

and mechanical properties of the resulting copolymer [6]. As

a consequence, P(HB-co-HHx) possesses many attractive

features, which are not only the notable physical and

mechanical properties, but also the additional beneficial

characteristics of polyesters. P(HB-co-HHx) has excellent

surface properties (e.g., printability, dyeability, dispersibil-

ity, adhesion, etc.), and it is compatible with various addi-

tives and other polymers [6]. Examples of the potential

applications of P(HB-co-HHx) include flushable products,

films and flexible packaging, coated papers, synthetic

papers, and bioresorbable medical devices [6].

Since the crystallinity is one of the most important key

parameters for material applications of polymers and their

further chemical or mechanical processing, the crystalline/

amorphous phase transition behavior of PHAs has gained

keen interest [5,10–13]. We have been performing a series of

studies on the structure and thermal behavior of PHB and

P(HB-co-HHx) by using temperature-dependent wide-angle

x-ray diffraction (WAXD) [14,15], differential scanning

calorimetry (DSC) [14,15], and infrared (IR) spectroscopy

[15,16]. The WAXD study [14,15] suggested that there are

inter- and intramolecular interactions between the C¼O and

CH3 groups in PHB and P(HB-co-HHx), and that the inter-

actions decrease along the a axis of the crystal lattice of PHB

and P(HB-co-HHx) with temperature. Two-dimensional

(2D) IR correlation analysis [16] indicated that the phase

transition of PHB involves one major and one minor crystal-

line components. Asynchronous 2D correlation maps gen-

erated from the temperature-dependent IR spectra of PHB

revealed clearly the existence of an intermediate state during

the phase transition of PHB. Since the copolymerization of

the HHx comonomer with PHB results in dramatically

improved physical and mechanical properties of the result-

ing material, it is of great interest to reveal how the HHx

units affect the crystallinity of P(HB-co-HHx) copolymer. In

this paper, the thermal-melting behavior of P(HB-co-HHx)

(12 mol% HHx) was explored by using 2D IR correlation

spectroscopy in comparison to that of PHB homopolymer,

which is the basic unit of this class of biopolyesters.

IR spectroscopy is very suitable for the studies of crystal-

line/amorphous phase transitions of polymers because it

allows one to gain insight into the phase transition behavior

at the molecular functional group level [17]. The combina-

tion of IR spectroscopy with 2D correlation analysis pro-

posed by Noda [18–20] enables a more detailed analysis on

the spectral variations of polymers under various types of

external perturbations [10–12,16,18–22]. 2D IR correlation

spectroscopy possesses several distinctive advantages for

analyzing severely overlapped bands and determining the

sequential order of the intensity changes of bands caused by

an external perturbation. Accordingly, the studies on the

crystalline/amorphous phase transition by using 2D IR

correlation spectroscopy have been carried out for some

PHA polymers [10–12,16]. Wu et al. [10] and Tian et al. [12]

showed, based on the 2D asynchronous spectra generated

from the temperature-dependent IR spectra in the C¼O

stretching vibration region, the existence of an intermediate

state during the phase transition of P(HB-co-HHx)

(10 mol% HHx) and that of P(HB-co-HV), respectively.

Recently, we investigated the changes in the crystalline

structure of PHB during thermal melting process by using

2D IR correlation spectroscopy [16]. The 2D correlation

maps generated from the temperature-dependent IR spectra

in the C¼O, C–O–C, and C–H stretching vibration regions

showed a clear spectroscopic evidence for the coexistence of

one major and one minor crystalline components and the

presence of an intermediate state during the melting of the

polymer.

The purpose of the present study is to investigate the

crystalline/amorphous phase transition behavior of P(HB-

co-HHx) (12 mol% HHx) (Tm ffi 110 �C) by using 2D IR

correlation spectroscopy. This study allows us to gain a

microscopic view of the transition behavior of the copoly-

mer at the functional group level. The present investigation

is complementary to our previous studies on PHB and P(HB-

co-HHx) (12 mol% HHx) by DSC and WAXD [14,15]. The

comparison between the phase transition behavior of P(HB-

co-HHx) and that of PHB homopolymer is also discussed

here in order to reveal effects of the copolymerized HHx

units on the structure of P(HB-co-HHx).

2. Experimental

2.1. Materials

Bacterially synthesized P(HB-co-HHx) (12 mol% HHx)

(the Procter and Gamble Company, USA) was purified by

dissolving in hot chloroform (CHCl3), re-precipitating in

methanol (CH3OH), and vacuum-drying at 60 8C for 24 h.

The purified P(HB-co-HHx) (12 mol% HHx) sample thus

obtained was used in all IR experiments. Chloroform and

Fig. 1. Molecular structure of P(HB-co-HHx).
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methanol were purchased from Wako Pure Chemical Indus-

tries, Ltd. (Osaka, Japan) and used as received. A film of

P(HB-co-HHx) (12 mol% HHx) for IR measurements was

prepared by casting its chloroform solution on a CaF2

window. The film was kept at 60 8C in a vacuum-dried oven

for 12 h and cooled down to room temperature before the

measurements.

2.2. IR spectroscopic measurements

IR spectra of the film sample were measured at a 2 cm�1

spectral resolution by using a Nicolet Magna-IRTM 550

spectrometer equipped with a mercury cadmium telluride

(MCT) detector. To ensure a high signal-to-noise ratio, 512

scans were co-added. The temperature of the sample cell that

holds the CaF2 window with the P(HB-co-HHx) (12 mol%

HHx) film was controlled by using a temperature controller

unit (CHINO, model SU) with an accuracy of �2 8C. The

temperature-perturbed dynamic IR spectra were collected

throughout a temperature range of 30–140 8C with an

increment of 10 8C.

2.3. 2D correlation analysis

The calculations of 2D correlation spectra were per-

formed by using the 2D-Pocha software composed by

Daisuke Adachi (Kwansei–Gakuin University, Japan). All

IR spectra were baseline-corrected prior to the 2D correla-

tion calculation.

3. Results and discussion

3.1. Changes in the C¼O stretching band region during

the melting process

Fig. 2 shows temperature-dependent IR spectra of P(HB-

co-HHx) (12 mol% HHx) in the 1780–1680 cm�1 region

where bands due to the C¼O stretching mode are expected

to appear. A sharp band at 1723 cm�1 gradually decreases

and eventually disappears with increasing temperature,

while a broad band at 1740 cm�1 increases in intensity.

The band shape in the C¼O stretching vibration region

changes greatly from a sharp peak with a broad shoulder

to a symmetrical broad band in the course of temperature

increase. The sharp peak near 1723 cm�1 is assigned to a

crystalline band associated with the ordered C¼O groups in

PHA polymers, while the broad band located around

1740 cm�1 is ascribable to an amorphous C¼O band [10–

12,16]. The C¼O group is very sensitive to its environment

[23]. Therefore, bands in the C¼O stretching vibration

region are particularly useful for monitoring the crystal-

lization and melting processes of polymers in this class [10–

12,16].

The splitting of the C¼O stretching bands into the amor-

phous and crystalline bands observed at 1740 and

1723 cm�1, respectively, in the IR spectra of P(HB-co-

HHx) (12 mol% HHx) is also observed in those of PHB [16].

To gain more detailed information about the spectral

variations induced by the thermal-melting process, 2D

correlation spectroscopy was employed. Fig. 3(A) and (B)

shows the synchronous and asynchronous 2D correlation

spectra in the spectral region of 1790–1670 cm�1 generated

from the temperature-dependent IR spectra measured over

the temperature range of 30–140 8C, respectively. Two

autopeaks located at 1745 and 1723 cm�1 reflect the spectral

variations due to the amorphous and crystalline components

of the polymer, respectively. A pair of negative cross peaks

developed at (1745, 1723) cm�1 in the synchronous spec-

trum indicates the opposite directions of the intensity varia-

tions in these two correlated bands. In the asynchronous

spectrum (Fig. 3(B)), two pairs of cross peaks appear at

(1745, 1722) and (1728, 1722) cm�1. Note that in the

original one-dimensional IR spectra, only two absorption

bands ascribed to the crystalline (i.e., the band at

1723 cm�1) and amorphous (i.e., the band at 1740 cm�1)

parts of the copolymer are apparent, while another band is

now clearly sorted out at 1728 cm�1 in the 2D asynchronous

spectrum. We also found the additional band in the C¼O

stretching vibration region for PHB at around 1731 cm�1 by

the use of 2D correlation analysis [16]. The existence of this

band is confirmed also by the second derivative of the

spectrum of P(HB-co-HHx) measured at 30 8C shown in

Fig. 4. The second derivative spectrum yields clear indica-

tion for the presence of a band around 1731 cm�1, which is

consistent with the cross peak developed in the 2D asyn-

chronous spectrum.

The positive sign of the synchronous spectral intensity in

the region containing the (1731, 1723) cm�1 coordinates

indicates the same direction of the intensity variations in

these two bands. The band at 1723 cm�1 is much more

intense than that at 1731 cm�1. Based on its frequency and

band intensity, the band at 1723 cm�1 may be assigned to the

C¼O stretching mode of the major crystalline component of
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Fig. 2. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the C¼O

stretching vibration region (1780–1680 cm�1) measured over a tempera-

ture range of 30–140 8C.
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P(HB-co-HHx). The weaker band at 1731 cm�1 may arise

from the C¼O stretching mode of the less ordered crystal-

line component of the copolymer [16]. These two highly

overlapped crystalline bands are distinguished only in the

2D asynchronous spectrum because an asynchronous spec-

trum is very powerful in differentiating bands arising from

different origins, while a synchronous spectrum generally

shows overall similarities of spectral variations.

Of note in the 2D asynchronous spectrum shown in

Fig. 3(B) is that there are asynchronous cross peaks between

the crystalline and amorphous bands. This observation

clearly indicates that the melting of the crystalline compo-

nent does not proceed simultaneously with the formation of

the completely amorphous component. It is very likely that

the melting of P(HB-co-HHx) takes place through an inter-

mediate state. The existence of an intermediate state during

the melting process was also reported for some other poly-

mers including PHB [10,12,16]. Thus, the present study

indicates that P(HB-co-HHx) (12 mol% HHx) undergoes the

melting process through an intermediate state as other PHA

polymers.

3.2. Changes in the C–O–C stretching band region

during the melting process

Fig. 5 shows temperature-dependent IR spectra of P(HB-

co-HHx) (12 mol% HHx) in the 1320–1160 cm�1 region.

Bands in this region are attributed to the stretching vibration

modes of the C–O–C groups [10–12,16]. It can be seen from

Fig. 5 that these bands change largely during the melting

process of the copolymer. Bands at 1289, 1278, 1264, and

1228 cm�1 decrease with increasing temperature, while

three broad bands at 1303, 1259, and 1183 cm�1 are domi-

nant above the Tm of the copolymer. Therefore, the four

bands at 1289, 1278, 1264, and 1228 cm�1 are ascribed to
Fig. 3. Synchronous (A) and asynchronous (B) correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the C¼O stretching vibration region

generated from the temperature-dependent IR spectra measured over a

temperature range of 30–140 8C.
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Fig. 4. A second derivative spectrum calculated from the IR spectrum of

P(HB-co-HHx) (12 mol% HHx) in the C¼O stretching vibration region at

30 8C.
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Fig. 5. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the C–O–C

stretching vibration region (1320–1160 cm�1) measured over a tempera-

ture range of 30–140 8C.
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the crystalline component, and the three features at 1303,

1259, and 1183 cm�1 are attributed to the amorphous part.

The synchronous and asynchronous 2D correlation spec-

tra in the region of 1330–1150 cm�1 generated from the

temperature-dependent IR spectra of P(HB-co-HHx) are

shown in Fig. 6(A) and (B), respectively. There are at least

three autopeaks at 1280, 1230, and 1180 cm�1. The autop-

eak at 1280 cm�1 extends to the vicinity of 1289 and

1264 cm�1, and that at 1180 cm�1 is very broad. Thus, both

autopeaks may consist of more than one peak. Negative and

positive 2D synchronous cross peaks at (1280, 1180), (1180,

1230), and (1280, 1230) cm�1 reveal that the intensities of

the bands located near 1280 and 1230 cm�1 (the crystalline

bands) vary in the same direction, which is opposite to the

intensity variations in the bands near 1180 cm�1 (the amor-

phous bands), in the course of melting. It is noted in Fig. 6(B)

that there are several asynchronous cross peaks between

amorphous bands (e.g., bands near 1183 cm�1) and crystal-

line bands (e.g., bands near �1289–1278 and 1230 cm�1).

This observation again indicates the existence of an inter-

mediate state during the phase transition of the copolymer. It

is very likely that the appearance of the asynchronous cross

peaks at (1289, 1272) and (1280, 1272) cm�1 is caused by

the band shift, and that at (1188, 1170) cm�1 is due to the

band broadening and the baseline shift [24,25]. As can be

seen from the original IR spectra (Fig. 5) and the second

derivatives (Fig. 7) that there exist a large shift of the band at

1278 cm�1 and band broadening as well as a baseline shift of

the band at 1183 cm�1 in the course of temperature increase.

3.3. Changes in the C–H stretching band region during the

melting process

The structural difference between P(HB-co-HHx) and

PHB lies in the length of the alkyl side chain attached to

the polymer backbone. Accordingly, the temperature-depen-

dent spectral variations in the CH3 and CH2 stretching band

regions are important to reveal differences or similarities in

the thermally induced microenvironmental changes of the

side chains of these two polymers. Fig. 8 shows temperature-

dependent IR spectra of P(HB-co-HHx) (12 mol% HHx) in

the region of 3050–2850 cm�1. Bands around 2980 cm�1

are attributed to the CH3 asymmetric stretching modes,

while those due to the CH2 antisymmetric stretching vibra-

tions are identified around 2930 cm�1. With the temperature

increase, the CH3 stretching band at 2975 cm�1 decreases,

while that at 2984 cm�1 increases in intensity. Similarly, the

CH2 stretching band at 2934 cm�1 decreases and that at

2937 cm�1 increases in intensity on passing from the crys-

talline to the amorphous phase. Bands in this region are

highly overlapped. The second derivatives of the spectra of

P(HB-co-HHx) at 30 and 140 8C were calculated and are

shown in Fig. 9. It can be seen from the second derivative

spectrum of P(HB-co-HHx) at 30 8C that there are at least

Fig. 6. Synchronous (A) and asynchronous (B) correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the C–O–C stretching vibration region

generated from the temperature-dependent IR spectra measured over a

temperature range of 30–140 8C.
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Fig. 7. Second derivative spectra calculated from the IR spectra of P(HB-

co-HHx) (12 mol% HHx) in the C–O–C stretching vibration region over a

temperature range of 30–140 8C.
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four major bands at 3008, 2997, 2975, and 2966 cm�1 in the

CH3 asymmetric stretching band region. For the CH2 anti-

symmetric stretching band region, two bands at 2934 and

2927 cm�1 are shown up. These bands may be attributed to

the crystalline bands arising from the crystal field splitting,

which occurs in some semicrystalline polymers [16,17]. The

crystal field splitting may be caused not only by the intra-

molecular interaction between analogous functional groups

attached along a polymer chain, but also by the intermole-

cular interaction between those groups located closely in the

crystalline lattice. The crystalline band splittings of certain

vibration modes have been reported for a number of poly-

mers especially those having a helical chain structure

[16,17].

Fig. 10(A) and (B) shows the synchronous and asynchro-

nous 2D correlation spectra in the 3020–2900 cm�1 region

generated from the temperature-dependent IR spectra. Four

autopeaks are observed at 2985, 2975, 2944, and 2930 cm�1

in the synchronous spectrum. The band at 2985 cm�1 shares

three negative synchronous cross peaks with the bands at

3008, 2975, and 2930 cm�1. This indicates that the inten-

sities of the bands at 3008, 2975, and those around

2930 cm�1 vary in the opposite direction to that of the band

at 2985 cm�1, with the change in temperature. In the corre-

sponding asynchronous spectrum, the amorphous band at

2985 cm�1 shares asynchronous cross peaks with the crys-

talline bands at 3007 and 2975 cm�1. This observation also

suggests that the completely amorphous component is not

formed simultaneously with the melting of the crystalline

component.
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Fig. 8. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the C–H

stretching vibration region (3050–2850 cm�1) measured over a tempera-

ture range of 30–140 8C.
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Fig. 10. Synchronous (A) and asynchronous (B) correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the C–H stretching vibration region

generated from the temperature-dependent IR spectra measured over a

temperature range of 30–140 8C.
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Interestingly, a band at 2962 cm�1 observed in the C–H

stretching region for P(HB-co-HHx) (12 mol% HHx)

(Fig. 9) is absent in that for PHB. Therefore, it is very

likely that this band is attributed to the CH3 asymmetric

stretching mode of the side-chain group (propyl, –

CH2CH2CH3) incorporated in P(HB-co-HHx) (12 mol%

HHx). It should be noted that no peak emerges at

2962 cm�1 in the 2D synchronous spectrum shown in

Fig. 10(A). This indicates that the temperature-induced

intensity change in this band is not prominent. In other

words, the crystalline/amorphous phase transition of

P(HB-co-HHx) does not strongly affect the behavior of

the propyl side-chain groups. This is consistent with the

fact that the propyl group is attached to the HHx como-

nomer, which functions as a less crystallizable unit in

P(HB-co-HHx).

3.4. Spectral changes during the cooling down process

Temperature-perturbed IR spectral variations in the C¼O

stretching band region of P(HB-co-HHx) observed during

the cooling down process were also investigated. IR spectra

in the 1780–1680 cm�1 region collected as a function of

decreasing temperature are shown in Fig. 11. Fig. 12(A) and

(B) shows synchronous and asynchronous 2D correlation

spectra generated from the temperature-dependent IR spec-

tra in the C¼O stretching band region for the cooling down

process, respectively. The pattern of the 2D asynchronous

contour plot is almost the same as that for the melting

process (Fig. 3(B)) except the signs of the cross peaks. It

can be seen from Fig. 11 that the amorphous C¼O band at

1740 cm�1 decreases with the temperature decrease, and

that the crystalline band at 1723 cm�1 appears at around

110 8C and develops down to room temperature. Two pairs

of asynchronous cross peaks are developed at the same

coordinates as those in the asynchronous spectrum generated

for the melting process. This observation also indicates the

coexistence of two crystalline C¼O bands, and suggests

that, in the crystallization process, the formation of the

crystalline component does not proceed simultaneously with

the decrease in the amorphous component.

3.5. Crystalline/amorphous phase transition behavior of

P(HB-co-HHx)

The temperature-dependent IR spectra of P(HB-co-HHx)

(12 mol% HHx) depict clearly that the crystalline C¼O band

observed at 1723 cm�1 decreases during the heating up

process and grows up during the cooling down process.

Recent WAXD study showed that the crystalline part of

P(HB-co-HHx) almost disappears above ca. 110 8C [14,15].

A good agreement is obtained between the WAXD study and
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Fig. 11. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the C¼O

stretching vibration region measured over a temperature range of 140-

30 8C (cooling down process).

Fig. 12. Synchronous (A) and asynchronous (B) correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the C¼O stretching vibration region

generated from the temperature-dependent IR spectra measured over a

temperature range of 30–140 8C (cooling down process).
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the temperature-dependent IR spectral variations observed

in the melting process.

IR absorption bands are very sensitive to changes in

microenvironments of molecules and the degree to which

a vibrational mode is coupled to adjacent vibrations. The

splitting of the C¼O stretching band observed below the Tm

of the copolymer is possibly caused by some specific

molecular interactions [14–16]. The analogous groups along

the polymer chains are located very closely in the crystalline

state of P(HB-co-HHx) because of the highly ordered and

possible helical structure. As the temperature increases, the

highly ordered structure collapses and, consequently, the

inter- and intramolecular interactions between the repeating

units along the polymer chains in a crystalline state are

diminished. Therefore, the spectral changes of certain

absorption bands concerning the crystalline/amorphous

phase transition are clearly observed in the temperature-

dependent IR spectra of P(HB-co-HHx) (12 mol% HHx).

3.6. Comparison between the IR spectra of P(HB-co-HHx)

and those of PHB

In our previous study on PHB [16], we analyzed the

temperature-dependent IR spectra of PHB in detail. In the

present study, we compare the one-dimensional IR spectra

and also 2D correlation spectra of P(HB-co-HHx) (12 mol%

HHx) with those of PHB. In the C¼O stretching band region

for PHB, three bands at 1740, 1731, and 1723 cm�1 were

observed. Note that the frequencies of the bands observed in

the C¼O stretching region for P(HB-co-HHx) are identical

to those for PHB. This suggests that C¼O groups of P(HB-

co-HHx) and those of PHB experience very similar sub-

molecular environments. However, the relative intensity

ratio of the crystalline band at 1723 cm�1 to the amorphous

band at 1740 cm�1 for P(HB-co-HHx) (12 mol% HHx) is

much lower than that for PHB. The IR spectra reveal clearly

that the percentage of crystallinity for P(HB-co-HHx) is

lower than that for PHB.

In the CH3 asymmetric stretching band region, the bands

at 3008 and 2997 cm�1 for P(HB-co-HHx) were observed as

shoulders of the band at 2975 cm�1, while those for PHB are

very sharp and clear. The frequencies of the bands and the

crystal field splitting pattern observed in the C–H stretching

region for P(HB-co-HHx) are also very similar to those for

PHB. These spectral features again imply a higher crystal-

linity of PHB and similar microenvirontments in which the

C–H groups of these two polymers are located. The shapes

of the bands in the C–O–C stretching region below the Tm for

P(HB-co-HHx) are also different from those for PHB, e.g.,

the relative intensity of the bands in the region of 1295–

1260 cm�1 are different between the two polymer samples.

The temperature-induced IR spectral changes in the C¼O,

C–O–C, and C–H stretching regions for P(HB-co-HHx)

(12 mol% HHx) and those for PHB are similar. However,

the temperatures at which the significant intensity changes in

the three spectral regions occur are different between the two

polymer systems. Marked intensity changes in the three

spectral regions for P(HB-co-HHx) were observed at much

lower temperature than those for PHB. It is also noted that

the intensity changes in the IR spectra of P(HB-co-HHx)

(Figs. 2, 5 and 8) occur gradually with increasing tempera-

ture, indicating a gradual deformation of its highly ordered

and helical structure. On the other hand, the intensities of the

IR spectra of PHB change abruptly in the vicinity of the Tm

of PHB [16], suggesting that the highly ordered and helical

structure of PHB collapses rapidly at the temperature right

around the Tm.

The observations described above agree very well with the

WAXD and DSC studies [14,15], which indicated that

P(HB-co-HHx) (12 mol% HHx) assumes an orthorhombic

crystal system, which is identical to that of PHB, and that the

percentage of crystallinity of these two polymers are

remarkably different. The crystallinity of PHB is higher

than that of P(HB-co-HHx). We observed several remark-

able differences between the temperature-dependent IR

spectra of P(HB-co-HHx) and those of PHB, however, the

phase transition behaviors revealed by 2D correlation spec-

troscopy for these two polymer systems are fundamentally

similar. The present study indicates clearly that the HHx

comonomer does not alter the crystalline structure of PHB.

Its major role is to break down the crystalline structure from

place to place, and hence increasing the amorphous entity of

the copolymer.

4. Conclusion

The thermal melting behavior of P(HB-co-HHx)

(12 mol% HHx) was investigated by using generalized

2D IR correlation spectroscopy. The C¼O, C–H, and C–

O–C stretching vibration regions depict marked tempera-

ture-dependent IR spectral variations. The crystalline bands

decrease while the amorphous bands increase during the

melting process. This is because the highly ordered and

helical structure of P(HB-co-HHx) is diminished at high

temperature.

The significant intensity changes in the C¼O, C–O–C,

and C–H stretching regions start taking place at much lower

temperature in the spectra of P(HB-co-HHx) (12 mol%

HHx) than in the spectra of PHB. This observation indicates

that the crystallinity decreases gradually even at low tem-

perature for P(HB-co-HHx).

The asynchronous 2D correlation spectrum generated

from the temperature-induced dynamic IR spectra in the

C¼O stretching vibration region clearly resolves two highly

overlapped crystalline bands located at 1731 and

1723 cm�1. The intense band at 1723 cm�1 may be attrib-

uted to the major crystalline component of the copolymer,

and the weaker band at 1731 cm�1 is possibly assignable to

the minor crystalline component with a less ordered struc-

ture. The appearance of the 2D asynchronous cross peaks

between the crystalline and amorphous bands suggests the

8 A. Padermshoke et al. / Vibrational Spectroscopy xxx (2004) xxx–xxx
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existence of an intermediate state during the phase transition

process.

The CH3 asymmetric stretching bands and CH2 antisym-

metric stretching bands exhibit a crystal field splitting,

which is often observed for polymers with a helical struc-

ture. In comparison to PHB, this study suggests that the HHx

comonomer does not alter the crystalline structure of PHB.

The close similarity in the frequencies of the C¼O, C–O–C,

and C–H stretching bands of the crystalline components

between PHB and P(HB-co-HHx) (12 mol% HHx) reveals

that the helical structure of P(HB-co-HHx) is very close to

that of PHB. The HHx unit locally disrupts the highly

ordered and helical structure of the copolymer from place

to place, increasing the amorphous entity, which gives the

better physical and mechanical properties to the copolymer.
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Abstract

The surface melting and crystallization behavior of two biodegradable polyesters, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

(P(HB-co-HHx)) (HHxZ12 mol%) and poly(3-hydroxybutyrate) (PHB), were investigated by using attenuated total reflection (ATR) and

transmission infrared (IR) spectroscopy coupled with the generalized two-dimensional (2D) correlation analysis. IR bands in the C]O

stretching vibration region were analyzed to explore the changes in crystallinity at the surface and those in the bulk of the polymer film

samples during the melting and crystallization processes. Due to the intrinsic sub-micrometer sampling depth of the ATR technique, spectral

information attributed to the chemical moieties situated at the surface region of the film samples can be observed. The present study revealed

that the surface melting of P(HB-co-HHx) takes place through an intermediate state. The distribution of crystalline phase detected by the

ATR technique and that detected by the transmission technique suggested that the polymer crystals tend to grow at the surface in a manner

different from that in the bulk. It is very likely that the population of polymer crystals at the surface is higher than that in the bulk for both

P(HB-co-HHx) and PHB. The time-dependent IR spectral variations for P(HB-co-HHx) and those for PHB indicated that P(HB-co-HHx)

crystallizes much slower than PHB. This observation suggested that the HHx units incorporated in P(HB-co-HHx) markedly reduce not only

the degree of crystallinity but also the crystallization rate of PHB homopolymer.

q 2004 Published by Elsevier Ltd.

Keywords: Polyhydroxyalkanoates; Surface melting; 2D IR spectroscopy
1. Introduction

The surface layer of a polymer often exhibits different

properties, e.g. morphology, composition, and structure,

from the bulk material [1], and it sometimes determines the

overall characteristic of the polymer. In applications of

polymers to thin films and coatings, it is often the interfacial

behavior that governs the material performance rather than

the bulk. For biocompatible objects such as a polymeric

scaffold, the tissue/polymer interface where a cellular

adhesion occurs is also very important [2–4]. The
0032-3861/$ - see front matter q 2004 Published by Elsevier Ltd.

doi:10.1016/j.polymer.2004.07.051
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biocompatibility depends strongly on the surface morphology

of the polymer [2]. Consequently, the surface properties and

surface phenomena of polymers are of great interest fromboth

fundamental and technological points of views.

Crystallization behavior of macromolecules at the

surface and interface regions plays an important role in

numerous properties, e.g. mechanical strength, chemical

compatibility, and biocompatibility, of polymeric materials

[1,2]. Therefore, an insight into the surface crystallization

behavior of polymers not only allows us to understand

fundamental surface phenomena but also assists us to

develop polymer products of high potential. In order to

precisely extract the surface information, a non-destructive

characterization technique capable of selectively probing

surface molecules is required. There are various techniques
Polymer xx (xxxx) 1–8
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applicable to polymer surface analysis, for examples,

scanning electron microscopy (SEM) [2], X-ray photo-

electron spectroscopy (XPS) [5], and atomic force

microscopy (AFM) [5]. Attenuated total reflection (ATR)

infrared (IR) spectroscopy is known as one of powerful

surface characterization techniques that can provide infor-

mation, e.g. chemical reactions, functional groups, and

molecular orientation, at the surface and interface regions of

polymers [6–11]. Quantitative information of a sample can

also be obtained from a system with an optical contact

between the sample and an internal reflection element (IRE)

[8–11]. ATR IR spectroscopy possesses several advantages

such as non-destructive nature, easy and fast operation, and

little or no sample preparation [9–11].

In the present study, we have investigated the surface

melting and crystallization behavior of two polyhydrox-

yalkanoate (PHA) polymers; poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (P(HB-co-HHx)) (HHxZ12 mol%) and

poly(3-hydroxybutyrate) (PHB). PHA polymers can be

biologically derived from renewable carbon source like

glucose or fatty acids and are subjected to degradation by

bacteria in the soil [12–16]. Their chemical structures and

physical characteristics are fairly similar to those of certain

petroleum-based synthetic polymers [12–17]. Therefore,

PHA polymers have received a great attention as an

environmentally friendly polymeric material. PHB is the

simplest and most abundant PHA polymer found in bacteria

[12,15]. Since it is stiff and brittle due to the high degree of

crystallinity [12–15], many attempts have been made to

improve the mechanical properties of PHB [17]. It has been

reported that P(HB-co-HHx) copolymers possess much

better mechanical properties than PHB homopolymer [17,

18]. The applications of P(HB-co-HHx) copolymers, there-

fore, have been expanded to a greater extent including

biodegradable films and coatings. From this aspect, the

studies on the surface properties of this class of polymers are

crucial not only for improving the performances of existing

film products but also for developing new generation of

biodegradable films.

We have conducted a series of studies on the structures

and thermal behavior of PHB and P(HB-co-HHx) (12 mol%

HHx) by using temperature-dependent wide-angle X-ray

diffraction (WAXD) [19,20], differential scanning calori-

metry (DSC) [19,20], and IR spectroscopy [20–22]. It was

revealed by the previous studies that the phase transition

process of P(HB-co-HHx) (12 mol% HHx) takes place

through an intermediate state [22], and that the inclusion of

the HHx comonomer locally disrupts the highly ordered and

helical structure of PHB, thereby reducing the crystallinity

of the PHB homopolymer without altering the crystalline

structure [20,22]. The existence of an intermediate state

during the phase transition of P(HB-co-HHx) (10 mol%

HHx) and that of P(HB-co-HV) was also reported by Wu et

al. [23] and Tian et al. [24], respectively. Recently, Kai et al.

[2] investigated the effects of surface morphology on the

biocompatibility of P(HB-co-HHx)/PHB blends by using
SEM. It was found that the presence of P(HB-co-HHx) in

the blends strongly improves the biocompatibility of PHB

by providing the blending films with a fairly regular and

smooth surface that allows cell attachment and growth. This

study demonstrated an example of the influence of surface

characteristics on the medical applications of P(HB-co-

HHx) and PHB. However, the melting and crystallization

behavior of P(HB-co-HHx) and PHB viewed at the film

surface and interface regions have never been reported. The

present study aims at investigating the melting and crystal-

lization behavior of P(HB-co-HHx) copolymer and PHB

homopolymer at the film/ATR crystal interface by using

ATR and transmission IR spectroscopy coupled with the

generalized two-dimensional (2D) correlation analysis. The

time-dependent ATR and transmission spectra of P(HB-co-

HHx) and those of PHB were monitored in order to follow

the time-dependent crystal growth at the surface and in the

bulk of the two polymers. The temperature-dependent IR

spectral variations observed for the surface of a P(HB-co-

HHx) film sample during the melting process were also

compared to those observed for the bulk sample [22].
2. Experimental section

2.1. Materials

Bacterially synthesized P(HB-co-HHx) (12 mol% HHx)

(Tmy110 8C and w35% crystallinity [18]) and PHB

(Tmy170 8C and w55% crystallinity [17]) were provided

by the Procter and Gamble Company, Cincinnati, USA.

Purification of the P(HB-co-HHx) sample was performed by

dissolving P(HB-co-HHx) in hot chloroform (CHCl3), re-

precipitating in methanol (CH3OH), and vacuum-drying at

60 8C for 24 h. The CHCl3:CH3OH volume ratio for the re-

precipitation was approximately 1:10. The PHB sample is a

purified sample and, thus, was used as received. Chloroform

and methanol were purchased from Wako Pure Chemical

Industries, Ltd, Osaka, Japan. Chloroform was used as a

solvent for P(HB-co-HHx) and PHB film castings.

2.2. IR spectroscopic measurements

2.2.1. Temperature-dependent ATR measurements

A multiple reflection ATR accessory (Spectra Tech,

USA) with a 458 ZnSe IRE (10!75.5!3 mm) was

employed for the temperature-dependent ATR measure-

ments. The temperature of the attachment that holds the

ZnSe IRE with the P(HB-co-HHx) film sample was

controlled by using a temperature controller unit (model

LT230, CHINO). To assure the optical contact between the

film sample and the IRE, the P(HB-co-HHx) film sample

was prepared by casting its chloroform solution directly on

the ZnSe IRE. The film was annealed at 60 8C in a vacuum-

dried oven for 12 h and cooled down to room temperature

(25 8C). Temperature-dependent ATR spectra of the film
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sample were collected at a 2 cmK1 spectral resolution by

using a Nicolet Magna-IRe 550 spectrometer equipped

with a mercury cadmium telluride (MCT) detector. A

number-of-scan of 512 was accumulated to ensure a high

signal-to-noise ratio. The measurements were carried out

over a temperature range of 30–140 8C with an increment of

10 8C.

2.2.2. Time-dependent IR measurements

The same ATR experimental set up as above without the

temperature controller unit was employed for the time-

dependent ATR measurements of P(HB-co-HHx) and PHB

film samples. Time-dependent transmission measurements

were also performed for P(HB-co-HHx) and PHB. The film

samples were prepared by casting their chloroform solutions

on ZnSe transmission windows in a same manner as that for

the ATR measurements.

All time-dependent measurements were conducted at

room temperature. After the solvent castings, the film

samples were air-dried for 30 min before the measurements.

The time-dependent IR spectra were collected every 15 min

until the crystal growth was by and large completed (i.e. no

significant spectral change was observed).

In order to directly compare the surface information

obtained from the ATR technique with the bulk information

obtained from the transmission technique, all ATR spectra

were penetration depth-corrected to eliminate the artifact

arising from the wavenumber-dependent sampling depth of

the ATR technique [25]. It should be noted that the inherent

wavenumber-dependent ATR spectral intensity is elimi-

nated by this operation. However, the corrected ATR

spectra still carry the surface information of the polymer

film samples since the actual sampling depth of the entire

spectra is up to a few micrometers from the sample surface

while the transmission spectra carry the bulk information of

the whole film samples.

2.3. 2D Correlation analysis

All IR spectra were baseline-corrected prior to the 2D

correlation analysis. The calculations of 2D correlation

spectra were performed by using the 2D-Pocha software

composed by Daisuke Adachi (Kwansei-Gakuin University,

Japan). Temperature-averaged and time-averaged spectra

were used as the reference spectra for the 2D correlation

calculations of the temperature- and time-dependent IR

spectra, respectively.
Fig. 1. Representative ATR spectra of P(HB-co-HHx) (12 mol% HHx) in

the C]O stretching vibration region (1780–1680 cmK1) measured over a

temperature range of 30–140 8C. Arrows indicate the direction of

absorbance changes as temperature increases.
3. Results and discussion

3.1. Temperature-dependent ATR spectral variations in the

C]O stretching vibration region of P(HB-co-HHx)

(12 mol% HHx) during the melting process

Fig. 1 shows temperature-dependent ATR spectra of
P(HB-co-HHx) in the 1780–1680 cmK1 region where bands

due to the C]O stretching modes are expected to appear. A

sharp band at 1720 cmK1 gradually decreases with increas-

ing temperature while a broad band at 1731 cmK1 increases.

These spectral variations reflect the melting process of the

copolymer. Although the relative intensity of bands in the

C]O stretching vibration region is different, the tempera-

ture-dependent changes observed for the ATR measurement

are similar to those previously observed for the transmission

measurement [22]. In our previous paper [22], the C]O

stretching band observed at ca. 1720 cmK1 in the IR spectra

of P(HB-co-HHx) was assigned to that of the highly ordered

crystalline structure while that observed at ca. 1740 cmK1

was attributed to the amorphous phase.

Fig. 2 shows ATR (solid line) and transmission (dotted

line) spectra of the annealed P(HB-co-HHx) film sample in

the C]O stretching vibration region measured at 30 8C. It

can be seen that the major difference between the ATR and

transmission spectra lies in the relative intensity of the

highly ordered crystalline C]O band at ca. 1720 cmK1 and

the amorphous C]O band at ca. 1740 cmK1; the band at ca.

1720 cmK1 in the ATR spectrum is more sharp and intense

than that in the transmission spectrum. In general, the

refractive index (RI) of organic compounds is 1.5G0.2 [8],

and that of ZnSe is 2.4 [8]. Accordingly, for the present

study, the penetration depth (dp) calculated for the C]O

stretching vibration region, dp(1720 cmK1) is 1.17 mm. Due

to the shallow sampling depth of the ATR technique, the

ATR spectra shown in Figs. 1 and 2 (solid line), therefore,

contain only the spectral information associated with the

chemical species situated just a few micrometers beyond the

sample surface. Thus, it is very likely that the differences

between the ATR and transmission spectra are due primarily

to the different behavior of molecules located at the surface

and in the bulk of the film sample. The intensity ratio of the

highly ordered crystalline C]O band to the amorphous one

for the ATR spectrum is much higher than that for the

transmission spectrum (Fig. 2), suggesting that the



Fig. 2. ATR (solid line) and transmission (dotted line) spectra of P(HB-co-

HHx) (12 mol% HHx) in the C]O stretching vibration region measured at

30 8C.

Fig. 3. Synchronous (A) and asynchronous (B) IR correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the C]O stretching vibration region

generated from the temperature-dependent ATR spectra measured over a

temperature range of 30–100 8C.
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crystallinity of the polymer is much higher at the film

surface than in the bulk. The broad feature at ca. 1740 cmK1

in the ATR spectrum exists only as a slope with weak

intensity.

To extract more detailed information about the spectral

variations induced by the temperature change, 2D corre-

lation analysis was employed. Fig. 3(A) and (B) shows the

synchronous and asynchronous 2D correlation spectra in

the spectral region of 1790–1670 cmK1 generated from the

temperature-dependent ATR spectra measured during the

temperature increase in the range of 30–100 8C, respect-

ively. The spectra measured above 100 8C were excluded in

the calculation of the 2D spectra. A pair of negative cross

peaks developed at 1736, 1718 cmK1 in the synchronous

spectrum (Fig. 3(A)) indicates the opposite directions of the

intensity variations in these two correlated bands. In the

asynchronous spectrum (Fig. 3(B)), a pair of cross peaks

appears at 1732, 1718 cmK1. The presence of asynchronous

cross peaks indicates the out-of-phase changes in the

intensity of the band at ca. 1732 cmK1 and that of the

band at ca. 1718 cmK1. This observation clearly suggests

that the disappearance of the highly ordered crystalline

component of the copolymer does not simultaneously result

in the formation of the amorphous structure. That is, the

surface melting of P(HB-co-HHx) takes place through an

intermediate state. The existence of an intermediate state

was also reported for the bulk melting process of P(HB-co-

HHx) (12 mol% HHx) [22] and that of some other

copolymers [23,24].

The 2D correlation spectra generated from the tempera-

ture-dependent ATR spectra also reveal that the spectral

changes occurring at the surface region particularly involve

the highly ordered crystalline component and the amor-

phous structure. On the other hand, 2D correlation spectra

generated from the temperature-dependent transmission

spectra of P(HB-co-HHx) in the C]O stretching vibration

region clearly reveal that the bulk melting of P(HB-co-HHx)

involves two crystalline components (i.e. the highly ordered

crystalline component and the minor crystalline component
with a less-ordered structure) and the amorphous phase [22].

These observations suggest that the polymer crystals tend to

grow at the surface in a manner different from the bulk. It is

very likely that the molecules situated at the surface region

of the P(HB-co-HHx) film sample prefer the highly ordered

molecular chain structure.
3.2. Time-dependent IR spectral variations in the C]O

stretching vibration region of P(HB-co-HHx) (12 mol%

HHx)

Fig. 4(A) and (B) shows time-dependent ATR and

transmission spectra of P(HB-co-HHx) in the C]O

stretching vibration region, respectively. The IR spectral

changes induced by the time-dependent crystallization are

clearly observed both from the ATR (A) and transmission

(B) measurements. This is because the crystallization rate of

P(HB-co-HHx) is slow, one can supercool the system away

from the thermal equilibrium. Consequently, an amorphous



Fig. 4. Representative time-dependent ATR (A) and transmission (B)

spectra of P(HB-co-HHx) (12 mol% HHx) in the C]O stretching vibration

region measured at room temperature (25 8C). Arrows indicate the direction

of absorbance changes as time increases.

Fig. 5. ATR (solid line) and transmission (dotted line) spectra of P(HB-co-

HHx) (12 mol% HHx) in the C]O stretching vibration region: first (A) and

last (B) spectra measured during the time-dependent IR measurements.

Fig. 6. ATR spectra of P(HB-co-HHx) (12 mol% HHx) in the C]O

stretching vibration region measured at 30 min after the solvent casting

(dotted line) and when the crystal growth was completed (solid line) by

using the Ge IRE.
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sample can be obtained well below its apparent Tm, and the

time-dependent crystal growth can be monitored. The

transition from the amorphous to the crystalline state causes

the downward shift in the C]O stretching vibration region.

However, the spectral features of the ATR spectra and those

of the transmission spectra are substantially different from

each other. The highly ordered crystalline C]O band

observed in the transmission spectra is not so sharp and

intense as that observed in the ATR spectra. In other words,

the ATR spectra show higher crystalline characteristic while

the transmission spectra manifest more of the amorphous

feature.

A direct comparison between the ATR and transmission

spectra measured under the same experimental conditions

shows clear spectral differences. Fig. 5 depicts the ATR and

transmission spectra measured at 30 min after the film

casting (A) and those measured when the crystal growth was

completed (B). The spectra shown in Fig. 5 clearly indicate

that the surface and bulk chemical species exhibit different

crystallization behavior. To minimize the effect of a

localized anomalous refractive index dispersion results

from absorption peaks, a Ge IRE with higher refractive

index (RIGeZ4.0) was employed. Fig. 6 shows ATR spectra

of P(HB-co-HHx) measured with the Ge IRE under the

same experimental conditions as those shown in Fig. 5. The

ATR spectra taken with the Ge IRE also show markedly
different characteristics from those of the transmission

spectra. For the ATR spectra measured when the crystal

growth was completed (Fig. 6 (solid line)), the highly

ordered crystalline C]O band at 1721 cmK1 is very sharp

and intense while the amorphous band at ca. 1740 cmK1 is

very weak. The spectral features and peak positions are

similar to those of the ATR spectra taken with the ZnSe

IRE. This observation confirms the difference in the surface

and bulk crystallinity of the P(HB-co-HHx) copolymer.



Fig. 7. Synchronous (A) and asynchronous (B) correlation spectra of P(HB-

co-HHx) (12 mol%HHx) in the C]O stretching vibration region generated

from the time-dependent ATR spectra shown in Fig. 4(A).
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By comparing Figs. 2 and 5(B), the effect of the

crystallization temperature on the crystal growth at the

film surface and that in the bulk can be discussed. The

highly ordered crystalline C]O band in the transmission

spectrum of the annealed P(HB-co-HHx) sample (Fig. 2

(dotted line)) is more intense than that of the non-annealed

P(HB-co-HHx) sample (Fig. 5(B) (dotted line)). This

observation suggests that the crystallization in the bulk

proceeds far better when the sample is annealed at an

elevated temperature (60 8C). On the other hand, the

crystallization at the film surface is not strongly affected

by the temperature at which the crystallization takes place.

As seen in Figs. 2 (solid line) and 5(B) (solid line), the

overall ATR spectral features of the C]O stretching bands

for both cases are very similar.

Fig. 7(A) and (B) shows the synchronous and asynchro-

nous 2D correlation spectra in the spectral region of 1790–

1670 cmK1 generated from the time-dependent ATR

spectra, respectively. A pair of cross peaks developed at

1732, 1720 cmK1 in the asynchronous spectrum (Fig. 7(B))

reveals that the time-dependent surface crystallization

process of P(HB-co-HHx) also occurs through an inter-

mediate state. The reorganization of the amorphous

structure does not simultaneously result in the fully formed

highly ordered crystalline component. Similar to the surface

melting, the time-dependent surface crystallization of

P(HB-co-HHx) mainly involves the highly ordered crystal-

line component and the amorphous structure. This obser-

vation also suggests that at the film surface, polymer

molecules favor the highly ordered molecular chain

structure.

Fig. 8(A) and (B) shows the synchronous and asynchro-

nous 2D correlation spectra in the spectral region of 1790–

1670 cmK1 generated from the time-dependent trans-

mission spectra, respectively. Two pairs of cross peaks

develop at (1742, 1722) and (1728, 1722) cmK1 in the

asynchronous spectrum (Fig. 8(B)). The presence of

asynchronous cross peaks indicates that the time-dependent

bulk crystallization process of P(HB-co-HHx) occurs

through an intermediate state. Note that, similar to the

bulk melting process of P(HB-co-HHx) [22], two crystalline

C]O bands (i.e. bands at ca. 1728 and 1722 cmK1) appear

in the 2D correlation spectra generated from the time-

dependent transmission spectra. This observation suggests

that the time-dependent crystallization occurring in the bulk

of the film sample also involves two crystalline components

and the amorphous phase.

3.3. Comparisons between the time-dependent crystal

growth of P(HB-co-HHx) (12 mol% HHx) and PHB

It is known that the introduction of HHx units into the

molecular chain of PHB results in dramatically improved

mechanical properties of the resulting P(HB-co-HHx)

copolymer [17]. The HHx units act as a less crystallizable

part and thereby depress the degree of crystallinity of the
PHB homopolymer significantly [17]. From this aspect,

effects of the HHx units on the crystallization process of the

PHB homopolymer are very interesting.

Fig. 9(A) and (B) shows time-dependent ATR and

transmission spectra of PHB in the C]O stretching

vibration region, respectively. The observed IR spectra

again indicate the different crystallization behavior at the

surface and in the bulk of the PHB film sample. As

expected, the ATR spectra of PHB (Fig. 9(A)) strongly

represent the crystalline characteristic, and the amorphous

feature at ca. 1740 cmK1 is very weak. Similar to P(HB-co-

HHx), transmission spectra of PHB show higher amorphous

characteristic as compared to the ATR spectra. However,

time-dependent IR spectral variations for PHB shown in

Fig. 9(A) and (B) are different from those for P(HB-co-

HHx) shown in Fig. 4(A) and (B). In chloroform solution,

both IR spectra of P(HB-co-HHx) and PHB show fully

random-coil feature (see Fig. 10). After chloroform

evaporated, P(HB-co-HHx) and PHB started to crystallize.

However, we could not observe the IR spectra of the fully



Fig. 8. Synchronous (A) and asynchronous (B) correlation spectra of P(HB-

co-HHx) (12 mol%HHx) in the C]O stretching vibration region generated

from the time-dependent transmission spectra shown in Fig. 4(B).

Fig. 9. Representative time-dependent ATR (A) and transmission (B)

spectra of PHB in the C]O stretching vibration region measured at room

temperature. Arrows indicate the direction of absorbance changes as time

increases.
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random-coil PHB for the solvent-free state. PHB assumes a

crystalline state right after the solvent evaporation. This

observation indicates that PHB crystallizes rapidly, much

faster than P(HB-co-HHx). Although the highly ordered

crystalline C]O band at ca. 1720 cmK1 continues to develop

as time passes, the overall spectral changes occurred during

the time-dependent crystal growth are not pronounced. That is

to say, PHB crystallizes at a much higher rate than P(HB-co-

HHx). In other words, the HHx comonomer incorporated in

P(HB-co-HHx) significantly reduces the crystallization rate of

the PHB homopolymer. This is because the HHx unit is less

crystallizable, and the presence of the HHx units in the PHB

molecular chains may encumber the crystallization of the

polymer from place to place.
Fig. 10. Transmission spectra of P(HB-co-HHx) (12 mol% HHx) (solid

line) and PHB (dotted line) in CHCl3 solution.
4. Conclusion

The melting behavior at the surface of P(HB-co-HHx)

(12 mol% HHx) film sample was investigated by using ATR
IR spectroscopy and the generalized 2D correlation

analysis. The ATR technique is capable of probing the

chemical moieties situated just a few micrometers beyond

the sample surface. The 2D correlation spectra generated

from the temperature-dependent ATR spectra in the C]O

stretching vibration region suggest that the disappearance of

the highly ordered crystalline component at the film surface

does not simultaneously result in the formation of the

amorphous structure. Similar to the bulk melting of P(HB-

co-HHx), the surface melting of P(HB-co-HHx) takes place
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through an intermediate state. However, the surface melting

of P(HB-co-HHx) involves particularly the highly ordered

crystalline component and the amorphous phase while the

bulk melting involves two crystalline components (i.e. the

highly ordered crystalline component and the minor

crystalline component with a less-ordered structure) and

the amorphous phase.

The time-dependent crystallization at the surface and

bulk of P(HB-co-HHx) and PHB film samples was

monitored by using ATR and transmission IR spectroscopy,

respectively. It was revealed by the 2D correlation spectra

generated from the time-dependent IR spectra of P(HB-co-

HHx) in the C]O stretching vibration region that the

surface and bulk crystal growth of P(HB-co-HHx) film also

occurs through an intermediate state. Time-dependent ATR

and transmission spectra of PHB indicate that PHB crystal-

lizes at a much higher rate than P(HB-co-HHx). This

observation suggests that the HHx units incorporated in the

P(HB-co-HHx) copolymer significantly reduce not only the

degree of crystallinity but also the crystallization rate of

the PHB homopolymer. For both P(HB-co-HHx) and PHB

film samples, it is very likely that the population of polymer

crystals at the surface is higher than that in the bulk.
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Abstract

Crystallization behavior of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHx)) (HHxZ12 mol%) was studied by means of

two-dimensional infrared (2D IR) correlation spectroscopy. Three types of crystallization; the gradual cooling from the melt, the isothermal

crystallization of the supercooled melt, and the isothermal crystallization of the solution-cast film were investigated. The order of crystal

growth steps taking place during the three different types of crystallization processes was analyzed in detail. It was revealed by the

asynchronous 2D correlation spectra generated from the dynamic IR spectra in the CaO stretching band region that the development of

the highly ordered crystals occurs prior to that of the less ordered crystals for the gradual cooling crystallization. On the other hand, for the

supercooled melt and solution-cast film crystallization, the formation of the less ordered crystals takes place before that of the highly ordered

crystals. The transition from the amorphous phase to the less ordered crystals is a simultaneous process for all three types of crystallization.

q 2004 Published by Elsevier Ltd.

Keywords: Crystallization behavior; Two-dimensional (2D-IR) correlation spectroscopy; Infrared spectroscopy
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CORREC1. Introduction

Industrial materials derived from petroleum-based syn-

thetic polymers are indispensable for modern human life.

These materials, however, cause tremendous environmental

problems especially at the waste disposal process. As a

consequence, many researchers and manufacturers are

driven to move towards materials that can be produced

from renewable resources and would not persist in the

environment.

Bacterially synthesized poly(3-hydroxyalkanoate)s

(PHAs) have received a keen attention as environmentally

friendly polymeric materials [1–6]. PHAs are biodegradable
UN
0032-3861/$ - see front matter q 2004 Published by Elsevier Ltd.

doi:10.1016/j.polymer.2004.08.046
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polyesters accumulated as energy-storing inclusion body

granules in the cells of certain microorganisms [1–6]. Their

chemical structures and physical characteristics are fairly

similar to those of certain petroleum-based synthetic

polymers [1,4,6]. Due to the high stereoregularity of

biologically produced macromolecules, some PHA poly-

mers are highly crystalline and, hence, too rigid, stiff, and

brittle [1,6]. Accordingly, many attempts have been made to

reduce the crystallinity of PHAs in order to improve their

physical and mechanical properties [6]. It has been reported

that the copolymerization of a longer side-chain 3-hydro-

xyhexanoate (3-HHx) comonomer with the highly crystal-

line 3-hydroxybutyrate (3-HB) units significantly reduces

the crystallinity and increases the flexibility of PHB [6]. The

resulting P(HB-co-HHx) copolymers possess dramatically

improved physical and mechanical properties compared

with those of PHB homopolymer [6,7]. The crystallinity and
Polymer xx (xxxx) 1–7

130
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crystallization behavior of PHA polymers are crucial for

determining their overall performances and characteristics.

The thermal behavior, biodegradation mechanism, and

mechanical properties of P(HB-co-HHx) were revealed by

several research groups [6,8–10].

Infrared (IR) spectroscopy has been successfully

employed to investigate the conformational changes and

local molecular environments of polymers during their

crystallization [11–19]. This is because the technique

provides not only sensitivity to changes in molecular

interactions and polymer crystallinity but also substantial

advantages that allow the dynamic studies at the micro-

scopic molecular level. Two-dimensional (2D) correlation

analysis proposed by Noda [20,21] enables a more detailed

analysis of the IR spectral variations of polymers. It

emphasizes spectral information not readily observable in

conventional one-dimensional (1D) spectra. Asynchronous

2D spectra are very powerful in differentiating highly

overlapped bands that vary out of phase under the external

perturbation [22]. The signs of synchronous and asynchro-

nous cross peaks indicate the successive order of the events

taking place in the system of interest under the applied

perturbation [19,23]. These features make the technique

ideally suitable for the study of polymer crystallization.

We have studied the melting behavior of P(HB-co-HHx)

(12 mol% HHx) by using the generalized 2D IR correlation

spectroscopy [24]. In our previous study, the asynchronous

2D correlation spectrum generated for the CaO stretching

band region of P(HB-co-HHx) (HHxZ12 mol%) revealed

the coexistence of two crystalline bands at 1731 and

1723 cmK1 [24]. The band at 1723 cmK1 is possibly

ascribed to the highly ordered crystalline component, and

that at 1731 cmK1 may arise from the less ordered

crystalline part [24]. The presence of the asynchronous

cross peaks between these two crystalline bands suggested

that the intensities of the two crystalline bands change

successively during the melting process of the copolymer

[24]. The vibrational frequencies of bands in the CaO

stretching region of P(HB-co-HHx) are identical to those of

PHB [25]. The asynchronous 2D correlation spectrum

generated for the CaO stretching band region of the PHB

homopolymer also showed the coexistence of two crystal-

line bands at around 1731 and 1723 cmK1 [25]. The

presences of the CaO bands at around 1728 and

1722 cmK1 in IR spectra of PHB are also reported by

Yoshie et al. [26], and they assigned these two CaO bands

to the interfacial and crystalline phases, respectively [26].

In general, the formation of an ordered structure during

the crystallization of semi-crystalline polymers depends

strongly on the crystallization conditions [27]. The present

study reveals the mechanism of the crystallization of P(HB-

co-HHx) (12 mol% HHx) under different crystallization

conditions by using 2D IR correlation analysis. Three types

of crystallization; the gradual cooling from the melt, the

isothermal crystallization of the supercooled melt, and the

isothermal crystallization of the solution-cast film were
OL 8699—31/8/2004—12:04—DMESSENGER—118493—XML MODEL 5 – pp. 1–7
performed to verify the differences and similarities of the

crystallization behavior among these three processes.
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2. Experimental

2.1. Materials

Bacterially synthesized P(HB-co-HHx) (12 mol% HHx)

was provided by the Procter and Gamble Company,

Cincinnati, USA. The glass transition temperature (Tg),

crystallization temperature (Tc), melting temperature (Tm),

and percentage of crystallinity of the sample are approxi-

mately 2.4, 51, 110 8C, and 35%, respectively. Purification

of the P(HB-co-HHx) sample was performed by dissolving

P(HB-co-HHx) in hot chloroform (CHCl3), re-precipitating

in methanol (CH3OH), and vacuum-drying at 60 8C for 24 h.

Chloroform and methanol were purchased from Wako Pure

Chemical Industries, Ltd, Osaka, Japan. Chloroform was

used as a solvent for preparing the sample solution. The

concentration of the chloroform solution of P(HB-co-HHx)

was approximately 0.004 g/ml.

2.2. IR spectroscopic measurements

2.2.1. Gradual cooling crystallization

A film of P(HB-co-HHx) (12 mol% HHx) for IR

measurements was prepared by casting its chloroform

solution on a CaF2 window. After chloroform had

evaporated, the film was heated to 140 8C and kept for

30 min. IR spectra of the film sample were measured at a

2 cmK1 spectral resolution by using a Thermo Nicolet

Magna-IRe 550 spectrometer equipped with a mercury

cadmium telluride (MCT) detector. To ensure a high signal-

to-noise ratio, 512 scans were co-added. The temperature of

the sample cell that holds the CaF2 window with the P(HB-

co-HHx) film was controlled by using a temperature

controller unit (CHINO, model SU) with an accuracy of

G1 8C. The temperature-dependent dynamic IR spectra

were collected throughout a temperature range of 140–30 8C

with a decrement interval of 10 8C. The cooling rate was

2 8C/min. The sample film was kept at each temperature for

15 min before the measurement.

2.2.2. Supercooled melt crystallization

The sample film was prepared by casting its chloroform

solution on a CaF2 window in the same manner as that for

the gradual cooling crystallization. After chloroform had

evaporated, the film was heated to 140 8C and kept for

30 min before rapidly quenched to room temperature

(25 8C). The time-dependent IR spectra were collected at

room temperature with a time interval of 30 min until the

crystal growth was completed (i.e. no significant spectral

change was observed). The instrumental parameters were

the same as those described in Section 2.2.1.
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2.2.3. Solvent-cast film crystallization

The sample film was prepared by casting its chloroform

solution on a CaF2 window. After the solvent casting, the

sample film was air-dried for 30 min before the measure-

ments. The IR spectrum of the sample film measured after

the solvent had evaporated showed no spectroscopic

evidence for the presence of chloroform. The time-

dependent IR spectra were collected at room temperature

with a time interval of 15 min until the crystal growth was

completed (i.e. no significant spectral change was

observed). The instrumental parameters were the same as

those described in Section 2.2.1.
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2.3. 2D correlation analysis

The IR spectra were preprocessed to minimize the effect

of baseline instability prior to the 2D correlation analysis.

The spectral region of interest (1800–1660 cmK1) was

subjected to a linear baseline correction, followed by

offsetting to the zero absorbance value. The calculations

of 2D correlation spectra were performed by using the 2D-

Pocha software composed by Daisuke Adachi (Kwansei-

Gakuin University, Japan). Temperature-averaged and

time-averaged IR spectra in the selected wavenumber

region were used as the reference spectra for the 2D

correlation calculations of the temperature and time-

dependent IR spectra, respectively.
 P
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3. Results and discussion
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C
3.1. Gradual cooling crystallization

Fig. 1 shows temperature-dependent IR spectra of P(HB-

co-HHx) (12 mol% HHx) in the 1780–1680 cmK1 region,

where bands due to the CaO stretching modes appear. A

broad band at 1740 cmK1 decreases while a sharp band at

1723 cmK1 gradually increases in intensity during the
UNCORRE

Fig. 1. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the CaO stretching

vibration region measured during the crystallization from the melt over a

temperature range of 140–30 8C.
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course of temperature decrease. The sharp band at

1723 cmK1 arises from the crystalline part of P(HB-co-

HHx), and the broad band at 1740 cmK1 is attributed to the

amorphous component [24]. These spectral variations

reflect the crystallization process of P(HB-co-HHx).

To extract more detailed information about the spectral

variations induced by the gradual cooling crystallization

process, 2D correlation analysis was employed. Fig. 2(A)

and (B) shows the synchronous and asynchronous 2D

correlation spectra in the spectral region of 1790–1670 cmK1

generated from the temperature-dependent IR spectra. A pair

of negative cross peaks developed at (1745, 1723) cmK1

in the synchronous spectrum (Fig. 2(A)) indicates the

opposite directions of the intensity variations in these two
Fig. 2. Synchronous (A) and asynchronous (B) 2D IR correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the CaO stretching vibration region

generated from the temperature-dependent IR spectra measured over a

temperature range of 140–30 8C.
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EC

correlated bands. In the asynchronous spectrum (Fig. 2(B)),

two pairs of cross peaks appear at (1745, 1723) and (1728,

1723) cmK1. The band at around 1728 cmK1 revealed by

the asynchronous 2D correlation spectrum may arise from

the less ordered crystalline component of P(HB-co-HHx)

[24]. The presence of asynchronous cross peaks indicates

the out-of-phase changes in the intensity of the correlated

bands. Fig. 2(B) suggests that, during the crystallization

process, the decrease in intensity of the amorphous CaO

band at 1745 cmK1 and the increase in intensity of the

crystalline CaO band at 1723 cmK1 do not occur

simultaneously. Of note in Fig. 2(B) is that the two

crystalline CaO bands at 1728 and 1723 cmK1 share

asynchronous cross peaks. This observation indicates that

the development of the highly ordered crystalline com-

ponent and that of the less ordered crystalline component

take place out of phase. The negative sign of the

asynchronous cross peak at (1728, 1723) cmK1 and the

positive sign of the corresponding synchronous spectral

intensity reveal that the formation of the highly ordered

crystalline component proceeds prior to that of the less

ordered crystalline structure during the course of the gradual

cooling crystallization.

3.2. Supercooled melt crystallization

Fig. 3 shows time-dependent IR spectra of P(HB-co-

HHx) (12 mol% HHx) in the CaO stretching band region

measured during the isothermal crystallization of the

supercooled melt. The representative spectra shown in

Fig. 3 were collected at 0 (start), 540, 900, 1020, 1140,

1380, 1560, 1740, 1920, 2100, and 2220 min after the

initiation of the isothermal crystallization. Because the

crystallization rate of P(HB-co-HHx) is slow, one can

supercool the system away from the thermal equilibrium,

and an amorphous sample can be obtained well below its

Tm. The time-dependent crystal growth of the supercooled

melt was clearly revealed by the changes in intensity of the

amorphous CaO band at 1739 cmK1 and the crystalline

CaO band at 1724 cmK1. The trend of the spectral

variations induced by the crystallization of the supercooled
UNCORR

Fig. 3. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the CaO stretching

vibration region measured during the crystallization of the supercooled melt

at room temperature.
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melt is similar to that induced by the gradual cooling

crystallization shown in Fig. 1. The amorphous CaO band

at 1739 cmK1 decreases while the crystalline CaO band at

1724 cmK1 gradually increases in intensity during the

crystallization process. However, the details of spectral

features for the supercooled melt crystallization are

substantially different from those of the gradual cooling

process. The crystalline band observed during the gradual

cooling crystallization is more sharp and intense than that

observed during the supercooled melt crystallization. This

observation implies that the crystallinity of the gradually

cooled sample is much higher than that of the sample

crystallized from the supercooled melt at room temperature.

In addition, the crystalline band observed during the gradual

cooling process (Fig. 1) appeared very clearly as a well-

separated band at 1723 cmK1 below the Tm of the sample

and developed down to room temperature. On the other

hand, the crystalline band observed during the isothermal

crystallization of the supercooled melt developed very

slowly.

Fig. 4(A) and (B) shows the synchronous and asynchro-

nous 2D correlation spectra in the spectral region of 1790–

1670 cmK1 generated from the time-dependent IR spectra

shown in Fig. 3. Two autopeaks developed at 1745 and

1724 cmK1 reflect the spectral variations of the amorphous

and crystalline CaO bands, respectively. A pair of negative

cross peaks appeared at (1745, 1724) cmK1 indicates the

opposite directions of the intensity variations in these two

bands. The asynchronous spectrum (Fig. 4(B)) shows two

pairs of asynchronous cross peaks at (1745, 1723) and

(1728, 1723) cmK1 similar to that for the gradual cooling

crystallization case. This result indicates that the disap-

pearance of the amorphous component does not proceed

simultaneously with the appearance of the crystalline

component during the supercooled melt crystallization.

The two crystalline CaO bands at 1728 and 1723 cmK1 for

the supercooled melt crystallization also share asynchro-

nous cross peaks, indicating the time lag between the

increase in intensity of these two crystalline CaO bands.

However, the signs of the asynchronous cross peaks shown

in Fig. 4(B) are opposite to those shown in Fig. 2(B). The

positive sign of the asynchronous cross peak at (1728, 1723)

cmK1 and the corresponding positive synchronous spectral

intensity suggest that the increase in intensity of the band at

1728 cmK1 occurs before that of the band at 1723 cmK1, i.e.

during the supercooled melt crystallization, the formation of

the less ordered crystalline component proceeds before that

of the highly ordered crystalline component. In other words,

the order of crystal growth steps is different from that for the

gradual cooling crystallization process.

3.3. Solvent-cast film crystallization

Fig. 5 shows time-dependent IR spectra of P(HB-co-

HHx) (12 mol% HHx) in the CaO stretching band region

measured during the isothermal crystallization of the
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Fig. 4. Synchronous (A) and asynchronous (B) 2D IR correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the CaO stretching vibration region

generated from the time-dependent IR spectra measured during the

crystallization of the supercooled melt at room temperature.

Fig. 5. IR spectra of P(HB-co-HHx) (12 mol% HHx) in the CaO stretching

vibration region measured during the crystallization of the solvent-cast film

at room temperature.
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solution-cast film. The representative spectra shown in Fig.

5 were collected at 0 (start), 75, 210, 240, 285, 315, 375,

420, 480, 660, and 1080 min after the initiation of the

isothermal crystallization. The time-dependent crystal

growth of the sample was also observed for the solution-

cast film as indicated by the changes in intensity of the

amorphous CaO band at 1740 cmK1 and the crystalline

CaO band at 1724 cmK1. The spectral variations shown in

Fig. 5 are very similar to those for the supercooled melt

crystallization shown in Fig. 3. The development of the

crystalline CaO band proceeded slowly, and the band shape

is not sharp and intense.

Fig. 6(A) and (B) shows the synchronous and

asynchronous 2D correlation spectra in the spectral region
ED P
ROOF

Fig. 6. Synchronous (A) and asynchronous (B) 2D IR correlation spectra of

P(HB-co-HHx) (12 mol% HHx) in the CaO stretching vibration region

generated from the time-dependent IR spectra measured during the

crystallization of the solvent-cast film at room temperature.
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of 1790–1670 cmK1 generated from the time-dependent IR

spectra shown in Fig. 5. The 2D correlation spectra shown in

Fig. 6(A) and (B) are very similar to those generated for the

supercooled melt crystallization shown in Fig. 4(A) and (B).

Two pairs of asynchronous cross peaks appear at (1745,

1723) and (1728, 1723) cmK1. The signs of the asynchro-

nous cross peaks and the corresponding synchronous

intensity reveal that the formation of the less ordered

crystalline component proceeds before that of the highly

ordered crystalline component during the crystallization of

the solution-cast film. This order of crystal growth steps is

the same as that for the supercooled melt crystallization.

3.4. Comparison among the three types of crystallization

processes

2D IR correlation spectroscopy suggests that the order of

crystal growth steps for the gradual cooling crystallization is

different from that of the supercooled melt and solution-cast

film crystallization. For the gradual cooling process, the

development of the highly ordered crystals occurs prior to

the formation of the less ordered crystals. On the other hand,

for the supercooled melt and solution-cast film crystal-

lization, the formation of the less ordered crystals takes

place first, and the highly ordered crystals develop later.

In general, being kinetically controlled, structures

formed during the crystallization of partially crystalline

polymers are strongly affected by the thermal history and

preceding processes. In the gradual cooling condition, the

sample is slowly cooled from the melt to a temperature

below the Tm. At each temperature, the sample is allowed to

reach the equilibrium state. Consequently, the crystal-

lization occurs by nucleation and growth of spherulites [27].

The highly ordered crystals develop first and fill the

specimen volume with a skeletal structure of crystalline

lamellae. The inter crystalline regions, which remained

amorphous, still have the potential to crystallize upon

further cooling. The secondary crystallization follows at

lower temperatures. The formation of the less ordered

crystals proceeds via insertion into the original stack of the

crystalline lamellae. The reduction of the order of these

secondary crystals arises from the spatial constraint. The

crystalline lamellae generated in the secondary crystal-

lization are geometrically strained because they are

sandwiched in the narrow space between the already

existing lamellae. Clearly, the additional lamellae formed

at lower temperatures are generally thinner, less uniform,

and include more internal disorder [27].

For the supercooled melt crystallization, the sample is

quenched rapidly from 140 to 25 8C. In this state, the

crystallization is substantially retarded due to the reduced

segmental mobility of the polymer when approaching the

Tg. Under such a condition, the transition from the

disordered phase to the higher ordered structure proceeds

through a continuous sequence of states rather than building

up a two-phase structure from the very beginning. The
OL 8699—31/8/2004—12:04—DMESSENGER—118493—XML MODEL 5 – pp. 1–7
D P
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increase in the crystallinity of the supercooled melt sample

is very slow. The crystal growth occurs as the formation of

numerous less ordered crystallites. The apparent reduction

of the order in these crystallites arises from the interfacial

effect of the very small size of crystals. The radius of

curvature is too small to have a well-developed crystal. The

interfacial effect is different from the effect of the over

crowding by the volume filling crystal lamellae already

existing as in the case of the gradual cooling crystallization.

Once these tiny crystallites are formed, the additional

growth of the highly ordered crystals, which is characterized

by the band at 1723 cmK1, will occur. In other words, for

the isothermal crystallization of the amorphous solid at

room temperature, the geometrically strained nuclei change

to more ordered crystallites. This process, however, is very

slow. The system is hardly at the crystal volume filled stage

during the crystallization period. The solution-cast P(HB-

co-HHx) film exhibits similar crystallization behavior to

that of the supercooled melt P(HB-co-HHx). The crystal-

lization was carried out starting from the state in which the

mobility of the entanglements is suppressed. The crystal-

lization takes a long time to proceed. The very slow on-

going increase in the crystallinity with long times indicates

the difficulty in approaching the perfect fully crystalline

state of the sample. This lack of crystal growth results in the

very weak intensity of the crystalline band observed for the

supercooled melt and solution-cast film crystallization.

For all three types of crystallization, there is no

asynchronous cross peak between the bands at 1745 and

1728 cmK1 in the 2D correlation spectra. This observation

suggests that the transition from the amorphous state to the

small crystallites with a less ordered structure is a one step

transformation.
4. Conclusion

2D IR correlation spectroscopy was employed to study

the crystallization behavior of P(HB-co-HHx) (12 mol%

HHx). The order of crystal growth steps for the three

different types of crystallization, i.e. the gradual cooling,

supercooled melt, and solution-cast film crystallization, was

investigated. The CaO stretching band region showed the

coexistence of two crystalline bands, which might be

assignable to the differently ordered crystalline parts of the

polymer. The 2D IR correlation spectra generated for the

CaO stretching band region suggested that, for the gradual

cooling crystallization, the development of the highly

ordered crystalline component proceeds prior to that of

the less ordered crystalline component. On the other hand,

for the supercooled melt and solution-cast film crystal-

lization, the formation of the less ordered crystalline

component occurs before that of the highly ordered

crystalline component. The transition from the amorphous

state to the less ordered crystalline component is a one step

transformation for all three types of crystallization.



A. Padermshoke et al. / Polymer xx (xxxx) 1–7 7

DTD 5 ARTICLE IN PRESS

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

136
Acknowledgements

A.P. gratefully thanks the Thailand Research Fund (TRF)

for the financial support via the Royal Golden Jubilee (RGJ)

PhD program (Grant contract number: PHD/0066/2544).
O

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751
References

[1] Williams SF, Martin DP. In: Steinbüchel A, Doi Y, editors.
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ABSTRACT: The thermal behavior and molecular interaction of a new type of bacterial copolyester, poly-
(3-hydroxybutyrate-co-3-hydroxyhexanoate), P(HB-co-HHx) (HHx ) 12 mol %), was investigated by using
wide-angle X-ray diffraction (WAXD) and differential scanning calorimetry (DSC). The WAXD measure-
ments were carried out over a temperature range from 25 to 110 °C in the scattering angle range of 2θ
) 5-13°. The WAXD pattern at room temperature shows that the P(HB-co-HHx) copolymer has an
orthorhombic system (R ) â ) γ ) 90°) with a ) 5.76 Å, b ) 13.20 Å, and c ) 5.96 Å (fiber repeat), which
is identical to the crystal system of poly(3-hydroxybutyrate) (PHB) homopolymer. However, temperature-
dependent variations in the lattice parameters, a and b, of P(HB-co-HHx) are quite different from those
of PHB. Only the a lattice parameter increases with temperature, while the b lattice parameter changes
very little in the case of crystalline P(HB-co-HHx). It seems that the intermolecular and intramolecular
interactions between the CdO group and the CH3 group decrease along the a axis of crystalline P(HB-
co-HHx) with temperature. The (110) peak area of P(HB-co-HHx) starts decreasing from around 50 °C
while that of PHB changes little at least until 140 °C, indicating that the crystallinity of PHB remains
almost unchanged until 140 °C, but that of P(HB-co-HHx) decreases gradually from fairly low temperature
(∼50 °C). The DSC measurement of the chloroform solution cast P(HB-co-HHx) shows a recrystallization
peak around 51 °C. The (110) peak area of WAXD pattern of the chloroform solution cast P(HB-co-HHx)
shows a maximum value at around 54 °C. The maximum of the (110) peak area demonstrates the
recrystallization process of P(HB-co-HHx). The result is in a good agreement with the result of the DSC
measurement.

Introduction

Poly(3-hydroxybutyrate) (PHB) and its copolymers,
poly(hydroxyalkanoate)s (PHA)s, are biologically syn-
thesized polyesters produced by a number of microor-
ganisms and are consequently subjected to degradation
by bacteria in the soil.1-5 PHAs are completely biode-
gradable under aerobic and anaerobic conditions and
can be produced from renewable resources. Among all
natural polymers, only PHA polymers possess thermo-
plasticity and mechanical properties similar to those of
synthetic polymers.6-8 Since these polymers are biode-
gradable, they have been receiving much attention as
new environmentally friendly materials, and numerous
industrial applications, including new medical applica-
tions, are explored.9

PHB is one of the most well-studied bacterial poly-
esters in the PHA polymer. The thermal properties of
PHB have been investigated by several research
groups.8,10-12 It has been claimed that PHB has similar
thermal and mechanical properties to isotactic polypro-
pylene (iPP).13 The crystal structure of PHB was inves-

tigated by X-ray diffraction, and it was found that PHB
has an orthorhombic system, P212121(D2

4) with a fiber
repeat of 5.96 Å.14,15 PHB shows high crystallinity
because of the perfect stereoregularity produced by
bacteria. The high crystallinity of PHB makes it rigid
and stiff, not necessarily well-suited for certain applica-
tions as a commodity plastic. To reduce the excess
crystallinity and modify the overall physical properties
of PHB,13 other monomers are sometimes copolymerized
with PHB. The PHB-based copolymers show a wide
range of physical properties depending on the chemical
structure of the comonomer units as well as the comono-
mer composition.16 The copolymerization of 3-hydroxy-
valerate (3HV) units in the molecular chain of PHB was
introduced to regulate the physical properties of PHB,
especially the excess crystallinity and Tm.17 Unfortu-
nately, the desired effect of 3HV incorporation was
surprisingly limited due to the crystalline isodimor-
phism of 3HB and 3HV units.18

Recently, the Procter and Gamble Co. (Cincinnati,
OH) has introduced a new kind of PHA copolymer with
a small amount of medium length side groups, which
has been commercialized under the trade name Nodax.19

This class of copolymers demonstrate some attractive
properties, for example, anaerobic and aerobic degrad-
ability, alkaline digestability, hydrolytic stability, good
odor and oxygen barrier, ideal surface properties for
printability, and so on. It further shows substantially
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reduced crystallinity and increased flexibility compared
to the PHB homopolymer. Furthermore, Nodax has
excellent compatibility with other biodegradable poly-
mers and synthetic polymers.19 Nodax may be used in
a variety of polymer applications because they can
control their mechanical properties by changing the
comonomer composition and can be processed into fibers
and films as well as molded plastic products. These new
products are expected to be used not only for biodegrad-
able polymers but also for medical materials in terms
of their biocompatibility.

One of the representative members of the Nodax
copolymer family is the poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) or P(HB-co-HHx), which is a random
copolymer of [R]-3-hydroxybutyrate and [R]-3-hydroxy-
hexanoate units. Figure 1 shows a molecular structure
of P(HB-co-HHx) (HHx ) 12 mol %). The biodegradation
mechanism, chemical synthesis, and mechanical proper-
ties of P(HB-co-HHx) were reported by several research
groups.20-22 The thermal behavior of P(HB-co-HHx) was
also investigated by differential scanning calorimetry
(DSC).20,22 However, so far there is no literature de-
scribing X-ray diffraction studies and infrared (IR)
studies of the thermal behavior of P(HB-co-HHx). The
WAXD measurements of PHA polymers were carried
out only at room temperature to characterize their
crystallinity and crystal structure.23

Investigations of temperature-dependent variations
in the X-ray diffraction pattern and IR spectrum are
very important to explore the crystal-to-amorphous
transition and variations in the inter- and intramolecu-
lar interactions. The unit cell dimensions change with
temperature as a result of thermal expansion, and the
thermal expansion of the polymer is often highly aniso-
tropic. We have investigated the thermal properties of
one of the new types of bacterial copolyesters, P(HB-
co-HHx) (HHx ) 12 mol %), by using wide-angle X-ray
diffraction (WAXD), DSC, and IR spectroscopy. The
present study reveals unique constraint factors of the
atoms and molecules observed in the crystal structure
of P(HB-co-HHx). The IR study will be reported sepa-
rately.24

Experimental Section

Samples. Bacterially synthesized P(HB-co-HHx) and PHB
were obtained from the Procter and Gamble Co. The P(HB-
co-HHx) sample was dissolved in hot chloroform, reprecipitated
in methanol as fine powder, and vacuum-dried at 60 °C. The
purified P(HB-co-HHx) and PHB samples thus obtained were
used for all the experiments. Some of the purified powder
sample was redissolved in chloroform and then cast as a film
by evaporating the solvent.

Wide-Angle X-ray Diffraction (WAXD). A WAXD pattern
and an X-ray diffraction trace of the precipitated powder of
P(HB-co-HHx) were measured at room temperature in the
scattering angle range of 2θ ) 5-35° by using a Rigaku R-Axis
IV imaging plate diffractometer. Cu KR radiation (wavelength
1.5418 Å) from a Rigaku Ultra-X18 rotating anode X-ray
generator was used as an incident X-ray source (40 kV, 100
mA) (Figure 2a,b). The temperature-dependent WAXD data
were measured for the precipitated powder samples of P(HB-

co-HHx) over a temperature range from 25.0 to 110.0 °C in
the scattering angle range of 2θ ) 5-13° by using a two-circle
Rigaku X-ray diffractometer equipped with a scintillation
detector (RINT2000/PC). For comparison, the corresponding
WAXD data were collected for the precipitated powder sample
of PHB over a temperature range from 28.3 to 174.3 °C in the
scattering angle range of 2θ ) 2-13° by using the two-circle
Rigaku X-ray diffractometer. Mo KR radiation (wavelength
0.710 69 Å) was used as an incident X-ray source (40 kV, 240
mA). The X-ray diffraction patterns of chloroform solution cast
P(HB-co-HHx) were obtained with the two-circle Rigaku X-ray
diffractometer and an imaging plate over a temperature range
of 30.1-105.8 °C in the range of 2θ ) 2-30°. The silicone
powder put in the samples was used for the calibration of the
angle.

The observed X-ray diffraction intensity I(2θ) was assumed
to consist of Ipeak(2θ) and IBG(2θ)

where Ipeak(2θ) and IBG(2θ) are the diffraction peak intensities
due to the crystalline and amorphous parts of the sample,
respectively. The contributions from the crystalline (Ipeak(2θ))

Figure 1. Molecular structure of poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate), P(HB-co-HHx) (HHx ) 12 mol %).

Figure 2. (a) An X-ray diffraction pattern of P(HB-co-HHx)
(HHx ) 12 mol %) powder sample at room temperature
crystallized in the P212121 orthorhombic system with the lattice
parameters of a ) 5.76 Å, b ) 13.20 Å, c ) 5.96 Å (fiber axis).
(b) An X-ray diffraction trace of P(HB-co-HHx) (HHx ) 12 mol
%) powder sample at room temperature obtained by a radial
microdensitometer scan of the powder diagram shown in (a).

I(2θ) ) Ipeak(2θ) + IBG(2θ) (1)
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and amorphous (IBG(2θ)) parts to the X-ray scattering were
estimated by computer fitting using a Gaussian function
shown in eq 2 and a quadratic function shown in eq 3,
respectively:

where A, σ, and 2θ0 are a peak area, a full-width at half-
maximum of the reflection peak, and a center point of the peak,
respectively. The background peak IBG(2θ) is calculated by the
following equation:

where a(T), b(T), and c(T) are scaling and correction factors
for the baseline. The values A, σ, 2θ0, a(T), b(T), and c(T) were
determined together by a nonlinear least-squares fit to eq 1.

Differential Scanning Calorimetry (DSC). Differential
scanning calorimetry (DSC) measurements of P(HB-co-HHx)
copolymer were performed with a Seiko EXDSTAR6000 ap-
paratus with a DSC6200 module over a temperature range
from -50 to 140 °C at heating and cooling rates of 10 and 20
°C min-1, respectively. The samples used for the DSC mea-
surements were the same as those for the WAXD analysis.

Results and Discussion
WAXD. Parts a and b of Figure 2 show respectively

a WAXD pattern and an X-ray diffraction trace of P(HB-
co-HHx) powder sample at room temperature. P(HB-
co-HHx) powder sample shows a high level of crystal-
linity.20,22 It was reported that the unit cells of PHB and
poly(hydroxyvalerate) (PHV) belong to the orthorhombic
system, P212121(D2

4) (R ) â ) γ ) 90°), with a ) 5.76
Å, b ) 13.20 Å, c ) 5.96 Å (fiber repeat) and a ) 9.52
Å, b ) 10.08 Å, c ) 5.56 Å (fiber repeat).14,15,25 The
P(HB-co-HHx) (HHx ) 12 mol %) also shows an ortho-
rhombic system (R ) â ) γ ) 90°) with a ) 5.76 Å, b )
13.20 Å, c ) 5.96 Å (fiber repeat), which is the same as
the PHB crystal system.20 The P(HB-co-HV) copolymers
with the HV composition from 0 to 37 mol % crystallize
in the PHB lattice, while those with the HV composition
from 53 to 95 mol % crystallize in the PHV lattice.23

The (110) d spacing of P(HB-co-HV) copolymer appar-
ently increases as the HV content increases to 37 mol
%, while the (020) and (002) d spacings remain un-
changed, indicating that only the parameters of the unit
cell change.18,23 As described above, P(HB-co-HHx) (HHx
) 12 mol %) also shows only one crystalline form with
the PHB lattice. It is reasonable to expect this result
because the HHx content is 12 mol %. One may expect
that the propyl side chains of HHx units expand the
(110) d spacing of the PHB lattice in P(HB-co-HHx) even
more so than that in P(HB-co-HV) due to the steric
effects of the propyl side chains. However, as a matter
of fact, the (110) d spacing of P(HB-co-HHx) is smaller
than that of P(HB-co-HV).23 It can be assumed that the
propyl side chain of HHx has stronger inter- and
intramolecular interactions than the ethyl side chain
of HV, since the propyl side chain is located closer to
the CdO group in the lattice constant a axis than the
ethyl side chain. Another possibility is that the propyl
side chains of HHx are protruded in the crystal struc-
ture, while the ethyl side chain of HV can be fixed in
the crystal with PHB. Therefore, the (110) d spacing of
P(HB-co-HHx) may show the proximity value with that
of PHB.

Figure 3a shows a helical structure model of P(HB-
co-HHx) copolymer proposed on the basis of the results

of X-ray diffraction.14,15,26,27 The WAXD pattern shows
that the crystalline structure of P(HB-co-HHx) is ortho-
rhombic, P212121(D2

4), with a ) 5.76 Å, b ) 13.20 Å, c
) 5.96 Å (fiber repeat).20 Figure 3b shows a structure
of PHB studied by Yokouchi et al.14 Of note in Figure
3b is that the CH3 group of PHB is close to the CdO
group on the a axis.

Temperature-Dependent Variations in the WAXD
of the Precipitated Sample. Figure 4 shows the
temperature dependence of the WAXD pattern of the
precipitated P(HB-co-HHx) sample. The WAXD patterns
were measured over a temperature range from 25 to 110
°C in the scattering angle range of 2θ ) 5-13°. It can
be seen from Figure 4 that the (110) d spacing of P(HB-
co-HHx) lattice expands as temperature increases.
However, the (020), (040), and (031) d spacings of the
sample do not change with temperature. The WAXD
patterns in Figure 4 show that the peak due to the
lattice constant a shifts to large value as temperature

Figure 3. (a) Proposed helical structure model of P(HB-co-
HHx) copolymer. (Reproduced from ref 27 with permission.
Copyright 2001 John Wiley & Sons, Inc.) (b) Reported crystal-
line structure of PHB. The P212121 orthorhombic system with
the lattice parameters of a ) 5.76 Å, b ) 13.20 Å, c ) 5.96 Å
(fiber axis). (Reproduced from ref 14 with permission. Copy-
right 1973 Elsevier Science.)

Figure 4. Temperature dependence of the X-ray diffraction
of P(HB-co-HHx) powder sample measured over a temperature
range from 25 to 110 °C.

Ipeak(2θ) ) A

σxπ/2
exp[-2(2θ - 2θ0

σ )2] (2)

IBG(2θ) ) a(T)(2θ)2 + b(T)(2θ) + c(T) (3)
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increases. In other words, only the lattice constant a of
the unit cell changes with temperature in the P(HB-co-
HHx) crystal. Referring to the crystalline structure of
PHB (Figure 3),14,15 one can assume that there are
intermolecular and intramolecular interactions between
the CdO group and the CH3 group also in the P(HB-
co-HHx) copolymer.

Figure 5 shows a representative (110) reflection peak
and the result of its nonlinear least-squares fitting (see
Experimental Section) of the P(HB-co-HHx) powder
sample. The solid curve represents the one fitted by eq
1 with A ) 1102 ( 22, σ ) 0.350 ( 0.005, 2θ0 ) 7.661
( 0.002, a(T) ) -116.7 ( 34.6, b(T) ) 2013 ( 524, and
c(T) ) -6178 ( 1968. The fitting is quite satisfactory
as shown in the deviations in Figure 5.

Figure 6 shows variations in the (110) peak area and
the (110) d spacing vs temperature for the precipitated
sample. The peak area and peak maximum position
respectively indicate the crystallinity and the thermal
expansion of the sample. It is noted that the (110) d
spacing expands gradually with temperature, while the
peak area changes little until around 50 °C and shows
a gradual decrease above about 50 °C.

Figure 7 shows the temperature dependences of the
(020) peak area and the (020) d spacing for the precipi-
tated sample. Note that the thermal behavior of the

(020) peak area is similar to that of the (110) peak area.
However, the (020) d spacing shows little thermal
expansion compared to the (110) d spacing.

Figure 8 shows temperature-dependent variations in
the lattice parameters, a and b, of the precipitated
sample. It is clear from Figure 8 that the a lattice
parameter increases gradually with the temperature
increase while the b lattice parameter changes little. It
is very likely that the increase in the a lattice parameter
results from the decrease in the inter- and intramolecu-
lar interactions between the CdO group and the CH3
group along the a axis of crystalline P(HB-co-HHx). The
interaction is mainly concerned with the weak hydrogen
bond between the CdO group and the CH3 group, but
there is the possibility that some CdO groups interact
with the propyl group.

Temperature-Dependent Variations in WAXD of
the Chloroform Solution Cast Film Sample. Figure
9 presents the temperature dependence of the (110) d
spacing of the WAXD pattern of a P(HB-co-HHx) film
cast from chloroform solution. Of note in Figure 9 is the
thermal expansion of the (110) d spacing of P(HB-co-
HHx). Variations in the (110) peak area and (110) d
spacing vs temperature are shown in Figure 10 for the
solution cast film sample. The temperature-dependent
changes in the (110) peak area are quite different
between the precipitated and solution cast samples
(Figures 6 and 10). The peak area represents the
crystallinity of the sample. The crystallinity of the

Figure 5. A representative (110) reflection of WAXD of P(HB-
co-HHx) powder sample. The solid curve represents the one
fitted by eq 1 with A ) 1102 ( 22, σ ) 0.350 ( 0.005, 2θ0 )
7.661 ( 0.002, a(T) ) -116.7 ( 34.6, b(T) ) 2013 ( 524, and
c(T) ) -6178 ( 1968. Top panel: the relative errors of the fit.

Figure 6. Temperature dependences of the peak area and d
spacing of the (110) reflection of the P(HB-co-HHx) powder
sample.

Figure 7. Temperature dependences of the peak area and d
spacing of the (020) reflection of the P(HB-co-HHx) powder
sample.

Figure 8. Changes in the lattice parameters, a and b, of the
precipitated P(HB-co-HHx) sample vs temperature.
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precipitated sample changes little until about 50 °C
while that of the solution cast sample increases until
around 54 °C. Therefore, the maximum of the peak area
around 54 °C suggests that a recrystallization of the
chloroform solution cast P(HB-co-HHx) copolymer takes
place around 54 °C.

Figure 11 shows effects of temperature on the lattice
parameter a of the solution cast film sample. Changes
in the lattice parameters of polymers can be observed
under a variety of conditions.28 Information about the
changes in the lattice parameters provides insight into
the forces that bind atoms and molecules in the crystal
structure and the factors that determine the crystal
structure. There is a slight difference in the shift of the
lattice parameter a between the precipitated and solu-
tion cast samples (Figures 8 and 11). The change in the
lattice parameter a of the chloroform solution cast
sample is slightly larger than that of the precipitated
sample. The slight difference in lattice parameter a
comes from the difference in the crystallite size. The
gradual peak shift of the WAXD pattern with temper-
ature shows a thermal expansion of the crystalline
structure of the sample. Therefore, it seems that the

solution cast sample shows recrystallization process
because the solution cast sample cannot assume the
high-crystallinity structure and shows its own low
crystallization rate.

Temperature-Dependent Variations in WAXD of
PHB. Figure 12 presents a temperature dependence of
the X-ray diffraction of PHB homopolymer. It shows
clearly the (020), (110), (021), (101), (111), and (040) d
spacings. Comparison of the result in Figure 12 with
that in Figure 4 reveals that the crystallinity of PHB is
higher than that of P(HB-co-HHx) precipitated sample.

Parts a and b of Figure 13 show respectively the
temperature dependences of the (110) peak area and
(110) d spacing and those of the (020) peak area and
(020) d spacing of PHB. The melting temperature Tm
of PHB was reported to be 178 °C.22 There is a drastic
drop of the (110) and (020) peak areas around 160 °C.
The (110) d spacing of PHB shows a gradual change
with temperature as in the case of the P(HB-co-HHx)
sample, while the (020) d spacing shows only a small
shift different from that of the P(HB-co-HHx) sample.
The (110) peak area of P(HB-co-HHx) decreases from
around 50 °C while that of PHB changes little at least
until 140 °C, indicating that the crystallinity of PHB
remains nearly unchanged until 140 °C but that of
P(HB-co-HHx) decreases gradually from fairly low tem-
perature (∼50 °C). The copolymerization of HHx units

Figure 9. Temperature dependence of the X-ray diffraction
of the P(HB-co-HHx) chloroform solution cast film sample over
a temperature range from 30.1 to 105.8 °C.

Figure 10. Temperature dependence of the peak area and d
spacing of (110) reflection of P(HB-co-HHx) cast film sample
from a chloroform solution.

Figure 11. Temperature-dependent changes in the lattice
parameter a of a chloroform solution cast film of P(HB-co-
HHx).

Figure 12. Temperature dependences of the X-ray diffraction
of PHB homopolymer measured over a temperature range of
28.3-174.3 °C.
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in the molecular chain of PHB produces significant
amounts of amorphous parts in P(HB-co-HHx), which
change largely its thermal behavior from that of PHB.

Figure 14 shows effects of temperature on the lattice
parameters of PHB. Both lattice parameters, a and b,
show thermal expansion in the PHB sample. However,
the thermal effects on the lattice parameters are
significantly different between the lattice parameters,
a and b, even in the PHB crystalline structure. P(HB-
co-HHx) copolymer shows little expansion of the b axial
length (Figure 8). However, PHB homopolymer shows
a significant expansion of the b axial length, even
though it is smaller than that of the a axial length
(Figure 14), probably because the crystallinity of PHB
is higher than that of P(HB-co-HHx) copolymer. Al-

though our measurements were not made with high
resolution, the results clearly point out the trend that
the a axial length shows a much larger change than the
b axial length in both P(HB-co-HHx) and PHB.

For both P(HB-co-HHx) and PHB, the lattice param-
eter a shows a significant variation by the temperature
increase. This is an evidence showing that the inter-
and intramolecular interactions are not so strong along
the a axis in P(HB-co-HHx) and PHB crystallites. The
variation of the lattice parameter a suggests that these
interactions are those due to the CdO group and the
CH3 group, which are, in general, weak. The high
crystallinity of P(HB-co-HHx) and PHB may be con-
cerned with these interactions.

Thermal Analysis. Figure 15 shows the DSC curves
of the (a) first cooling and (b) second heating of bulk
sample of P(HB-co-HHx). The Tm and the glass transi-
tion temperature Tg respectively were determined from
the DSC curves to be 112.7 and 1.6 °C. The appearance
of intermediate states of P(HB-co-HV) (20.4% HV) and
P(HB-co-HHx) (HHx ) 10%) has been suggested from
a small and wide endothermic premelting peak around
60 °C in the DSC measurement.26,27 Our result of the
DSC measurement of P(HB-co-HHx) (HHx ) 12 mol %)
does not show any peak around 60 °C for the bulk
sample. However, variations in FT-IR spectra of a cast
film of P(HB-co-HHx) were observed around 60 °C. To
check the possible development of a peak around 60 °C
in the DSC measurement, we measured DSC curves of
the chloroform cast sample. The cast sample was put
in a small cup for the DSC measurement. Heating and
cooling rates were 20 °C min-1. Figure 16 shows the
DSC curves of the (a) first cooling and (b) second heating
for the cast sample of P(HB-co-HHx). The recrystalli-
zation temperature was determined to be 51.0 °C for
the cast sample in the heating process. The result of

Figure 13. Temperature dependences of the peak area and
d spacing of (a) (110) reflection and (b) (020) reflection of PHB
homopolymer.

Figure 14. Changes in the lattice parameters, a and b, of
the PHB homopolymer vs temperature.

Figure 15. DSC curves of the (a) first cooling run and (b)
second heating run of the precipitated P(HB-co-HHx) from -40
to 120 °C. Heating and cooling rates of the DSC measurements
were 10 °C min-1.

3768 Sato et al. Macromolecules, Vol. 37, No. 10, 2004
142



the WAXD of the chloroform cast sample of P(HB-co-
HHx) shows that the (110) peak area has a maximum
value around 54 °C. The maximum of the (110) peak
area may be ascribed to the recrystallization process of
the chloroform cast sample of P(HB-co-HHx) (Figure 10).
It is in good agreement with the DSC results of the
chloroform cast sample of P(HB-co-HHx). Furthermore,
it is noted that two peaks of Tm appear in the DSC curve
of the cast sample of P(HB-co-HHx) (105.8 and 117.8
°C). There are two possibilities for the origin of the two
peaks in the second heating cycle of DSC. One is melt
and recrystallization of the sample. The other possibility
is that there are two types of lamellae in the crystal.

Conclusion
The WAXD pattern of the P(HB-co-HHx) copolymer

at room temperature shows that it has an orthorhombic
system (R ) â ) γ ) 90°) with a ) 5.76 Å, b ) 13.20 Å,
c ) 5.96 Å (fiber repeat), which is identical to that of
the PHB crystal system. The crystal structure and the
thermal properties of precipitated and chloroform solu-
tion cast film samples of P(HB-co-HHx) copolymer have
been investigated over the temperature range from 25
to 110 °C in the scattering angle range of 2θ ) 5-13°.
Measurements of the d spacing from WAXD have
indicated an expansion of the (110) d spacing of P(HB-
co-HHx) lattice as temperature increases. Only the a
lattice parameter shows the thermal expansion, while
the b lattice parameter shows very little it in the P(HB-
co-HHx) crystallites. This suggests that there are inter-
and intramolecular interactions between the CdO group

and the CH3 group because they are very closely located
to each other along the a axis of P(HB-co-HHx) crys-
tallites. The temperature-dependent variations in the
(110) peak area for P(HB-co-HHx) and PHB have
revealed that PHB keeps its high crystallinity at least
until 140 °C while that of P(HB-co-HHx) starts decreas-
ing from 50 °C. The copolymerization of HHx units in
the molecular chain of PHB largely modifies the thermal
behavior of PHB. The DSC measurements of the P(HB-
co-HHx) between -40 and 120 °C show a recrystalliza-
tion peak around 51 °C. This result is in a good
agreement with the result of the WAXD of the chloro-
form cast sample of P(HB-co-HHx) that shows the
maximum of the (110) peak area around 54 °C.
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