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Synopsis 
 
 

This thesis concerns the thermal behaviour and isothermal crystallisation kinetics 

study of cyclic polyesters and its blends, in particular cyclic poly (butylene terephthalate) 

(c-PBT). The production of c-PBT is interesting; in fact it is different from production of 

conventional linear PBT since c-PBT is produced by in situ polymerisation of cyclic 

butylene terephthalate oligomers (CBT) in the presence of suitable initiators or catalysts. 

These relatively novel materials, i.e. CBT offer many advantages in properties and the 

most unusual and useful is that they can be processed at low viscosity (water like) and 

exhibit rapid crystallisation. The thermal behaviour and isothermal crystallisation kinetics 

of CBT and c-PBT were analysed.  

The most significant achievement of this project is blending where blends of c-PBT 

and styrene maleimide (SMI) were prepared by simultaneous in situ polymerisation and 

melt blending of solid dispersion CBT/SMI powder. This is unique and novel and the 

results show consistency and signs of miscibility although there are no external forces 

applied during the melt blending. It was found that the presence of 30 wt % and above of 

SMI impeded the crystallisation of c-PBT. This suggests that miscibility occurred. The 

miscibility of these c-PBT/SMI blends was support with the presence of a single 

composition-dependent glass transition temperature and negative Flory-Huggins 

interaction parameter (12χ ).  

Studies on crystallisation kinetics of c-PBT were also done by Avrami analysis and 

using the Hoffman-Lauritzen theory. Previously there have been very limited studies of the 

crystallisation kinetics of PBT produced from its oligomer. Further work on crystallisation 

of c-PBT/SMI blends was also performed.  
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Chapter One 
 
 
 
 
 

INTRODUCTION 
 
 
 
 
 

1.1 Cyclic Polyesters 

1.1.1 Evolution: Past and current research 

 

The first publications on synthetic polymers with macrocyclic structures were 

reported for poly (dimethyl siloxane) (PDMS) by Scott [1] in 1946. The series of 

publications [2-5] on the preparation and characterisation of cyclic PDMS  was followed 

by the reporting of cyclic polystyrene (PS) by Gieser and Hocker in 1980 [6, 7]. Studies on 

the macrocyclic structures of synthetic polymer then continued with reports of macrocyclic 

structures in engineering thermoplastics, i.e., polymers with high melting temperatures 

such as polyesters [8-16]. The early work mostly focussed on the preparation of 

macrocyclic structures from engineering thermoplastics, but since the syntheses were 

inefficient, purification of the products was needed [10-12, 15, 17-25].  
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After the process for preparing cyclic ester oligomers (CEO) was patented in 1995 

[11], further work then focussed on the polymerisation processes of these cyclic oligomers 

and the availability or effectiveness of catalysts to initiate the polymerisation [13, 18, 21, 

26-44]. The early polymerisation of these materials used tin and titanium catalysts as 

initiators and this has been extensively investigated by the Cyclics Corporation and the 

General Electric Company [45-48]. 

 

Two types of polymerisation processes were reported during conversion of these 

cyclic oligomers to polymers, i.e. ring opening polymerisation (ROP) [13, 24, 27, 28, 32, 

49] and ring expansion polymerisation [13, 14, 26, 41]. Polymerisation routes depend on 

which types of catalysts are used in the polymerisation process. The use of cyclic catalyst 

such as stannoxane lead to ring expansion polymerisation and leads to the production of 

macrocyclic polymers, while linear catalyst e.g. tributyltin ethoxide (TBTE) lead to the 

production of linear polymers through ring opening polymerisation (ROP) [14]. Work to 

introduce new types of catalysts which could initiate CEO still carries on. In a recent 

example, Tripathy et al. [34] studied the effect of catalyst, i.e. stannoxane, butyltin 

chloride dihydroxide and tetrakis-(2-ethylhexyl) titanate on polymerisation of CEO in 

particular cyclic butylene terephthalate oligomers (CBT). Furthermore, they also 

investigated the effect of polymerization temperature on the in situ polymerization of CBT 

for composite applications. 

 

After studies of polymerisation of these cyclic oligomers, researchers discovered 

the unique properties of these materials, which became a reason why interest in CEO has 

increased dramatically over the last few years. The advantages of these materials are they 
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have a low melt viscosity (water-like), rapid isothermal bulk polymerisation, rapid 

crystallisation with a high degree of crystallinity, and they do not produce chemical 

emissions during processing [50-52]. Moreover, their molecular weight can be tailor made 

for specific application and/or manufacturing processes [52]. The polymerisation and 

crystallisation have been found to occur simultaneously, and the mechanisms involved 

have been studied [13, 14], while the industrialists are more focussed to exploit the 

advantage of the low melt viscosity of this material in order to suit current needs.  

 

The creation of these cyclic oligomers and their associated advantages solved some 

problems in thermoplastic composites [33, 51, 53-63]. It is known that the main limitation 

in fabricating continuous fibre thermoplastic composites is the high melt viscosity of the 

thermoplastic itself.  The presence of low viscosity pre-polymers of cyclic oligomers 

however gives the best option for thermoplastic composites. These cyclic oligomers should 

be able to be processed reactively like a thermoset but retain their behaviour as a 

thermoplastic in the final state. This means that they are capable of being reground, re-

melted and reprocessed again for recycling purposes. At the present time, the industrial 

trend is to replace thermosets by thermoplastics due to recycling problems and this is a 

prime strategy of polymer life-cycle engineering [64].  Their low melt viscosity (which is 

reported as low as 17 centipoises) [50-52] could overcome the problems in impregnation 

of fibers, flow of resin and removal of bubbles which are usually found in the use of 

thermoplastics for fiber-reinforced polymer composite applications. Moreover, cyclic 

polymers were suggested for processing with reinforced reaction injection moulding 

(RRIM) or resin transfer moulding (RTM) which has been traditionally monopolised by 

thermosets resins [65]. 
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These novel materials are not only limited to liquid composite moulding 

applications. Recently, many studies of cyclic oligomers have been concerned with 

blending with other thermoplastics which have potential for novel structures and which 

cannot be achieved by conventional blending method [50, 66-71]. These blends may result 

in miscible or immiscible forms. Tripathy et al. [50] found that the blends of in situ 

polymerised PBT from cyclic oligomers (c-PBT) and poly(vinyl butyral) (PVB) show 

evidence of miscibility, where the blend shows only one glass transition temperature. 

However, blends of linear PBT with PVB did not show any sign of miscibility during the 

investigation. They concluded that the cause of miscibility in the in situ prepared c-

PBT/PVB blends was thought to be the formation of a graft copolymer.  

 

The in situ polymerisation of cyclic oligomers inside the blend system also offers 

the possibility of producing nanostructured composites. It was reported that cyclic 

carbonate oligomers (BPACY) blended with styrene-acrylonitrile copolymer (SAN) 

produced on unique nanostructure by liquid-liquid phase separation during in situ 

polymerisation of BPACY [66]. Tripathy et al. [51] in 2003 reported that the production of     

c-PBT nanocomposites prepared by in situ polymerisation of CBT. They successful 

produced the c-PBT/clay nanocomposite by an in situ polymerisation in the presence of 

cyclic stannoxane catalyst and sodium montmorillonite. In the latest publication on 

nanocomposites based on CBT, Jiang et al. [63] reported the production of c-PBT/silica 

nanocomposites prepared via high speed stirring followed by subsequent in situ 

polymerisation. Furthermore, the work of Bahloul et al. [70] in 2009 found that the 

morphology of poly(ethylene-co-vinyl acetate) (EVA)/PBT blends prepared by the in situ 



 5 

polymerisation of CBT in the presence of molten EVA copolymer had a fine dispersion of 

PBT phase with sizes ranging from 100 to 500 nm in diameter.  

 

Further reasons for blending these materials are typical for polymer blends; that is 

for property enhancement. c-PBT has been reported to have excessive crystallinity 

compared with conventional PBT [13, 14, 16]. This results from rapid concurrent 

crystallisation during the polymerisation process of CBT. It is known that the amount of 

polymer crystallinity can have an effect on the physical properties of the material, i.e., 

brittleness and ductility [43, 72-74]. The technique of copolymerisation can be used to 

control the properties of the polymer, i.e., crystallinity and melting point ( mT ). For 

example, Tripathy et al. [67] controlled the excessive crystallinity in c-PBT by ring-

opening copolymerisation CBT with caprolactone (CL). They successfully eliminated the 

typical brittle nature of c-PBT polymers by the incorporation of a small amount of CL. 

 

 

1.2 Poly (butylene terephthalate) and its cyclic oligomers 
 

Poly (butylene terephthalate) (PBT), an alkylene phthalate polyester is prepared 

commercially through the transesterification reaction (polycondensation) of 1,4-butanediol 

with either terephthalic acid or dimethyl terephthalate [14, 75]. The chemical structure for 

this polymer is shown in Figure 1.1. This polymer consists of both a flexible link and a 

rigid segment, i.e., four methylene groups and a terephthalate group, respectively [14, 43]. 

The chemical structure also shows this polymer to have hydroxyl and carboxylic acid end 

groups. PBT is a semi crystalline polymer with  crystallinity reported in the range 35 to 
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45% [14] and can achieve 55 to 60% through annealing [76]. The typical glass transition 

temperature (gT ) of PBT is in the range from 30 to 50 °C, depending on the degree of 

crystallinity, annealing, amount and type of fillers, and measuring method [75]. This gT  

can shift to lower temperatures (15 °C) if the PBT is fully amorphous [77]. The melting 

and crystallisation behaviour of this polyester is strongly dependent on the thermal history. 

Usually, the crystalline melting temperature was reported to be in the range 225 to 232 °C 

[77-79], while the equilibrium melting temperature ( o
mT ) was estimated to be 245 °C [80]. 

 

 

 

Figure 1.1: Chemical structure of linear poly (butylene terephthalate) 

 
 
 

This type of polyester was introduced to the commercial market in the late 1960s 

by Celanese [75]. PBT is classified as an engineering thermoplastic due to its performance. 

It is in very good demand by industry [75, 80, 81] for its excellent thermoplastic 

processing capabilities boosted by its rapid crystallisation kinetics and semi-crystalline 

characteristics. These characteristics allow PBT to be used in harsh environments which 

require chemical resistance, thermal resistance, low friction and wear characteristics [14]. 

Other advantages of this polyester are high stiffness and strength, high toughness at low 

temperatures, high heat-deflection temperatures (HDT), high stress-cracking resistance, 

high resistance to fuels, oils and fats, and good processability [52, 75, 82].  
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PBT is a mature material widely used in the automotive industry (interior and 

exterior parts), household electrical appliances and connectors, telecommunications, 

machine component, food and medical applications. Given the pressure to re-cycle in these 

industries especially in the automotive sector [14, 50, 75], a recycling process has been 

explored. This process involves the conversion of waste polyesters to cyclic ester 

oligomers (CEO) through ring-chain equilibration of polymer in dilute solution 

(depolymerisation) with various catalysts [15, 20, 25, 83]. 

 

The idea of depolymerisation as a way to produce CEO was introduced by the 

pioneering work of Spanagel and Carothers [8, 16] in the 1930s. This method was found to 

be effective for the preparation of small-ring esters and carbonates. However, the 

researchers found limitations for commercial exploitation of this method such as long 

reaction times and large amounts of solvent needed to achieve high yields.  Jacobson and 

Stockmayer [16, 84] in their theory state that the ring-chain equilibration of a polymer will 

lead to a mixture of cyclic oligomers and polymer in which a critical monomer 

concentration (CMC) can be defined for each monomer structure. A cyclic structure can 

only be achieved if the concentration of polymer is lower than the CMC, while the mixture 

of cyclics and polymer will be present if the concentration of polymer is above the CMC. 

 

Early work to convert linear PBT into CBT was reported by Brunelle and Bradt 

[17, 19]. They patented their work on preparation of macrocyclic polyesters via pseudo 

high dilution condensation of butanediol with terephthaloyl chloride using catalyst as 

shown in Figure 1.2. They successfully produced cyclic oligomers through this process but 

because of the high cost of acid chloride this process was not commercially economical. 
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Also this process has other limitations such as the need to maintain rigorously dry 

conditions in the solvents and reactor.  

 

 
 
 

 

Figure 1.2: Preparation of CBT through direct condensation reaction  [14, 19] 
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Finally, Brunelle and Takekoshi [11] patented their  findings on efficient 

preparation of alkylene phthalate cyclic oligomers via ring-chain equilibration in 1995. 

They dissolved PBT in dry o-dicholorobenzene (o-DCB) and then added the equilibration 

catalyst (Figure 1.3). Most of the early work used tin catalysts since these types of catalyst 

were found more effective than titanates for the ring-chain equilibration reaction. They 

also found that a large amount of dilute solution is not necessary to form reasonable yields 

of cyclic oligomers. However, based on their observation 100% yields of cyclics can  

never be achieved at very low reaction concentration (CMC) since the starting material 

(polymer) has end groups [11]. The work of Brunelle et al. [13] continued three years later 

(1998) with the publication on the preparation of alkylene phthalate cyclic oligomers via a 

novel pseudo high dilution condensation reaction. 

 

The cyclic oligomers produced are then readily polymerized to high molecular 

weight polyesters in the presence of suitable catalysts within a few minutes. 

Polymerisation of CBT was reported over the range 160 °C to 200 °C [13, 26, 29-31]. 

Before that temperature was reached, the CBT began to melt at about 140 °C, and it was 

completely molten at 160-190 °C. Al-Zubi et al. [52] reported that the melt viscosity of 

this material reduced as the temperature increased. They found that at 180 °C the melt 

viscosity is 28 centipoises and reduced to 22 and 17 centipoises upon heating to 190 °C 

and 200 °C, respectively. 
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Figure 1.3: Ring-chain equilibration reaction of Brunelle and Takekoshi [11, 14] 

 

 

1.3 Stannoxane 
 

As mentioned earlier, CBT need a suitable catalyst to perform in situ 

polymerisation in order to produced polymer. Tin and titanium initiator have been reported 

to be efficient catalysts which successfully convert CBT into polymer [13, 45-48]. One of 

the most suitable tin initiators is butyltin  alkoxides [26]. The tin initiator is known to be 

stabilised by two or three short alkane structures which are typically butyl groups [14].  
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Ramsden et al. [85] have introduced the dimer of dibutyl tin dioxide (Figure 1.4) in 

cyclic form [26] which was used in the polymerisation of CBT. Technically this initiator is 

1, 1, 6, 6-tetra-n-butyl-1, 6-distanna-2, 5, 7, 10-tetraoxyacyclodecane and it also known as 

stannoxane. The used of this cyclic initiator will lead to ring expansion polymerisation 

which produces macrocyclic polymers as a result [13, 16, 26, 41]. Other tin compounds 

(such as dibutyltin oxide and tributyltin ethoxide) as catalysts will lead to production of 

linear polymers through ring opening polymerisation [14, 16, 26].  

 

 

 

Figure 1.4: The dimer of dibutyl tin dioxide (stannoxane) 

 

 

1.3.1 Polymerisation of CBT using stannoxane 

 

Brunelle et al. [13] found that certain tin and titanium catalysts were most effective 

in initiating polymerisation of CEO although many types of compounds are available. 

With 0.05-1.0 mol % cyclic stannoxane based on monomer units used the CBT 

polymerisation is believed to undergo ring expansion polymerisation [13, 14, 26, 41]. 
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Figure 1.5: Ring expansion polymerisation of CBT using stannoxane 

 

Figure 1.5 illustrates the ring expansion polymerisation process of CBT which 

occurs using stannoxane as an initiator. As stated earlier the Sn-O bonds of the cyclic 

stannoxane are known to be the active polymerization sites. These are active throughout 

the entire polymerisation. A bond exchange takes place which results in the breaking and 

reforming of one Sn-O bond in the stannoxane and one C-O bond in the ester group of the 

CBT, leading to insertion of the stannoxane initiator in the ring molecule [14]. Once the 

first ring has been opened, oligomers and other stannoxane containing rings are added, 

increasing the size of the ring. The ring expansion is entropy driven (only a little strain in 

the CBT) and as consequence the process is athermal [13, 16, 50] . The resulting chain 

structure is that of large ring (a macrocycle) consisting of PBT repeat units and the 
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stannoxane initiator. Throughout the entire polymerisation the Sn-O remains unbroken 

where the reactivity of that bond is not altered by the expansion reaction. 

 

Ideally, the incorporation of the stannoxane catalysts into the CBT results in cyclic 

polymer (c-PBT) with no end groups and by-products. The c-PBT produced by ring 

expansion polymerization with stannoxane initiators has higher molecular weight, greater 

crystallinity and more perfect crystalline morphology than linear PBT [13, 14, 16]. 

 

However, the use of stannoxane in the polymerisation of CBT has limitations. This 

is because stannoxane has been found to be sensitive to moisture and thermally unstable at 

high temperature (> 230oC) [13, 14, 16, 31]. Miller [14] in his thesis reported that 

stannoxane could exhibit two types of degradation which can cause the macrocyclic 

polymer chain to break and result in linear polymers. Degradation of stannoxane may 

occur because of thermal instability and the presence of moisture. He suggested that water 

degradation of cyclic chains resulting in only hydroxyl end groups as shown in Figure 1.6. 
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Figure 1.6: Mechanism for water degradation of stannoxane [14] 

 

 

1.4 Styrene Maleimide (SMI) copolymer 
 

Copolymers of styrene and maleic anhydride (MA) were prepared in order to 

improve the heat resistance of PS [86]. The further work of Moore (1986) [87] found that 

the copolymer of styrene and maleimide could offer more heat resistance. Styrene 

maleimide (SMI) is a low molecular weight (wM  = 5,000 to 10,000) synthetic copolymer 

that is composed of styrene and dimethylaminopropylamine (DMAPA) maleiamide [88]. 

This copolymer is formed by a radical polymerisation using organic peroxide as the 

initiator. The chemical structure of SMI has tertiary amine functional groups as shown in 

Figure 1.7.  
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Figure 1.7: Structure of styrene maleimide (SMI)  

 

 

SMI copolymer has a low melt viscosity, high thermal stability (decomposition 

temperature greater than 300 °C), and a low volatile organic compounds (VOC) content 

[87, 88]. The glass transition and softening point temperatures of this copolymer are less 

than 100 °C. SMI can also function as a polyimide or polyamine additive, serving as a 

cross-linking agent, curing catalyst or surface modifying agent. This synthetic copolymer 

can perform a variety of functions in water-based applications i.e. serving as an 

emulsifying agent, cationic dispersant, flocculating or coagulating agent as they easily 

form cationic salts. The typical uses of this copolymer include paper manufacture, alkaline 

resistant coatings, adhesives and polymer modification [88].  
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1.4.1 Solubility of SMI copolymer 

 
The SMI copolymer has good solubility in organic solvents with at least moderate 

polarity. The solubility characteristics of SMI at room temperature (25oC) in a variety of 

solvents are listed in Table 1.1. 

 
 

Table 1.1: Solubility of SMI in organic solvents [88] 

Solvent Type 
Solubility 

(insoluble = <5 wt. %, very 

soluble= >40 wt. %) 

Cyclohexane Aliphatic Insoluble 

Toluene Aromatic Very soluble 

Methanol Alcohol Soluble 

Acetone Ketone Very soluble 

Tetrahydrofuran (THF) Ether Very soluble 

Ethyl acetate Ester Very soluble 

Chloroform Chlorinated Very soluble 

Ref: Sartomer Company, Inc. 

 
 

1.4.2 Applications of SMI copolymer  

 

In applications such as printed circuit boards and powder coatings, styrene maleic 

anhydride (SMA) has been used as curing agent with epoxy resin formulation. The SMI 

copolymer can then be used as a catalyst for these formulations (containing (SMA) resin 

and epoxy resin). In general, the epoxy-anhydride cross-linking reaction can be speeded up 

with the presence of the small molecule additives such as imidazoles or tertiary amines. 

Since the SMI copolymers contain tertiary amine functionality, they are suitable to act as 
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anhydride-epoxy catalysts and offer the advantages of no migration or volatility from 

formulation. This copolymer is also found to be miscible in the anhydride-epoxy 

formulations [88].  

 

The high solubility of SMI copolymers in various organic solvent makes them 

useful in many applications. This can be enhanced by the resin’s excellent water 

resistance, alkali resistance and thermal stability properties. 

 

The surface adhesion between the polyolefin and water-based inks and paints can 

be improved by the addition of SMI copolymer. In general procedure, the SMI copolymer 

is added during melt processing of the polyolefin. They should be compatible with other 

additives and fillers typically used in the production of polyolefin parts or films.  

 

 

1.5 Background of the studies 
 

PBT is well known to be among the easiest of the semi-crystalline polymers to 

crystallise [13, 14, 75, 89]. This makes PBT difficult to produce amorphous structures 

unless specimens are very thin and quenching is very rapid [14]. Miller [14] in his thesis 

discussed how PBT can form two types of spherulites during isothermal crystallisation 

depending on the rate of crystallisation. At a low rate of crystallisation and small degree of 

under-cooling (where crystallisation takes place at temperatures above 180oC), the 

crystallisation of linear PBT resulted in the ‘usual’ spherulites.  While, below the 

temperature of 180oC, at which the highest rate of crystallisation occurred, ‘unusual’ 
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spherulites will be formed. Stein and Misra [90] have defined ‘usual’ spherulites as the one 

with the Maltese cross is dark arms positioned at 0° and 90° to the optical axes of 

polarisation when examined in polarized optical microscopy as shown in Figure 1.8 (i), 

while the ‘unusual’ spherulites is indentify by a 45° rotation of the Maltese cross . They 

also found that the ‘usual’ spherulites produces a small angle light scattering (SALS) 

pattern with intensity lobes at  45° to the polarised light (Figure 1.8 (ii)) and the ‘unusual’ 

spherulites produces a SALS pattern with intensity lobes at  0° and 90° to the polarisation 

planes.  

 

 
 

 

Figure 1.8: (i) Illustration of PBT’s usual spherulites examined by polarized optical 

microscopy, (ii) Illustration of the clover-leaf pattern of PBT’s usual spherulites 

examined by SALS. Arrows show the direction of polarisation axes [90] 
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 However, it is found that cyclic PBT, produced by isothermal polymerisation and 

crystallisation at 190 °C, is composed only of the ‘usual’ spherulites [14]. They are small 

(approximately 2-3 µm diameter) and appear to be produced by very rapid crystallisation.  

This suggests that cyclic PBT crystallises easily and there are clear differences in kinetics 

compared with linear PBT.  This behaviour is not fully understood and is further 

complicated by the fact that for the cyclic PBT, crystallisation and polymerisation are 

taking place at the same time.    

 

Cyclic oligomers also have enormous potential for novel structures when blended 

with other thermoplastics [50, 66, 68, 91, 92]. These blends may be as miscible [50, 66, 

68, 91] or immiscible [92] and both types may have useful properties and structures 

inaccessible by other means. For instance blends of c-PBT with poly(vinyl butyral) (PVB) 

have successfully been made  where PVB is an industrially important polymer widely used 

in laminated safety glass and surface treatment. Preliminary work has also been done with 

ε-caprolactones (biodegradable polymers with applications in drug delivery) [67, 68]. 

Cyclic oligomers of PBT have successfully been copolymerized in situ with ε-

caprolactones in the presence of stannoxane catalysts. Another interesting finding during 

blends cyclic oligomers with other polymer is possibility to form nanocomposites by 

liquid-liquid phase separation. An example of this case is cyclic carbonate oligomers 

blended with styrene-acrylonitrile copolymer (SAN) [66]. This blends system (CBT/SAN) 

shows nanostructures where unobtainable with blends based on conventional linear 

polymers. Moreover, the morphology of the resulting nanocomposites has been shown to 

have interesting effects on mechanical properties with potential applications. There are 
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also more general effects of the topology of cyclic polymers on blend miscibility and 

hence on the production of nanocomposites [18, 91, 93, 94]. 

 

Therefore, the investigation of the thermal behaviour and crystallisation kinetic 

study of c-PBT and its blends will form the basis in this present study. The knowledge 

extension on this material could be aspect from the blends of c-PBT with amorphous 

polymers (i.e. SMI). To date, the c-PBT/SMI blend system has not received any attention 

in the literature. 

 

 

1.6 Aims and objectives  
 

The study is divided into two sections. In the first section, the aim is focused on 

understanding the thermal behaviour of CBT and c-PBT. Since the polymerisation and 

crystallisation are reported to occur simultaneously, the investigations will concentrate on 

understanding these phenomena by various thermal analysis techniques.  

 

Differential scanning calorimetry (DSC) techniques will be fully utilised to 

examine the thermal behaviour of the CBT and the polymer produced, as well as to 

explore the optimum polymerisation conditions (i.e. temperature and time) for production 

of c-PBT. This introductory exploration of the thermal behaviour of CBT and c-PBT also 

has the aim of gaining useful results in terms of crystallisation kinetics.  
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Several other characterisation techniques will be used in addition to DSC, in order 

to have a better understanding on the thermal behaviour of the cyclic polymer. Fourier 

transform infrared spectroscopy (FTIR) will be used to identify the functional groups in 

the CBT. Furthermore, the FTIR technique also will be used to study the effect of in situ 

polymerisation to the functional groups in CBT as well as understanding the mechanism of 

ring expansion polymerisation with the presence of stannoxane initiator.  

 

Other objectives in the first section are to gather information on molecular weight 

development during in situ polymerisation process and the thermal stability of the 

materials.  This information can be achieved with the gel permeation chromatography 

(GPC) and thermogravimetric analysis (TGA) experiments, respectively.  

 

Information on characterisation of CBT and c-PBT will lead to the second section 

of the study which is to blend c-PBT with other polymers i.e. SMI (amorphous polymer). 

In the first instance, this second section work is to see if the blend systems studied are 

miscible or immiscible, and how this is affected by composition. The objective is also to 

investigate the effect of miscibility of blends of c-PBT with amorphous polymer on the 

rapid crystallisation process which found in c-PBT. The crystallisation kinetics of the 

blends will be examined.  

 
 
 
 
 
 
 
 
 
 



 22 

 
 
 
 
 
 
 
 

Chapter Two 
 
 
 
 
 

MATERIALS AND METHODOLOGY 
 
 
 
 
 

2.1 Materials  

2.1.1 Cyclic butylene terephthalate oligomers (CBT) 

 

The CBT (grade XB2-CA4) of molecular weight (wM = (220) n (with n=2-7))   in 

powder form was provided by the Cyclics Corporation (2135, Technology Drive, 

Schenectady, New York 12308, USA). The XB2-CA4 system contained the stannoxane 

catalyst and was termed a one-component CBT, where the resin and catalyst were 

premixed. The general procedures for combining CBT and catalyst are described in a US 

patent assigned to Cyclics Corporation [95]. The CBT was dried in a vacuum oven for 24 

hours at 90 °C prior to processing. The general properties and typical values for CBT resin 

(with polymerisation catalyst for use with composite) are shown in Table 2.1. 
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Table 2.1: CBT® resin general properties and its typical values 

 

*Ref: Product information from Cyclics Corporation. 
 

 

2.1.2 Stannoxane 

 

The initiator which is stannoxane (technically known as 1, 1, 6, 6-tetra-n-butyl-1, 

6-distanna-2, 5, 7, 10-tetraoxyacyclodecane) in white powder form was also supplied by 

the Cyclics Corporation (2135, Technology Drive, Schenectady, New York 12308, US). 

 
 
 
 
 
 
 

Property Value 

Appearance White pellets or powder 

Melting range  120 to 200 °C 

Heat of melting 64 J/g 

Density 20 °C (solid) 1.3 g/cm3 

Bulk density (as pellets) 0.7 g/cm3 

Water content <1000 p.p.m 

Specific heat 
1.25 J/(g.°C) solid 
1.96 J/(g.°C) liquid 

Typical Processing Temperature 180 to 250 °C 

Maximum Processing Temperature 260 °C 

Decomposition Temperature 
290 °C (air) 

370 °C (nitrogen) 
Polymerisation molecular weight 
(gel permeation chromatography 
(GPC) relative to polystyrene standard) 

>100,000 
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2.1.3 Poly (butylene) terephthalate (PBT) 

 

The linear poly (butylene) terephthalate (PBT) (PF100NT) in pellet form was 

purchased from Polyram through Plastribution Limited (81 Market Street, Ashby de la 

Zouch, Leicestershire, LE65 1AH United Kingdom). This PBT is a high viscosity grade 

which is formulated for general purpose and injection moulding applications. This material 

was also dried in a vacuum oven for 24 hours at 90 °C prior to processing. The general 

properties and typical values for PBT resin supplied by its manufacturer are shown in 

Table 2.2. 

 

 

2.1.4 Styrene maleimide (SMI) 

 

Styrene maleimide (SMA® 1000I) resin in a powder form was supplied by the 

Sartomer Company (502 Thomas Jones Way Exton, PA 19341, US). The SMA® 1000I is 

a low molecular weight copolymer of styrene and dimethylaminopropylamine maleimide, 

with an approximate 1:1 mole ratio. The typical physical and chemical properties from the 

manufacturer are shown in Table 2.3. 
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Table 2.2: Datasheet of PBT (PF100NT) from Polyram 

 
PHYSICAL PROPERTIES UNIT TEST METHOD VALUES 
DENSITY g/cm3 ISO-1183 1.3 
WATER ABSORPTION 
 

% ISO-62 0.6 

MOULD SHRINKAGE % ISO-2577 2.1-2.3 
MFI 
 

g/10 min ISO-1133 250/2.16 25 

MOISTURE ABSORPTION 
23 °C, 50% RH 
 

% ISO-62 
0.25 
 

MECHANICAL PROPERTIES UNIT TEST METHOD VALUES 
TENSILE YIELD STRENGTH 
 

MPa ISO-527 55 

ELONGATION AT BREAK 
 

% ISO-527 60 

FLEXURAL STRENGTH 
 

MPa ISO-178 95 

FLEXURAL MODULUS 
 

MPa ISO-178 3000 

 
NOTCHED IZOD IMPACT 
STRENGTH +23 °C 
 

kJ/m2 ISO-180 
 
5 
 

THERMAL PROPERTIES UNIT TEST METHOD VALUES 
HDT AT LOAD 1.8 MPa 
 

°C ISO-752 70 

HDT AT LOAD 0.45 MPa 
 

°C ISO-752 170 

GLOW WIRE TEST 
 

°C IEC 60695 750 

MELTING POINT 
 

°C DSC 225 

ELECTRICAL PROPERTIES UNIT TEST METHOD VALUES 
VOLUME RESISTANCE 
 

Ohm x 
m 

IEC 60093 10^16 

DIELECTRIC STRENGTH 
 

kV/mm IEC 60250 30 

DIELECTRIC CONSTANT AT 
1MHZ 

kV/mm IEC 60250 3.2 
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Table 2.3: Typical physical and chemical properties of SMA® 1000I 

 
Properties Values 
Acid Number (mg KOH/g) <1 
Appearance  Pale yellow 

solid 
Color, Gardner <5 
Solubility in Acetone, g/100 ml. @ 23 °C >40 
Solubility in Ethyl Acetate, g/100 ml. @ 23 °C >40 
Solubility in Methyl Ethyl Ketone, g/100 ml. @ 23 °C    >40 
Solubility in THF, g/100 ml. @ 23 °C >40 
Solubility in Toluene, g/100 ml. @ 23 °C >40 
Glass transition temperature, gT  °C 70 - 90 

    
 

 

2.2 Summary of the experimental work 
 

Overall, this study consist of two sections i.e., characterisation of materials and 

blends of c-PBT. The summarries of both sections are illustrated in Figure 2.1 and Figure 

2.2, respectively. 

 

 

2.3 Preparation of the blends by solid dispersion  
 

A powder mix of CBT and SMI was produced at various compositions ranging 

from 90 to 10 wt% of CBT. The powder blends were mixed in an agate mortar and pestle 

until a homogeneous blend was observed. This observation was facilitated due to the 

colour difference between the component powders: SMI was pale yellow and CBT was 

white. 
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Figure 2.1: Schematic diagram of materials characterisation 

 

2.1 MATERIALS  
 

CBT (XB0, XB2, XB3), Initiator (Stannoxane), SMI (SMA 1000I), linear 
PBT (100NT) 

2.4: DSC 
 

2.4.2.2: Dynamic scan of materials, i.e., CBT 
(XB0, XB2 & XB3) (XB2 was chosen for 
further experiments), stannoxane, SMI and 
linear PBT. 
 
2.4.2.3: Production of c-PBT near melting 
point of CBT. 
 
2.4.2.4: Effect of temperature on concurrent 
crystallisation and polymerisation process of 
CBT. 
 
2.4.2.5: Studies on the optimum condition of 
production c-PBT. 
 
2.4.2.6: Isothermal Crystallisation Studies of c-
PBT  
 

2.5: FTIR 
 

2.5.2.2: Determination of functional groups 
in materials. 
 
2.5.2.3: Study of in situ polymerisation effect 
on functional group of CBT and c-PBT. 
 
 
 

2.6: GPC 
 

2.6.2.2: Study of the molecular weight (Mw) 
development of CBT (30, 150,170,190, 230 & 
240 °C) 
 
2.6.2.2: Study of the Mw of CBT at optimum 
conditions (190 °C for 0, 3, 5,10,30,60 min) 
 
 

2.8: TGA 
 

2.8.2.2:  Determination of degradation 
temperature of materials. 
 
2.8.2.3: Thermal stabilities of materials at 
selected temperatures. 
 
 

2.7: Hot-Stage 
 

2.7.2.2: CBT response during heating 
 
2.7.2.3: Study of the simultaneous 
crystallisation & polymerisation processes of 
CBT from 150 to 220 °C. 
 
 

To c-PBT blends study 
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Figure 2.2: Schematic diagram of c-PBT blends study 

 
 

CYCLIC 
POLYESTER 

BLENDS 
 

Solution Blending 
- dissolved CBT (XB2) and 
Polycarbonate (PC) in 1, 2-
Dicholoroethane (50/50) 
then precipitate in excess 
Hexane.  

Abandoned because of 
inconsistent results. 

 

Two-roll mill  
- CBT blended with 
LLDPE using a two-roll 
mill at 140 °C. 
Abandoned because of 

inconsistent results. 
 
 

2.2: Solid dispersion 
 

CBT/polymer powder mixed 
(90/10, 80/20, 70/30, 60/40, 

50/50, 40/60, 30/70, 20/80, 10/90) 

2.4: DSC 
 

2.4.2.7: DSC dynamic scan of the CBT/SMI 
solid dispersion 
 
2.4.2.8: In situ polymerisation of the blends 
 
2.4.2.9: Measurement of glass transition 

temperature ( gT ) of the blends. 

 
2.4.2.10: Isothermal Crystallisation Studies 
of c-PBT/SMI Blends.   

2.5: FTIR 
 

2.5.2.4: Study of CBT/SMI powder mixed 
and c-PBT/SMI Blends. 
 
2.5.2.4: Study of the blends after in situ 
polymerization. 

2.9: SEM 
 

2.9.2: Study of the c-PBT/SMI blends 
fracture surface.  
 

From materials characterisation 
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2.4 Differential scanning calorimetry (DSC) 

2.4.1 Introduction 

 

Differential scanning calorimetry (DSC) is one of the thermal analysis techniques 

usually used to identify the thermal transitions and measure the heat capacity of a 

specimen as a function of time or temperature. The DSC experiment provides qualitative 

and quantitative information about physical and chemical changes which involve 

endothermic and exothermic processes using a minimal amount of sample. It is typically 

done at atmospheric pressure. That means DSC measures the constant-pressure heat 

capacity. At constant pressure, the DSC measures the amount of heat input required to 

raise the temperature of the specimen by 1 °C.  This heat capacity is normally normalized 

by dividing the specimen heat capacity by the number of grams to know the heat required 

to raise 1 g of specimen by 1 °C. In general, DSC can be used to determine the glass 

transitions, crystallisation point, and degree of crystallinity, melting point and heats of 

fusion. DSC also can be used to study crystallisation and reaction kinetics, as well as 

thermal stabilities. 

 
 

2.4.2 DSC experimental procedures 

2.4.2.1 General 
 

The thermal analysis of the materials used in this study was performed using a 

Perkin–Elmer differential scanning calorimeter (DSC-7). The DSC consists of two sample 

chambers where an empty pan is placed in the reference chamber and a pan with a polymer 
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specimen is placed in the sample chamber as shown in Figure 2.3. In the initial step to 

perform a DSC experiment, the sample and reference chamber need to be heated or cooled 

until they each reach the selected starting temperature. The experiment is then begun and 

the temperature increased at fixed number of degree Celsius per minute. During an 

experiment, the DSC control will monitor the temperature in each chamber where if the 

temperature differs from the programmed temperature in either chamber, more or less 

energy, Q  is be supplied to the sample holder to maintain its temperature the same as that 

of the reference holder. This rate is registered by the instrument and plotted either against 

temperature, T  or against time,t . It is generally possible to assume that, away from any 

transitions in the sample, the sample and the sample pan are at the same temperature and 

that the sample and reference pans are identical. It then follows that pmCdtdQ =/ , where 

m  is the mass of the sample and pC  is the specific heat per unit mass. Generally in the 

DSC experiment, the difference in the energy supplied to the two chambers per unit time 

(or dtdQ / ) is proportional to the heat capacity of the sample. This energy difference is 

then monitored electronically. 

 

To ensure accuracy and reliability of the data obtained, this machine was 

temperature calibrated with pure indium and tin standards having equilibrium melting 

temperatures (o
mT ) of 156.67 °C and 231.97 °C, respectively. The indium equilibrium 

enthalpy of fusion ( o
fH∆ ) is 28.5 Jg-1 was used for power calibration. Experiments were 

run with sample weights of 15 to 20 mg under argon gas with flowing rate of 20 cm3 min-1 

to prevent moisture and oxidative degradation. The heat flow of the samples was corrected 

by measured a baseline for the instrument using two empty aluminium pans.  
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Figure 2.3: The photograph and schematic diagram of DSC head [74] 

 

 

2.4.2.2 DSC dynamic scan of materials 
 

To study the thermal behaviour of materials (i.e. CBT, stannoxane and SMI), the 

sample was subjected to the following heating and cooling steps:  

(1) Heated to 240 °C at a 10 °C/min heating rate and kept for 1 min at 240 °C;  

(2) Cooled to 30 °C at a 10 °C/min cooling rate.  

 

The melting trace of c-PBT was obtained by a second heating of CBT sample at 10 

°C/min to 240 °C. The melting transition of linear PBT was obtained from heating the 

sample from 30 °C to 250 °C at 10 °C/min and subsequently cooled to the starting 

temperature, followed by a second heating to 250 °C at 10 °C/min.  
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Figure 2.4 depicts the melting transition of semi-crystalline polymers. The melting 

temperature is sometimes taken as the onset temperature, the peak temperature, or the end 

temperature (last trace of crystallinity). In this study, we considered the end temperature as 

melting point since it defines the temperature at which all crystals disappear. The area 

under a melting transition curve is the total amount of heat absorbed during the melting 

process. The relevant area is shown as the shaded portion in Figure 2.4.  

 
 
 

 
 

Figure 2.4: The typical melting transition of semi-crystalline polymer 

 
 
 
 



 33 

2.4.2.3 Production of c-PBT near melting point of CBT  
 

To study the production of c-PBT near the melting point of the CBT (142 °C) three 

temperatures were selected, i.e. 150 °C, 155 °C, and 160 °C. The CBT samples were 

heated to the target temperature from a starting temperature of 30 °C at 10 °C/min. The 

sample was then held at various times (5 to 60 minutes) at the target temperature. After 

that, the sample was cooled back to room temperature. The same sample was subsequently 

heated again to 240 °C at 10 °C/min to record the melting transition of c-PBT. 

 

 

2.4.2.4 Effect of temperature on simultaneous polymerisation and crystallisation  
 

With the aim of understanding the simultaneous crystallisation and polymerisation 

processes which occur after the melting of CBT, a sample of CBT was rapidly heated (100 

°C/min) to a temperature above the melting peak of CBT, i.e. 150 °C, 160 °C, 170 °C, 180 

°C, 190 °C, 210 °C, and 220 °C. The sample then was held at the target temperature until 

the crystallisation curve was completed i.e., the trace back to baseline. The sample was 

cooled back to room temperature and heated again to 240 °C at 10 °C/min to record the 

melting of the resulting c-PBT. 
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2.4.2.5 Studies on the optimum condition for production of c-PBT 
 

A temperature of 190 °C was selected to study the formation of c-PBT. A sample 

of CBT was rapidly heated (100 °C/min) to 190 °C and held for various times (i.e., 0, 3, 5, 

10, 30 and 60 minutes). This sample was cooled back to room temperature after holding at 

various time and heated again to 240 °C at 10 °C/min to study the melting of c-PBT.  

 

 

2.4.2.6 Isothermal crystallisation studies of c-PBT  
 

The isothermal crystallisation experiments were started as follows: the CBT sample 

(20 mg) was heated at 100 °C/min and held at 190 °C for 10 minutes to polymerise CBT to 

c-PBT. The sample was then rapidly heated (100 °C/min) to 10 °C above the observed 

melting point and held at this temperature for 5 minutes to ensure complete melting. Then 

the sample was quench-cooled to the desired crystallisation temperature (cT ) at              

160 °C/min and held at the crystallisation temperature until the calorimeter response 

returned to the baseline. The melting trace was then determined from the heating run after 

each complete crystallisation. Isothermal melt crystallisations were carried out in the 

temperature range of 197 to 201 °C. The crystallisation and melting processes were 

analysed using the Avrami and Hoffman-Weeks methods [96-99], respectively. 
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2.4.2.7 DSC dynamic scan of the CBT/SMI solid dispersion 
 

To study the thermal behaviour of CBT/SMI solid dispersion, about 20 mg of the 

sample was heated to 240 °C at a 10 °C/min heating rate and kept for 1 min at 240 °C. The 

sample was then cooled to 30 °C at a 10 °C/min cooling rate to detect any crystallisation 

transition occurring. After holding for 1 minute at 30 °C, the sample was heated again to 

240 °C at a 10 °C/min heating rate to study the thermal behaviour of resulted                    

c-PBT/SMI blends. 

 

 

2.4.2.8 In situ polymerisation of the blends 
 

As the optimum condition to produce c-PBT was found to be 190 °C isothermal 

hold for 10 minutes, this condition was adopted to produce c-PBT/SMI blends. The solid 

dispersion of CBT/SMI in various composition ranging from 90 wt % to 10 wt % of CBT 

was heated rapidly (100 °C/min) to the polymerisation temperature (190 °C) and held at 

that temperature for 10 minutes. This step allowed the in situ polymerisation of c-PBT 

within the SMI copolymer. The samples were then cooled back to 30 °C followed by 

heating the same sample to 240 °C at a 10 °C/min rate to study the effect of composition 

on thermal behaviour of the blends. 
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2.4.2.9 Measurement of glass transition temperature (gT ) of the blends  

 

Blend samples were heated rapidly to the polymerisation temperature (190 °C) and 

held at that temperature for 10 minutes. Following this isothermal hold, the sample was 

then heated to above the c-PBT melting point and removed from the DSC to enable a rapid 

quench into liquid nitrogen. The sample was then immersed in the liquid nitrogen until 

further DSC experiment to measure the glass transition ( gT ) and the specific heat of the 

sample ( pC∆ ). This ensured that both blend components were amorphous since c-PBT 

could crystallise at room temperature. 

 

The experiment begun with the empty pan to obtain the baseline of the experiment 

(heating from -10 °C to 240 °C at 10 °C/min and cooled back to -10 °C at 10 °C/min). 

After temperature reached -10 °C, the sample which had been immersed in liquid nitrogen 

was quickly and carefully transfers to the sample pan. The sample was re-run under same 

experiment condition (heating from -10 °C to 240 °C at 10 °C/min). The DSC trace 

obtained was then subtracted with the baseline. The gT  was measured from the midpoint 

of the inflection of the specific heat plot with temperature, using Pyris software [100, 101] 

and the pC∆  was taken as the size of the step as illustrate in Figure 2.5. 
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Figure 2.5: The determination of gT  

 

2.4.2.10 Isothermal crystallisation studies of c-PBT/SMI blends 
 

For the c-PBT blends, the isothermal crystallisation experiment followed these 

procedures: 20 mg of a powder mixture of CBT with SMI was heated at 100 °C/min and 

held at 190 °C for 10 minutes to produce c-PBT blends via in situ polymerisation. The 

blend sample was then rapidly heated (at 100 °C/min) to 10 °C above the observed melting 

point and held at this temperature for 5 minutes to ensure complete melting. The blend 

sample was then quench-cooled at 160 °C/min to the desired cT  and held at this 

temperature until the calorimeter response returned to the baseline. The melting trace was 

then determined from the heating run after each complete crystallisation. Isothermal melt 

crystallisations were carried out over the temperature range of 197 to 201 °C for the blend 

samples. The crystallisation and melting processes of the c-PBT blends were also analysed 

using the Avrami and Hoffman-Weeks methods [96-99], respectively. 
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2.5 Fourier Transform Infrared Spectroscopy (FTIR)  

2.5.1 Introduction 

 

Fourier Transform Infrared (FTIR) is the preferred method of infrared spectroscopy 

for polymer work. In general, IR radiation is passed through a sample. Some of the 

infrared radiation is absorbed by the sample and some of it passes through (transmitted). 

The resulting spectrum represents the molecular absorption and transmission, creating a 

molecular fingerprint of the sample. No two unique molecular structures produce the same 

infrared spectrum. This makes infrared spectroscopy useful for several types of analysis. 

FTIR is used to identify unknown materials, determine the quality or consistency of a 

sample, and determine the amount of components in a mixture. 

 

 

2.5.2 FTIR experimental procedures 

2.5.2.1 General 
 

   FTIR spectra were obtained on Nicolet Magna IR-860 FTIR spectrometer. Two 

methods were adopted to measure the FTIR spectra, i.e. transmission and attenuated total 

reflectance (ATR) using the ‘Golden-Gate’ accessory (Specac, UK) [102] as shown in 

Figure 2.6. In the transmission technique, IR radiation is passed through a sample. While, 

in the ATR technique, IR radiation is reflected backwards and forwards between the 

crystal and the surface of the sample. Approximately 5 to 10 microns is the length over 

which radiation is able to penetrate in the sample using this technique. The absorption of 
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radiation at the corresponding wavelengths depends on the incident angle and the 

refractive indices where the beam is reflected from the surface of the sample.    

 

 
 

Figure 2.6: The ‘Golden-Gate’ accessory for ATR technique (left picture from 
www.specac.com)  

 

 

2.5.2.2 Determination of functional groups in materials  
 

A background absorption spectrum was taken before each run and subtracted from 

the sample spectrum. Then, the samples of CBT (powder), linear PBT (sheet), c-PBT 

(taken from the DSC pan), stannoxane (powder) and SMI (powder) were placed on the 

Golden Gate accessory sample holder using an ATR technique. All spectra were recorded 

from 750-4000 cm-1. A total of 100 scans at a resolution of 2 cm-1 were averaged.  
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2.5.2.3 Study of in situ polymerisation effect on functional group of CBT and c-PBT 
 

A sample of CBT on a KBr disc (0.5 wt % CBT) was placed on the hot-stage 

sample holder. This hot-stage was then attached to the Nicolet Magna IR-860 FTIR 

spectrometer to measure FTIR spectra using transmission technique. To study the effect of 

in situ polymerisation on functional groups of the CBT, FTIR spectra were taken every 10 

°C interval starting at 30 °C and from 100 °C to 240 °C. All spectra were recorded from 

750-4000 cm-1 at a resolution of 2 cm-1 and a total of 100 scans were accumulated. The 

spectra were also taken during the cooling process of c-PBT from 240 °C to 100 °C and at 

30 °C. The experiment was repeated with the same procedure using the same sample to 

study effect of temperature on functional group of c-PBT.  

 

 

2.5.2.4 Study of CBT/SMI solid dispersion and c-PBT/SMI Blends 
 

The samples of CBT and SMI powder mixed at various compositions were placed 

on the Golden Gate sample holder for the ATR technique. All spectra were recorded from 

750-4000 cm-1. A total of 100 scans at a resolution of 2 cm-1 were signal averaged. The 

background absorption spectrum was taken before each run and subtracted from the 

sample spectrum.  The experiment were then repeated with the c-PBT/SMI blends at 

various compositions which in situ polymerized first in the DSC. Both spectra were 

analysed to study the effect of in situ polymerisation in production of c-PBT/SMI blends 

and their composition. 
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2.6 Gel Permeation Chromatography (GPC) 

2.6.1 Introduction 

 

The common way to determining the molecular weight ( wM ) of polymer is using 

gel permeation chromatography (GPC) also called size exclusion chromatography (SEC). 

In gel phase chromatography technique, a dilute polymer solution is introduced into the 

column which filled with beads of a rigid porous gel. These beads are selected such that 

the sizes of its pores are in the range of the sizes of polymer molecules. As the polymer 

solution passes through the column, the larger polymer molecules pass out through the 

bottom of the column faster than smaller molecules as they do not fit into the pores. The 

smaller molecules are spend more time in the column before coming out at the bottom as 

they diffuse in and out of the pores via Brownian motion and are delayed. To measure the 

molecular weight, the elution fractions from the bottom of the column were collected. In 

theory, the first fractions will be more concentrated in high molecular weight polymers and 

the elution fraction will be more concentrated in increasingly lower molecular weight 

polymer with time. The complete molecular weight distribution can be gain by plotting 

these concentrations as a function of time or elution volume. The illustration of GPC 

experiment is shown in Figure 2.7. The retention time is the length of time that a particular 

fraction remains in the columns [103]. 
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Figure 2.7: Illustration of the GPC experiment [103] 

 

 

2.6.2 GPC experimental procedures 

2.6.2.1 General 
 

The samples were sent to Smithers Rapra Technology Ltd. (Shropshire, SY4 4NR, 

UK) to determine the wM  development upon polymerisation of CBT to c-PBT using GPC. 

This technique also used to study the effect of c-PBT held at high temperatures for various 

times. The samples have been analysed using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as 
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the solvent. The data were collected and analysed using Polymer Laboratories ‘Cirrus’ 

software [104]. 

 

2.6.2.2 Sample preparation  
 

In order to study the development of wM , the sample was first conditioned using 

the DSC as described in Table 2.4. A single solution of each sample was prepared by 

adding 10 mL of solvent to 20 mg of sample and leaving it overnight to dissolve. The 

solutions were well mixed and filtered through a 0.45 µm polytetrafluoroethylene (PTFE) 

membrane prior to the chromatography. All masses and volumes in this section are only 

approximate.  

 

The sample descriptions of the study wM  development during production of c-PBT 

under optimum condition (polymerised at 190 °C) are shown in Table 2.5. The sample was 

rapid heated (100 °C/min) to 190 °C using the DSC, and held at various time. 

 

 

 

 

 

 

 



 44 

Table 2.4: Conditioning of CBT for wM  determination 

 
Sample Sample Description 

1 CBT in powder form. 

2 
CBT heated to 150 °C at 10 °C/min.  

(Melting temperature of cyclic oligomers is 142 °C) 

3 
CBT heated to 170 °C at 10 °C/min.  

(Crystallisation and polymerisation occur at this temperature) 

4 
CBT heated to 190 °C at 10 °C/min.  

(Crystallisation and polymerisation occur at this temperature) 

5 
CBT heated to 210 °C at 10 °C/min.  

(Crystallisation complete at this temperature) 

6 
CBT heated to 230 °C at 10 °C/min.  

(c-PBT formed. The mT  of c-PBT is 225 °C) 

7 CBT heated to 240 °C at 10 °C/min. 

 
 
 

Table 2.5: wM  of c-PBT produced at optimum condition 

 
SAMPLE TEMPERATURE 

HELD ( °°°°C) 
HOLDING 
TIME (Min) 

SAMPLE DESCRIPTION 

1 190 0 Polymerisation not yet complete. 
2 190 3 Polymerisation occurs. 
3 190 5 Polymerisation occurs. 

4 190 10 
Optimum polymerisation time for 
production of c-PBT. 

5 190 30 
Polymerisation complete but causes 
double melting peak on re-melting c-
PBT. 

6 190 60 
Polymerisation complete. Double 
melting peak on re-melting c-PBT shifts 
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2.7 Hot Stage Microscopy 

2.7.1 Introduction 

 

The development of crystallinity with time and temperature was recorded using a 

Zeiss polarizing microscope equipped with a Linkam TMHS 600 hot stage as shown in 

Figure 2.8. In this technique, we are able to record the photomicrographs of the melting 

process and the development of crystallites during the crystallisation process.  

 

 

 
 

Figure 2.8: A Zeiss polarizing microscope equipped with a Linkam TMHS 600 hot 

stage (inset shows the hot-stage unit) 
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2.7.2 Hot-stage microscope experimental procedures 

2.7.2.1 General 
 

A sample of CBT powder (>5 mg) was compressed between two microscope slides 

then inserted in the hot stage. Photomicrographs at appropriate intervals of time were 

captured using a Pixelink PL-A662 digital camera coupled with the software LINKSYS 32 

[105]. 

 

2.7.2.2 CBT response during heating 
 

The sample was heated to 240 °C at a 10 °C/min heating rate and kept for 1 min at 

240 °C, then cooled to 30 °C at a 10 °C/min cooling rate. The experiment was repeated 

under the same conditions with the same sample to study the crystallisation and melting of 

c-PBT.  

 

2.7.2.3 Simultaneous polymerisation and crystallisation of CBT 
 

The sample of CBT was rapidly heated (100 °C/min) to temperatures above the 

melting peak of CBT, starting at 150 °C up to 220 °C with 10 °C interval. The sample was 

then held at the target temperature and the photomicrographs were recorded at appropriate 

intervals of time were captured until the crystallisation process was completed (based on 

DSC results in section 2.3.2.4).  
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2.8 Thermogravimetric Analysis (TGA)  

2.8.1 Introduction 

 

In thermogravimetric (TGA) experiments, the mass of sample is measured as a 

function of temperature and time [106, 107]. The experiment is performed in a defined 

atmosphere, usually in argon, nitrogen or in air (or oxygen) which can be carried out in a 

dynamic mode at a controlled heating rate or isothermally as for DSC experiment [106, 

107]. During heating, the mass of sample is measured using a highly sensitive electronic 

microbalance. In general, TGA is used to determine polymer degradation temperatures, 

residual solvent levels, absorbed moisture content, and the amount of inorganic filler in a 

polymer [107]. Thermal degradation reactions typically cause the weight to decrease and 

thus decreases in weight are a sign of thermal instabilities [106]. 

 

 

2.8.2 TGA experimental procedures 

2.8.2.1 General 
 

The TGA experiments were carried out using a Netzsch Jupiter STA 449C 

thermogravimetric analyser in an air atmosphere which flowed at 50 cm3min-1. Before 

every experiment, two empty ceramic crucibles were place in the TG analyser sample 

holder and scanned to the same temperature as the experimental conditions. This step is 

essential for a baseline correction. A sample of 8.0 ± 0.5 mg were used for all 

measurements.   



 48 

2.8.2.2 Determination of degradation temperature of materials 
 

The sample was heated in the dynamic mode from 30 °C to 800 °C at 10 °C/min 

with the aim to find the degradation temperature for each material. The weight of the 

sample as a function of temperature was recorded during the experiment. The temperature 

of degradation was considered as the onset of the point where the mass of the sample 

dropped from the baseline. 

 

2.8.2.3 Thermal stabilities of materials at selected temperatures  
 

The material was heated from 30 °C to the target temperature (190 or 240 °C) at 10 

°C/min. This sample was then held in isothermal mode for 60 minutes. The weight of the 

sample as a function of time was recorded during the experiment. The thermal stabilities of 

each material at that temperature were analysed with Proteus Analysis software [108]. 

 

 

2.9 Scanning Electron Microscopy (SEM)  

2.9.1 Introduction 

 

The scanning electron microscope (SEM) is a type of electron microscope.  The 

SEM can capture the sample surface images by scanning it with a high-energy beam of 

electrons in a raster scan pattern. SEM can produce information about the sample's surface 

topography, composition and other properties such as electrical conductivity [109]. 
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Photomicrographs from SEM are also widely used in polymer work especially during the 

study of polymer morphology.  

 

2.9.2 SEM experimental procedures 

 

A solid dispersion of CBT/SMI was place in a small rectangular shape mould. The 

mould then heated to 190 °C by hot plate to perform in situ polymerisation of the blends. 

The effect of in situ polymerisation were studies in various time; 5, 10, 30, 60 minutes. 

The sample was quenched in an ice bath to freeze the morphology after a desired time. The 

rectangular shaped bar of the c-PBT/SMI blend samples were taken out from the mould 

and was broken into two pieces to form a fracture surface. The fracture surfaces of the 

samples then were gold coated. Scanning electron microscopy (SEM) photos of the 

fracture surfaces of c-PBT/SMI blends were taken on a JEOL JSM-6060LV. 
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Chapter Three 
 
 
 
 
 

CHARACTERISATION OF c-PBT:  

THERMAL BEHAVIOUR 
 
 
 
 
 

3.1 Introduction  

3.1.1   Background of CBT polymerisation  

 

From previous work it was known that CEO could be prepared by pseudo-high 

dilution techniques [13, 16], and also by ring-chain equilibrium (depolymerisation) [14, 

16]. Most of the early work of preparation of CEO was carried out using various types of 

tin and titanium catalysts. Brunelle et al. in 1998 patented the efficient use of a titanate 

catalyst for the preparation of CBT via depolymerisation in a continuous reactor [45]. 
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The ring opening polymerisation (ROP) of CBT involves initiation to form an 

active chain end, followed by a propagation reaction as shown in Figure 3.1. This process 

will continue until all the cyclic oligomers are depleted and the ring chain equilibration 

becomes degenerate [16]. The initiator becomes built into the polymer. This process only 

terminates if the sample is quenched. Because of their size, the cyclic oligomers are nearly 

strain free which causes the polymerisation process to be almost thermo-neutral [13, 16, 

50]. 

 

 

 

Figure 3.1: Ring opening polymerisation of CBT [16] 

 

On the other hand, Miller [14] in his PhD study focused on the polymerisation of 

CBT using a stannoxane cyclic initiator. He believed that the unique ring expansion 

polymerisation of use in his research produced simpler cyclic molecules having no 
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catenation or knotting.  The use of stannoxane as initiators leads to ring expansion 

polymerisation (Figure 3.2). With this type of initiator, the process allows for rapid growth 

of the ring as four active initiation sites may remain in the cyclic structure during 

polymerisation. This mechanism suggests a back-biting reaction that expels a large cyclic 

structure containing one or no initiator fragments. The reversible side reaction allow for a 

distribution of active and inactive macro-rings and a possible living system which reaches 

an equilibrium distribution of molecular weight. 

 
 
 

 

Figure 3.2: Ring expansion polymerisation of CBT [13, 14] 
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Previous studies [13, 14, 34-36, 50, 51] also concluded that the polymerisation 

reaction was typically carried out at 180-200 °C, just below the melting point of PBT (225 

°C). According to Brunelle et al. [13, 16], the completeness of polymerisation was 

controlled by three factors: 1) purity of the monomers, 2) complete mixing of initiator 

before polymerisation which caused the viscosity to increase to the point where mixing 

stopped (the initiator needs to be intimately mixed with the molten cyclic), and 3) 

polymerisation at a high enough rate that it was essentially complete before crystallisation 

occurred. 

 
 
 
 

3.2     Results and discussion 

3.2.1   Thermal behaviour of CBT, c-PBT, catalyst (stannoxane) and 

linear PBT 

 

Figure 3.3 illustrates the heating trace of CBT without any catalyst at a rate of       

10 °C/min. The melting peak was observed at 142 °C. It is well known that this peak 

corresponds to the melting of CBT as many earlier researchers [12-14, 34-36, 50, 51, 67] 

found and concluded that the peak was due to the melting of the oligomers. From Figure 

3.3, it can be seen that CBT is found to melt over a broad range. The start of melting 

process was observed from 120 °C and the process completed at 172 °C. Mohd Ishak et al. 

[35] concluded that the broadening of the shoulder resulted from different melting 

temperatures of the oligomers present in the CBT.  A previous study found that CBT 

obtained via depolymerisation comprised of different proportions of oligomers indicated 

by slightly different melting temperatures [21].  
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Figure 3.3: Typical DSC heating trace of CBT (XB0 – without catalyst) 

 
 

The typical DSC heating traces of CBT in the presence of stannoxane (0.25 wt %) 

for the first dynamic scan at a rate of 10 °C/min, is shown in Figure 3.4. Obviously, it can 

be seen that two melting peaks were observed in this heating trace. With the presence of a 

suitable catalyst such as stannoxane, CBT is understood to undergo simultaneous 

polymerisation and crystallisation processes [13, 29, 34, 39, 67, 110] . This is believed to 

occur over the temperature range of 172 to 215 °C. However, only the crystallisation 

transition appears as a dip at 180 °C in this temperature region since the polymerisation is 

an entropically driven ring-expansion polymerisation, resulting in an almost thermo-

neutral reaction [13, 16, 50]. 
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Figure 3.4: Typical DSC heating and cooling trace of CBT (XB2 - containing 

stannoxane) 

 

Brunelle et al. [13, 45], who extensively investigated the polymerisation of CBT 

using tin and titanium catalysts found that the 0.25 wt % of stannoxane catalyst allowed 

the CBT polymerisation to be completed within 2 to 3 minutes at 190 °C. While Miller 

[14] in his thesis also concluded that CBT polymerised and crystallised at 190 °C. He 

found that both processes produced a cyclic PBT which has a 50 % crystalline structure. 

This structure consisted of lamella which exhibited a single melting peak at 225 °C [14]. 

On the cooling of this sample, the re-crystallisation process occurred in the region 190 °C 

to 160 °C.  
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Figure 3.5: Typical DSC re-heating of c-PBT  
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Figure 3.6: Analyses of melting transition of c-PBT and linear PBT 
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The second dynamic run of the c-PBT (Figure 3.5) shows no oligomers melting 

peak suggesting that the oligomers converts to polymer upon the first dynamic run of CBT. 

Figure 3.6 compares the heating transition of c-PBT produced from CBT with commercial 

linear PBT. The melting transition of commercial grade PBT was found to be 10 °C higher 

than the c-PBT which was produced from CBT. The observed melting peak for c-PBT in 

the first dynamic run of CBT is very sharp and symmetrical which suggests that the 

spherulites have a high degree of uniformity in size and perfection. High degrees of crystal 

perfection are reported in the literature for c-PBT [13, 14] and are an interesting result 

since such perfection in linear PBT can only be achieved with large cooling times [90]. 

 

The degree of crystallinity (cχ ) of c-PBT which was formed in this study was 

calculated according to Equation 3.1: 

100Χ
∆
∆

=
f

o

f
c H

H
χ   (Equation 3.1)   

 

where, fH∆   is the measured (by the DSC) heat of fusion for the sample and f
oH∆   is the 

heat of fusion for 100% crystalline polymer. According to work published earlier, f
oH∆  

which used to calculate the degree of crystallinity of c-PBT is 85.75 J/g [34, 35, 67, 111, 

112]. From the calculation, we observed that the degree of crystallinity ( cχ ) of c-PBT 

which was formed during dynamic heating of CBT at rates of 10 °C/min was 57 ± 1 % and 

this result is higher than the degree of crystallinity of linear PBT which was 51 ± 1%. This 

finding is in agreement with previous studies on degree crystallinity of c-PBT [34, 35, 67] 

. 
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On the other hand, in the second dynamic run the main melting peak shifts to a 

lower temperature, closer to 224 °C. This suggests that after heating above the melting 

temperature lamellar thickness and hence spherulite perfection and melting temperature 

decrease.  The degree of crystallinity on re-heating c-PBT was reduced to 53 ± 1%.  An 

interesting result is the double melting behaviour suggested by the shoulder on the main 

melting peak. This situation is believed to arise from the melting and re-crystallisation of 

imperfect crystals during the re-heat [113-115]. It is consistent with the behaviour 

observed by Mohd Ishak et. al  [36] when the CBT are heated above mT . Kong and Hay 

[115] in their work on investigation of poly(ethylene terephthalate) (PET) melting 

behaviour indicates that further crystallisation took place above the isothermal 

crystallisation temperature (cT ) which caused the multiple melting endotherms. They 

concluded that the multiple melting phenomenon is a consequence of the balance between 

melting and re-crystallisation and the lamella thickness distribution existing within the 

sample, prior to heating. 

 

Since stannoxane is involved during ring expansion polymerisation of CBT, an 

examination of the thermal behaviour of stannoxane was carried out in the temperature 

range of the study. Figure 3.7 illustrates the typical DSC thermogram of stannoxane. The 

melting peak of stannoxane was observed at 230 °C, which agreed with previous studies 

[14]. As the stannoxane undergoes a drying process before DSC experiments, the first 

endotherm peak is suspected to be the monomer (Bu2Sn (O (CH2)2O) melting transition. 

This melting peak still appears in the second DSC heating trace using the same sample. 

However, the presence of this stannoxane monomer is believed not to give a significant 

effect as the quantity of stannoxane used in the in situ polymerisation process of CBT was 
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low (0.25 wt %) [18]. The stannoxane heating trace in the Figure 3.7 shows signs of 

instability above 170 °C. The thermal stability of this material will be further examined 

with TGA experiments discussed at the end of this chapter. 
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Figure 3.7: Typical DSC heating and cooling trace of stannoxane (catalyst) 

 

3.2.2   Polymerisation near the melting point of CBT  

 

The previous studies found that the polymerisation of CBT was typically carried 

out between 160 and 200 °C [13, 14]. It has been reported that stannoxane will be actively 

involved in the polymerisation reaction at temperatures as low as 160 °C [14]. With the 

aim to investigate the ring expansion polymerisation of CBT at low temperature, a study of 
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polymerisation near melting point of CBT was performed. Three temperatures i.e. 150, 

155 and 160 °C were selected in this experiment. 

 

Figure 3.8 shows the study of CBT polymerisation at 150 °C at various times. After 

5 minutes, it was found that the ring expansion polymerisation was not complete. It can be 

seen that a melting peak of CBT still appeared in the heating trace from the second 

dynamic run of that sample. This trend continues even when more time is allowed for the 

polymerisation process. However, when more time is allowed (more than 10 minutes) for 

the polymerisation process, the melting peak of the polymer shifts to lower temperature. 

This effect is believed to be related to the imperfection of crystallites formed after the 

polymerisation process as discussed earlier. 

 

An unknown peak also appeared before the melting peak of the polymer for 30 

minutes and 40 minutes holding times at 150 °C. This unknown peak was probably a 

consequence of multiple oligomers in the CBT, since it was prepared by the pseudo-high 

dilution technique [13, 16]. Through this technique, cyclic oligomers mixtures can be 

prepared in yields as high as 90 % with excellent selectivity over the formation of linear 

oligomers [16]. On analysis of degree of crystallinity it was discovered that polymerisation 

for 20 minutes at 150 °C yields a higher crystallinity which is 57 ± 1 % as shown in Figure 

3.11. However, the degree of crystallinity of the polymer produced was reduced when 

above 30 minutes was allowed for polymerisation at this temperature. Polymerisation of 

CBT at 155 °C gives the same situation as polymerisation at 150 °C (Figure 3.9). This 

suggests that at both temperatures, the CBT are not completely melted and not really active 

for ring expansion polymerisation.  
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Figure 3.8: Polymerisation of CBT at 150 oC in various times 
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Figure 3.9: Polymerisation of CBT at 155 °°°°C in various times 
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Figure 3.10: Polymerisation of CBT at 160 °°°°C and various times 

 
 

Figure 3.10 presents the finding for polymerisation of CBT at 160 °C conducted at 

various times. All the heating traces show no melting transition in the region of CBT 

melting. These results are consistent with Miller’s [14] finding, where the ring expansion 

polymerisation of CBT was active at temperatures as low as 160 °C. However, the 

polymerisation took a long time to complete (up to 60 minutes) as shown in Figure 3.10. 

The c-PBT produced under this condition (60 minutes at 160 °C) yields 61 ± 1 % degree of 

crystallinity.  
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Figure 3.11: Degree of crystallinity of c-PBT produced after polymerisation near 

oligomers melting 

 

 

3.2.3    Effect of temperature on simultaneous crystallisation and 

polymerisation processes of CBT 

 

From the studies of polymerisation near the melting point of CBT, we saw that the 

active temperature for the ring expansion polymerisation could begin at 160 °C. It is 

known that the in situ polymerisation of CBT occurred simultaneously with the 

crystallisation process [13, 29, 34, 39, 67, 110].  These interesting phenomena in cyclic 
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oligomers have attracted many researchers to explore and do scientific research. Since the 

melting point of the CBT is below that of c-PBT and the conversion from CBT to c-PBT is 

sufficiently rapid at relatively low temperatures, isothermal processing below the melting 

point of PBT is possible. Depending on the degree of supercooling and the reaction speed, 

this isothermal processing may result in simultaneous polymerisation and crystallisation 

[53]. 

 

However, with thermal analysis techniques such as DSC, only the crystallisation 

process could be monitored since the cyclic oligomers are nearly strain-free which means 

their polymerisation is almost thermo-neutral [13, 16, 50]. It is also believed that CBT 

must be converted to a polymer of sufficiently high molecular weight before crystallisation 

can commence [39, 53]. 

 

An experiment to understand the behaviour of concurrent polymerisation and 

crystallisation of this CBT in the temperature range 160 °C to 210 °C at 10 °C intervals 

was carried out. Figure 3.12 shows the crystallisation process of CBT in this temperature 

range. From the isothermal DSC trace at 160 °C, the low dip of the crystallisation process 

was observed after 1-2 minutes. At 170 °C the crystallite development was observed 

clearly after 3 minutes as shown in Figure 3.13 (a). The DSC traces also show strong 

evidence that the crystallisation process occurred after 1.5 minutes at 170 °C. When the 

trace returns to the baseline after 5 minutes, the crystallites start to saturate and thicken 

(Figure 3.13 (b)).  
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Figure 3.12: Simultaneous polymerisation and crystallisation of CBT at various 

temperatures 
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The faster crystallisation speed at lower temperatures is characteristic of crystalline 

lamellar growth during isothermal crystallisation [39]. However, in some cases it was 

reported that premature crystallisation (temperatures below 185 °C) or inefficient mixing 

of catalyst could lead to incomplete polymerisation [16]. The typical and strongest 

crystallisation was found at 180 and 190 °C. It started at 2.5 minutes and was completed 

after about 7 minutes.  

 

Figure 3.14 (a) and (b) depict the crystallisation process of c-PBT at 190 °C. It was 

observed that the crystallites appeared after 2 minutes and this finding is in agreement with 

the previous finding where c-PBT is a material which has rapid crystallisation process and 

high crystallinity content [14]. Results from this experiment suggest that the in situ ring 

expansion polymerisation occurred in a short period of time.  It was reported that 0.25 wt 

% of stannoxane which is considered a fast catalyst, has been found capable of completing 

c-PBT polymerisation within 2 to 3 min at 190 °C [34, 50]. 

 

On the other hand, from the results of DSC experiments and hot-stage microscope 

examination, crystallisation processes were found to become slower above 200 °C. For 

example, the photograph (Figure 3.15 (a) and (b)) of hot-stage microscope examination 

shows crystallites starting to appear after 1 hour and it is still developing after 1 hour 30 

min at 220 °C. Slow crystallisation allows for a high degree of crystallinity and crystal 

perfection. These large and perfect crystals may cause polymer brittleness [53]. 
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(a) 

 

 
(b) 

 

Figure 3.13: The crystallisation process at 170 oC; (a) 3 min and (b) 5 min 

50 µm 

50 µm 
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(a) 

 

 
(b) 

Figure 3.14: The crystallisation process at 190 oC; (a) 2 min and (b) 3 min 
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Hakme et al. [39], who investigated the polymerisation of CBT by dielectric 

sensing claimed that polymerisation and crystallisation occured simultaneously at lower 

temperatures (< 210 °C). They also observed that the crystallisation becomes slower above 

210 °C.  Also, Parton et al. [53] claimed that polymerisation of CBT occurred 

simultaneously with crystallisation at 190 °C but polymerisation and crystallisation were 

consecutive at 230 °C. However, the choice of catalyst has a large effect on the polymer 

conversion and the time required for polymerisation [34]. Both the Hakme et al.  [39] and 

Parton et al. [53] studies used a catalyst which leads the CBT to undergo ring opening 

polymerisation to produce linear polyester. In contrast, stannoxane enabled the CBT to 

produce a macrocyclic polymer through ring expansion polymerisation [13, 14]. 

 

Figure 3.16 illustrates the melting transition of c-PBT produced in the temperature 

range 160 to 210 °C. In the range of rapid simultaneous polymerisation and crystallisation 

(160 °C to 190 °C), the melting transition of c-PBT only showed a single peak. This 

signifies satisfactory crystal quality achieved during production c-PBT. Patron et al. [33, 

53] have characterised the crystalline structure of c-PBT and have shown that c-PBT has 

thick and well oriented crystalline lamellae. Miller [14] concluded that if oligomers were 

added to polymer chains that have already begun to crystallize, then only short amorphous 

segments are attached to crystal growth fronts, which in turn have a low probability of 

becoming part of more than one lamellae thus forming tie molecules.  
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(b) 

Figure 3.15: The crystallisation process at 220 oC; (a) 60 min and (b) 90 min 
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Moreover, he claimed that the tie molecule density is influenced by simultaneous 

polymerisation and crystallisation. The transesterification catalyst remaining in the 

polymer might also influence the amount of tie molecules. The catalyst molecules cannot 

be included into the polymer crystal, but probably concentrate at the surface of the 

growing crystals. As a consequence of mechanical tensions arising from packing density 

differences at the crystal boundaries, such a local transesterification enhancement would 

drastically decrease the amount of tie molecules [53]. 

 

In that region (160 to 190 °C) the melting transitions switch to lower temperatures 

and an increase in the degree of crystallinity is also observed. As reported earlier, the CBT 

with 0.25 wt % of stannoxane was found to polymerised within 2 to 3 min at 190 °C [34, 

50] and  it was believed that the in situ ring expansion polymerisation could be performed 

under optimum condition at this temperature as the resulting c-PBT showed only a single 

melting peak and a high degree of crystallinity. These characteristics were reported for c-

PBT, where there is only a single melting peak due to the ‘usual’ crystallites and higher 

degree of crystallinity than the linear PBT [10, 13, 14]. The temperature of 190 °C then 

was chosen to polymerise CBT in order to produce c-PBT. 
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Figure 3.16: The melting point of c-PBT after simultaneous in situ polymerisation 

and crystallisation of CBT at various temperatures 
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In contrast, when CBT polymerised above 190 °C the melting point increased to a 

higher temperature which is near to the melting point of linear PBT. In the case of 

polymerisation of CBT at 210 °C where the crystallisation process is slow and not 

complete (Figure 3.12) in the time given, the polymer produced will show double melting 

(Figure 3.16). It is believed that the ring expansion polymerisation is also not complete 

which leads production of mixed spherulites or mixed cyclic and linear structures. With 

this assumption, it was suggested that the simultaneous polymerisation and crystallisation 

process in the production of c-PBT from CBT with the presence of cyclic catalyst 

(stannoxane) could not be separated. It starts with polymerisation and when the molecular 

weight reaches an appropriate level the crystallisation process can begin. That means that 

the crystallisation process began before the polymerisation process was complete. In the 

assessment of melting behaviour of c-PBT and perfection of crystallites formed, it was 

believed that polymerisation and crystallisation are completed in the same region.  

 
 
 

3.2.4   Studies on the optimum condition for production of c-PBT 

 

An investigation of the production of c-PBT at the ideal temperature (190 °C) over 

various polymerisation times (0 to 60 minutes) was done. Figure 3.17 presents the 

crystallisation process for in situ polymerisation of CBT at 190 °C. From that figure we 

know that the crystallisation process has still not begun after 1 minute. The crystallisation 

process only undergoes half after 3 minutes and was observed back to the baseline after 5 

minutes. The resulting polymer melting transition is shown in Figure 3.18. It was observed 

that the polymerisation process was begun before crystallisation started as can be seen in 
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holding CBT for 1 minute. However, the polymer produced shows double melting. It is 

believed that the ring expansion polymerisation is not complete and produced mixed cyclic 

and linear PBT.  

 

The double melting phenomenon was still found for sample held for 3 minutes. It is 

interesting to observe that the higher melting peak was reduced and the lower melting peak 

increased. Below 3 minutes the crystallisation is incomplete. Therefore, during the re-heat 

the process can continue, giving rise to an additional melting peak. However, a single 

melting transition was found for the sample which allowed 5 minutes polymerisation time. 

When the holding time was increased to 10 minutes, the single melting peak of c-PBT was 

found to be more sharp and symmetrical. It is suggested that the 10 minutes polymerisation 

time could produce a high degree of uniformity in size and perfection spherulites. It was 

calculated that the degree of crystallisation of c-PBT which produced under these 

conditions (polymerised at 190 °C for 10 minutes) is 80 ± 1 %. 

 

In the other hand, the longer polymerisation times (i.e. 30 and 60 minutes) leads the 

production of double melting and the melting transition shifted to higher melting peak. As 

shown in Figure 3.18, the CBT samples which allowed polymerised for 30 and 60 minutes 

shows broad melting peak and the degree of crystallinity was reduced. This situation 

occurred, it is believed, because of the stability of catalyst used in this study. The stability 

of stannoxane will be further discussed in the thermal stability study (Section 3.27). The 

instability of catalyst could break the cyclic structure and resulted in mixed structure 

between cyclic and linear PBT. It is also suggest that the form of imperfection spherulites 

upon 30 and 60 minutes polymerisation times is also another possibility to cause the 



 75 

double melting to reappear and shift in position. From this study, it could suggest that the 

best condition to produce c-PBT via in situ ring expansion polymerisation is at 190 °C for 

5 to 10 minutes. 
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Figure 3.17: The effect of time on simultaneous in situ polymerisation of CBT and 

crystallisation of c-PBT at 190 °°°°C 
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Figure 3.18: The melting of c-PBT after simultaneous in situ polymerisation of CBT 

and crystallisation of c-PBT at 190 oC at various times 



 77 

3.2.5 FTIR examination  

3.2.5.1    Determination of functional groups  
 

Figure 3.19 displays the FTIR spectra of CBT from a total of 100 scans at a 

resolution of 2 cm-1 by the Attenuated Total Reflectance (ATR) technique [102]. The 

entire CBT structure was determined from the FTIR spectra from the following peak 

assignments [116, 117]: 

 
 

CBT wavenumbers (cm-1)  Assignment 

3000 to 2800    (CH2)4 stretching 

1750 to 1600    C=O stretching  

1300 to 1100   C-O stretching  

800 to 700   Benzene bending 

 

The spectra of the CBT and c-PBT were expected to be similar. It is clear that all 

peaks for both the CBT and c-PBT spectra remain in the same position except for the C-O 

stretching and C=O stretching band. The effect of conversion CBT into c-PBT on these 

peaks will be discussed in following section. 
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Figure 3.19: FTIR Spectra of CBT 

 
 
 

3.2.5.2   The effects of in situ polymerisation of CBT on functional groups 
 

It is believed that the polymerisation process of CBT will affect the ester group (i.e. 

C-O stretching and C=O stretching band). An investigation was done to study the effect of 

CBT polymerisation on the FTIR spectra. Data for the spectra have been normalised with 

the peak correlating to deformation of the benzene ring. This is because benzene was not 

involved in the polymerisation reaction and the peak was assumed to remain constant.  

 

CBT StructureCBT Structure
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Figure 3.20 and Figure 3.21 show the changes in C-O stretching band during 

heating and subsequent polymerisation of CBT. The spectra show two distinct peaks which 

correspond to amorphous and crystalline arrangements. When the sample starts to melt, 

intensity of the peak drops as shown in the CBT melting region (140 to 160 °C). In this 

region, it can be seen that the amorphous and the crystalline arrangements have equal 

intensity. Subsequent temperature increases will then develop the crystalline region as 

polymerisation occurs and forms the semi-crystalline polymer. In the Figure 3.20, it could 

be observed that the peak around 1260 ± 2.5 cm-1 wavenumber is greater for CBT whereas 

the peak around 1243 ± 3.5 cm-1 is greater for c-PBT. This suggests that some 

conformational change occurs during the polymerisation reaction around the C-O 

stretching band. Rotation about the C-O stretching band is known to be possible in PET 

[117]. Conformational changes around the C-O stretching band are to be expected from the 

CBT ring expansion polymerisation. Jang and Sim [118], found shifts to lower 

wavenumbers to correlate with the progression of a more ordered structure. The shift 

observed between CBT and c-PBT indicates that the crystalline structure of c-PBT is more 

ordered than that of the CBT.  

 

This situation can also be seen in Figure 3.21, which shows the changes in the C-O 

stretching band which appeared at lower wavenumber (1116 ± 1.5 to 1095 ± 3 cm-1). In the 

active simultaneous polymerisation and crystallisation region (170 °C to 200 °C), it was 

observed that the crystalline peak becomes dominant since c-PBT formed.  However, 

when the samples continue to be heated to higher temperatures (210 °C to 240 °C) the 

peak intensity of the spectra recorded is reduced as degradation of the catalyst expected.  
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Figure 3.20: Changes in C-O str. band (1260 to 1243 cm-1) upon heating of CBT 
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Figure 3.21: Changes in C-O str. band (1116 to 1095 cm-1) upon heating of CBT 
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Figure 3.22: Changes in C=O str. band (1712 to 1709 cm-1) upon heating of CBT  

 
 

Figure 3.22 shows the changes in C=O stretching band upon heating of the CBT. 

Analysis of C=O stretching band is quite different; it only has a single peak centred at 

1712 ± 1 cm-1 before the CBT melts. Once the CBT starts to melt the peak intensity falls 

and above 160 °C the peak centre was observed to shift to 1709 ± 1 cm-1. This suggests 

that before the CBT melts, it is amorphous and after it melts polymerisation occurs and the 

structure changes to crystalline form as the polymer develops. Hopfe et. al [119] found 

that C=O strecthing band shifts also coincided with changes in the conformation (trans and 

gauche) of the tetramethylene ((CH2)4) sequences.  

 



 82 

The phase transition from the solid to melt state also can be seen during analysis of 

this C=O strecthing band. Upon the first heating, we observe that after the polymer (c-

PBT) melts above 230 °C the peak intensity decreases dramatically and the sample reverts 

to the amorphous arrangement. Logically, when the polymer melts, there is movement and 

the crystallites disappeared which leads to the amorphous arrangement.  
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Figure 3.23: Changes in C=O group upon cooling of c-PBT 

 
 

The phase transitions are illustrated in Figure 3.23 and Figure 3.24, respectively. 

During cooling, we observe that the sample slowly changes to solid again below 210 °C 

and re-heating the sample confirms that the polymer formed will melt above 230 °C. All 

these finding are in agreement with the DSC results. In general, the C-O stretching and 

C=O stretching band are involved in the polymerisation reaction of the CBT since their 

peaks changed after in situ polymerisation.  
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Figure 3.24: Changes in C=O group upon re-heating of c-PBT 

 
 

3.2.6 The molecular weight of c-PBT 

3.2.6.1    The development of wM  upon heating of CBT 

 

As mentioned earlier, the production of c-PBT begins with a low molecular weight 

CBT and the molecular weight of these cyclic materials can be tailor made for a specific 

application and manufacturing process [52]. Gel permeation chromatography (GPC) was 

used to study the development of molecular weight upon heating the CBT at various 

temperatures. This study will contribute more understanding to the c-PBT molecular 

weight development as well as the conversion of CBT to c-PBT. The molecular weight 

distribution of c-PBT at various temperatures is shown in Figure 3.25. 
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Figure 3.25: The molecular weight distribution of c-PBT at various temperatures 

 
 

The GPC results indicate that the CBT actually contains three components, 

presumably different oligomers. This finding is in agreement with DSC results where a 

broad melting transition was found for CBT. The chromatograms for CBT powder samples 

and 150 °C only shows the low molecular weight component which believed to be due to 

cyclic oligomers. For samples which heat up to 170 °C and, to a lesser extent, 190 °C the 

chromatograms show earlier retention time peaks due to polymer as well as peaks due to 

the oligomers. However the chromatograms of the samples heat up to 210 °C, 230 °C and 

240 °C (these temperatures are above simultaneous polymerisation and crystallisation 

region) just show polymer.  
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Table 3.1: Summaries of c-PBT molecular weight at various temperatures 

 

Sample conditions  Mw Mn Mw/Mn 

CBT powder n.a. n.a. n.a. 

Heat up to 150 oC n.a. n.a. n.a. 

Heat up to 170 oC 42,400 18,400 2.3 

Heat up to 190 oC 82,500 29,600 2.8 

Heat up to 210 oC 117,000 41,900 2.8 

Heat up to 230 oC 101,000 39,400 2.6 

Heat up to 240 oC 93,100 39,500 2.4 

Note: 1)  n.a. – not available. 
           2) This results is provided by Smithers Rapra Technology Ltd. (Shropshire,  
                SY4 4NR, UK). 

 
 
 

Average molecular weights and polydispersity (Mw/Mn) have been computed for 

the polymer component alone in samples which heat up to 170 °C to 240 °C. These results 

are summarised as the calculated molecular weight averages and polydispersity (Mw/Mn) 

as shown in Table 3.1. The results show that the highest polydispersity was 2.8 when the 

CBT was heated to 190 to 210 °C. However, the polydispersity reduces after the CBT was 

heated above the melting point of the polymer. 
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Figure 3.26: The molecular weight development of c-PBT at various temperatures 

 
 

Figure 3.26 illustrates the molecular weight development of c-PBT during dynamic 

heating from CBT powder to 240 °C. Nothing happens to the CBT when heated up to 150 

°C but a proportion of polymer is clearly produced when heated to 170 °C. At higher 

temperatures, the CBT is mainly polymerised and to higher molecular weight. The highest 

molecular weight was found in the sample which was heated to 210 °C. Although the 190 

°C is claimed as the best temperature to polymerise the CBT where it should give the 

highest molecular weight, but the samples was prepared in the dynamic mode (the sample 

was cooled down after reaching the target temperature). That means the polymerisation is 

not complete when the sample just reaches 190 °C. Further discussion on molecular weight 

development at 190 °C will be developed in the following section.   
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The reduction in the molecular weight of polymer produced when samples are 

heated to higher temperatures (>210 °C) is believed due to thermal stability of the catalyst 

(stannoxane). The degradation of catalyst could reduce the molecular weight of polymer. 

On the other hand, hydrolysis of c-PBT in the presence of water could also decreased its 

molecular weight [14]. Moreover, the rather high level of catalyst still present in the c-PBT 

samples might have a negative effect on the molecular weight by a transesterification 

reaction [53]. 

 

 

3.2.6.2   The effect of polymerisation time at optimum temperature on molecular 

weight 

 

Figure 3.27 shows the molecular weight distribution of c-PBT at the optimum 

production temperature (190 °C) for various polymerisation times. The chromatograms for 

the various samples showed early elution components, due to polymer and late elution 

components presumed to be due to the cyclic oligomers. These GPC results are also in 

agreement with the DSC which discussed in section 3.2.4. Again the results show that the 

polymerisation process will not be complete before the crystallisation process is complete. 

This can be found in the samples which allowed polymerisation at 190 °C for less than 5 

minutes. The GPC results show these samples still have oligomers present. The proportion 

of residual cyclic oligomers however was found to decrease with time. 
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Table 3.2 summarises the calculated molecular weight averages and polydispersity 

(Mw/Mn) for the studies at 190 °C in various polymerisation times. A maximum molecular 

weight appears to be reached at 5 to 10 minutes holding time (Figure 3.28). The 

polymerisation of CBT for 30 and 60 minutes seems to be some decrease in molecular 

weight. This will particularly decrease the calculated number average molecular weights 

and increase the polydispersity. This finding could also explain the shift of melting peak 

and decrease of crystallinity for the samples polymerised for more than 30 minutes at 190 

°C. Examination on molecular weight development at 190 °C also suggests that the best 

production time is in the 5 to 10 minutes range. 

 
 
 
 

 
 

Figure 3.27: Molecular weight distribution of c-PBT at 190 °°°°C for various 

polymerisation times 
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Table 3.2: Summary of c-PBT molecular weight distribution at 190 °°°°C for various 

polymerisation times 

 

Sample conditions  Mw Mn Mw/Mn 

Hold 0 minutes  82,500 29,600 2.8 

Hold 3 minutes  94,000 31,100 3.0 

Hold 5 minutes  99,100 32,700 3.0 

Hold 10 minutes  99,700 33,300 3.0 

Hold 30 minutes  90,600 27,800 3.3 

Hold 60 minutes  85,200 26,000 3.3 
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Figure 3.28: Molecular weight development of c-PBT at 190 °°°°C for various 

polymerisation times 
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3.2.7 Thermal stability of c-PBT and stannoxane  

 

Thermo gravimetric analysis (TGA), gel permeation chromatography (GPC) and 

Fourier transform infrared spectroscopy (FTIR) are several common methods which can be 

used to determine the degradation of polymers [120]. In this study, TGA has been used as 

a technique to determine the thermal stability of c-PBT and its catalyst (stannoxane). The 

TGA technique determined the weight loss of the polymer as a function time or 

temperature. Weight loss due to thermal degradation is an irreversible process. According 

to Wong and Lam [121], this thermal degradation is largely related to oxidation in which 

oxygen molecules attack the polymer bonds. The thermal stability of PBT has been 

extensively studied previously [62, 122, 123] and it has been reported to have thermal 

stability up to about 300 °C. 

 

Figure 3.29 represents the thermal stability of c-PBT produced from CBT and 

commercial linear PBT. These TGA traces were recorded from dynamic scans at 10 

°C/min from 30 °C up to 800 °C. From the results, c-PBT started to degrade at 280 °C 

while linear PBT started to degrade at about 300 °C. However, if only the onset is 

considered then the thermal stability of c-PBT and linear PBT is similar. That suggests that 

structures or how the PBT is produced (whether from cyclic oligomers or conventional 

methods) does not have any significance for their stability. The thermal stability of c-PBT 

by an isothermal method where the sample was held at 190 °C and 240 °C for 60 minutes 

was also examined as shown in Figure 3.30. The results show that c-PBT has good thermal 

stability in this temperatures range. The weight loss was found to be below 3 % and which 

suggests that the temperatures range used in this study is safe for c-PBT prior to 
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processing. In addition, the PBT chain is known to degrade when held above 250 °C for 

extended times [14]. 
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Figure 3.29: Dynamic thermal stability of c-PBT and linear PBT 

 
 

It was reported that the degradation of catalyst could open the cyclic structure and 

yield linear polymers [14]. Therefore, it is essential to investigate the degradation 

temperature of stannoxane. A dynamic scan shows that (Figure 3.31), stannoxane is seen 

to start degradation above 190 °C and the onset was observed at about 240 °C. The 

decomposition stage of stannoxane was found to occur  in the temperature range of 240 °C 

to 275 °C, and followed by burning step of carbon at above 300 °C [124].  

 



 92 

0 10 20 30 40 50 60
90

95

100

105

0.67 %

 190oC
 240oC

 

 

P
er

ce
nt

ag
e 

w
ei

gh
t l

os
s/

 %

Time (min)

2.96 %

 

Figure 3.30: Isothermal thermal stability of c-PBT at 190 oC and 240 oC hold for 60 
minutes 
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Figure 3.31: Dynamic thermal stability of stannoxane 
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On the other hand, the isothermal thermal stability of stannoxane at 190 °C shows 

that it will lose about 8 % weight after 60 minutes. Figure 3.32 also suggests that the in 

situ ring expansion polymerisation at 190 °C is still in a ‘safe’ region. The best 

polymerisation time was found to be between 5 to 10 minutes and the weight loss of 

stannoxane in this time range just below 2 %. However at temperature of 240 °C this 

catalyst (stannoxane) was observed to have a decomposition phase just in 5 minutes once 

the temperature is reached.  
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Figure 3.32: Isothermally thermal stability of stannoxane at 190 °°°°C and 240 °°°°C hold 

for 60 minutes 
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3.3    Conclusion 
 

The production of polymer from CBT can only be achieved in the presence of a 

suitable catalyst, i.e. tin catalyst. The use of cyclic catalyst such as stannoxane lead to ring 

expansion polymerisation and to the production of macrocyclic polymers. The 

polymerisation is active just after the CBT has fully melted in the range of 160 to 200 °C. 

The polymer produced in this type of polymerisation was found to have a high degree of 

crystallinity compared to that produced by conventional methods. Upon production of c-

PBT, crystallisation occurred simultaneously. It was found that the simultaneous 

polymerisation and crystallisation processes could not be separated because both processes 

occurred rapidly in a short time. It starts with the polymerisation and when the molecular 

weight reaches an appropriate level the crystallisation process begins. This means that the 

crystallisation process begins before the polymerisation process is complete. In the 

assessment of melting behaviour of c-PBT and perfection of crystallites formed, we 

believed that polymerisation and crystallisation are completed in the same region. From 

thermal behaviour studies, it could suggest that the best condition to produce c-PBT via in 

situ ring expansion polymerisation was at 190 °C for 5 to 10 minutes. 

 

GPC examination showed that the production of c-PBT began with a low 

molecular weight material and developed during the polymerisation. The GPC results also 

indicated that the CBT contain three components, presumably different oligomers. The 

chromatograms for CBT powder sample and 150 °C only show late retention time peaks 

which are believed due to cyclic oligomers. For samples heated to 170 °C and, to a lesser 

extent, 190 °C the chromatograms show earlier retention time peaks due to polymer as 
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well as peaks due to the oligomers and samples heated at 210, 230 and 240 °C only show 

polymer. The highest polydispersity was 2.8 when the CBT was heated from 190 to 210 

°C. However, the polydispersity reduced after CBT were heated above the melting point of 

the polymer. 

 

Further investigations using FTIR spectroscopy studied the effect of simultaneous 

in situ polymerisation and crystallisation process of CBT and c-PBT on the absorbtion 

characterisation of the ester group (i.e. C-O stretching and C=O stretching band). In the 

region of CBT melting, these bands exhibit an intensity change and a shift as the ring 

expansion polymerisation occurred. The spectra were found to be more dominant in 

crystalline arrangement as the c-PBT formed. The C=O band could also show a phase 

transition during the temperature changes which can be seen upon cooling of c-PBT from 

the melt and re-heating the sample. 

 

The investigation on stannoxane stability also revealed that the polymerisation of 

CBT to produce the macrocyclic polymer could only be done below the melting point of 

the polymer. The results from stannoxane degradation study could also explain the double 

melting behaviour, the decreased of molecular weight upon polymerisation at high 

temperature and reduction in peak intensity of the FTIR spectra. 
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Chapter Four 
 
 
 
 
 

THE EQUILIBRIUM MELTING AND  

ISOTHERMAL CRYSTALLISATION OF c-PBT  
 
 
 
 

4.1 Introduction  

4.1.1 Background of polymer crystallisation 

 

Crystallisation involves the transformation of a liquid phase into a crystalline 

phase. Normally, the crystallisation process of a polymer occurs in the temperature range 

between the glass transition temperature (gT ) and the melting point of the polymer (mT ). 

In this region the chain segments are sufficiently mobile to rearrange and adopt the 

required conformation for crystallisation.  Below gT  the polymer confirmations are too 

rigid while above mT  they are too mobile to be placed in a crystalline cell.  
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However, different polymers have a different ability to crystallise due to chain 

tacticity, bulkiness and polarity of side groups, and also their microstructure. External 

factors such as the rate of cooling, nucleating agents and the presence of orientation in the 

melt also will affect the crystallisation process [125]. Commonly, if the polymer chain is 

symmetrical and has polar interactions, then crystallisation will occur easily. However, if 

the polymer chain is branched and has high molar mass, then the crystallisation process 

will be inhibited. In fact, polymers are never totally crystalline due to chain entanglements, 

and their long chain nature as well as their high viscosity [125]. In general, there are two 

processes known to be involved during the crystallisation process, i.e., nucleation, where a 

new phase is initiated within the parent phase, and the subsequent growth of the new phase 

[125].  

 

 

4.1.2 Nucleation 

 
The nucleation process refers to the situation when a polymer is cooled from its 

melting point there is a tendency for the randomly organised molecules in the melt to 

become aligned and form small ordered regions, i.e., nuclei.  The nucleation process is 

dynamic and these nuclei will disappear and reform. Wunderlich [125] states that the 

nucleation process can be divided into two types: homogeneous and heterogeneous 

nucleation.  
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The homogeneous nucleation process has a high energy in order to spontaneously 

create the new surface of a crystal in the interior of a uniform substance. Based on the 

mode of formation, homogeneous nucleation can be subdivided into primary, secondary 

and tertiary nucleation. The primary nucleation process describes the process of forming 

the basic nucleus from which a crystal forms as a polymer is cooled from the melting 

point. The secondary nucleation process refers to the nucleation that occurs on the face of 

a pre-existing crystal, while the third nucleation process refers to the nucleation that occurs 

along an existing crystal edge which involves two crystal faces. Figure 4.1 illustrates 

schematically the three nucleation steps. 

 

In primary nucleation, a few molecules pack parallel to one another and form an 

embryo of the crystalline state. Growth of the resulting nucleus occurs by additions of 

molecule to the crystal face and also chain folding. The crystal surface created in this step 

has an excess of surface energy proportional to the surface area. However, the free energy 

decreases during the incorporation of more molecules on the crystal and this is 

proportional to the crystal volume. The surface-to-volume ratio gives an indication of the 

free energy change on nucleus formation (nG∆ ).  
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Figure 4.1: Types of crystal nuclei 
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Figure 4.2 illustrates the variation of free energy with nucleus size for the 

formation of a stable polymer crystal nucleus. When the nucleus is small the ratio is high 

and the nG∆ > 0 (positive) due to excess of surface energy over bulk. Nuclei smaller than 

the critical size are called subcritical nuclei or embryo. The nG∆  increases and reaches a 

maximum corresponding to the critical size of the nucleus. After the critical size, nG∆  

decreases with increasing nucleus size and finally the free energy will be less than that of 

the melt. Nuclei larger than a critical size are called supercritical as long as nG∆  is still 

positive. 

 

 

 

Figure 4.2: The variation of free energy with nucleus size for the formation of a stable 

polymer crystal nucleus [125] 
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The overall change in free energy on formation a nucleus ( nG∆ ) at constant 

temperature for primary nucleus with lamellar thickness (l ) and width (a ) is; 

 
 

σσ alaGlaG evn 42 22 ++∆−=∆  (Equation 4.1) 

 
 
Where vG∆  is the bulk free enthalpy change between solid and liquid phase, σ  and eσ  

are the surface free energy for lateral and folding chain surfaces, respectively [125]. By 

differentiation with respect to the dimension l  and a ; 
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By setting Equation 4.2 and 4.3 equal to zero, we can obtained the critical nucleus 

dimensions, *l  and *a : 
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The dimensions of the critical nucleus are then; 
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G
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σ4*  (Equation 4.5) 

 

vG
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∆
= σ4*  (Equation 4.6) 

 

and the critical free energy of formation is; 
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The bulk free energy change is; 

 
 

vvv STHG ∆−∆=∆  (Equation 4.8) 

 
 
where vH∆  and vS∆  are the enthalpy and entropy of crystallisation. At the equilibrium 

melting point ( o
mT ), the vG∆  is equal to zero. Therefore, 

 

o
m

v
v T

H
S

∆
=∆  (Equation 4.9) 

 
If it is assumed that vH∆  and vS∆  are temperature independent, then: 
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Hence the free energy of formation of a nucleus of critical size is given by; 
 
 
 

( )
( )2

22
* 32

TH
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G

v
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n ∆∆
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σσ
  (Equation 4.11) 

 
 
 
where, T∆  is the degree of supercooling )( c

o
m TTT −=∆   and cT  is the crystallisation 

temperature. From Equation 4.11, it can be observed that the free energy of formation of 

the critical nucleus is proportional to( ) 2−∆T .  

 

After the formation of the primary nucleus, crystal growth can occur by secondary 

nucleation where a new layer grows on a pre-existing surface. Secondary nucleation occurs 

with lower free enthalpy barrier since the surface area newly created is smaller. The rate of 

crystal growth is nucleation-controlled at low supercooling. 

 

Tertiary nucleation determines the rate of covering a nucleated crystal surface with 

fresh material. It has an even lower surface-to-bulk free energy ratio in comparison with 

primary and secondary nucleation. 

 

The nucleation process can also occur heterogeneously on a foreign substrate such 

as bubbles, dust particles and surfaces. Because the free enthalpy barrier to nucleation 

decreases by nucleation on an existing surface area, heterogeneous nucleation always 

occurs at lower supercooling than homogeneous [126]. 
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4.1.3 Crystal growth 

 
 

In the secondary nucleation process, crystals begin to grow on the surfaces once the 

critical size nucleus is formed [73]. After the initial chain attachment (the chain spreads 

gradually across the crystal face in secondary nucleation), molecular strands are laid down 

gradually on a smooth crystal surface. This process is followed by additional chain 

adhering once more to the interface by a chain folding process where the chains then fold 

across the surface [99]. Figure 4.3 illustrates a model of the growth of a lamellar crystal 

through successive laying down of adjacent molecular strands.  

 

 
 
 

Figure 4.3: Growth model of a lamellar polymer crystal through the successive laying 

down of adjacent molecular strands 
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It is assumed that the polymer lamella has a lateral surface energy of σ , a fold 

surface energy of eσ , and that the free energy change on crystallisation is vG∆  per unit 

volume. By laying down n  adjacent molecular strands of length, l  with each strand 

having a cross-section area of ( )ba × , the surface energy is: 

 

( ) σσ lbnabG oeosurfacen 22 +=∆  (Equation 4.12) 

 
 
where ob  is the molecular thickness such that the crystal grows one layer after the other.  

However, there is a reduction in free energy with nucleation incorporation of n  molecular 

strands in crystal: 

 
 

( ) vocrystaln GlnabG ∆−=∆  (Equation 4.13) 

 
 
The overall change in free energy when n  strands are laid down is; 
 
 

eoovon nablbGlnabG σσ 22 ++∆−=∆  (Equation 4.14) 

 
 
From Equation 4.14, it can be observed that for a given n  value, nG∆  is dependent on the 

length, l  where the value of nG∆  reduces as l  increases. A critical length of strand *l  will 

be achieved and the secondary nucleus will be stable when 0=∆ nG . The term σlbo2  can 

be negligible as normally the  n  value is large. From the combination of Equation 4.10 

and Equation 4.14, the critical length of strand *l  is; 
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The substitution of Equation 4.15 into Equation 4.13 will give the *
nG∆  for secondary 

nucleation as; 

 

TH

Tb
G

v

o
meo

n ∆∆
=∆

σσ4*   (Equation 4.16) 

It can be seen that the temperature dependence of secondary nucleation is proportional to 

( ) 1−∆T  in comparison with ( ) 2−∆T  for primary nucleation.  

 

 

4.1.4 The temperature dependence of growth rate 

 
 

Turnbull and Fisher [127] proposed that the growth rate of crystals, g , and their 

dependence on temperature can be represented by the equation below: 

 








 ∆
−







 ∆−=
RT

G

RT

E
gg n

o

*

expexp  (Equation 4.17) 

 

where, g  is the steady-state growth rate of a crystal, og  is a temperature-independent 

constant (which depends on molecular parameters, and crystal geometry), E∆  is the 

activation energy for viscous flow, *
nG∆  represents the free energy of formation of a 

critical size secondary nucleus and R  is the gas constant (8.314 JK-1mol-1). 
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Accordingly, at temperatures near to gT  the first term is dominant and the rate is 

determined by chain diffusion to the growth front. At higher temperatures close to mT  the 

second term is dominant and nucleation is the controlling factor. The crystallisation 

process becomes severely limited by reduced chain mobility when temperatures 

approach gT . 

 
The Turnbull-Fisher equation has been rearranged by Hoffman and Lauritzen [125, 

128-132] where the spherulitic radial growth rate is expressed as: 

 










∆
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 (Equation 4.18) 

 

The first exponential term of the equation describes the effect of the temperature 

dependence of melt viscosity, where, g  is the linear growth rate, og  is a constant, *U  is 

the activation energy for viscous flow (where Hoffman has assigned a value of 6300 J/mol 

for this parameter), R  is the gas constant, T  is the crystallisation temperature and ∞T  is 

the temperature below which the motions of crystallisable segments to the crystallisation 

face cease. The ∞T  usually assumed to be 30K below the glass transition temperature 

( 30−=∞ gTT ). 
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The second exponential term of this equation (Equation 4.18) describes the effect 

of primary nucleation on the crystallisation rate at low degrees of 

supercooling( )TTT o
m −=∆ . The parameter f  is a correction factor which accounts for the 

change in the latent heat of fusion that occurs with temperature and can be written 

as )
2

(
o

mTT

T

+
. o

mT  is the equilibrium melting temperature. The nucleation constant, 

gK which appears in this term, is: 

 

kH

Txb
K

f

o
meo

g ∆
=

σσ
 (Equation 4.19) 

 

This parameter contains the surface free energy product, eσσ  (σ  is the lateral 

surface energy and eσ  is the fold surface free energy of the critical size nucleus).  fH∆  is 

the heat of fusion per unit volume 100% of perfect crystal, ob  is the separation between 

two adjacent fold planes and k  is the Boltzmann constant.  

 

In order to describe crystallisation growth, Hoffman and Lauritzen [128, 133, 134] 

made several assumptions. The theory assumes that the fold chain length is uniform within 

the lamellae; there is no imperfect growth at the crystal face and no crystal thickening, and 

finally that the growth rate is the same on all crystal growth faces. Based on these 

assumptions, Lauritzen and Hoffman et al. [128, 133, 134] proposed three regimes (regime 

I, regime II and regime III) to define the growth of lamella and the radial growth of 

spherullites with its dependence on the degree of supercooling. The nucleation constant, 



 109 

gK  is depends on the nucleation regimes where x =4 for crystallisation in regimes I and 

III, x =2 for regime II crystallisation. 

 

Regime I occurs at low supercooling and high growth temperatures, where the 

surface nucleation rate is low. In this regime I, an extended chain is laid down on the 

growth face of a crystallite. This then followed by an alignment of the segments on to 

adjacent positions until the surface is completely covered. The crystallite’s face grows 

through the disordered phase because this process occurs repeatedly.  

 

Regime II occurs at lower growth temperature. In this regime, several chain 

segments are laid down independently on a growth face followed by subsequent addition 

of chains adjacent to the initial segment. This process (chain addition) will continue until 

all the growth face is covered.  

 

While, regime III occurs when the degree of supercooling is larger than that in 

regime II, i.e. where the rate of nucleation is very high and the separation between the 

nuclei reaches a minimum. Overall, the nucleation constant for all three regimes is: 
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 (Equation 4.20) 

 

Figure 4.4 shows the schematic representation of regime transitions as predicted by the 

Lauritzen-Hoffman theory [128, 133, 134].  
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Figure 4.4: Regime transitions based on Lauritzen-Hoffman theory  

 
 
 
 

4.1.5 Crystallisation kinetics by Avrami analysis 

 
 

The Avrami equation [96-98] is the most widely used to describe the kinetics of 

crystallisation processes as this approach has been successfully used by many previous 

researchers [109, 128-131, 134-137] in describing overall kinetics of crystallisation in 

polymer systems. The deviation of the Avrami equation was simplified by Evans [135] 

giving; 

 
)exp(1 n

t ZtX −=−  (Equation 4.21) 
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where, tX  is the fractional crystallinity, which has developed at time, t . Z  is a composite 

rate constant which incorporates nucleation and growth characteristics. The Avrami 

exponent, n  value depends on the crystallisation mechanism and geometry of growth. The 

corresponding expressions for n  and Z value are listed in Table 4.1 [136]. 

 

However, the Avrami equation has many limitations. The variations in the 

crystalline density within the spherulite boundary throughout the crystallisation process 

give fractional n  values and this value assumed to be constant in the Avrami equation. 

Other assumptions which need to be complied with in the Avrami equation are [124, 140, 

141]: 

 
i) random nucleation in a supercooled melt, 

ii)  the rates of nucleation and growth vary linearly with time, 

iii)   crystallisation processes occur only by single primary process, 

iv) no induction time before starting of crystallisation, 

v) when one crystallite impinges upon another growth ceases, 

vi) the crystal is still in its original shape in either one, two or three dimension 

(rods, disc or spheres, respectively) until impingement takes place. 
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Table 4.1: The physical interpretation of the Avrami parameters for different types 

of crystallisation mechanism [136] 

 

Crystallisation mechanism 

 

n  

 

Z  

 

Geometry 

Sporadic 4.0 2/3π lg 3  3 dimensions 

spheres 

Predetermined 3.0 4/3π Lg 3  3 dimensions 

Sporadic 3.0 1/3π ldg 2  2 dimensions 

Discs 

Predetermined 2.0 π Ldg 2  2 dimensions 

Sporadic 2.0 1/4π 2glr  1 dimension 

Rods 

Predetermined 1.0 1/2π 2gLr  1 dimensions 

( g , l  are the crystal growth and nucleation rate respectively, while L  is density of nuclei; 

d  is constant thickness of discs and r  is constant radius of rods) 

 
 
 
 

4.1.6 The equilibrium melting temperatures, o
mT  

 
The equilibrium melting temperature,omT  is defined as the melting temperature of 

lamellar crystals with an infinite thickness [137]. However, it is not possible to directly 

measure o
mT  from an experiment. This is because a chain-folded lamellar crystal usually 

grows with a finite thickness during the crystallisation process. o
mT  is usually determined 
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from an extrapolation of experimentally observed melting temperatures. It is important to 

determine o
mT  and establish the degree of super cooling )( c

o
m TTT −=∆  in order to 

understand the temperature dependence of the crystallisation rates.  

 

The Hoffman and Weeks [99] method is the one of the most commonly used 

procedures to determine equilibrium melting point, o
mT . They derived a relationship 

between melting point, mT , and crystallisation temperature, cT , which enables o
mT  to be 

determined, namely; 

 

                                         
ββ 2

)
2

1
1( co

mm

T
TT +−=  (Equation 4.22)    

 

where )/( ee ll σσβ =  and σ is the fold surface free energy, l  is the lamellae thickness and 

the subscript e  refers to equilibrium conditions. In the absence of re-crystallisation or 

annealing during melting, β  is equal to 1.0 and a plot of mT  against cT  which is linear 

will give a slope of 1/2β . This line intersects the equilibrium condition of cm TT =  at o
mT , 

but its slope must be 0.5.  
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4.2 Results and discussion 

4.2.1 Equilibrium melting temperature of c-PBT studies 

 
 

The melting points of the crystals formed by isothermal crystallisation of c-PBT at 

various temperatures are shown in Figure 4.5. Note that, the melting point was taken as the 

last trace of crystallinity where Hoffman and Weeks [99] defines the melting point at the 

temperature of crystals disappearance upon examination by optical miscroscope. These 

observed melting temperatures, however, are well below this equilibrium value due to the 

effect of the crystal thickness in depressing the melting point of the lamellae produced at 

each crystallisation temperature, cT  [99].  

 

 

 
 
 

Figure 4.5: Melting peak of c-PBT after held at various crystallisation temperatures 
197 °°°°C to 201 °°°°C 
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Based on the Hoffman and Weeks [99] theory, where the equilibrium melting 

points ( o
mT ) can be determined directly from a plot of mT  against cT , o

mT  of c-PBT was 

investigated. The Hoffman and Weeks plot for the c-PBT was shown in Figure 4.6. The 

linear fit of mT  against cT  gave slope 0.50 ± 0.05 consistent with equilibrium conditions, 

and on extrapolation to cm TT =  we observed that the equilibrium melting points (o
mT ) of c-

PBT was 529.0 ± 5.0 K. Wu and Jiang [138] in a recent publication (2010), reported that 

the equilibrium melting points (o
mT ) of c-PBT produced via ring opening polymerisation 

was found to be 257.8 °C (530.8 K). It seems that the omT  observed in this study is in 

agreement with the previous study. 

 

 
 

Figure 4.6:  A Hoffman-Weeks plot of observed melting temperature against 

crystallisation temperature for c-PBT  
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4.2.2 Avrami analysis of c-PBT isothermal crystallisation  

 
 

Five crystallisation temperatures (cT ) were selected for crystallisation kinetic 

studies of c-PBT under isothermal experiment conditions ranging from 197 °C to 201 °C. 

Typical crystallisation curves for c-PBT at different isothermal crystallisation temperatures 

are measured by rapid cooling to the crystallisation temperature and after correcting for the 

cooling curve are shown in Figure 4.7. The end of the crystallisation process was taken to 

be the point where the isothermal curve converged with the horizontal base line [131, 134].  

 
 
 
 

 
 

Figure 4.7: DSC exotherms of the isothermal crystallisation of c-PBT at various 

crystallisation temperatures 197 °°°°C to 201 °°°°C 
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The early stage of overall crystallisation is normally modelled with the Avrami 

equation [95-97]. However a number of assumptions are made in the model including the 

assumption that secondary processes do not occur. Therefore a modified Avrami equation 

[139, 140] was used to analyze the primary crystallisation process. This modification 

limited the analysis to the primary process.  

 

The fractional crystallinity, tX , of the isothermal crystallisation which developed 

at time t  was defined as the ratio of the two areas between the heat flow-time curve and 

baseline, from t=0 to t=t and from t=0 to t=infinity, i.e [96, 139]; 
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t

t              (Equation 4.23) 

 
 

The overall development of relative crystallinity with time at selected 

crystallisation temperature of c-PBT is illustrated in Figure 4.8. From that figure, we can 

see that all the isotherms show sigmoidal curves and its dependence on the crystallisation 

temperature selected and time. Jenkins et al. [130] found the same trend of the 

development of relative crystallinity with time for poly(tetramethylene ether glycol) 

(PTMEG). They believed that the isotherms represent two stages, a primary and secondary 

process. The primary process consists of the radial growth of the crystallites until 

impingement and the secondary process involves the growth of subsidiary lamellae or 

lamella thickening within the crystallites [130]. 
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Figure 4.8: Development of crystallinity with time for c-PBT 

 
 
 
 
Rearrange Avrami equation gives; 

 
 

tnZ
X

X t loglog1lnlog +=















−−

∞

  (Equation 4.24) 

 

An average of the rate constant Z  was calculated from the half-life, 2/1t , and the Avrami 

exponent n  obtained from the slope of the plot of ( )( )tXIn −− 1log  again tlog  (Figure 

4.9), since; 

 
 

( )nt
Z

2/1

2ln=   (Equation 4.25) 
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Figure 4.9: An Avrami plot for the isothermal crystallisation of c-PBT 

 
 
 
 

Table 4.2 shows the crystallisation kinetic parameters of c-PBT as modelled by the 

Avrami equation. In the Avrami equation, if the n  value is equal to 4 that means the 

nucleation mechanism is homogenous while when the n  value equal to 3 that shows 

nucleation mechanism is heterogeneous [141, 142].  The n  values of c-PBT was observed 

in the region of 2.4 to 2.5 (± 0.1) indicating that heterogeneous nucleation of spherulites 

occurred and growth of spherulites was between two-dimensional and three-dimensional 

[130, 141, 143]. These results are in agreement with Lehman and Karger-Kocsis [110] 

work, where they found that for c-PBT the Avrami exponent, n  is between 2 and 3.  

Figure 4.10 illustrates the example of typical variation of instantaneous n  value with 

relative crystallinity for c-PBT at 201 °C. 
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Table 4.2: The Avrami parameters for c-PBT  

 

Sample ID Crystallisation 

Temperature, 

(oC) 

 

n + 0.1 

 

Half-life 

( 2/1t ), min      

±±±± 0.1 

 

Z, min-n 

(x10-4) 

±±±± 0.002 

197 2.4 2.7 577 

198 2.4 3.7 269 

199 2.4 4.7 155 

200 2.4 6.0 82 

c-PBT 

 

201 2.5 8.4 25 
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Figure 4.10: Variation of n  value for c-PBT primary crystallisation at 201 °°°°C 
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Since the n  value remains essentially constant during the primary crystallisation, 

the instantaneous change in this value can be used to predict the change in crystallisation 

mechanism, i.e., primary to secondary [130]. In general, it could be assumed that 

secondary crystallisation occurs consecutively with primary crystallisation [130], and 

instantaneous n  values can be used to distinguish secondary crystallisation from primary 

crystallisation since n  changes suddenly when the primary process is completed and the 

secondary process starts.  

 

Taken together, Figure 4.11 and Figure 4.12 depict the variation of half-life ( )2/1t  

and rate constant )(Z as a function of degree of supercooling, respectively. The degree of 

supercooling was used as a function of both 2/1t  and Z  plots in order to compare the data 

at the same thermodynamic driving force [125, 144].   

 

Both plots are consistent with the general trend of crystallisable polymers where 

2/1t  increases and Z  decreases with increasing crystallisation temperature (lower degree of 

supercooling) as reported in many literature reports [129-132, 145, 146]. 
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Figure 4.11: Variation of 2/1t  as a function of degree of supercooling for c-PBT  
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Figure 4.12: Variation of Z  as a function of degree of supercooling for c-PBT  
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4.2.3 Nucleation constant and surface free energy  

 

With the modification of the Hoffman-Lauritzen [125, 128-132] equation                

(Equation 4.18) where the growth rate has been replaced by the reciprocal of the 

crystallisation half life, the nucleation constant ( gK ) can be determined from the slope of a 

linear plot of  ))30(/(1(
2/1

+−+







gTTRUtIn  against ))(
1( TTf ∆ [130]. Figure 4.13  

illustrates the Hoffman-Lauritzen plot for c-PBT and it is observed that the gK  value for 

c-PBT is -5.13 ±  0.02 x 105 K2. 

 

If the gK values are known, the surface free energy product (eσσ ) can be 

calculated from the Equation 4.19; 

 

kH

Tnb
K

f

o
meo

g ∆
=

σσ
 

 

where the n  value depends on the regime of crystallisation, i.e., 2=n  for regime II and 

4=n  for regime III. As the crystallisation process of c-PBT occurred in regime III, 4=n  

was applied in Equation 4.19. In order to calculate the eσσ , we used 0.580 nm as the ob  

value [75]. Based on previous X-ray analysis, it was reported that the c-PBT have the same 

unit cell as linear PBT [14]. With these values, we found that the surface free energy 

product ( eσσ ) of c-PBT is 6.44 ± 0.05 x 10-4 J2m-4. 
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Figure 4.13: A Hoffman-Lauritzen plot for c-PBT 

 

Moreover, Hoffman et al. [147] proposed that the value of free energy of the lateral 

surface (σ ) can be estimated using the empirical equation based on Thomas and Staveley 

relationship [148] as follow  : 

( ) ( )oo
o baH∆= ασ   (Equation 4.26) 

where, oa  is the molecular width ( 0.496 nm [75]),ob  is the separation between two 

adjacent fold planes (0.580 nm [75]), oH∆ = 85.75 Jg-1 x 1.31 g/cm3, and α  an empirical 

constant which depends on the chemical structure of the polymers [149]. In general the α  

parameter varies between 0.1 and 0.3 [150]. It was reported that for high melting polyester 
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such as PBT, α  is usually taken to have the value of 0.25 [137, 143, 150-152]. Taking 

α =0.25, Equation 4.28 yielded σ = 1.51 ± 0.01 x10-2 Jm-2. Thus, the free energy of the 

chain fold surface ( eσ ) can be determined by [150]; 

 
 

σ
σσσ e

e =   (Equation 4.27) 

 
 
and eσ  was obtained equal to 4.26 ± 0.01 x10-2 Jm-2.  

 
 

 

4.3 Conclusions 
 
 

The equilibrium melting point ( o
mT ) and isothermal crystallisation kinetics of PBT 

which produced from polymerisation of CBT (c-PBT) was investigated. The omT  of c-PBT 

was determined using the Hoffman and Weeks method and it was determined to be at 

529.0 ± 1.0 K. 

 

The Avrami crystallisation model has been found to be reliable model for c-PBT 

crystallisation studies. Crystallisation parameters such as half-life ( 2/1t ), rate constant (Z ), 

and Avrami exponent (n ) have been found to be sensitive to the cT  values within the 

range of 197 – 201 °C. The half-life ( )2/1t  was observed to decrease with an increase in 

the cT  (lower degree of supercooling) while values of rate constant Z  decreased in this 

situation. The mechanistic n  values were found to be in the range from 2.4 to 2.5 (± 0.1) 
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for the primary crystallisation process for c-PBT indicating that heterogeneous nucleation 

of spherulites occurred and growth of spherulites was between two-dimensional and three-

dimensional. The Hoffman-Lauritzen theory was used to determine the nucleation constant 

( gK ) and surface free energy product (eσσ ). The gK  and eσσ   value for c-PBT was 

estimated to be -5.13 ±  0.02 x 105 K2 and 6.44 ± 0.05 x 10-4 J2m-4, respectively. 

 

This preliminary investigation on isothermal crystallisation of c-PBT will provide 

useful information for the next step in our studies. The effect blends on the isothermal 

crystallisation kinetics of c-PBT will be discussed in the following chapter. 
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Chapter Five 
 
 
 
 
 

BLENDS OF c-PBT  
 
 
 
 
 

5.1 Introduction  
 

Different properties in blends can be obtained through changes in morphology 

which is controlled thermodynamically and kinetically and is composition dependent 

[153]. This chapter will discuss blends of c-PBT with another polymer, i.e. styrene 

maleimide (SMI). The blends were prepared by a special route whereby in situ 

polymerisation of CBT takes place inside the blend system. The combination of in situ 

polymerisation with blending is interesting in that it could create novel polymeric 

materials with properties not attainable through conventional blend processing [91]. 
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5.1.1 Polymer Blends 

5.1.1.1 The methods of blending 
 

Preparation of polymer blends can be accomplished by several methods, i.e., 

mechanical mixing (melt blending), dissolution in co-solvent (solution blending), fine 

powder mixing (used in this study), use of monomer(s) as solvent for another blend 

component then polymerisation (e.g. production of IPN or HIPS) and diverse other 

methods of IPN technology [154]. Mechanical mixing or melt blending predominates for 

economic reasons. The high viscosity of high molecular-weight polymers in the melt is 

always a barrier to mixing and miscibility. This can be overcome when strong molecular 

interactions exist between blend components or when the homopolymers are similar in 

their chemical structures [155].  

 

Since cyclic oligomers have low molecular weight and melt viscosity (17 centi-

poise/ water like) their mixing in blends is more favourable [50]. In situ polymerised 

blends of CBT have been shown to be miscible with PVB where conventionally produced 

linear PBT blends were not [50]. Unique results, regarding structure, morphology and 

properties, could possibly be brought about by combining in situ polymerisation of cyclic 

oligomers with blending.  The rationale for adoption of the fine powder mixing (solid 

dispersion) technique is two-fold. Firstly, the blend components exhibit very low viscosity 

so will disperse easily in the melt. Furthermore, melt extrusion would allow 

polymerisation to occur during the mixing process which may induce or allow premature 

phase separation. Conversely, solid dispersion prior to polymerisation allows the phases to 

be well dispersed prior to polymerisation. 
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5.1.1.2 Miscibility in polymer blends  
 

Polymer blends can be miscible, immiscible or partially miscible depending on 

physical and chemical interactions between the chains of the constituent homopolymers 

[94]. Generally, miscibility of polymer blends is defined in terms of equilibrium 

thermodynamics, with a range of independent variables (temperature, pressure, molecular 

weight, chain structure, etc.) under which the free energy of mixing is negative 

( 0≤∆≈∆ mm HG ) [94, 154]. The free energy of mixing expression can be written as [94]:  

 

mixmixmix STHG ∆−∆=∆  (Equation 5.1) 

 

where mixG∆ , mixH∆ ,  and mixS∆  are the Gibb’s free energy, the enthalpy and the entropy 

of mixing at temperature T , respectively. The value of mixG∆  normally depends on the 

value of mixH∆  since mixST∆  is always positive as there is an increase in the entropy of 

mixing. If mixG∆  gives a negative value, that indicates mixing of polymer pairs will occur 

simultaneously and lead to miscible blends. 

 

Miscibility also can arise as a result of strong specific interactions between 

homopolymer chains such as hydrogen bonding, or by way of weaker dispersive 

interactions [93, 94, 156]. Miscibility or compatibilisation achieved via incorporation of 

hydrogen bonding or ionic groups has long been known by industry [154]. Miscible blends 

have a homogenous microstructure whereas immiscible blends have a heterogeneous 

structure with phases of one polymer dispersed in a matrix of another [155]. Both miscible 
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and immiscible systems can yield synergistic properties as a result of the interactions 

between the polymer chains and phases in the blends [155, 157].  

 

Furthermore,  a relatively rapid way to determined the level of miscibility of 

polymer blends is by examination of glass transition temperature (gT ) which can be 

detected using DSC [158]. Miscible polymer blends usually exhibit a single gT  between 

those of parent polymers. On the other hand, in immiscible blends, each component retains 

its own individual value; as a result two gT  will appear. In the case of partially-miscible 

blends, the gT  of the components will shift towards each other where the magnitude 

depends on the mutual solubility of the phases in each other [154]. Fox [74, 103, 159, 160] 

suggested that the gT  of miscible blends can be estimated by the equation as follows; 

bg

b

ag

a

g T

w

T

w

T ,,

1 +=   (Equation 5.2) 

 
where aw  and bw  represent weight fraction of each polymer and which their glass 

transition are agT .  and bgT .  respectively. However, the Fox’s equation seems too simplistic 

in order to predict the gT  of binary miscible blends system. In the Fox’s equation a few 

assumptions need to be made; mixing occurred in random between the blend components, 

the change in heat capacity of the blend components between its liquid-like and glassy 

state are equal i.e., 21 pp CC ∆=∆ , and mixing occurred with no volume expansion between 

two components [161].   
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On the other hand, the Gordon-Taylor [162-164] approach could be used to 

compare with the experiment data where its contain thermodynamic consideration where 

gT  of the binary blends could be predicted from; 

 

21

2211

Kww

TKwTw
T gg

g +
+

=   (Equation 5.3) 

 

where,  w  is the weight fraction of the component, K  is an adjustable, fitting parameter 

which equal to 2pC∆ / 1pC∆ , pC∆  is the change in heat capacity of the blend components 

between its liquid-like and glassy state. The subscripts 1 and 2 denote the blend 

components, respectively.  

 
 
 
 

5.1.2 Previous and current work on cyclic oligomers with respect to 

blending  

 
 

Although the aim of commercial production of cyclic oligomers is largely for 

liquid moulding applications, they are also currently receiving some attention in three main 

areas: polymer blends [50, 58, 66, 91], composites [33, 53-55, 58], and nano-composites 

[51, 61-63, 165]. Nachlis et al. [66] found that the in situ polymerisation of bisphenol-A-

carbonate cyclic oligomers (BPACY)/styrene-acrylonitrile copolymer (SAN) blends could 

produce nano-composite structures through liquid-liquid phase separation. There have 

been few studies looking at combining in situ polymerisation of CBT with blending [50, 

69, 70]. In all of these studies CBT formed miscible, compatible blends with other 
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polymers (e.g. PVB). Random and graft copolymers have been suggested to be formed 

when CBT is in situ polymerised to form blends with polycaprolactone and PVB, 

respectively. Baets et al. [58] found the addition of a small amount of polycaprolactone 

toughened the resulting blend compared with c-PBT. Other work [44] has focused on the 

crystallisation behaviour of CBT in an attempt to conjecture on in situ copolymerisation 

behaviour.  

 

The interaction of c-PBT with polymers in blends is likely to be complex and differ 

from that of linear PBT due to the rapid and concurrent polymerisation and crystallisation 

[13]. It seems likely that the reactive nature of the polymerisation reaction when in situ 

may facilitate and/or accentuate interactions between blend components. Different 

behaviour of linear and macro-cyclic PBT has been observed in miscible blends with 

amorphous polymers. In both the miscibility hindered crystallisation in the blends, 

consistent with other work on other semi-crystalline/amorphous polymer blends [166] and 

other blends with CBT [50, 58]. In blends of linear PBT with amorphous polyetherimide 

(PEI), annealing at 200 °C for 10 minutes led to phase separation and crystallisation of 

linear PBT at all compositions [153]. The crystallinity observed with DSC correlated with 

a decrease in the obtained infrared wavenumber for the carbonyl groups arising as a result 

of molecular interactions in the crystalline phase. Tripathy et al., (2003) [50] found that 

annealing CBT/PVB blends at 250 °C for 5 minutes did not promote phase separation and 

crystallisation at any compositions. It was suggested that the blending process suppressed 

the crystallinity of PBT due to the formation of a graft copolymer during the reactive ring 

expansion polymerisation of the CBT. It has been reported that the formation of a graft 

copolymer suppresses and alters behaviour of PBT crystallinity in blends [167] and that 
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the degree of grafting affects morphologies [168]. In blends of linear PBT the dispersed 

phase in immiscible blends can act as a nucleation site for crystallisation [169]. It seems 

feasible that the reactive nature of the blending of CBT would affect the interface between 

the phases in immiscible blends. 

 

In this present study, the aim is to investigate the blends behaviour during 

simultaneous polymerisation and melt blending. To achieve this aim, the other polymers 

must have melting point (mT ) or glass transition (gT ) below or in the range of 

polymerisation temperature of the CBT (160 to 200 °C). Blends of CBT with SMI 

copolymers were prepared by a fine powder mixing (solid dispersion) technique [154]. 

Then, the in situ polymerisation of the CBT in the blend at 190 °C will produce a blend of 

c-PBT. Another aim is to study the effect of amorphous blend component (i.e. SMI) on 

crystallisation of c-PBT. Semi-crystalline/amorphous blend systems have achieved much 

attention in the literature since variations in phase separation and crystallisation behaviour 

could generate a wide range of morphologies and properties [166, 170, 171].   
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5.2 Results and discussion  

5.2.1 Thermal behaviour of the CBT/SMI and c-PBT/SMI blends 
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Figure 5.1: Thermal behaviour (heating curve) of various compositions of CBT/SMI 

blends 

 

Figure 5.1 illustrates the thermal response of CBT, SMI copolymer and its blends 

in the first DSC dynamic run at 10 °C/min. The thermal response of CBT has already been 

discussed in Section 3.2.1, while the thermal response of SMI (Figure 5.1 (g)) shows that it 

only has one thermal transition which is the glass to liquid transition. This transition was 

observed at 75 °C. SMI can therefore be confirmed as an amorphous polymer. For 
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CBT/SMI blends, several trends are apparent. Beginning with the gT  of SMI, it is clear 

that the prominence of the transition increases with increasing SMI content in the blend (as 

would be expected). A related trend in the melting region of CBT is also apparent, again, 

this variation with blend composition is due to the effect of a gradually decreasing quantity 

of CBT in the blend. Examination of the crystallisation region of the CBT component 

shows that the process is clearly being affected by the addition of the SMI component. The 

effect is most striking in trace (d) – the 70/30 CBT/SMI blend. At this composition the 

crystallisation process of c-PBT is being hindered by the presence of the SMI component. 

Although it should be noted that it cannot be concluded that crystallisation is prevented 

entirely, only that the crystallisation process cannot occur over the timescale of the DSC 

experiment in question i.e. the sample is heated over the crystallisation range at 10 °C/min, 

which is sufficient to prevent crystallisation. The same is true for compositions above 30 

wt% SMI. The decrease in the intensity of the melting peak can be explained in terms of a 

reduction in the quantity of crystalline material in the sample with increasing SMI content. 

The degree of crystallinity of the blends was shown in Table 5.1 . The degree of 

crystallinity could only be calculated for compositions up to 20 wt% of SMI because 

above 30 wt% of SMI no polymer melting peak are found. Given that the variations in the 

prominence of the SMI gT  and CBT melting peaks have been ascribed to the effect of the 

compositional variation in the blend, it was deemed important to rule-out these effects in 

the interpretation of the melting of the melting of the c-PBT component.  
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Table 5.1: Degree of crystallinity of c-PBT/SMI blends after dynamic heating (10 
°°°°C/min) of CBT/SMI blends 

 
 

Blend Compositions (c-PBT/SMI) (wt %) 100/0 90/0 80/20 

Degree of crystallinity (%) (± 1) 57 41 28 
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Figure 5.2 : Comparison of first dynamic run between 70/30 CBT/SMI blends and 

pure CBT 
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Figure 5.2 shows a comparison of a 20 mg sample of CBT/SMI blend, (identical to 

the region shown in trace (d)) in Figure 5.1 with a trace obtained from a 14 mg sample of 

CBT i.e. the actual mass of CBT in both samples was the same and if the crystallisation 

trend shown in Figure 5.1 was due to a simple variation in mass Figure 5.2 would show a 

identical melting peak (and some evidence of crystallisation). As this was not the case, it 

can be concluded that the crystallisation of c-PBT was indeed hindered by the SMI 

component.  
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Figure 5.3: Thermal behaviour of re-heating c-PBT/SMI blends  
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The thermal response of c-PBT/SMI blends produced after the first DSC dynamic 

run is shown in Figure 5.3. The double melting peak for c-PBT produced after the first 

dynamic run of CBT was explained in Section 3.2.1. The double melting peak is more 

obvious with the presence of 10 to 20 wt% SMI in the blend system. The interesting 

finding is still at trace (d) – the 70/30 CBT/SMI blend, although the crystallisation process 

cannot occur over the timescale of the DSC experiment, we can still observe the melting 

transition in the c-PBT melting region which indicates that the polymerisation still 

occurred although the crystallisation was inhibited. However, the melting transition 

occurred over a broad region and shifted to lower temperature upon addition of more SMI 

content. 
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Figure 5.4 :  In situ polymerisation of CBT/SMI Blends at 190 °°°°C 
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Supporting evidence for the suppression of crystallisation in c-PBT is also found in 

the process of in situ polymerisation of CBT/SMI blends at 190 °C (Figure 5.4). The 

crystallisation exotherm cannot be detected above 30 wt% SMI. Again, this suppression 

only applies in the context of the DSC experiment i.e. at 190 °C; the crystallisation process 

is either prevented or becomes too slow for the DSC to detect at compositions above 30 

wt% SMI. This may be explained in terms of the formation of what is initially a miscible 

blend. As a result of the development of some degree of miscibility, the crystallisation of 

c-PBT will require an initial phase separation stage which will hinder the process through 

an increase in the induction time for the crystallisation. Similar results have been obtained 

by Tripathy et al. [50], where they found that during in situ blends of c-PBT with PVB, the 

crystallinity c-PBT was suppressed by the blending process, which initially created a 

miscible blend, which in turn affected the crystallisation process. 

 

Figure 5.5 shows the thermal response of c-PBT/SMI blends produced after the 

CBT/SMI blend was allowed to polymerise at 190 °C for 10 minutes or more. Compared 

with the results shown in Figure 5.3, the melting transition in Figure 5.5 only produced a 

single melting peak. It gives the impression that the CBT could still polymerise very well 

even in the presence of another component (SMI) as long as suitable time is allowed for 

the in situ polymerisation process. The trend is still the same for more than 30 wt% of SMI 

in the blend system; the melting transition occurs over a broad region and is shifted to 

lower temperature. The degree of crystallisation of the c-PBT/SMI blends which 

polymerised at 190 °C (as shown in Table 5.2) was found to be higher than the results in 

Table 5.1 . 
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Figure 5.5: Thermal behaviour of various compositions c-PBT/SMI blends after in 

situ polymerisation of CBT/SMI blends at 190 °°°°C 

 
 
 

Table 5.2: Degree of crystallinity of c-PBT/SMI after polymerised at 190 °°°°C 

 
Blend Compositions (c-PBT/SMI) (wt %) Degree of crystallinity (%) (± 1) 

100/0 80 

90/10 69 

80/20 46 

70/30 28 

60/40 21 
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5.2.2 Investigation on glass transition temperature ( gT ) of the c-PBT 

blends 

 

Miscibility in a polymer blend can be demonstrated by showing that a single 

composition dependent gT  is observed in the blend [158]. This was found to be the case in 

the c-PBT /SMI blend, and some example DSC traces showing the gT  region for the 

blends are shown in Figure 5.6. 
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Figure 5.6: Effect of blends composition on SMI gT  
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Figure 5.7 illustrates the comparison between the gT  of the c-PBT/SMI blends 

measured by DSC and the values calculated from the Fox [74, 103, 159, 160] and Gordon-

Taylor [162-164]. In order to calculate Gordon-Taylor’s equation (Equation 4.3), the pC∆  

value for SMI is 0.159 ± 0.06 Jg-1K-1 and c-PBT is 0.099 ± 0.019 Jg-1K-1 was used which 

obtained from DSC experiment. 
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Figure 5.7 : gT  comparison between Fox, Gordon-Taylor and experimental data of c-

PBT/SMI Blends 
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A single, composition-dependent gT  was observed between those of the component 

polymers. This is further evidence of the development of miscibility in the blend system. 

In general, each component in immiscible blends retains its own individual properties. Its a 

consequence they usually exhibit two glass transitions, or melting peaks, in the case of 

crystalline polymers [120, 154, 158].  

 

 

5.2.3 FTIR examination on the c-PBT/SMI blends 

 

Figure 5.8 displays the FTIR spectra of CBT and SMI copolymer from a total of 

100 scans at a resolution of 2 cm-1 by an ATR technique [102]. The peak assignment of 

CBT was made in Section 3.2.5.1 and the peak assignments of SMI copolymer are listed in 

Table 5.3 [116, 172-174]. On the other hand, the SMI spectra only show one distinct and 

very prominent peak corresponding to the carbonyl absorbance (C=O) band from imide 

[173] centred at 1688 ± 3 cm-1 .  
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Figure 5.8 : FTIR spectra of CBT and SMI 

 

 
 
 

Table 5.3: Peak assignments for SMI copolymer 

 

Wavenumbers (cm-1) Assignment [116, 172-174] 

3600 to 3000 N-H stretching 

3000 to 2800 C-H stretching 

1750 to 1600 Carbonyl (C=O) stretching 

1300 to 1000 Various C-O-, C-C and C-H vibration 

modes (stretching & bending) 

800 to 700 Phenylene bending 
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Figure 5.9: Effect of CBT/SMI Blends composition on carbonyl group before in situ 

polymerisation 

Since CBT and SMI spectra have prominent peaks corresponding to the carbonyl 

absorbance (C=O), an investigation were made in this band to study the effect of blend 

composition and in situ polymerisation. Figure 5.9 shows the effect of CBT/SMI blend 

composition on the carbonyl group before in situ polymerisation. Closer inspection of the 

carbonyl bands of both component polymers shows that the bands appear in different 

locations, the CBT carbonyl band is centred at 1712 ± 2.5 cm-1 and the SMI carbonyl band 

is centred at 1688 ± 3 cm-1. It can be seen in that figure that for 80/20 and 50/50 CBT/SMI 

blend composition only the CBT carbonyl band appeared and for 20/80 CBT/SMI only the 

SMI carbonyl is dominant. 
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Figure 5.10 : Effect of c-PBT/SMI Blends on carbonyl group 

 

A significant finding was found in the effect on the carbonyl group after in situ 

polymerisation (Figure 5.10). After in situ polymerisation the blend spectra consist of both 

carbonyl bands (c-PBT and SMI). Moreover, a variation in relative intensity of the 

carbonyl bands with blend composition is apparent (as would be expected in a blend 

system in which the proportion of each component is altered). There is also a slight 

variation in peak position of both bands with composition in that there is a shift of both 

bands to an increased wavenumber. Although the size of the shift is small, it is still 

significant and can be interpreted in terms of the development of miscibility in the blend 

system i.e. interaction between the component polymers are likely to involve the carbonyl 
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bands within both polymers. The interactions change the local environment of these 

functional groups and hence affect the peak locations. 

 

As the blend composition varied, so did the locations of the carbonyl peaks, as 

shown in Figure 5.11. Although the variation is most prominent in the SMI (C=O), it can 

be seen that the peak location of each C=O band shifts towards an increased wavenumber 

indicating a change in the local environment of the group. This observation can be 

interpreted in terms of the explanation presented for the suppression of crystallisation and 

the occurrence of a single gT , i.e. miscibility.  
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Figure 5.11 : Shift of carbonyl peak by c-PBT/SMI blends composition. 
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5.2.4 Studies on fracture surfaces of the c-PBT blends 

 

Scanning electron microscopy (SEM) micrographs of the frozen fracture surfaces 

of c-PBT/SMI blends for the blend composition ranging from 90 to 50 wt% of c-PBT are 

shown in Figure 5.12. These SEM micrographs showing the effect of c-PBT/SMI blend 

composition after 30 minutes in situ polymerisation. Pure c-PBT shows a ductile fracture 

surface deformation. Chow [165] obtained a similar type of deformation observed for 

linear PBT. It could suggest that the production of polyester i.e., PBT via in situ 

polymerisation of its cyclic oligomers still produced ductile material as conventional 

production of linear PBT. 

 

In this study, we observed that the fracture surface of the c-PBT/SMI blends 

changed with each 10 wt% SMI content increments. The ductile deformation surface was 

affected by 10 wt% SMI (90/10 c-PBT/SMI) and completely changed in the presence of 20 

wt% SMI and was replaced by appearance of small particles. A closer look (X4000, 5µm) 

of these small particles showed that actually they had a nodular texture as shown in Figure 

5.13. The nodular texture is believed to be crystalline material. The appearance of these 

possible crystallites reduced with an incremental SMI content and was found to disappear 

in 50/50 c-PBT/SMI after adequate in situ polymerisation time. Phase separation was also 

not clearly seen at this composition. Furthermore, the homogenous microstructure 

observed in 50/50 c-PBT/SMI suggesting miscibility.  

 

Moreover, these SEM micrographs are further supporting evidence for the 

suppression of crystallinity. In summary, suppression of crystallisation in the blends 
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containing 30 wt% SMI was also observed following examination of the fracture surfaces 

using SEM which consistent with thermal behaviour (DSC) results. 

 

 
   

Figure 5.12: Effect of c-PBT/SMI blends composition on fracture surfaces 
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Investigations to study the effect of in situ polymerisation times on the blends 

fracture surface, are illustrated in Figure 5.13 and Figure 5.14, respectively. The effect of 

in situ polymerisation were studied for various time; 1, 5, 30 minutes. In the case of a c-

PBT rich composition (80/20 c-PBT/SMI), we observed that the SEM micrograph showed 

the presence of small particles which are believed to be crystallites after 1 minute in situ 

polymerisation. These small particles then grow as in situ polymerisation times increased 

to 5 minutes and formed nodular texture which represents the crystalline phase. This 

nodular texture keep growing as the in situ polymerisation reached 30 minutes. The 

nodular texture observed in the c-PBT/SMI 80/20 blend (Figure 5.13) is indicative of the 

c-PBT being crystalline rather than immiscibility. This suggestion is in agreement with the 

thermal behaviour (DSC) results in Figure 5.4. 

 

On the other hand, the SMI rich composition (20/80 c-PBT/SMI) SEM micrograph 

also shows small particles which appeared after 1 minute of in situ polymerisation but do 

not grow as in the c-PBT rich composition case. It can be seen (Figure 5.14) that the small 

particles decreased and are missing after the 5 minutes in situ polymerisation allowed for 

SMI rich composition. The 30 minutes in situ polymerisation (which is believed complete) 

of the SMI rich composition resulted in a homogeneous microstructure.  This morphology 

obtained from the in situ polymerisation is suggested to produce a miscible c-PBT/SMI 

blends system above than 30 wt % of SMI. 
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Figure 5.13: Effect of polymerisation time on fracture surface of c-PBT rich blend 

(80/20 c-PBT/SMI) 
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Figure 5.14: Effect of polymerisation time on fracture surface of SMI rich blend 

(20/80 c-PBT/SMI) 
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5.2.5 Comparison with the immiscible blends system (c-PBT/PS) 

 

The c-PBT/SMI blends which were prepared via the solid dispersion technique and 

simultaneous in situ polymerisation show some evidence of miscibility. As a comparison, 

we investigated the behaviour and morphology of a blend system which is known to 

produce immiscible blends with linear PBT.  PS was the choice as it has a low gT  (90 to 

110 °C) below the range of polymerisation temperature of CBT (160 to 200 °C). PBT/PS 

blends systems are known to be immiscible blends [175-179]. Note that the c-PBT/PS 

blends were prepared using the same procedure as that used to prepare c-PBT/SMI blends.  

 

 

5.2.5.1 Thermal behaviour 
 

Figure 5.15 represents the thermal response of CBT/PS blend during dynamic (10 

°C/min) heating. It was expected that the immiscible blends would not interfere with the 

crystallisation process during production of c-PBT. The crystallisation process still 

appeared in the case of PS dominant blends (40/60 c-PBT/PS). Signs of crystallisation 

were not obvious in 20/80 c-PBT/PS as the quantity of CBT in the system decreased. 

These results be illustrate the difference between thermal behaviour miscible (c-PBT/SMI) 

and immiscible blends (c-PBT/PS). 
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Figure 5.15: Thermal behaviour of various compositions CBT/PS blends 

 
 

It also clearly seen that the c-PBT/PS heating trace consist of two transitions which 

belong to glass transition temperature (gT ) of PS above 90 °C and melting point of c-PBT 

at 225 °C as shown in Figure 5.16. The higher PS content was also found to have ruined 

the spherulite perfection of c-PBT during fast in situ polymerization (trace e.) 
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Figure 5.16: Thermal behaviour of re-heating various compositions c-PBT/PS blends  

 

Investigations of the in situ polymerisation of CBT/PS blends also reveal that the 

crystallisation process was not affected by the presence of PS (Figure 5.17). These results 

are totally different from those for miscible blends (Figure 5.4). The immiscible blends 

will behave according to their single components [120, 158]. 
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Figure 5.17: In situ polymerisation of CBT/PS Blends at 190 °°°°C 
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Figure 5.18: Thermal behaviour of various compositions c-PBT/PS blends after in 

situ polymerisation of CBT/PS blends 
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In Figure 5.18, we can see that the in situ polymerisation of CBT/PS which 

occurred over an appropriate time scale still produced immiscible blend behaviour. The 

heating traces of c-PBT/PS blends show that two transitions are present, i.e. the gT  of PS 

and the c-PBT melting point. It reflects that no interaction occurred during the 

polymerisation process. 

 

Moreover, an observation on gT  of the c-PBT/PS blends clearly indicates two gT  

(Figure 5.19) which represent the individual components, c-PBT  (27 °C) and PS (90oC), 

respectively. The Fox’s and Gordon-Taylor’s equations are not applicable to this system 

since the system clearly shown immiscible blend characteristics. 
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Figure 5.19: gT  of c-PBT/PS blends 
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5.2.5.2 Fracture surfaces of immiscible blends system (c-PBT/PS) 
 

The morphology of an immiscible polymer blend depends on a variety of factors: 

the interfacial tension, the viscosity ratio of the components, the volume fraction, the 

shear, and extensional stresses encountered during processing [180]. An immiscible blend 

always results in a coarse morphology and a relatively large domain size for the minor 

component due to high interfacial tension [93, 180]. A coarse surface can be observed in 

the 20/80 c-PBT/PS blend (produced through same method of production as c-PBT/SMI 

blends) as shown in Figure 5.20. The SEM micrograph of 20/80 c-PBT/PS blends which 

went through 10 minutes in situ polymerisation shows this sample had a distinct two-phase 

morphology, i.e., a continuous PS phase with a dispersed c-PBT phase.  

 

Moreover, the effect of phase separation on the samples which had 30 minutes and 

60 minutes in situ polymerisation can clearly be seen. The samples show a heterogeneous 

structure with droplets supported in a matrix as found in many cases of immiscible blends 

previously [155]. This implied poor interfacial adhesion between PS and c-PBT phases as 

all the spheres and holes are found have smooth surfaces. In summary, it can be said that 

PS and c-PBT phases in the blend are immiscible, and the interfacial tension between the 

PS and c-PBT phases was relatively high.  

 

The examination of morphology of c-PBT/PS blends also provides further evidence 

of miscibility in c-PBT/SMI blends system. There are no droplets or coarse surface found 

on c-PBT/SMI blends morphology as illustrated in common immiscible blends. 



 159 

 

Figure 5.20: Effect of polymerisation time on fracture surface of PS rich blend (20/80 

c-PBT/PS) 
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5.3 Conclusions 
 

Blends of CBT and SMI have been successfully prepared using a solid dispersion 

technique followed by an in situ polymerisation process of the CBT to produce a blend of 

c-PBT polymer and SMI. Preparation of the blends within the DSC showed that under the 

conditions of the DSC experiment, the crystallisation of c-PBT was suppressed by the 

presence of SMI. This was most apparent at compositions in excess of 30 wt% SMI, at 

which point, the crystallisation process of c-PBT became undetectable within the 

conditions adopted for the DSC experiment. A single, composition dependent blend gT  

was also found which strongly suggested that the blend was miscible. The presence of 

miscibility offers an explanation of why the crystallisation process in c-PBT became 

depressed: miscibility necessitated a phase separation process prior to the crystallisation. 

This manifested itself as an induction time for the crystallisation to such an extent that the 

crystallisation process became undetectable in the context of the in situ polymerisation 

process adopted in this work.  

In contrast, the observation on c-PBT/PS blends system found no suppression of 

crystallisation processes at all blend compositions. The presence of two gT  in c-PBT/PS 

blends dynamic DSC heating curve clearly indicates an immiscible blends system. The 

results found then suggest the further evidence of miscibility c-PBT/SMI blends. The 

driving force for miscibility between c-PBT and SMI is based primarily on an interaction 

between carbonyl groups and hydrogen bonding on the component polymers. The 

morphology investigation also observed that c-PBT/SMI blends have a homogenous 

microstructure since the SEM micrographs do not show phase separation as in a c-PBT/PS 

blends.   
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Chapter Six 
 
 
 
 
 

THE EFFECT OF c-PBT BLEND COMPOSITION  

ON THE EQUILIBRIUM MELTING AND  

ISOTHERMAL CRYSTALLISATION  
 
 
 
 
 

6.1 Introduction  

6.1.1 Semicrystalline/amorphous polymer blends 

 
 

Figure 6.1 illustrates the possible microstructures of semi-crystalline/amorphous 

polymer blends on cooling from the melt. It has been reported that there are three possible 

microstructures which can be formed in the case of miscible semi-crystalline/amorphous 

polymer blends and where the diluent polymer (amorphous) can reside, i.e. (i) between the 

crystalline lamellae [181-185], (ii) between fibrils [114, 186] and, (iii) between the 

spherulites [114, 185-189]. It is also possible that the amorphous polymer location can 

have combinations of all these (interlamellar, interfibrillar, interspherulitic) arrangements 
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[114, 185, 186]. The miscible semi-crystalline/amorphous polymer blends could have 

multiple gT  as multiple locations for the amorphous polymer would be expected to lead to 

amorphous regions with different composition and, hence, different gT  [93]. 

 
 
 
 

 
 

Figure 6.1: The possibility of solid state microstructure of semi-

crystalline/amorphous melt miscible blends; (i) interlamellar, (ii) interfibrillar and 

(iii) interspherulitic (magnification increases from right to left in the drawings)[93]  

 

In general, the amorphous polymer is trapped in interlamellar regions when its gT  

is relatively high compared to the cT  of semi-crystalline polymer [93]. On the other hand, 

when the gT  of amorphous polymer is low relative to cT , at least some of the amorphous 

polymer is located outside of the interlamellar regions. The mobility of the amorphous 

polymer which is determined by its gT  was found as an important factor in diluent 

segregation. For instance, Talibuddin et al. [190] who studied the melt-misciblity of poly 
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(ethylene oxide) (PEO) blends  found that the diluent mobility influence the segregation of 

weakly interacting blends.  They observed that poly (methyl methacrylate) (PMMA) 

(relatively high gT ) was trapped between PEO lamellae while poly (vinyl acetate) (PVAc) 

(relatively low gT )  was located partially in interfibrillar regions. However, Wu et al. [191]  

found that the PEO blends with two strongly interacting copolymers (ethylene-methacrylic 

acid (EMAA) (relatively low gT )   and styrene-hydroxystyrene (SHS) (relatively high gT )) 

exhibited approximately the same degree of segregation, regardless of diluent mobility. 

Moreover, they (Wu et al.) reported that EMAA and SHS were excluded into interfibrillar 

regions at diluent contents of 20% and located at interspherulitic at higher concentration of 

diluent content.  From the both studies of PEO blends, it can be concluded that the strongly 

interacting SHS showed significant diffusion from the crystal growth front, while the 

weakly interacting PMMA was trapped within interlamellar regions. 

 

The crystallisation in the semicrystalline-amorphous miscible blends still occur in 

the range of it’s gT  and o
mT  as in neat semi-crystalline polymer [93]. The crystallisation 

process of miscible semicrystalline-amorphous blends system will involves two types of 

polymer transport; i.e. diffusion of the crystallisable component toward the crystal growth 

front and a simultaneous rejection of the amorphous component [143]. This leads to liquid-

solid phase separation which give a variety of morphology patterns. According to Chiu et 

al. [143], the morphological formation may be kinetically controlled by composition and 

thermal history. 
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6.2 Nishi-Wang Theory 
 
 

In the previous chapter (Chapter 5), miscibility of the c-PBT/SMI blends was 

discussed based on the existence of single glass transition temperature, gT . Furthermore, 

analysis of the melting behaviour of crystalline polymer blends is also one of the methods 

of assessing polymer-polymer miscibility [93]. It has been reported that the miscible semi-

crystalline/amorphous blends will result in the equilibrium melting temperature, o
mT  

depression. The analysis of omT  depression is widely used to estimate the Flory-Huggins 

interaction parameter (12χ ) [143, 192-200]. 

 

 
Nishi and Wang [192, 193] who modified the Flory-Huggins theory [201] derived 

the o
mT  depression of a crystalline phase with amorphous polymer in a miscible blend as; 
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  (Equation 6.1) 

 
 
where o

fH∆  is the heat of fusion for the 100% crystallisable component (85.75 J/g [34, 35, 

67, 111, 112]), R  is the universal gas constant (8.314 JK-1mol-1), V  is the molar volume 

of the polymer repeating unit, m  is the degree of polymerisation, and φ  is the volume 

fraction of the component in the blend. The subscripts 1 and 2 denote the non-

crystallisable (amorphous polymer) and crystallisable components (semi-crystalline 

polymer), respectively.  
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The volume fraction,φ  can be evaluated from the weight fractions and densities of 

the components, where: 
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It is assumed that if the entropy of mixing is negligible in polymer blends 

∞→≈ 21 mm [154, 200], the melting point depression is dominated by an enthalpic term, 

and Equation 6.1 can be simplified as:  
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Commonly, a plot of )/1/1(/ )()(21

o
purem

o
blendsm

o
f TTRVVH −∆−  against 2

1φ  should result in 

straight line. Thus, the estimation of 12χ  is obtained from the slope of this plot [143, 192-

200]. Moreover, the interaction energy density, B  could be determined from the Equation 

6.4 as below [149]:  
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6.3 Results and discussion 

6.3.1 The equilibrium melting temperatures, o
mT  

 

The melting points, mT  of the c-PBT/SMI blends after isothermal crystallisation at 

various crystallisation temperatures (197 °C to 201 °C) are shown in Figure 6.2 to 6.4. It is 

observed that as the SMI content increases, the mT  of the blends gradually shifts to  lower 

temperatures which shows that the SMI component causes a depression in mT  . Lim et al.  

[137] suggest that the mT  depression may be attributed to a reduction crystal size or 

imperfections in the crystalline lattice. Therefore, our observation on c-PBT/SMI blends 

suggests that the incorporation of SMI will result in less perfect c-PBT crystals.  

 

Again by applying the Hoffman and Weeks [99] approach, the equilibrium melting 

points ( o
mT ) of c-PBT/SMI blends were obtained from a linear fit of mT  against cT  (slope 

0.50 ± 0.05), as the intercept of the extrapolated data with the line cm TT =  . Figure 6.5 

shows the Hoffman and Weeks plots for the c-PBT/SMI blends. 
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Figure 6.2: Melting peak of 90/10 c-PBT/SMI after being held at various 

crystallisation temperatures  

 

 

Figure 6.3: Melting peak of 80/20 c-PBT/SMI after being held at various 

crystallisation temperatures 
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Figure 6.4: Melting peak of 70/30 c-PBT/SMI after held at various crystallisation 

temperatures
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Figure 6.5: Hoffman-Weeks plot of observed melting temperature against 

crystallisation temperature for c-PBT/SMI blends 
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Figure 6.6 summarises the omT  observed in c-PBT/SMI blends. The results show 

that the o
mT  values of the blends are lower than those of the c-PBT where the increase of 

SMI content decreases the omT  value. This finding is expected as previous research on 

miscible crystalline-amorphous polymer blends show a depression of o
mT  [143, 192-200]. 

The depression of o
mT  which lower the degree of supercooling was reported to cause 

significant reductions in spherulitic growth rates for strongly interacting blends [191]. 
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Figure 6.6: The equilibrium melting temperatures of c-PBT/SMI blends 
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Figure 6.7: Application of Flory-Huggins theory modified by Nishi-Wang equation  

for c-PBT/SMI blends 

 
 
 

By using the Nishi-Wang equation, a plot of the left term 

( o
purem

o
blendsm

o
f TTRVVH )()(21 /1/1(/ −∆− ) versus 2

1φ  gives a straight line with negative slope 

as shown in Figure 6.7. The following parameters are used in order to calculate Equation 

5.11; o
fH∆ = 85.75 J/g, R = 8.314 JK-1mol-1, 1V  = 251.21 cm3/mol of monomer, 2V  = 

207.73 cm3/mol of monomer, 1ρ = 1.14 g/cm3 [87] and 2ρ = 1.31 g/cm3 [75]. It was found 

that the value of that slope was -2.35 ± 0.15 x 10-3 which represents the 
12χ  value. 
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The negative value of the 
12χ  parameter observed in this study indicates that c-

PBT and SMI pairs are thermodynamically miscible in the melt. In general, a negative free 

energy of mixing can be achieved with interactions between blend components such as 

intermolecular hydrogen bonding [161, 202]. As discussed earlier in a previous chapter 

(Chapter 5), an interaction of c-PBT and SMI blends would be expected between the 

carbonyl groups of the blend components. Moreover, by applying the 
12χ value which 

obtained from Nishi-Wang plot in the Equation 6.4, the interaction energy density (B ) was 

calculated as -0.04 Jcm-3. Lee and Woo [149] concluded that reduced B  value generally 

means a stronger intermolecular interaction in the blend. In their work, they found that the 

B  value of poly(4-vinyl phenol)/poly(trimethylene terephthalate) (PVPh/PTT) blend is -

32.49 Jcm-3 but in other work  which studied poly(4-vinyl phenol)/ poly(epsilon -

caprolactone) (PVPh/PCL) blends reported that B  value of that blend (PVPh/PCL) is -

41.11 Jcm-3. This indicates that the PVPh/PCL blends have a stronger intermolecular 

interaction than PVPh/PTT blends. 

 

 

 

6.3.2 Crystallisation of c-PBT/SMI blends 

 

Hot crystallisation (the crystallisation process which occurs during cooling of 

polymer melts) was studied in the temperature range of 200 to 140 °C to examine the 

effect of c-PBT/SMI blends on the crystallisation of c-PBT. The overall crystallisation 

exotherms could be measured when samples were cooled at a rate of 10 °C/min from the 

melt (after being held at 240oC for 5 min) in the dynamic DSC mode. The effect of blend 
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composition on the hot crystallisation of c-PBT/SMI blends is shown in Figure 6.8. It is 

obvious that the presence of SMI shifted the crystallisation of the pure c-PBT (originally 

found at 190oC) to lower temperature. As predicted and reported by previous researchers 

[150], the presence of miscible blend components in semi-crystalline polymers will 

impede the crystallisation process. The possible reason is that the second polymer 

(amorphous) might reside mainly in the interlamellar and interspherulitic region of 

crystalline polymer and slow the crystallisation process. From the estimation of Flory-

Huggins parameter (
12χ ) by Nishi-Wang approach, we noticed that the c-PBT/SMI blends 

are weakly interacting blends as their 
12χ  is a small value and the gT  of SMI is relatively 

lower than c-PBT cT . These two characteristics influence the location of second polymer 

(SMI) in the microstructure of c-PBT/SMI blends as discussed earlier in Section 6.2.   On 

the other hand, Huo et al. [114] who studied the location of polyarylate (PAr) in PBT/PAr 

blends by small-angle X-ray scattering (SAXS) found that PAr (second polymer) location 

in the interlamellar and interspherulitic region depends on the blend composition, i.e. 

interlamellar PAr structure holds for blends with PAr < 0.40, while either interfibrillar or 

interspherulitic structure exists for blends with PAr > 0.40. 

 

Typical crystallisation curves for c-PBT/SMI blends at different isothermal 

crystallisation temperatures are shown in Figure 6.9, as an example, a 90/10 blend. Note 

that the end of the crystallisation process was taken to be the point where the isothermal 

curve converged with the horizontal base line as reported in literature [132, 203]. 
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Figure 6.8: Effect of blend composition on hot crystallisation of c-PBT/SMI Blends 

 
 
 

 

Figure 6.9: DSC exotherms of the isothermal crystallisation of 90/10 c-PBT/SMI 

blends at various crystallisation temperatures 
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6.3.3 Avrami analysis 

 

The overall development of relative crystallinity,tX  with time at selected 

crystallisation temperatures of c-PBT/SMI blends is shown in Figure 6.10. From that 

figure, we can see that all the isotherms show sigmoidal curves. They depend on the 

crystallisation temperature selected and time. This trend is in agreement with previous 

polymer crystallisation studies [130, 143].  

 

In the case of c-PBT/SMI blends, the relative crystallinity versus time plot reveals 

that higher level of SMI contents slow the crystallisation process of c-PBT. As an 

example, Figure 6.11 shows that 2/1t  increases with increasing SMI contents. The 2/1t  is 

defined as the time to reach the maximum rate of the crystallisation process [132, 139] and 

is also known as crystallisation half-life. All the 2/1t  values for various crystallisation 

temperatures and blends compositions are listed in Table 6.1. 

 

It could be suggested that the increment of 2/1t values with SMI content is 

attributed to the reduction of molecular mobility, arising from increase of gT , and the 

dilution of c-PBT concentration upon blending with SMI. The 2/1t  also was observed to 

increase with increasing crystallisation temperature, cT   at given composition which is 

consistent with the postulate that crystallisation kinetics in the cT  range were dominated 

by the thermodynamic driving force of crystallisation [143]. 
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Figure 6.10: Development of crystallinity with time for c-PBT/SMI blends  

 

 

Figure 6.11: Development of crystallinity with time for c-PBT/SMI blends at 201oC 
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Figure 6.12 illustrates the Avrami plot of c-PBT/SMI blends as an example at 

197oC. It clearly shows almost parallel lines at different blend compositions and the lines 

shifted to higher time as the crystallisation process was impeded with the increasing SMI 

content into the blend. The parallel lines imply that the crystal growth geometries and 

nucleation mechanism are similar, although at different blend compositions. This trend 

was also observed by Chiu et al. [143], who worked on the crystallisation kinetics of 

poly(trimethylene terephthalate)/poly(ether imide) (PTT/PEI) miscible blends. They found 

that the experimental data closely agree with the Avrami equation at low conversion but 

deviate from the equation at high conversion which is believed to be due to secondary 

crystallisation. From this plot ( ( )( )tXIn −− 1log  against tlog ), the Avrami constant, n  and 

the overall crystallisation rate, Z  can be obtained from the slope and the intercept, 

respectively. 

 

Figure 6.12: Avrami plots of c-PBT/SMI blends at 197 oC 
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Table 6.1: The Avrami parameters for c-PBT/SMI blends  

 
 

Blend 

composition 

(c-PBT/SMI) 

Crystallisation 

Temperature, 

(oC) 

 

n,  

±±±±0.1 

 

Half-life  

( 2/1t ), min  

±±±±0.1 

 

Z , min-n 

(x10-4) 

±±±± 0.002 

197 2.4 2.7 577 

198 2.4 3.7 269 

199 2.4 4.7 155 

200 2.4 6.0 82 

100/0  

c-PBT/SMI 

 

201 2.5 8.4 25 

197 2.5 4.2 235 

198 2.5 5.4 127 

199 2.5 7.2 62 

200 2.5 8.0 46 

90/10  

c-PBT/SMI 

 

201 2.6 11.5 14 

197 2.7 10.6 10 

198 2.7 11.8 9 

199 2.8 13.5 5 

200 2.8 14.6 3 

80/20  

c-PBT/SMI 

 

201 2.8 16.3 2 

197 2.6 13.2 8 

198 2.6 16.3 6 

199 2.7 17.3 2 

200 2.7 19.8 2 

70/30  

c-PBT/SMI 

 

201 2.7 20.5 2 
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It can be observed that the addition of 30 wt% SMI resulted in a drastic increase of 

2/1t  and decrement of Z  compared to c-PBT as shown in Figure 6.13 and Figure 6.14, 

respectively. It is believed that the miscibility effect found in that composition cause the 

slower crystallisation process of c-PBT. This work focused on the hot-crystallisation of c-

PBT, therefore only half of the bell shaped curve is apparent. The growth rate in Avrami 

equation can be related to the 2/1t  and the Z . A high growth rate corresponds to a low 2/1t  

and high Z  constant. Therefore the temperature dependencies both 2/1t  and Z  are 

consistent with the Hoffman-Lauritzen theory. 
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Figure 6.13: Variation of half-life as a function of degree of supercooling of                 

c-PBT/SMI blends 
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Jenkins [129] in his work on crystallisation in miscible blends of poly(ether ether 

ketone) (PEEK) and poly(ether imide) (PEI) concluded that the temperature dependence of 

both the 2/1t  and  the Z  can be explained by the existence of two competing effects as 

described by the Hoffman-Lauritzen theory [125, 128-132] which is modified from 

Turnbull and Fisher [127]. Competition between the two results in a minimum in the 2/1t  

and a maximum in the Z  at a temperature midway between the gT  and mT .  
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Figure 6.14: Variation of composite rate constant as a function of degree of 

supercooling for c-PBT/SMI blends 
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In the case of c-PBT/SMI blends, it is obviously observed that the rate of 

crystallisation at constant crystallisation temperature decreases with increasing SMI 

content. The possible reason is the presence of SMI causing increased melt viscosity of the 

blends. The greater melt viscosity slows the diffusion of the SMI molecules away from the 

growth front giving rise to a slower crystallisation rate. Information on the phase 

morphology of the blends can also be inferred from this evidence. As the crystallisation 

rate of the blend is markedly slower than that of c-PBT, it can be assumed that the 

components mix at the molecular level and large domains of c-PBT do not exist in the 

blend. 

 

 

6.3.4 Effect of the blends on nucleation constant and surface free energy 

 

The effect of the presence of second polymer (SMI) in c-PBT/SMI blends on the 

nucleation constant (gK ) and surface free energy product (eσσ ) was also analysed using 

Hoffman-Lauritzen theory as in Section 4.3.3. Figure 6.15 illustrates the Hoffman-

Lauritzen plot for blends of c-PBT/SMI blends. The gK  value was found to decrease (as 

listed in Table 6.2) and the transition from regime III to regime II was observed as the SMI 

content increased. The results from this study are consistent with the Hoffman-Lauritzen 

theory whereas for the c-PBT spherulitic growth occurred in regime III as the degree of 

supercooling, T∆  is high.  The depression of equilibrium melting point ( o
mT ) which is 

found in miscible polymer blends will lower the T∆ . As a consequence the spherulitic 

growth shifted to regime II which occurred at medium T∆ . Avella and Martuscelli [204] 
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found similar results in PHB/PEO blends where PHB crystallised in regime III but its 

blends with PEO crystallised in regime II. It was reported that a shift of regime III-II 

transition to lower temperature with increasing second polymer (amorphous) contents 

suggest that the secondary nucleation rate was depressed by a larger extent upon blending 

than the surface spreading rate [194]. 
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Figure 6.15: A Hoffman-Lauritzen plot for blends of c-PBT/SMI blends 

 
 
 

The estimation of surface free energy product, eσσ  using Equation 4.19 shows a 

decrement trend. This is consistent with the melting point depression where the ability of 

c-PBT to crystallise from melt was reduced with the increased levels of SMI. Jenkins [129] 

also suggested that the surface free energy product, eσσ  is influenced by composition of 

the blends, i.e., the quantity eσ  is determined by chainfolding, whereas the quantity σ  
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varies with the nearest neighbours. Hence, the surface energy variation is one of the factors 

that determine the crystallisation rates of c-PBT. Overall the observation on reduction of 

gK  and eσσ  is in agreement with the previous finding which involved miscible blends of 

crystallisable polymers [143, 146, 204]. Based on Hoffman-Lauritzen theory (Equation 

4.19), it can be seen that the gK  will affect the eσσ  in the same regime where the 

reduction in gK  value will decrease the eσσ . It also suggested that reduction of both 

parameters is due to miscibility of the blends as the crystallisation process has been found 

to be affected by the blend components especially for the blends which involved a 

crystalline-amorphous system. It is believed that these amorphous (SMI) components were 

located in the region of interlamellar and interspherulitic of crystallisable polymer (c-PBT) 

and as a result they lowered the degree of crystallinity and the crystallisation rate of the 

semi-crystalline polymer. 

 

Table 6.2: Variation of the nucleation constant and surface free energy product of     

c-PBT/SMI blends 

 
Sample 

 
-Kg x 105 K2 

 

 

eσσ  (x10-4 J2m-4)  

 
 
100/0 c-PBT/SMI 
 

 
5.13 ±  0.02 

 
6.44 ±  0.01 

 
90/10 c-PBT/SMI 
 

 
4.18 ±  0.02 

 
5.33 ±  0.02 

 
80/20 c-PBT/SMI 
 

 
1.88 ±  0.02 

 
4.84 ±  0.01 

 
70/30 c-PBT/SMI 
 

 
1.62 ±  0.02 

 
4.10±  0.05 
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6.4 Conclusions 
 

The equilibrium melting point ( o
mT ) and isothermal crystallisation kinetics of c-

PBT blends with SMI were investigated. The o
mT  of c-PBT blends was determined using 

the Hoffman and Weeks method. Studies on the o
mT  indicate that the presence of SMI 

content lowers the melting point of c-PBT. It may be attributed to the reduced crystal size 

or imperfect crystals in the crystalline lattice. We would suggest that the incorporation of 

SMI will encourage less perfect c-PBT crystals. Moreover, polymer-polymer miscibility 

could also be investigated by analysing the melting behaviour of crystalline polymer 

blends. The o
mT  depression is partial evidence that miscibility in the blend system is 

achieved. The Flory-Huggins interaction parameter (12χ ) was calculated using the Flory-

Huggins theory modified by Nishi and Wang. In this study, the Flory-Huggins interaction 

parameter ( 12χ ) was found to have negative values which indicates that c-PBT and SMI 

pairs are thermodynamically miscible in the melt.  

 

The Avrami plot shows that the crystal growth geometries and nucleation 

mechanism of c-PBT/SMI blends are similar, although at different blend compositions.  

Crystallisation parameters such as half-life (2/1t ), rate constant (Z ), and Avrami exponent 

( n ) have been found to be sensitive to the cT  values and blend compositions within the 

range of 197 - 201 °C. The 2/1t  was observed to decrease with an increase in the cT  and 

SMI content while values of Z  decreased in this situation. The n  values were found to be 

in the range from 2.4 to 2.8 for the primary crystallisation process for c-PBT and its 
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blends, indicating that heterogeneous nucleation of spherulites occurred and growth of 

spherulites was between two-dimensional and three-dimensional. 

 

The Hoffman-Lauritzen secondary nucleation theory was used to estimated the 

nucleation constant (gK ) and surface free energy product (eσσ ) of c-PBT/SMI. A shift in 

the crystallisation process from regime III to regime II was observed with increasing SMI 

content. The addition of SMI in the c-PBT matrix showed that SMI had some dilution 

effect on c-PBT where it reduced the crystallisation rate of c-PBT. It is also suggested that 

the second polymer (SMI) might reside mainly in the interlamellar or interspherulitic 

regions of the crystalline polymer and impeded the crystallisation process. 
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Chapter Seven 
 
 
 
 
 

CONCLUSIONS AND FUTURE WORK 
 
 
 
 
 

7.1 Conclusion 
 
 

Thermal behaviour studies have been carried out for CBT and c-PBT, respectively 

by DSC, FTIR, GPC, TGA and optical microscopy. The GPC results indicated that the 

CBT contain three components, presumably different oligomers. The production of c-PBT 

begun with a low molecular weight (wM ) material and it increased during the 

polymerisation.  

 

A suitable initiator such as tin and titanium catalysts is needed in order to 

polymerise CBT. The use of a cyclic initiator, i.e., stannoxane is reported [14] to lead to 

ring-expansion polymerization  which produces macro cyclic polymer as a result. It was 

found that the active temperature range for polymerization is when the CBT was fully 

melted but below the melting point of the resulting polymer. The c-PBT produced in this 
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temperatures range has a higher degree of crystallinity than PBT produced by conventional 

methods. 

 

It is believed that the simultaneous polymerisation and crystallisation processes for 

the production of c-PBT could not be separated using the thermal analysis behaviour since 

the polymerisation of CBT is an almost thermo-neutral reaction and also both processes 

occurred rapidly in a short time. Based on thermal analysis by DSC and GPC it was found 

that the crystallisation process starts as soon as the wM  of the polymer reaches an 

appropriate level even though polymerisation still continues. The development of wM  

during the crystallisation process suggests that the crystallisation process begins before the 

polymerisation process was complete. From the assessment of the melting behaviour of the 

resulting c-PBT and the development of wM  during polymerisation of CBT, it is also 

believed that polymerisation and crystallisation are completed at the same time.  

 

The polymerisation process of CBT has a significant effect on the C-O stretching 

and C=O stretching band as the peak intensity changes and the peak location shifts during 

the ring expansion polymerisation. The spectra were found to be more dominant in 

crystalline arrangement when the c-PBT formed as the semi-crystalline polymer was 

produced. 
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Thermal degradation studies showed that the use of stannoxane as an 

initiator/catalyst to aid ring-expansion polymerisation however has limitations due to its 

stability at high temperature. As s consequence, the polymerisation of CBT to produce the 

macrocyclic polymer should only be done below the melting point of the polymer. 

 

The presence of multiple melting peaks when the polymerisation of CBT is not 

complete is believed to be due to the existence of mixed spherulites as a consequence of 

mixed cyclic and linear structures. Furthermore, the polymerisation of CBT at high 

temperature (> 210 °C) also resulted in multiple melting peaks as the degradation of 

stannoxane is expected at high temperatures. Degradation of stannoxane will cause mixed 

cyclic and linear structures. On the other hand, the double melting peak behaviour which is 

found during re-heating of c-PBT is believed to be due to the melting and re-crystallisation 

of imperfect crystals.  

 

The c-PBT/SMI blends were successfully prepared by simultaneous in situ 

polymerisation and melt blending of solid dispersion CBT/SMI powder. Note that the 

blends were prepared without any external force and the miscibility is due to the low 

viscosities of both component and the potential of SMI to be miscible with polyester. It 

was found that at compositions in excess of 30 wt % of SMI the crystallisation of c-PBT 

was suppressed which suggests miscibility occurred.  
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 The sign of miscibility in c-PBT/SMI blends is supported by the existence of a 

single composition-dependent blend gT . Moreover, the Flory-Huggins interaction 

parameter ( 12χ ) which was calculated using the Flory-Huggins theory modified by Nishi 

and Wang show negative value indicating that c-PBT and SMI pairs are 

thermodynamically miscible in the melt. It could be suggested that the driving force for 

miscibility between c-PBT and SMI is based primarily on an interaction between carbonyl 

groups and hydrogen bonding in the component polymers.  

 

A fracture surface investigation revealed that at higher c-PBT content (> 80 wt %) 

small particles (which are believed to be crystallites) grow during simultaneous in situ 

polymerisation of CBT and melt blending. This finding is consistent with the DSC result 

where at 80/20 c-PBT/SMI, the c-PBT still has the ability to crystallise in the blend 

system. In contrast, at higher SMI (> 50 wt %) content these small particles disappeared 

with increasing simultaneous in situ polymerisation of CBT and melt blending times. The 

SEM micrographs for these samples show a homogenous microstructure and do not show 

phase separation. 

   

The effect of the blend components (SMI) on the c-PBT equilibrium melting point 

( o
mT ) and isothermal crystallisation kinetics were also investigated. Studies of the omT  

indicate that the presence of SMI content lowers the o
mT  of c-PBT. The o

mT  depression is 

partial evidence that miscibility is achieved in the blend system. It may be attributed to the 

reduced crystal size or imperfect crystals in the crystalline lattice. It could be suggested 

that the incorporation of SMI will encourage less perfect c-PBT crystals.  
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Crystallisation parameters such as half-life (2/1t ), composite rate constant (Z ), and 

Avrami exponent (n ) have been found to be sensitive to the crystallisation temperature 

( cT ) and blend compositions. The 2/1t  was observed to decrease with an increase in the cT  

and SMI content while values of Z  decreased in this situation. The n  values of the blends 

indicate that heterogeneous nucleation of spherulites occurred and growth of spherulites 

was between two-dimensional and three-dimensional. A shift in the crystallisation process 

from regime III to regime II was observed with increasing SMI content. The addition of 

SMI in the c-PBT matrix showed that SMI had some dilution effect on c-PBT where it 

reduced the crystallisation rate of c-PBT. It is also suggested that the second polymer 

(SMI) might reside mainly in the interlamellar or interspherulitic regions of the crystalline 

polymer and impede the crystallisation process.  
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7.2 Recommendations for future work 
 
 

Since cyclic polyester, i.e., c-PBT produced from its (CBT) oligomers has 

interesting properties and a promising future, there is still a great deal of information that 

needs to be ascertained in order to completely understand the structure-property 

relationships and the applications of the material. Several recommendations for future 

interest can be made based on the three major areas as outlined below;    

 
� Polymerisation of CBT  

The types of catalysts used in polymerisation of CBT have been known to strongly 

influence the types of polymerisation i.e. ring opening polymerisation or ring expansion 

polymerisation, as well as the time required for polymerisation and polymer conversion 

[34]. Therefore the exploration of new catalysts could broaden the application range of 

CBT. In this study, a cyclic catalyst i.e. stannoxane was used in the polymerisation of CBT 

through ring-expansion polymerisation in order to produce macrocyclic polyesters. 

However, stannoxane was found have limitations at high temperature. Therefore it is worth 

exploring new cyclic catalysts which could initiate production of a macrocyclic polymer. 

 
 
 

� c-PBT Blends 

Since the c-PBT/SMI blends in this study only focused on their thermal behaviour 

and isothermal crystallisation kinetics, it is suggested that the mechanical properties of the 

resulted blends such as tensile strength, flexural strength and impact strength also 

interesting to study. 
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Moreover, there is the possibility to form nano-composites by liquid-liquid phase 

separation of in situ blend formation by polymerising cyclic oligomers in the presence of 

another polymer. Nachlis and co-workers [66] outline the key factors to produce nano-

composite structures from cyclic oligomers as; (i) the initial mixture of cyclic oligomer 

and polymer to be blended must be miscible, (ii) the polymerisation kinetic of the cyclic 

oligomers dispersed through the host polymer must be more  rapid than the dynamics of 

phase separation, (iii) phase separation of the polymers must occur in a sensible timescale 

to produce immiscible structures and (iv) phase coarsening must be restricted if the 

nanostructures are to be preserved. Therefore it is suggested to investigate the potential of 

CBT blends with polymers which comply with the conditions given by Nachlis and co-

workers in order to produce nano-composite. 

 

� Crystallisation kinetics studies of c-PBT and its blends 

In this study crystallisation kinetics study of miscible semi-crystalline/amorphous 

blends were performed. It would be interesting to investigate the effect of miscible semi-

crystalline blend component on the crystallisation of c-PBT. It is also suggested to expand 

the crystallisation kinetic study of c-PBT and its blends to investigate the crystallisation 

transition of regime based on Hoffman-Lauritzen theory. 
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