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Abstract 

The current research work deals with various strategies to chemically connect the 

monomers (lactide and ε-caprolactone) at the molecular level and reduce the macrophase 

separation between them which is often witnessed when blending their respective polymers 

(PLA and PCL). This has been done by the random and block copolymerization techniques, 

where the block copolymerization (step ring opening polymerization) leads to the improved 

mechanical properties (strength, elongation, toughness and modulus) with the increasing 

block length of PLA. The diblock copolymers (PCL-PLA) and their stereocomplex blends 

are thermally processed by injection molding to form cortical and cancellous bone screws 

which are further tested for their thermomechanical stability at the sterilization temperature 

of biomedical devices. The linear triblock copolymers (PLA-PCL-PLA) result in the 

significant improvement in the mechanical properties as compared to the diblock 

copolymers. The triblock copolymer is thermally processed by twin-screw extruder to 

fabricate the filament followed by 3D printing to form a scaffold. The biocompatibility of 

the block copolymers is ascertained by performing MTT assay using human/rat bone 

osteosarcoma cells. Preferential formation of stereocomplexation is achieved upon 

synthesizing stereoblock terpolymers of PLA and PCL. Further, random copolymerization 

of L-lactide and ε-caprolactone (single step) leads to the development of copolymers which 

are chemically mixed (giving rise to a single Tg) and varying the content of caproyl and 

lactyl segments provide the range of materials with variable mechanical properties. 

Random copolymerization turns out to be an effective strategy for developing 

thermoresponsive copolymers and/or elastomeric materials. The random copolymer of 

L-lactide and ε-caprolactone is reinforced with bioglass (upto 50%) by solution casting 

method. The composites are characterized to determine their mechanical and thermal 
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properties and are found to behave as near elastomeric materials (with the strain recovery 

of 500%). 

Furthermore, carbon dioxide (CO2) is used along with 1,3-butadiene gas to develop a 

precursor (δ-lactone) via high pressure reaction. The use of highly reactive acid such as 

trifluoromethanesulfonic acid has been made to achieve the cationic polymerization of the 

metastable monomer. The use of metal catalyst such as Grubb’s II generation catalyst in 

achieving the metathesis polymerization of metastable lactone has been attempted. The 

metal catalyst has been removed by the metal scavenger and the polymeric product has 

been isolated and its structure determined by nuclear magnetic resonance (NMR) 

spectroscopy. 
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Chapter: 1 
 

Introduction 

 

 1.1 Introduction 

The discovery of petroleum was a stepping stone for the development of modern human 

civilization leading to the industrial revolution. In the current world scenario, petroleum fulfils 

a larger part of the energy demand of industries and day to day human life. Due to the vast 

variety of its applications such as electricity, propelling vehicles, plastics production, solvent 

for extractions, etc., petroleum is a crucial entity which governs the global economy and affects 

every human being. Increased rate of petroleum exploitation with time has led to the significant 

concerns such as global warming, harmful greenhouse gases generation i.e. carbon dioxide 

(CO2), environmental pollution and ultimately affected life and health of several species on the 

planet. Conventional plastics and CO2 are the products derived from petroleum which are now 

considered as prime polluter of marine, water, food etc. and global warming, respectively.  

Polymers are an indispensable part of human life and are usually derived from the petroleum 

feedstock which is available in limited amount on the planet. At the current rate of consumption 

of petroleum feedstock, these resources are predicted to be exhausted by the next century1-4. 

Additionally, burning of fossil fuel leads to the accumulation of carbon dioxide (CO2) in the 

atmosphere at a rate which is significantly higher than its usage by green plants during 

photosynthesis5. Thus, finding the alternatives for the petroleum based resources is the prime 

concern of the present age6,7. Considering the fact, several scientists and researchers are 

constantly putting efforts towards developing polymers from the environmentally benign 

routes. The term “environmentally benign” refers to the eco-friendly/greener routes which may 
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be employed for developing desired materials. The biopolymers such as polylactic acid (PLA), 

poly(hydroxyalkanoates) (PHA), polyglycolic acid (PGA) are derived from the renewable 

resources which degrade into the non-toxic by-products after their service life. The polymers 

thus obtained from greener routes are termed as bioplastics, which have lately achieved 

significant scientific and commercial recognition.  

The production capacities of the biodegradable and non-biodegradable plastics from the year 

2017 to 2024 are shown in Figure 1.1. The non-biodegradable polymers include polyamides 

(PA), polyethylene (PE), polytrimethylene terephthalate (PTT), polyethylene terephthalate 

(PET), polypropylene (PP), whereas the biodegradable plastics include polylactic acid (PLA), 

starch blends, polybutylene adipate terephthalate (PBAT), polybutylene succinate (PBS), 

polyhydroxyalkanoates (PHA) and others. The global production capacities of bioplastics in 

the year 2020 was 2.15 million metric tonnes, of which PLA accounted for 18.7% of the 

production capacities, and PET accounted for 7.8%. On the other hand, biobased/non-

biodegradable bioplastics accounted for 42% of the production capacities. This is further 

expected to rise to 2.43 million metric tonnes by 2024, of which PLA is expected to account 

for 19.5% of its share. This clearly discerns the global need and acceptance for the bioplastics 

as compared to the conventional polymers with respect to the current environmental scenario8.  
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(Source: Statistica, Production capacities of bioplastics worldwide by material type) 

Figure 1.1: Global production capacities of bioplastics.  

Apart from the well-known bioplastics, there has been a constant exploration for developing 

novel materials or their precursors from the greener routes. The greenhouse gas CO2 being 

available in abundant amount has been utilized for the synthesis of thermoplastics including 

polycarbonates, which have also gained commercial acceptance. However, several possibilities 

of utilizing CO2 as a precursor in the organic synthesis are currently under investigation.  

1.2 Motivation 

One of the major constituents of the environment is “carbon” which is considered to be the 

building block of life on the earth and the primary component of macromolecules. Carbon 

circulates constantly in the environment over the living and non-living species, thus forming a 

carbon cycle. One such form of the carbon in the environment is CO2 which is available in an 

abundant amount in the atmosphere. The interesting properties of CO2 at supercritical 

conditions i.e. the viscosity and surface tension of CO2 being comparable to that of gases while 

its solubility parameter, density and dielectric constant being comparable to that of liquids have 

witnessed its exploration in replacing the organic solvents9-11.  
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CO2 which is considered as one of the major causes of the global warming, is also a key element 

for the photosynthesis in plants. It is a crucial entity for the major complex reactions occurring 

daily in the plants as well as human life, and a closer examination at the function of CO2 

manifests the principles of basic chemistry. However, it is difficult to fix CO2 in the chemistry 

of polymerization due to its low reactivity and usually require extreme conditions of 

temperature and pressure for its reaction. Catalysis is perhaps, one of the best solutions to 

overcome the thermodynamic stability of the most abundant C1 resource12-14.  

The potential of CO2 in the organic synthesis has been realized ever since the discovery of 

cyclic lactone “3-ethylidene-6-vinyltetrahydro-2H-pyranone” from the reaction of CO2 with 

1,3-butadiene by Inoue and coworkers15. This process directly fixes CO2 in the chemistry of 

organic synthesis employing a palladium catalyst complex. Since them attempts have been 

made to increase the yield and selectivity of this novel precursor16-19 and its subsequent 

polymerization20, 21.  

Furthermore, the process of conversion of lactide (cyclic lactone) to PLA was developed by 

Wallace Hume Carothers22. However, PLA was first discovered by Theophile-Jules Pelouze as 

a condensation product of 2-hydroxypropanoic acid (lactic acid). Lactic acid is industrially 

obtained by the fermentation of carbohydrates such as glucose, sucrose or galactose23. The 

major form of carbohydrates include corn and corn starch which are a result of plant 

photosynthesis. Thus, CO2 indirectly acts as a precursor for the synthesis of lactide, which is 

then used for the production of polylactic acid (PLA), a well-known biobased polymer24. 

These environmentally benign cyclic esters (lactones) thus set out to be the potential monomers 

for a different class of materials, thereby expanding the horizons of material chemistry 25. In 

this regard, the current research majorly employs the use of these cyclic lactones to develop 

environmentally benign polymers. Yet, another class of lactone i.e. ε-caprolactone26, 27 has also 
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been used in the present research, which is currently derived from the petroleum based 

feedstock. Attempts are being made to synthesize biobased ε-caprolactone, however, it is at a 

very naïve stage28.  

1.2.1 Lactide and ε-caprolactone based copolymers/composites 

In the current research, the use of lactide and ε-caprolactone monomers has been made to 

develop a series of random, diblock, triblock and pentablock copolymers, and their composites 

by using bioceramic filler such as bioglass. 

The copolymers have been synthesized by using the tandem ring opening polymerization 

(ROP) strategy in presence of suitable catalyst and initiator. It is noteworthy to observe the 

effect of molecular architecture on the properties of the copolymers and this research provides 

a methodology for the synthesis of customized materials with tailored properties. Additionally, 

the concept of “stereocomplexation” in PLA has been remarked in the block copolymer system 

which has the potential of achieving improved thermal stability. The random and block 

copolymers are made for the biomedical applications and their biocompatibility has been 

demonstrated by performing the in vitro studies. Furthermore, the processability of these 

copolymers has been demonstrated to develop representative biomedical implants.  

1.2.2 New class of materials from “3-ethylidene-6-vinyltetrahydro-2H-pyranone” 

A new class of materials have been made from “3-ethylidene-6-vinyltetrahydro-2H-pyranone” 

or “α-ethylidene, δ-vinyl valerolactone” precursor which has a high substitution on its ring. 

The precursor is synthesized from the reaction of CO2 and 1,3-butadiene, which is subjected to 

metathesis and cationic polymerization processes in presence of suitable catalysts to develop 

novel materials.  
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1.3 Organization of thesis 

Chapter 2: Literature review 

The progress in the field of polymer chemistry has been highlighted from the perspective of 

environmentally benign polymers including polylactic acid (PLA) and poly(ε-caprolactone) 

(PCL). The importance of bioglass in biomedical implants has been remarked. The 

advancements in the field of CO2 derived lactone based polymers have been presented. 

Chapter 3: Diblock Copolymers based on Poly(lactic acid) and Poly(ε-caprolactone), and 

their Stereocomplex Blends 

The formation of diblock (PCL-PLLA & PCL-PDLA) copolymers and their enantiomeric 

blends have been demonstrated in this chapter which the effect of block length on the thermal, 

mechanical and crystal behaviours. The copolymers have been processed to fabricate 

orthopaedic implants and their thermomechanical stability and biocompatibility has been 

determined. 

Chapter 4: Triblock Copolymers based on Poly(lactic acid) and Poly(ε-caprolactone), and 

their Stereocomplex Blends 

This chapter focuses on the synthesis and characterization of triblock copolymers 

(PLLA-PCL-PLLA & PDLA-PCL-PDLA) and their enantiomeric blends by tandem ROP. 

The effect of block length as well the content of PLA and PCL on the mechanical properties 

of triblock copolymers have been investigated. A structure model has been given from the 

SAXS analysis. The process of triblock copolymer synthesis has been scaled up to 500 g batch 

which is processed by twin-screw extrusion to make filaments and its subsequent 3D printing 

to develop mesh-type scaffold. The biocompatibility of the materials have been determined. 
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Chapter 5: Stereoblock Terpolymers based on Poly(lactic acid) and Poly(ε-caprolactone) with 

Preferential Stereocomplexation 

The stereoblock terpolymers have been made by tandem ROP where PCL is used as a middle 

segment to obtain preferential stereocomplexation. The effect of blending the enantiomeric 

penta-stereoblock copolymers have been presented in terms of its thermal and mechanical 

properties. The morphological structure of the stereoblock copolymer is further remarked.  

Chapter 6: Random Copolymers based on L-lactide and ε-caprolactone, and its Composites 

This chapter focuses on the synthesis of random copolymers of L-lactide and ε-caprolactone 

with the varying molar ratio of the two monomers resulting in molecularly mixed copolymers 

with tailored thermal and mechanical properties. The shape memory and elastomeric properties 

of the random copolymers have been underlined. Further, bioglass has been incorporated to the 

random copolymer matrix and the properties of the composites are investigated. The 

near-elastomeric character of the composites of the random copolymers have been remarked. 

Chapter 7: Metathesis Polymerization of a CO2 Derived Lactone 

The CO2 derived monomer “α-ethylidene, δ-vinyl valerolactone” due to its high ring 

substitution was subjected to olefin metathesis in presence of a metathesis catalyst 

(Hoveyda-Grubb’s II generation) to obtain novel materials. The structure of the obtained 

material is ascertained from 13C-NMR and 1H-NMR spectroscopy. 

Chapter 8: Cationic Polymerization of a CO2 Derived Lactone 

This chapter presents the synthesis of “α-ethylidene, δ-vinylvalerolactone” from the reaction 

of CO2 and 1,3-butadiene, which is further subjected to cationic polymerization in presence of 

a highly reactive acid catalyst. The structural analysis of the obtained material is further 

presented. 
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Chapter 9: Conclusions and Future scope 

The summary of the present research work and its future scope has been presented in this 

chapter. 

 

The schematic representation of the current research work is shown in Figure 1.2. 

 

Figure 1.2: Schematic representation of the thesis work.  
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2.1 General Introduction 

Much of the global industrial advancements are a result of the processes that are inspired from 

nature. Although the inception of research in the organic synthesis lasts back to centuries, there 

has been a perpetual exploration and application of greener/environmentally benign routes to 

develop a new class of materials. While nature has unfolded a number of its components/sources 

to the scientific society, it still retains infinite unexplored/underexplored things. One such natural 

source is carbon dioxide which is present in abundance in the environment and has an immense 

potential to be utilized for the chemical processes accounting to its renewability, non-toxicity and 

economic efficiency. Lately, carbon dioxide has attracted a significant attention of the human 

society.  It can either be directly fixed into the chemistry of organic synthesis, or indirectly act as 

a precursor for the synthesis of biobased polymers such as PLA. The purpose of this research is to 

utilize environmentally benign lactones for the development of polymers/composites for 

biomedical applications. In line to this, the current chapter presents an extensive literature review 

on lactone based polymers and their composites in order to explore them for potential biomedical 

applications.  

2.2 Polylactic acid (PLA) 

PLA is an aliphatic polyester which belongs to the family of α-hydroxy acids. Being derived from 

renewable sources such as corn starch, sugarcane, cassava roots, potatoes, etc., PLA has been 

widely accepted as an alternative to petroleum based polymers such as polyethylene, 

polypropylene, polyethylene terephthalate, etc. PLA can be synthesized from lactic acid by 

polycondensation. Lactide is another precursor, derived from lactic acid which leads to the 

formation of PLA by ring opening polymerization. Reinhold Gruter first patented the process for 

the synthesis of lactide in 1913. PLA is thus produced by combined fermentation and 
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polymerization processes. The synthesized PLA can further be processed using different 

approaches for intended applications. Swedish Chemist Carl Wilhelm Scheele isolated lactic acid 

(basic constituent of PLA) from sour milk in the eighteenth century29. The chiral nature of 

lactic acid leads to the formation of two enantiomerically pure homopolymers of PLA i.e. 

poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) acid30. The two enantiomers are found 

to have different rates of degradation. PLLA is known for its prolonged biodegradation and 

superior biocompatibility as compared to that of PDLA. Further, the strength and modulus of 

PDLA are relatively low as compared to PLLA. These polymers are found to have a crystalline 

nature31. Racemic mixture of D-lactic acid and L-lactic acid, on polymerization forms 

poly(DL-lactic acid) (PDLLA) which is amorphous in nature. Various techniques such as ring 

opening polymerization, solid-state polymerization, condensation polymerization and azeotropic 

dehydrative condensation have been adopted to produce enantiopure PLA. The properties of PLA 

vary with the molecular weight and therefore it is essential to consider the molecular weight for 

intended applications. PLA can be synthesized via polycondensation or ring opening 

polymerization. However, ring opening polymerization takes relatively less time for the production 

of PLA. Wallace. H Carothers reported the ring opening polymerization of lactide in 1932. PLA 

was considered to be an undesirable material due to its instability in the humid conditions. 

However, PLA started gaining importance in biomedical field in 1966 due to its biodegradable, 

bioresorbable, biocompatible and non-toxic nature. The synthesis of PLA usually involves the use 

of tin octoate (Sn(Oct)2) as a catalyst which is less toxic to human body and has been approved by 

Food and Drug Administration (FDA) for pharmaceutical and biomedical applications32. The 

recent approaches involve the use of lipase for the synthesis of PLA which will eliminate the use 

of metal based catalysts. Such greener approaches are still at the stage of development. The 
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degradation products of PLA are usually water and carbon dioxide which are non-toxic and non-

carcinogenic to the body. PLA has therefore gained significant attention due to its excellent 

biodegradability and biocompatibility. It has been studied for its application in the biomedical field 

such as drug delivery, orthopedic fixation devices, surgical sutures, dental implants and scaffolds 

for engineering damaged tissues. The structure of PLA is shown in Figure 2.1. 

 
Figure 2.1 Structure of polylactic acid. 

2.2.1 Advantages and Limitations of PLA 

PLA is a versatile polymer which is known to have high mechanical strength and modulus and has 

been explored in various applications including food packaging, agriculture, electronics, textile, 

paper coating, etc. due to its unique properties. The conventional petroleum based polymers take 

several hundred years to degrade completely whereas PLA, after its service life can go back to 

nature in the form of water and carbon dioxide and degrade completely over several months to few 

years. However, it has low impact toughness and small window for processing which may be 

improved by blending, stereocomplexation or co-polymerization. A small amount of PDLA is 

generally added to PLLA in order to improve the processability, however it decreases the 

crystallinity of the polymer. Blending of PLA with suitable polymers enables to achieve increased 

crystallinity, improved toughness and elongation at break along with tailored hydrolytic 

degradation 33. PLA, although having significant potential for replacing conventional plastics, the 

cost of manufacturing PLA is higher as compared to that of petroleum based polymers due to the 

complicated steps of synthesis. Additionally, the low heat deflection temperature, relatively low 
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glass transition temperature, low melting temperature, relatively poor barrier properties and slow 

crystallization have limited its use in many applications. Various scientific groups have attempted 

to enhance these properties of PLA by utilizing methods such as formation of biocomposites34, 35, 

copolymerization, blending of polymers, formation of stereocomplex36, 37, etc. Addition of 

biofillers such as chitosan, clay, cellulose, hydroxyapatite, bioglass, etc. into the PLA matrix leads 

to the formation of biocomposite with improved properties. Further, the incorporation of bioactive 

fillers such as bioglass will allow for the regeneration of bone tissue which has gained significant 

attention in the recent past 38. Thermal, mechanical as well as thermomechanical properties of PLA 

can be enhanced by blending with suitable polymers. Stereocomplexation involves mixing of 

enantiomers in 1:1 ratio which is found to increase the melting temperature by 50°C as compared 

to that of pure enantiomeric PLA. Thermal, mechanical and gas barrier properties can significantly 

be improved by stereocomplexation which is a crystal formed by the interaction between 

enantiomers of PLA. Further, PLA is known to be hydrophobic in nature along with slower rate 

of degradation which is undesirable for many biomedical applications. However, 

co-polymerization with hydrophilic monomers or the incorporation of polyethylene glycol (PEG) 

chains in the backbone of PLA can lead to the formation of water soluble PLA based polymers 

which can be explored for the formation of hydrogels for engineering diseased or damaged 

tissues 39. Stereocomplexation of copolymers can further enhance the mechanical, physical and 

chemical properties of the hydrogels which can be tailored for desired specific applications. The 

properties and degradation rates of polyesters have been displayed in Table 2.1. The rate of 

degradation of the polymer can be tailored by using different combination of polymers for desired 

tissue regeneration.  

 

TH-2957_166107006



 

14 
 

Chapter 2: Literature Review 

Table 2.1 Thermal and mechanical properties of polyesters. 

Sr. 

No. 
Polymer Tm (°C) Tg (°C) 

Tensile 

strength 

(MPa) 

Modulus 

(MPa) 

Time of 

degradation 

(months) 

References 

1.  PLLA ~175 ~62 ~41 ~1196 24-60 40-42 

2.  PDLA ~177 ~61 ~46 -- 24-60 40, 43-45 

3.  scPLA ~206-230 65-72 ~880 ~8600 -- 36, 40, 41 

4.  PGA 225-230 35-40 ~384 ~12.8 6-12 40, 46-48 

5.  PLGA -- 45-55 ~4.3 1000-2000 1-6 40, 49 

6.  PCL 60 -60 10-16 400 >24 40, 50 

PLLA: Poly(L-lactic acid), PDLA: Poly(D-lactic acid), scPLA: stereocomplex PLA, PGA: polyglycolic acid,  

PLGA: poly(lactic-co-glycolic acid), PCLA: poly(caprolactone-co-lactic acid)
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2.3 Stereocomplexation in PLA 

An intermolecular complex formed by the macromolecules having identical chemical 

composition but different configuration of the repeating units is known as stereocomplex 

(sc)51. The co-crystallization of the stereoisomers PLLA and PDLA results in the 

formation of a well-known crystal structure “stereocomplex PLA (sc-PLA)”. The sc-PLA 

gained widespread recognition and acceptance ever since its discovery by Ikada et al. in 

198752, patented by Murdoch and Loomis53. Stereocomplexation in PLA is attributed to 

the non-covalent interaction of the enantiomeric macromolecular chains. The sc-PLA 

crystals melt at a temperature (Tm) 50 ℃ higher than the homochiral (hc) PLLA or PDLA 

crystals54. Apart from the improved heat resistance, stereocomplexation in PLA provides 

better mechanical performance and resistance to hydrolysis55, 56 as compared to PLLA or 

PDLA allowing its exploration in pharmaceutical and biomedical applications. The 

homopolymers PLLA or PDLA have been utilized for several applications such as 

agricultural mulch-films, disposable trays, etc. which have a short life. On the other hand, 

sc-PLA can be specifically adopted for high performance applications such as structural 

and engineering plastics57.  

The stereoselective interaction of the optically active enantiomers PLLA and PDLA result 

in the formation of optically inactive sc-PLA, when mixed in an equimolar ratio58, 59. The 

formation of sc crystals was initially remarked from the solution mixing and later from 

the melt, where the sc crystals melted at a temperature (Tm) ~50ºC higher than that of hc 

PLLA or PDLA52. The enantiomers PLLA and PDLA are packed side by side in a sc 

crystal lattice. PLA being semi-crystalline in nature, leads to the development of unique 

morphologies in block copolymers due to the competition between crystallization and 

microphase separation which expands their application in materials science60. The 
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spherulites of sc-PLA does not have a ring-band structure at any crystallization 

temperature unlike those of PLLA or PDLA homopolymers. The stereocomplexation is 

largely driven by the molecular weight of PLLA and PDLA. An equimolar blending of 

PLLA and PDLA (1:1) with high molecular weight (>100 kg/mol) often lead to the 

formation of hc crystals along with sc crystals. Improved miscibility between the PLLA 

and PDLA chains can enhance the formation of sc in the PLLA/PDLA blend. The 

mesophase (an ordering of molecules which is intermediate between crystalline and 

amorphous state) in sc-PLA can be observed by annealing the equimolar blends of 

PLLA/PDLA just above their Tg due the prevailing weak intermolecular interactions 

between PLLA and PDLA chains61. The stereocomplex mesophase is more prevalent at 

the lower temperature due to the reduced molecular mobility. An increased molecular 

mobility is observed at higher temperature leading to the increased formation of hc 

crystals. Further, blending non-equimolar mixture of PDLA and PLLA result in various 

fractions of hc and sc crystallites. However, as reported by Woo. et al., the non-equimolar 

blends of PDLA and low-molecular weight PLLA where the content of PLLA is between 

30 and 50 wt%, there is an existence of only sc-PLA crystals. In such a case, a large 

amount of homopolymer PLA chains may be trapped and dispersed in the spherulites of 

sc-PLA crystals thereby resulting in the fluffy lamellae stacking of sc crystals62.  

Lately, attention has been paid on improving the melt crystallizability of sc-PLA for the 

efficient formation of sc crystals in order to expand its applications, particularly in 

industry where melt processing of polymers is often employed. The viscosity average 

molecular weight (𝑀𝑣
̅̅ ̅̅ ) for the stereocomplexation from the melt is 6 × 103 g/mol, whereas 

that from the solution casting is 4 × 104 g/mol. However, sc crystals upon melt 

crystallization lead to the formation of hc along with sc crystals. Therefore, efforts have 
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been laid on to achieve exclusive formation of sc-crystals from the melt63, 64. The use of 

polyethylene glycol (PEG) as a plasticizer has been reported to enhance the formation of 

sc crystallites in the high molecular weight (HMW) blends of PLLA and PDLA. Several 

studies have also made use of sc-PLA in the drug delivery application in lieu of its 

improved barrier properties which prevents the burst release/prolongs the release of 

drug65. The formation of sc crystals may therefore lead to the development PLA based 

materials with enhanced performance. The molecular weight, optical purity of 

enantiomeric PLA, and tacticity are the governing parameters for the sc crystallization, 

where the lower optical purity or higher molecular weight affects the sc crystallization66, 

67. The formation of hc crystals is often more kinetically favourable than that of sc crystals 

during the crystallization of high molecular weight PLLA/PDLA blend. However, 

enhancing the interchain interactions between PLLA and PDLA by covalent or non-

covalent means can improve the formation of sc crystallites68. Also, sc crystallizes much 

faster from the melt as compared to the α-form. Due to its distinctive behaviour, sc-PLA 

is attracting several industrial applications. Several researchers have therefore been 

constantly involved in understanding the crystal structure of sc-PLA, which may be the 

governing parameter for its explicit behaviour. A preferential formation of sc may be 

obtained by blending PLLA/PDLA (in solution) in equimolar (1:1) ratio which has the 

melting temperature ~230 ℃. However, varying the ratios of PLLA/PDLA in the blend 

give rise to the formation of hc-PLA (Tm ~ 180 ℃) along with sc-PLA.  In order to 

improve the sc formation in non-equimolar blends of PLLA/PDLA, several 

methodologies have been adopted and some of them have been highlighted in the 

subsequent sections. 
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2.3.1 Crystal structure of sc-PLA 

Sc-PLA often crystallizes in a triclinic or trigonal unit cell with both 31 (or 31 and 32) 

PLLA and PDLA chains packed side by side69 unlike the orthorhombic or pseudo-

orthorhomic crystal forms of hc-PLA70. The crystal structure consisting of  a triclinic unit 

cell (P1 symmetry with parallel chain orientation) was proposed in 1991 by Okihara et 

al., who reported 31 helical structure of  PLLA and PDLA chains having a lamellar 

thickness of 0.87 nm, where the three enantiomeric chains penetrate one unit cell71. The 

unit cell parameters of a triclinic cell are given as a = b = 9.16 Å, c = 8.7 Å; 

α = β = 109.2°, γ = 109.8°. The structure was revised to that of a trigonal unit cell 

(R3c or R-3C group) by Cartier et al. in 1997, where the PLLA and PDLA chains have 

32 and 31 conformations respectively72. According to the modified trigonal structure, the 

triclinic cell was assumed to be a subcell of the larger trigonal cell where six helices 

penetrate one unit cell. The trigonal unit cell parameters may be given as a = b = 14.98 Å, 

c = 8.7 Å; α = β = 90°, γ = 120°. The crystal was grown from the non-equimolar blends 

of PLLA and PDLA which indicated the cocrystallization of PLLA and PDLA chains 

could occur from their asymmetric ratio. However, the model was proposed by taking 

into consideration only 1:1 ratio of PLLA and PDLA chains. Further, the stereocomplex 

structures with parallel and antiparallel orientation of the molecular chains were proposed 

by the molecular simulations conducted by Brizzolara et al. who also revealed that the 

parallel structure (P1) was more stable than the anti-parallel structure (P/1). The structures 

were considered to be triclinic having the cell parameters a = 0.912, b = 0.913, c = 0.930 

nm, α = β = 110°, γ = 109° for the parallel structure (P1); and a = 0.930, b = 0.940, c = 

0.930 nm, α = 111°, β = 112°, γ = 108° for the antiparallel structure (P/1). The growth 

mechanism of the triangular lamellar crystals in the sc formation was well supported by 
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the simulations73. Further, the highly oriented stereocomplex samples were prepared in 

study reported by Sawai et al. who adopted the solvent casting technique to prepare the 

films followed by their co-extrusion (draw ratio = 14). The oriented samples showed 20 

wide angle X-ray reflections that were reasonably indexed with a trigonal unit cell as 

proposed by Cartier et al. with a slight variation of the parameters, which are given as : 

a = b = 1.50, c = 0.823 nm, α = β = 90 and γ = 120 º with R3c space group74. 

These structure models were mainly proposed for the PLLA/PDLA blend having a ratio 

of 50/50. However, stereocomplexation is also evident in the PLLA/PDLA blend having 

the ratios of 30/70 - 70/30, for which a new structure model (space group P3) was 

proposed by Tashiro et al. (2017) on the basis of X-ray Diffraction analysis. According 

to the model, the co-existence of PLLA and PDLA chains between the sc crystal lattice 

is profound for the PLLA/PDLA blend ratios in the range of 30/70 – 50/50 – 70/30. 

Beyond this, the coexistence of PLLA and PDLA chains is not realizable due to their 

instability. A statistically disordered packing of PLLA and PDLA chains can be perceived 

from the P3 space group, unlike the symmetrical R3c model75, 76. The unit cell parameters 

reported by several researchers have been tabulated in Table 2.2. 
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Table 2.2: Unit cell parameters reported for the sc crystals. 

 
Okihara et 

al. 

Brizzolara et 

al. 

Cartier et 

al. 
Sawai et al. Tashiro et al. 

Crystal system Triclinic Triclinic Trigonal Trigonal Trigonal 

Chain conformation 31 31 31 and 32 31 and 32 31 

Unit cell parameters 

a (nm) 0.916 0.912 1.498 1.50 1.494 

b (nm) 0.916 0.913 1.498 1.50 1.494 

c (nm) 0.870 0.930 0.870 0.823 0.862 

α (degree) 109.2 110 90 90 90 

β (degree) 109.2 110 90 90 90 

γ (degree) 109.8 109 120 120 120 

ρcalc (g/cm3) 1.27 1.21 1.27 1.342 - 

 

2.3.2 Stereoblock PLA formation 

The stereoblock formation allows for the intermolecular as well as intramolecular mixing 

of the neighbouring L- and D- stereosequences, thereby leading to the preferential 

formation of sc crystallites. This is particularly important when synthesizing sc polymers 

with HMW. Block copolymerization has received enormous recognition in achieving the 

desired properties of the resulting materials. The composition of PLLA/PDLA along with 

the number of blocks and chain length can be varied in order to obtain a variety of diblock, 

multiblock copolymers with tailored properties. The molecular mixing of the 

enantiomeric PLLA and PDLA chains in the sb copolymers lead to the improved 

crystallinity77-79.  
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2.3.2.1 Single step process 

The formation of sc-PLA usually occurs by blending of PLLA/PDLA chains, which 

requires the individual ROP of L- and D-lactide prior to blending the respective 

enantiomeric PLA chains. The sc-PLA thus formed exhibits improved thermal and 

mechanical properties, however the process requires the formation of enantiopure 

polymers from the respective enantiopure monomers which restricts its practical 

applications. In this regard, the single step preparation of sc-PLA has been explored from 

the readily available racemic lactide (rac-LA) which is inexpensive (Figure 2.2). The 

ROP of rac-LA (1:1 mixture of D- and L- lactide) usually yields the amorphous polymers 

(atactic or heterotactic) having much lower melting and glass transition temperatures as 

compared to the isotactic PLA. The random arrangement of L- and D- lactide units in the 

backbone chain is usually observed upon polymerizing rac-LA with a limited scope of 

application. In order to extend the utilization of rac-LA precursor, significant efforts have 

been made in achieving the stereoselective polymerization of rac-LA by tailoring the 

stereochemistry of the resulting PLA80-82.  

 

Figure 2.2: Stereoblock PLA formation from rac-LA in a single step. 
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2.3.2.2 Stepwise ROP 

The well-known sequential polymerization has largely been employed to develop 

stereoblock PLA with high molecular weight and crystallinity83. The formation of diblock 

copolymers of PLLA and PDLA was first reported by Yui et al. by adopting the sequential 

ring opening polymerization strategy using aluminium tris(2-propanolate) as a catalyst. 

The easy interaction of the enantiomeric block sequences resulted in the formation of di-

stereoblock copolymers consisting of sc crystals with little hc crystallization. The 

molecular weight of the diblock copolymers was reported to be ~20 kDa, however it is 

often essential to obtain the polymers with HMW in order to render them processable for 

possible applications. The two-step ROP of L- and D-lactides have been conducted to 

form PLLA-PDLA (di-sb copolymers) where stannous octoate (Sn(Oct)2) was employed 

as a catalyst (Figure 2.3). The prepolymer (PLLA or PDLA) was prepared in the first 

step having a molecular weight of <50 kDa which was purified to remove the residual 

lactide prior to synthesizing di-sb PLA (having non-equivalent ratio of PLLA/PDLA) in 

the second stage of ROP. The di-sb PLA had the Mw > 150kDa and the solution cast 

films showed the formation of exclusive sc crystals. The heat deflection temperature of 

di-sb PLA was however limited, and the sc crystallinity was found to enhance upon 

blending the enantiomeric di sb-PLAs84. Further, the stereo triblock PLAs (ABA) having 

non-equivalent block compositions were prepared by two-step ROP in presence of 

1,12-dodecanediol as an initiator. The bis-hydroxyl terminated PDLA was prepared in 

the first stage of ROP which was purified to remove the residual D-lactide. In the second 

stage of ROP, L-lactide was used as a monomer to develop PLLA-PDLA-PLLA with 

different compositions of PLLA and PDLA blocks (Figure 2.4). The molecular weights 
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of tri-sb PLAs was higher than 100 kDa, which gave the exclusive formation of sc crystals 

without hc crystallization85.  

 

Figure 2.3: Two-step ROP for the synthesis of di-sb PLA. 

 

Figure 2.4: Two-step ROP for the synthesis of tri-sb PLA. 

 

2.4 Stereocomplexation in PLA based Copolymers 

The copolymerization of sc-PLA has been studied with the well-known 

biobased/biodegradable polymers such as PCL, PEG, etc. due to the complementary 

properties of the counterparts which may lead to the achievement of materials with 
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customized properties. The mechanical and thermal properties of the representative 

biobased/biodegradable polymers have been highlighted in Table 2.3.  

2.4.1 sc-PLA-PCL Copolymers 

The sc blends of PLA have lately witnessed importance in biomedical implants as well. 

In a study reported by us86, the synthesis of diblock copolymers of PCL-PLLA and 

PCL-PDLA has been done by two-step ROP followed by blending them in 1:1 ratio to 

achieve sc blends of diblock copolymers. Using this strategy, it was possible to achieve 

the enhanced mechanical properties (28 MPa strength and ~80% elongation at break) 

which was also processed by the conventional injection molding machine to develop 

cancellous bone screws (orthopedic implants). The study reported the thermomechanical 

stability of the cancellous bone screw at 121 °C in comparison to the commercial PLA 

(NatureWorks). The synthesized formulation of sc blend was found to be stable at the 

sterilization temperature of biomedical devices, unlike that of commercial PLA.  

Table 2.3: Mechanical and Thermal Properties of the Representative Bio-based 

/Bio-Degradable Polymers. 

 PLLA sc-PLA PGA PHB PCL 

Tm (°C) 
170 - 190 220 - 240 225 - 230 188 - 197 55 - 65 

Tg (°C) 
50 - 65 65 - 72 40 5 -60 

ΔHm (J/g) 
93 -203 142 - 155 180 - 207 146 136 

Density (g/cm3) 
1.25 - 1.3 1.21 - 1.342 1.50 - 1.69 1.18 - 1.26 1.1 - 1.15 

Tensile strength 

(MPa) 

120 - 2260 880 80 - 980 180 - 200 8 - 16 

Young’s modulus 

(GPa) 

6.9 - 9.8 8.6 3.9 - 1.4 4.9 - 5.9 0.1 - 0.4 

Elongation at 

break (%) 

12 - 16 30 30 - 40 50 - 70 100 - 2000 
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2.4.2 scPLA-PEG Copolymers 

Polyethylene glycol (PEG) being hydrophilic in nature, leads to the development of 

amphiphilic materials when used in combination with hydrophobic polymers87, 88. The 

amphiphilic copolymers based on PLA89 have received attention in several applications 

including pharmaceutical, drug delivery90, 91, hydrogels for tissue engineering, etc.92.  The 

aqueous self-assembly of amphiphilic PEG/scPLLA copolymers has been reported by 

Noack et al., where the block copolymers PEG/PLLA and PEG/PDLA were synthesized 

by ring opening polymerization using PEG-OH as a macroinitiator. The decreasing 

content of hydrophobic unit (lactide) led to the increased formation of worm-like 

aggregates at ambient conditions. The preferential formation of spherical micelles was 

observed for the most hydrophilic block copolymer (ascertained from dynamic light 

scattering), which were said to become colloidally unstable upon increasing the 

crystalline PLA and leading to the formation of worm-like aggregates93. The 

biofunctional injectable hydrogels based on PEG-scPLA have been reported by Wang et 

al. for cartilage tissue engineering94. The ROP of D- and L-lactides was performed using 

4-arm PEG as a macroinitiator to develop 4-arm PEG-PDLA and PEG-PLLA copolymers 

respectively. This was followed by synthesizing their cholesterol modified derivatives 

namely 4-arm PEG-PDLA-Chol and 4-arm PEG-PLLA-Chol by condensation reaction. 

The sc blends of the respective enantiomers resulted in the stereocomplexes scPLA 

(4-arm-PEG-PLA) and scPLA-Chol (4-arm PEG-PLA-Chol) which were employed as 

3D scaffolds for the cartilage tissue engineering. The cholesterol modified sc-PLA had 

the higher critical gelation temperature, improved mechanical properties, better adhesion 

of chondrocytes and slower degradation which served as appropriate materials for 

TH-2957_166107006



 
Chapter 2: Literature Review 

26 
 

cartilage regeneration. The thermal and mechanical properties for the sc-PLA based 

copolymers and composites have been reported in Table 2.4. 

Table 2.4: Thermal and mechanical properties reported for the sc-PLA based 

copolymers and composites. 

 Mulchanda

ni et al. 

Noack et 

al. 

Sun et al. Gupta et 

al. 

Gupta et 

al. 

Gupta et 

al. 

Copolymer/ 

Composite 

sc-

PLA/PCL 

sc-PLA/ 

PEG 

sc-

PLA/GO 

sc-PLA/ 

chitosan 

sc-

PLA/CMC 

sc-PLA/ 

n-HAP 

Tm,hc (℃) 171 - 177 - 150 - 152 – 180 152 - 178 

Tm,sc (℃) 210 - 235 140 - 200 210 192 - 208 211 210 

ΔHm,hc  (J/g) 10 - 23 - - - - 0 -28 

ΔHm,sc  (J/g) 30 - 42 - - 20 - 40 - 17 - 55 

Crystallinity, 

sc (%) 

- - 40 - 70 ~70 55 12 - 39 

Tensile 

strength (MPa) 

14 - 30 - - 29 - 63 29 - 57 33 - 40 

Elongation at 

break (%) 

7 – 80 - - - 1.9 - 36 6.3 - 131 

Young’s 

modulus (GPa) 

0.3 – 0.7 - - 1.9 – 2.8 - - 

 

2.5 Stereocomplex PLA based Composites 

The application of stereocomplexation in composites has often been made to impart heat 

stability to the resulting composites. In principle, when the desired properties cannot be 

achieved by a single component, incorporation of several fillers may lead to the 

tailored/desired properties. Stereocomplex PLA, which is known for its better thermal 

resistance has been incorporated/modified with the fillers such as hydroxyapatite, chitosan, 
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cellulose, graphene, etc. to obtain the materials with customized properties. In line to this, 

Sun et al. have grafted graphene oxide (GO) to PDLA by ring opening polymerization of 

D-lactide, where the OH groups on the GO acted as initiator95. The grafted PDLA was 

then blended with PLLA in solution to develop the solution cast films of sc 

nanocomposites. The activation energy of crystallization was lowered along with an 

increased fraction of sc crystallites and improved crystallinity for the nanocomposites, as 

compared to the PLLA/PDLA blends without filler (GO). This effect may be reasonably 

attributed to the heterogeneous nucleation of GO. The cold crystallization however lead to 

the lower crystallinity possibly due to the reduced chain mobility and hindered crystal 

growth accounting to the exfoliated GO sheets.  

Furthermore, Gupta et al. have demonstrated the use of nano-amphiphilic chitosan in 

developing high heat stable sc-PLA96. The grafting of chitosan to the oligomeric PLA was 

done via in situ polycondensation of L-lactic acid to synthesize nano-amphiphilic chitosan. 

The modified chitosan (0.5 – 1.5%) along with PLLA/PDLA (50/50) was melt blended 

using extrusion followed by injection molding to form the dumbbells of sc nanocomposite. 

The heat treatment (annealing above 160 ºC) lead to the exclusive formation of sc crsytals 

with a degree of crystallinity ~40%. Also, cooling the nanocomposite from the melt at 

2º/min, increased the crystallinity to ~70% with an exclusive formation of sc crystals. The 

heat distortion temperature was elevated from 70 ºC (sc-PLA) to 145 ºC for the sc 

nanocomposite containing 1.5% filler. In another study, the use of nano-amphiphilic 

chitosan (1 – 3%) into the blends of PLLA/PDLA (1:1) has been demonstrated97. The filler 

was mixed with the equal amounts of PLLA and PDLA and mixed by stirring followed by 

making films by solution casting. The solvent was allowed to evaporate at room 

temperature for 24h followed by drying the films under vacuum at 50 ºC for 24h and 
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annealing them at 120 ºC for 2h. The sc crystallites were formed in the nanocomposites 

having the crystallinity of ~56%, where the stereocomplexation was higher upon melt 

cooling as compared to annealing the nanocomposites. The oxygen barrier capacity of the 

films were evaluated and the nanocomposite films showed ~56% reduction in the oxygen 

barrier as compared to the blend of PLLA/PDLA film (sc-PLA). Addition of the nanofiller 

also led to the increased hydrophobicity of the nanocomposite which is attributed to the 

increased surface roughness as well as crystallinity. The viability of the fibroblast cells 

(BHK-21) on the surface of the nanocomposites have been determined manifesting the 

biocompatible behaviour of the developed materials.  

The biocomposites of sc-PLA were prepared by employing cellulose microcrystals (CMC) 

as a filler (1 – 10%). The ROP technique was used to develop PDLA grafted CMC which 

was mixed with PLLA in 50/50 ratio and melt extruded followed by injection molding to 

prepare the biocomposite specimens. The improved dispersion of CMC led to the 

formation of sc crystallites and suppressing the hc formation. The sc-PLA biocomposites 

resulted in significant improvement of the tensile strength (~96%) as compared to sc-PLA 

along with high value of storage modulus (~3500 Pa). The enhanced sc formation and 

incorporation of CMC reduced the permeability of oxygen as well as water vapor 

suggesting its use in engineering and packaging applications 30. 

The use of nano-hydroxyapatite (n-HAP) has witnessed an enormous attention in the 

biomedical field as it remains to be the reinforcement form of the natural bone. In order to 

exploit the use of sc-PLA and n-HAP for biomedical applications, the biocomposites were 

prepared by Gupta et al., where n-HAP was grafted to PDLA via in situ ROP where the 

OH groups on n-HAP acted as initiating species. The grafting was confirmed by 13C-NMR 

and thermogravimetric analysis 37. The grafted PDLA was blended with PLLA to develop 

TH-2957_166107006



 
Chapter 2: Literature Review 

29 
 

sc biocomposites which gave the exclusive formation of sc crystallites due to improved 

dispersion of n-HAP and extended molecular surface area provided by the PDLA chains. 

The nanocomposites with improved mechanical properties were obtained (~40 MPa 

strength, ~132% elongation at break and ~47% storage modulus). An improved degree of 

crystallinity was achieved which resulted in the hindered diffusion of water vapour thereby 

improving the resistance to moisture. The viability of BHK-21 cells on the nanocomposite 

materials revealed their applicability as a biomaterial.  

It may be perceived that the sc-PLA based copolymers and composites are addressing the 

concerns of the polymer processing and their applicability for packaging and biomedical 

domains. The illustration of the application of sc-PLA based copolymers and composites 

is shown in Figure 2.5.  

 

Figure 2.5: Applications of the sc-PLA based copolymers and composites. 
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2.6 Biomaterials 

The conventional methods of repairing the damaged tissues include autografts, allografts, 

and xenografts which suffer from several drawbacks such as scarcity of donors, disease 

transmission, low clinical success, etc. Tissue engineering has emerged as one of the 

promising alternatives for the repair/regeneration of damaged tissues. In order to cure the 

diseased tissues, various methods have been developed incorporating the use of polymers, 

ceramics, metals, etc. and the materials thereof are regarded as biomaterials.  

Resorbable sutures were made for the first time by American Cyanamide Co. from 

polyglycolide in 1962 which was commercialized under the trade name “Dexon”. A few 

years later, co-polymer of PLLA (8%) and PGA (92%) [poly(L-lactide-co-glycolide)] 

was developed as a biodegradable suture with the trade name “Vicryl.” Aliphatic 

polymers were then explored for their potential in various biomedical applications 

including bone repair and regeneration. These are considered to be versatile polymers 

with good mechanical properties and biocompatibility when prepared by ring opening 

polymerization of lactides and lactones. The properties required for the intended 

application may be significantly different. It is possible to control the physical properties 

and biodegradability of aliphatic polyesters which are made by ring opening 

polymerization of lactides and lactones. This can possibly be done by changing the 

structure and composition of the repeat units, presence of polar groups, crystallinity, 

molecular mass, orientation and flexibility of the chain. It is essential for a biomaterial to 

have biochemical as well as biomechanical compatibility. For an implant to replace the 

bone, it must have physical and mechanical properties that would match with the host 
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tissue. Stress shielding of the bone is due to the high Young’s modulus of the implant 

which carries all the load and leads to the failure of the implant.  

The first generation biomaterials were intended to be bio-inert in order to minimize the 

formation of scar tissue. Bioactive glasses emerged as the second generation materials 

providing interfacial bonding between the implant and the host tissue. The third 

generation of biomaterials involved tissue regeneration and repair combining the 

resorbable and bioactive characteristics such as the bioactive glasses with gene activation 

properties98. The revolution in biomaterials from tissue replacement to tissue regeneration 

is shown in Figure 2.6. Bioactive glasses gained enormous attention in the field of tissue 

engineering due to its extraordinary characteristics such as bioactivity, biocompatibility, 

osteoconductivity, and biodegradability. The remarkable discovery of bioactive glass by 

Prof. Larry Hench was made in 1969 (University of Florida, USA).  The glass 

composition of 45% SiO2, 24.5% CaO, 24.5% Na2O and 6% P2O5 was found to be close 

to a ternary eutectic which was melted, cast and tested as an implant in rats and the 

implants were found to be bonded with the bone. The in vitro and in vivo tests resulted in 

the formation of hydroxyapatite (HA) layer which was bonded to the collagen. A strong 

bonding between the collagen and HA was observed and thus was the most fascinating 

material discovered which was recognized as 45S5 Bioglass® 99. Since its discovery, it 

has been widely used by the researchers for testing its widespread applications. 
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Figure 2.6: Revolution in biomaterials: Tissue replacement to tissue regeneration. 

2.7 Bioactive glass 

One of the most important criterion for the biomaterials to serve as an ideal scaffold 

material is to mimic the extracellular matrix (ECM) onto which the cells would adhere, 

multiply, and function. The ability of a biomaterial to form a bond with the living tissues 

is termed as “bioactivity.” The major compositional characteristics of bioactive glasses 

that distinguish it from the traditional soda-lime glasses are: a) SiO2 content less than 60 

mole percent, b) high CaO and Na2O content, and c) higher ratio of CaO:P2O5
100.  

Bioactive glasses suffer from several disadvantages such as their brittle and stiff nature 

which restricts them to be molded into complex shapes and often leads to the fracture 

under mechanical loads. Additionally, trauma and infections also lead to the critical size 

bone defects and their treatment using conventional methods is often encountered by 

immune rejection, high cost, limited availability, scar tissue formation, painful secondary 
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surgeries, little or no integration with the host tissue, etc. Bioactive glass, on the other 

hand, being bioactive in nature is considered to be the most suitable alternative to 

allografts with a great potential in orthopedic applications. Bioactive glass undergoes 

dissolution inducing an apatite layer which is similar to that of natural bone thereby 

stimulating osteogenesis and angiogenesis which in turn allow the interfacial bonding 

between the bone and the implant leading to osteointegration. However, it is essential for 

the implant to mimic the structure of the bone in order to promote the regeneration of the 

bone. Bioactive glass has the ability to bind to both bone as well as soft tissues, however, 

it has been mainly studied in orthopedic applications as it promotes the formation of bone 

like apatite layer. Bioactive glass has been reported for the adhesion and proliferation of 

osteoblast cells like MC3T3-E1 and MLO-A5. Furthermore, the bioglass undergoes 

dissolution creating ions such as Si, P, Ca, Cu which are involved in enhancing the 

proliferation of osteoblast cells and in turn formation of bone101. The bioactive behavior 

of HA may be increased on adding Si during its synthesis. In case of bioactive glass, the 

silanol groups work as catalysts leading to the nucleation of apatite phase in order to form 

apatite layers on the surface. The mechanism of bone formation in shown in Figure 2.7. 
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Figure 2.7: Mechanism of integration of bioglass with the bone. 
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2.7.1 Types of Bioactive Glasses 

Various types of bioactive glasses can be fabricated for different applications which have 

varied composition. The parameters affecting the rate of dissolution of bioactive glasses 

and their ability to form apatite layer are: 

1. Composition of bioactive glasses 

2. Morphology  

3. Technique used to fabricate the glass  

It may be imperative to choose the bioactive glasses based on the ability of apatite 

formation which is highly dependent on the above stated parameters. The commercially 

available bioactive glasses with their composition are shown in Table 2.5. The patients 

(over 1 million) have been implanted with NovaBoneTM which is known for its use as an 

osseous defect filler and the capability of inducing new bone formation. 

Table 2.5:   Commercially available bioactive glasses with their composition. 

Bioactive 

glasses 

(commercial) 

Composition Origin 

SiO2 Na2O CaO P2O5 SrO MgO CaF2 K2O  

NovaBone 46.1 24.4 26.9 2.6 - - - - 
Novabone LLC, 

Jacksonville, Florida 

BonAlive 53.8 22.7 21.9 1.7 - - - - Turku, Finland 

Cerabone 34.0 - 44.7 16.2 - 4.6 0.5 - 
Straumann group, 

Switzerland 

45S5 46.1 24.4 26.9 2.6 - - - - 
Mo-Sci, Rolla, 

Missouri 

13-93 54.6 6.0 22.1 1.7 - - - - 
Mo-Sci, Rolla, 

Missouri 

StonBone 44.5 27.2 21.5 4.4 2.4 7.7 - 7.9 
RepRegen Ltd, 

London, UK 
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It is essential for the implants to form an interfacial bond with the living tissue in order 

to function as an ideal material for bone repair/growth. Hench and Ethridge expressed the 

criterion for biomaterials for bone fixing which described the materials to be equivalent 

to the host tissue being able to form a stable interfacial bond between the host tissue and 

itself and its ability to respond to the external stimuli (physical) in the same manner as 

that of the host tissue. Additionally, the mechanical and physical properties of 

biomaterials are of prime importance apart from its bioactivity. For bone repair and 

regeneration, the major problem often accounted is that of stress shielding which is 

mainly due to the higher Young’s modulus of the implant carrying all its load (or) leading 

to the improper distribution of load. Thus, it is important to design materials that would 

bind with the natural tissues and withstand the mechanical loads when implanted into the 

body.    

2.7.2 Biomedical applications 

Bioactive Glass Hybrids 

While fabricating materials for bone tissue engineering applications, it is important to 

design the scaffolds that are biodegradable and their rate of degradation is similar to the 

rate of new bone where the newly formed bone would eventually replace the scaffold. 

The mechanical integrity of the scaffold must be sufficient to support the bone 

regeneration process. However, it is difficult to combine all these properties in a single 

material and therefore the composites are often considered to be advantageous while 

fabricating scaffolds. The conventional composite materials consist of phases that are 

distinct at macroscale, thus are not suitable as scaffold materials that require the 

homogenous phases at molecular level along with uniform mechanical, physical, 
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chemical, and biological properties. In line to this, Mondal et al.102 demonstrated the 

possibility of using hybrid biomaterials consisting of organic and inorganic components 

for bone tissue engineering applications due to the molecular level interactions among 

them leading to the formation of single-phase materials. They prepared class II hybrid 

biomaterials consisting of tertiary bioactive glasses as inorganic phase covalently 

crosslinked to organic polymers. Firstly, they synthesized the copolymers of 

vinylpyrrolidone and triethoxysilane in varying molar ratios so as to vary the amount of 

silane groups in the copolymer. Thereafter, tertiary bioglass was mixed with the 

copolymer in order to allow for hydrolysis and polycondensation leading to the formation 

of Si-O-Si and Si-O-P networks between the two phases. They found that the covalent 

bonding between copolymer and bioglass was increased with the increasing number of 

functional groups whereas the degradation was decreased along with the decrease in the 

dissolution products of bioglass. Incorporation in SBF led to the formation of apatite layer 

of the surface of materials which was found to be dependent on the weight ratios of 

organic and inorganic materials. Further, they reported that the increased content of 

bioglass led to the improved deposition of apatite layer along with the improved 

biocompatibility of the fabricated hybrid materials. Furthermore, Allo et al.103 chose the 

combination of biodegradable polymers i.e. poly(-caprolactone) (PCL) and bioactive 

glasses in order to make hybrid biomaterials with the aim of tailoring the physical, 

mechanical, biological and degradation behavior of the resulting materials. The 

combination of inorganic and organic materials in different ratios were synthesized using 

the sol-gel process. In a typical sol-gel process, the hydroxyl groups are formed by the 

hydrolysis of metal alkoxides which is followed by the formation of a three-dimensional 

network due to the polycondensation reaction. The stiffness and the brittleness of 
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bioactive glasses restrict their formation into the complex shapes and promote their 

fracture under loads. On the other hand, the flexibility of PCL along with its 

biodegradable and biocompatible nature allows its easy processing into complex three-

dimensional structures. The properties of the two materials being complementary to each 

other were speculated to be favorable in developing materials with desired toughness, 

biocompatibility, bioactivity, and predictable degradation and thus were explored for their 

potential as three-dimensional scaffolds for bone regeneration which were fabricated by 

electrospinning. The polymer chains (dissolved in “methyl ethyl ketone" which is water 

miscible and has the ability to dissolve inorganic materials) were introduced into the sol 

during the formation of inorganic network in order to allow for the chemical interactions 

between the polymer chains and bioactive glass in order to form homogenous hybrid 

materials. The intermolecular interaction between the organic polymer chains and the 

inorganic bioactive glass was determined by FTIR which confirmed the molecular 

interaction of the two phases by H bonding between the silanol hydroxyl groups of glass 

and the carbonyl group of PCL. The developed hybrids were found to have immense 

potential in bone tissue engineering applications. 

Large Bone Defects 

Although tissue engineering has made its impact in treating the several bone related 

diseases and disorders, the treatment of large bone disorders is still a challenge for the 

clinicians. The major causes of such disorders could be trauma, infections, accidents, 

tumors, etc. and the major issues often witnessed in their treatment are accelerating the 

bone formation as well the bone healing. Furthermore, it is important to track the 

degradation products from the scaffolds that would possibly accumulate in the tissues and 
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organs in order to identify the degradation mechanism of the biomaterials. In this context, 

Wu et al.104 developed biofunctional materials for biolabeling by incorporating Europium 

(Eu) into the bioactive glass scaffolds (in situ) using polyurethane sponge co-templates. 

Eu is also known for its ability to bind with HA 105 along with pro-angiogenic properties106, 

107. The scaffolds thus fabricated were found to have luminescence property that allowed 

the labelling of bone marrow stromal cells (BMSCs) in vitro as the degradation of 

scaffolds occurred by releasing the ionic products which influenced the luminescence 

change of the scaffolds. Further, in vivo studies were conducted by using the 

ovariectomized rat models (OVX) for the reconstruction of the femoral defects and 

inducing bone defects (3.5 mm dia) in the distal region of femur. The bone defects were 

filled randomly with MBG along with Eu-inocrporated MBG (2 and 5 mol %) and the 

rats were sacrificed after 4 and 8 weeks and observed under Micro-CT and evaluated for 

histological analysis. The bone formation was seen to be higher along with higher amount 

of bone formation area for the bioactive glasses with Eu content as compared to MBG 

alone. Thus, the scaffolds with Eu showed the improved bone formation by promoting 

the osteogenic differentiation of BMSCs suggesting their potential for biolabeling and 

regeneration of bone. 

Osteosarcoma Treatment 

Osteosarcoma is a type of bone cancer that leads to the formation of immature bone and 

has affected a large number of people. The treatment methods such as radiation or 

chemotherapy are ineffective in curing the disease and it is often difficult for the patients 

to survive. With the aim of developing safe and effective biomaterials for the clinical cure 

of osteosarcoma, Rana et al. 108 developed gallium doped bioactive glasses. Gallium, 
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which is known for its effective use against cancer109, 110 was doped during the melt-

quench process in different ratios followed by producing glass rods which were cut into 

discs. The synthesized materials were characterized to identify their structure, 

morphology, biocompatibility, and formation of apatite layer. The human osteosarcoma 

cells (Saos-2) were used to determine the viability of the cells in the glasses in presence 

and absence of gallium. It was observed that the viability of the tumor (osteosarcoma) 

cells was reduced to ~50% in presence of gallium containing bioactive glasses which was 

further dependent on the dosage. Additionally, no adverse effects were observed on the 

cell growth in case of normal human osteoblast cells. The HA formation was observed 

for all the glasses (those containing gallium and control). Furthermore, the glasses doped 

with gallium preferentially led to the localized delivery of gallium ions at the targeted site 

and thus has a substantial potential in the treatment of the bone cancer.  

2.8 Carbon Dioxide: Potential Precursor in Organic Synthesis 

Carbon dioxide is a greenhouse gas which is available in abundant amount in the 

atmosphere. The average lifetime of CO2 molecule may be considered to be of the order 

of 10 years before it is dissolved into the oceans111. CO2 is not only available in the large 

amount in the atmosphere but is also regenerative in nature as it gets integrated with the 

natural cycle. The constant rise in the CO2 levels have led the researchers to focus towards 

the mitigation112 or finding alternate uses of this greenhouse gas in order to reduce the 

global environmental impact113-116. In order to reduce the greenhouse gas from further 

accumulating in environment, the strategy of capturing of CO2 has been adopted by 

several researchers. However, converting CO2 into useful end products is preferred over 

storing it because of its non-toxic, renewable and inexpensive nature117-121. One such 
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possibility is exploring its potential in developing monomers/precursors which would be 

utilized for the synthesis of polymers122, 123. Conventional polymers are usually derived 

from petroleum based feedstock which is available in limited amount on the planet. At 

the current rate of consumption of petroleum based feedstock, these resources are 

predicted to be exhausted by the next century1-4. Additionally, burning of fossil fuel leads 

to the accumulation of CO2 in the atmosphere at a rate which is significantly higher than 

its usage by green plants during photosynthesis5. Thus, finding the alternatives for the 

petroleum based resources is the prime concern of the present age6, 7. Considering this 

situation, using CO2 as a precursor in the synthesis of polymers would not only reduce 

the human dependence on the fossil fuels but would also reduce the accumulations of the 

potential greenhouse gas in the atmosphere along with developing polymers from a 

greener route. This strategy may aid in combating with the ongoing environmental issues. 

The interesting properties of CO2 at supercritical conditions i.e. the viscosity and surface 

tension of CO2 being comparable to that of gases while its solubility parameter, density 

and dielectric constant being comparable to that of liquids have witnessed its exploration 

in replacing the organic solvents9-11. However, it is difficult to fix CO2 in the chemistry 

of polymerization due to its low reactivity and usually require extreme conditions of 

temperature and pressure for its reaction. Catalysis is perhaps, one of the best solutions 

to overcome the thermodynamic stability of the most abundant C1 resource12-14. The 

possible exploitation of CO2 for the effective synthesis of polycarbonate, polylactone, 

poly(limonene oxide), etc. have been discussed in the subsequent sections followed by 

the existing technologies for the commercial production of polymers from CO2.  
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2.8.1 Synthesis of polycarbonate 

One of the most fascinating discovery is the synthesis of aliphatic polycarbonate by the 

ring opening copolymerization of CO2 with epoxides. Epoxides are the cyclic ethers 

containing a three-atom ring and their high reactivity is accounted for their strained ring 

structure which is due to the equilateral triangle formed by the ring. It is known that 

catalyst plays a crucial role in fixing CO2 in the backbone of polymers. Additionally, the 

catalyst lays an essential effect on the yield, properties and applications of the polymers 

that are produced. In view of this, Trott et al. have reported the important findings in the 

field of catalysis for the ring opening polymerization of CO2 and epoxide124. The 

copolymerization of CO2 with epoxide was successfully carried out by Inoue and co-

workers in 1969 using organometallic catalysts125. They reported the synthesis of high 

molecular weight polycarbonates by alternating copolymerization of CO2 with propylene 

oxide. Polycarbonates have been conventionally manufactured industrially by using 

bisphenol A (BPA) and phosgene precursors which are known for their harmful (during 

fetal development)126 and toxic natures127, respectively. In the work reported by Inoue et 

al., various organometallic catalysts were tested for the copolymerization of CO2 and 

propylene oxide to yield polypropylene oxide. Among various catalyst systems, 

diethylzinc/water (1:1) system was found to be the most effective which yielded the 

methanol insoluble copolymer at 20-50 atm CO2 pressure and 80 ºC. Owing to its high 

efficiency, the same catalyst system was chosen for the copolymerization of CO2 with 

other epoxides such as ethylene oxide, isobutylene oxide, styrene oxide and 

epichlorohydrin which were found to be soluble in methylene chloride. Their study led to 

the development of polypropylene carbonate with high molecular weight (𝑀𝑛 ̅̅ ̅̅ ̅ (𝑜𝑠𝑚. ) =

115,000. Although several epoxides have been explored for the reaction with CO2, not 
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much focus has been laid on the bioderived epoxides. D-limonene is the cyclic 

monoterpene which is usually extracted from the orange peel. Limonene oxide is 

available in abundant amount which is structurally similar to cyclohexene oxide and has 

low cost.  The alternating copolymerization of limonene oxide and CO2 was reported by 

Byrne et al. under mild conditions to yield polycarbonates128. The copolymerization was 

carried out using β-diiminate zinc acetate as catalyst. They observed that the catalyst led 

to the formation of regioregular polycarbonate with high selectivity of trans isomer at 

25 °C and 100 psi pressure of CO2. The resulting copolymer was found to have a narrow 

molecular weight distribution with >99% carbon linkage. Furthermore, Kindermann et al. 

reported the reaction of limonene oxide with CO2 in presence of Al(III) complex catalyst 

to develop poly(limonene) dicarbonate129. They mixed limonene oxide (cis/trans mixture), 

bis-triphenylphosphine iminium chloride (PPNCl) and catalyst were mixed and placed 

inside the stainless steel reactor followed by purging with CO2 thrice. The reactor pressure 

was increased to 15 bar with temperature 45 °C and the reaction was carried out for 48h. 

The resulting material was poly (limonene carbonate) which was dissolved in 

dichloromethane and oxidized at 0 °C using 3-chlorperbenzoic acid for 12h to form 

poly(limonene-8,9-oxide carbonate) (Figure 2.8). The developed polycarbonates find 

applications as precursors for the coating materials and formation of polymer blends with 

tailored properties.  
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Figure 2.8: Limonene oxide to poly(limonene) dicarbonate. 

2.8.2 Synthesis of polyalkanoates 

Copolymerization of CO2 with alkynes involves the carbon-carbon triple bonds as the 

building blocks for the reaction. This is a unique technique developed to yield 

poly(alkanoate)s with high weight average molecular weight (Mw ~31,400). The reaction 

of CO2 with alkyl dihalides and diynes in presence of Ag2WO4 catalyst, Cs2CO3 additive 

along with N,N-dimethylacetamide (Figure 2.9) was reported by Song et al. which 

resulted in poly(alkanoate)s  with high yields (~95%) possessing superior thermal and 

chemical stability 130.  The reactions were conducted at very mild conditions (80 ºC, 12h). 

Such efficient and robust reaction resulting in high yield of the final product may be 

considered as industrially viable process. Furthermore, the reaction of CO2 with alkyl 

dihalide and triphenylamine (TPA) containing diyne led to the formation of telechelic 

polymer via step growth polymerization. The synthesized telechelic polymer can be used 

for the synthesis of high molecular weight functional polymers by continuously adding 

alkyl dihalide in presence of catalyst and CO2. The direct conversion of CO2 into useful 

end products such as poly(alkanoate)s reports the potential of the greenhouse gas in useful 

chemical reactions under mild conditions. The synthesized poly(alkanoate)s may be 

considered as polyesters due to their structure and may be hydrolyzed under alkaline 
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environment at ambient conditions in few minutes which makes them as promising 

materials for biomedical as well as engineering applications. In this regard, utilization of 

CO2 for the development of end product that is biodegradable lays a significant impact 

and may be a solution to the current environmental issues.  

 
Figure 2.9: Reaction of diene, alkyl halide and CO2 to form polyalkanoate. 

 

2.8.3 Synthesis of lactone 

The copolymerization of CO2 with olefins has been a subject of broad interest, however, 

it is restricted by the propagation step which is endothermic; and on several occasions 

homopolymerization of olefin takes place due to the reaction failure. In this regard, 

Nakano et al. have adopted a unique strategy to overcome the barriers associated in the 

reaction by using a lactone intermediate. The copolymerization of CO2 with 1,3-butadiene 

led to the formation of 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (lactone) which 

was followed by the homopolymerization of lactone 131 as shown in Figure 2.10. The 

synthesized copolymers consisted of 33 mol% CO2 which was consistent with the 

theoretical values. Furthermore, they extended their research to develop one-pot 

copolymerization process of CO2 and butadiene along with one-pot terpolymerization 

process which was considered to be a sustainable and scalable process. They had used a 

mixture of dienes such as butadiene, isoprene and 1,3-pentadiene by varying their molar 

ratios and reacted with CO2 in presence of palladium acetylactenoate, 

triisopropylphosphine and ethylene carbonate at 80 ºC. The reaction time was varied from 
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3 to 20 hours for the mixture of dienes. Furthermore, the synthesized lactones were 

subjected to polymerization in presence of 1-1′-azobis(cyclohexane-1-carbonitrile) and 

zinc chloride which resulted in the formation of terpolymers i.e. (CO2/butadiene/isorprene 

and CO2/butadiene/1,3-pentadiene) with molecular weights (Mn) 5,500 and 16,000 and 

yields of 46% and 35% respectively. Additionally, the glass transition temperature of 

these polymers was found to be 63 ºC and 33 ºC respectively. The authors concluded their 

process had the potential to be utilized on a large scale in order to synthesize the synthetic 

polymers via a green and sustainable route. 

 

 

Figure 2.10: Lactone from CO2 and 1,3-butadiene and its subsequent polymerization.  

2.8.4 Existing technologies for making polymers from CO2 

Novomer Inc. (USA) founded by Geoffrey Coates (Cornell University graduate) has 

initiated the production of polyols (copolymers resulting from epoxides and CO2) which 

have the applications in light-weight polyurethane foams. The Novomer technology may 

also be adopted by Ford Motor Co. to use polyols in the cushions of the automobile seats. 

This will indeed lay a great impact on the society132. Also, the industrial production of 

poly(propylene carbonate) has been witnessed in China which aims at producing 

poly(propylene carbonate) (average mol wt. of tens of thousands) by using diethylzinc-

glycerol system (Nd(CCl3COO)3)
133. NornerTM, a Norway based company has also 

actively been involved in the development of CO2 based polycarbonates. It has been able 

to design a continuous process for the production of polycarbonates and is aiming towards 
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developing pilot scale process and commercialization of the product 134. Researchers from 

Rutgers University have established a start-up “RENEWCO2” which is the outcome of 

the project carried out under Prof. Charles Dismukes. They have developed an 

electrochemical method to convert CO2 and water into polymers using the nickel and 

phosphorous based catalysts 135. A German based company “Covestro” headed by Markus 

Steilemann has developed the CO2 based polyols which are used to make the synthetic 

sports flooring. They have made a novel CO2-based binder for sports flooring which has 

been installed at the Crefelder Hockey and Tennis Club which is one of the leading 

hockey facilities in Germany. These CO2 based materials are replacing ~20% of fossil 

fuels that are required for the production of polymers.  

2.9 Research Gap 

It is observed from the literature that the biodegradable aliphatic polyesters such as PLA, 

PGA, etc. have witnessed enormous attention in the developing biomedical implants. 

However, the homopolymers or copolymers of these often lead to the development of a 

brittle material with a higher tensile modulus leading to the implant failure. The biological 

tissues such as bones, tendons, cartilage, skin, etc. are flexible or elastic and thus require 

toughened materials in order to replace them into the body. In this regard, several attempts 

have been made by incorporating soft materials such as PCL in order to evoke toughness 

into the brittle polymers. However, the content of soft and hard segments play an essential 

role in determining the properties of the developed copolymers and it is therefore essential 

to develop an understanding regarding the same. The literature reports the 

copolymerization strategies to develop random and multiblock copolymers of PLA and 

PCL, however little attention has been paid on the content of PLA and PCL in the 
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copolymer system. Furthermore, it lacks the essence of stereocomplexation in the block 

copolymers or developing their composites by choosing the appropriate reinforcing 

materials/fillers. Additionally, scaling up the polymerization process and processing of 

the biodegradable copolymers by conventional techniques, is the need of the hour. 

Therefore, attempts have been made in this work to overcome the existing research gap 

and develop the biodegradable copolymers/composites which can be scaled-up and 

processed by the existing techniques. Furthermore, insights have been made on the 

structure-property relationship of block copolymers by relating to their nanostructure.  

Since the current work reports the development of environmentally benign lactone based 

polymers, an attempt has also been made to develop new polymers from the 

environmentally benign routes. The literature reports the use of greenhouse gas carbon 

dioxide in developing a six-membered cyclic monomer (δ-lactone) which has been used 

by the researchers for free-radical polymerization. Herein, we report the novel strategies 

of polymerizing the carbon dioxide derived monomer using metathesis and cationic 

polymerization strategies, and challenges associated with it. 

2.10 Objectives 

In order to overcome the above mentioned research gaps, the objectives of the current 

thesis are as follows: 

1. Synthesis of linear diblock copolymers based on PLA and PCL and their 

stereocomplex blends by changing the block length of PLA segment. 

a. Determining the processability of the diblock copolymers to develop 

implants 

b. Determining the thermomechanical stability of the implants  
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2. Varying the molecular architecture to synthesize linear triblock copolymers based 

on PLA and PCL to develop toughened materials. 

a. Scaling-up the synthesis process to a batch of 500 g and processing it to 

develop 3D printed scaffold. 

b. Proposing a structure model for gaining insights into the mechanical 

properties. 

3. Developing stereo-pentablock copolymers of PLA and PCL and providing 

insights into the preferential stereocomplexation. 

4. Random copolymerization of lactide and caprolactone by varying the content of 

lactyl and caproyl segments 

a. Synthesis of random copolymers by single step ring opening 

polymerization 

b. Scaling up the synthesis process to the batch of 100 g 

5. Further, developing composites of random copolymers by incorporating bioactive 

glass as a filler and evaluation of its properties. 

6. Strategies to polymerize the metastable carbon dioxide derived monomer 

(δ-lactone) by novel strategies to explore a new class of materials. 

a. Metathesis polymerization strategy 

b. Cationic pathway 
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Chapter: 3 
 

Diblock Copolymers based on PLA and PCL, and their 

Stereocomplex Blends 

 

  

Graphical Abstract 

 

 

Outcome:  

 Effect of Block Length and Stereocomplexation on the Thermally Processable Poly 

(ε-caprolactone) and Poly (Lactic acid) Block Copolymers for Biomedical 

Applications. ACS Applied Polymer Materials 1.12 (2019): 3354-3365.  
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Abstract 

The current chapter concentrates on the synthesis of linear block copolymers with their 

backbone consisting of hard and soft segments i.e. poly(L-lactic acid) (PLLA)/ 

poly(D-lactic acid) (PDLA) and poly(ε-caprolactone) (PCL) with the detailed 

investigation of the effect of block length on the thermal, mechanical and crystallization 

behavior followed by their processing and biocompatibility evaluation. Here, the 

sequential ring opening polymerization has been employed wherein PCL is used as a 

macro-initiator for the synthesis of diblock (PCL-PDLA and PCL-PLLA) and stereo-

triblock copolymer (PCL-PLLA-PDLA) of targeted molecular weight, which is confirmed 

by 1H-NMR spectroscopy. The block length of PCL, in case of diblock copolymer, is fixed 

whereas that of PLLA/PDLA is varied and the enantiomeric blends thereof are made to 

achieve the merits of stereocomplexation. The length of the individual blocks is same in 

case of stereo-triblock copolymer. The presence of two crystalline domains is manifested 

from differential scanning calorimetry and thermogravimetric analysis. An interesting 

“strain induced plastic to rubber transition” phenomena is observed upon increasing the 

block length of PDLA/PLLA in the block copolymer system which accounts for the 

improved overall mechanical properties. Additionally, the synthesized materials are 

found to support the adhesion of MG-63 cells as determined from in vitro studies 

indicating their potential in bone repair and regeneration. Further, the block copolymers 

possessing superior mechanical properties are thermally processed by injection molding 

to fabricate representative orthopedic fixation devices such as cancellous and cortical 

bone screws. Eventually, the thermo-mechanical stability of the cancellous bone screw 

made from the synthesized block copolymer is presented as compared to that made from 

the commercial PLA at the sterilization temperature of the biomedical devices. 
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3.1 Introduction 

Block copolymerization of aliphatic polyesters has widely been studied in order to obtain 

the materials with tailored properties136,137. Poly(lactic acid) (PLA) and poly(ε-

caprolactone) (PCL) are the biodegradable aliphatic polyesters with complementary 

properties and found to have substantial potential in biomedical applications138. PLA is a 

biobased and bioabsorbable material and has a potential to replace the conventional 

petroleum derived polymers owing to its superior mechanical strength, transparency and 

processability139. However, the inherent brittle nature140 (Tg ~ 60 ℃) and inferior thermal 

resistance79 of PLA often limit its use in several engineering and biomedical applications. 

PCL on the other hand is flexible in nature thereby possessing inherent toughness141. 

Further, it has ever been used in the Food and Drug Administration (FDA) approved 

biomedical devices142,143. However, the melting temperature of PCL is very low (~ 60º C) 

along with very low glass transition temperature (~ -60º C) which has limited its use in 

various engineering applications. Furthermore, stereocomplexation, which is a special 

crystal form between the enantiomeric PLA chains, is known to improve the thermal 

resistance of PLA materials. Due to the increased chain packing leading to the improved 

crystalline density, the melting temperature (Tm) of the stereocomplex crystallites is 

enhanced to ~230 ºC which is ~50 ºC uplifted as compared to that of pure enantiomeric 

PLA.30 The preferential stereocomplexation is observed in case of stereoblock PLA 

copolymers (sb-PLA)  where the enantiomeric polymer chains interact at the molecular 

level to enhance the formation of stereocomplex crystallites.85 

In order to develop materials with customized properties, PCL and PLA are often used in 

combination. Various approaches have been made to combine PCL and PLA including 
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blending144, copolymerization145, formation of biocomposite146, etc. However, due to the 

immiscibility of PCL and PLA, blending the two polymers often leads to the phase 

separation and inhomogeneity.147 Consequently, in the polymer blending of PCL and 

PLA, several compatibilizers have been used to improve the compatibility of these 

polymers.148 In line to this, Shuai et al. synthesized diblock copolymers of PCL and PLLA 

(PLLA) where they formed host-guest complex with α-cyclodextrin (CD) molecules in 

water. By elevating the temperature of the aqueous dispersion, the PCL-PLLA chains 

were decoupled from CD and then precipitated in water. This method led to the formation 

of single phase of PCL-PLLA without microphase separation because of quick formation 

of precipitates similar to the freeze-drying method.149 However, this method may not be 

an industrially viable process because of many complicated steps. The copolymers of 

PCL and PLA are semi-crystalline in nature, and therefore crystallinity plays a key role 

to ascertain their structure and properties. Further, the composition of copolymers, block 

length, and overall molecular weight are also important parameters in tailoring their 

properties.  

Block copolymerization may significantly enhance the properties of the resulting material 

by taking into account the advantages of both the individual monomer segments along 

with retarding macro-phase separation. In this regard, the block copolymerization of PCL 

and PLA would lead to the development of materials with enhanced thermal stability and 

high toughness. Until now several methods have been adopted by various researchers for 

synthesizing block copolymers based on PCL and PLA. Liu et al. synthesized novel 

aluminum complex based catalysts and tested them for ring opening polymerization 

(ROP) of L-lactide and ε-caprolactone using 2-propanol as an initiator where the reaction 

time taken for the maximum conversion of L-lactide was 4 h.150 In contrary to this, the 
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FDA (Food and Drug Administration) approved tin octoate catalyst151,152 takes much 

shorter time for the maximum conversion of lactide and ε-caprolactone monomers during 

their ROP along with having an ability to yield polymers with high molecular weight. 

Wei et al. have reported the synthesis of PCL-PLLA block copolymers by melt or solution 

sequential copolymerization technique using dibutyl magnesium as initiator. The reaction 

time for the synthesis was 24 h along with relatively lower molecular weights of the 

individual blocks (~5 kDa) as determined from 1H-NMR.153 The earlier reports based on 

PCL and PLA block/random copolymers and their blends mainly focus on the synthesis, 

thermal and mechanical properties along with their biodegradability. These studies have 

reported relatively long reaction time required for the synthesis of block copolymers154,155 

or the formation of block copolymers with lower molecular weight in some cases and 

requirement of suitable solvent for the polymerization. Furthermore, the thermal 

processability of the biodegradable block copolymers using conventional processing 

technique is often restricted by their molecular weight, or requires the incorporation of 

flow rate enhancing components156 or thermal stabilizers157. The block copolymers 

possessing stereocomplexation may lead to the development of materials with improved 

thermal and thermomechanical properties, which may be achieved either by blending the 

enantiomeric block copolymers or developing stereo-block copolymers.  

Considering the advantages and limitations of PCL and PLA along with the merits of 

stereocomplexation, the current work reports the synthesis of linear block copolymers 

which are directly thermally processable. The enantiomeric block copolymers have been 

synthesized in such a way that the chain length of PCL is fixed and that of PLLA/PDLA 

is varied and the blends thereof are made to obtain stereocomplexation. The influence of 

block length on the thermal, mechanical and crystallization properties of the block 
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copolymers and their blends have been addressed. Additionally, a stereo-triblock 

copolymer is synthesized to compare with the properties of enantiomeric blends. Among 

various synthesized materials, the block copolymer possessing superior mechanical and 

thermomechanical properties is chosen for direct thermal processing using an injection 

molding machine so as to fabricate representative three-dimensional articles such as 

cancellous and cortical bone screws which may be regarded as resorabable orthopedic 

fixation devices. The thermo-mechanical stability of the cancellous screw made from the 

enantiomeric diblock copolymer is compared with that of commercial PLA at 121 °C, 

which is usually the sterilization temperature of the biomedical devices158. Eventually, 

the in vitro biocompatibility studies have been conducted using MG-63 cells to ascertain 

the adhesion of cells on the surface of the synthesized materials. 

3.2 Experimental section 

3.2.1 Materials 

D- and L- Lactides (99% optical purities) were obtained from Musashino Chemical 

Laboratories Ltd., Tokyo, Japan. ε-Caprolactone was procured from Nacalai Tesque, 

Kyoto, Japan, and stored under N2 atmosphere after distillation. 1-Octadecanol (1-Oct) 

was supplied by Wako Pure Chemical Industries Ltd., Tokyo, Japan. Tin octoate 

(Sn(Oct)2, 95%) was acquired from Sigma Aldrich, St. Louis, USA, via Nacalai Tesque 

and used after distillation under high vacuum. The distilled Sn (Oct)2 was dissolved in 

dried toluene (0.1 g/ml and 0.2 g/ml) prior to its use. Dichloromethane and methanol were 

supplied by Nacalai Tesque and used without further purification. 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was obtained from Central Glass Co. Ltd., 

Yamaguchi, Japan.   
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3.2.2 Synthesis of PCL 

As shown in Scheme 3.1 (a), a mono-hydroxyl terminated PCL was obtained by the first-

step ROP of ε-caprolactone using 1-Oct as an initiator and Sn(Oct)2 as a catalyst. 1-Oct 

(4.95×10-4 mol) was added to the polymerization tube equipped with a three-way 

connector and a magnetic stirrer and kept under vacuum (10 Pa) for 3 h with intermediate 

N2 gas purging. Then, a pre-distilled monomer (ε-caprolactone, 4.38×10-2 mol) and a 

tin octoate solution (1.75×10-5 mol) were added into the system under N2 environment. 

The tube was sealed under N2 atmosphere and immersed in an oil-bath at 180° C for 25 

min to conduct polymerization. After the polymerization, a portion of product was taken 

out in order to determine the monomer conversion by 1H-NMR. When the conversion 

was higher than 99%, the product PCL was directly subjected to the next step without 

reprecipitation. 

PCL: 1H NMR (600 MHz, CDCl3): δ = 4.06 (CH3(CH2)15CH2CH2O-, 2H), 3.65 

(CH2CH2CH2OH, 2H), 2.3 (OCH2CH2-, 2H), 1.64 

(CH3(CH2)15CH2CH2O(=OCH2CH2CH2CH2CH2O), 2H), 1.38 (OCH2CH2CH2CH2CH2O, 

2H),  1.25 (CH3(CH2)15CH2CH2O, 2H), 0.88 (CH3(CH2)15CH2CH2O, 3H) ppm. 
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Scheme 3.1: Synthesis of (a) diblock and (b) stereo-triblock copolymers. 

3.2.3 Synthesis of AB/AC diblock copolymers 

In the second step, the mono-hydroxyl PCL obtained above was used as the macro-

initiator for the synthesis of diblock copolymers, PCL-PLLA (AB) and PCL-PDLA (AC), 

which were prepared by the following ROP of L- and D-lactides respectively. Typically, 

the polymerization tube containing PCL (4.8 × 10-4 mol) was evacuated at 10 Pa for 1 h 

at ambient temperature followed by purging with nitrogen. A pre-determined amount of 

(a) 

(b) 
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D-lactide (0.1 mol, in case of 10CL-30D) was added, and the tube evacuated at 10 Pa for 

1 h at ambient temperature with N2 purging periodically. Later, the temperature was raised 

to 40 °C, and the system was kept at 10 Pa in pressure for 12 h so as to remove the bound 

moisture. It was observed that a portion of lactide was sublimated on the upper part of the 

reactor. For minimizing this sublimation the tube was purged with N2 gas several times. 

Finally, the vacuum was removed, and the mixture of prepolymer and monomer in the 

tube was heated at 180 °C under stirring. The PCL polymer started to melt and solubilize 

into the melt of D-lactide. After complete mixing, a certain amount of the catalyst solution 

(4.2 × 10-5 mol) was added into the mixture under N2 environment. The tube was sealed 

under N2 atmosphere, and the reaction was carried out at 180 °C for 25 min. A sample 

was taken out to check the monomer conversion by 1H-NMR after the reaction. Finally, 

the obtained product was brought down to room temperature followed by dissolving in 

dichloromethane and reprecipitation in excess methanol. The obtained polymer 

precipitates were then filtered and dried in a vacuum oven at 80 °C for 12 h. The dried 

product was used for the determination of number average molecular weight (Mn) by 

1H-NMR. The AB/AC diblock copolymers are represented by XCL-YL/XCL-YD where 

X and Y denote the number-average molecular weights (Mn) in kDa of the component 

PCL (CL), PLLA (L), and PDLA (D) blocks.  

PDLA: 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O, 3H), 4.36 (OCCH2CH3OH, 

2H), 4.12 (CH3(CH2)15CH2CH2O, 2H), 1.57 (OCCH2CH3O), 3H), 

1.25 (CH3(CH2)15CH2CH2-O-, 2H), 0.88 (CH3(CH2)15CH-, 3H) ppm. 

Diblock copolymer: 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O, 3H), 4.36 

(OCCH2CH3OH, 2H), 4.06 (CH3(CH2)15CH2CH2O-, 2H), 2.3 (OCH2CH2-, 2H),  
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1.64 (CH3(CH2)15CH2CH2O(=OCH2CH2CH2CH2CH2O), 2H), 1.38 

(OCH2CH2CH2CH2CH2O, 2H),  1.25 (CH3(CH2)15CH2CH2O, 2H), 

0.88 (CH3(CH2)15CH2CH2O, 3H) ppm. 

3.2.4 Synthesis of ABC stereo-triblock copolymer: 

In the third step, the AB diblock copolymer (10CL-10L) obtained above was used as the 

macro-initiator for the synthesis of stereo-triblock (tri-sb) copolymer PCL-PLLA-PDLA 

(Scheme 3.1(b)). Typically, 10CL-10L (1 × 10-4 mol) was added to the polymerization 

tube equipped with a three-way connector and a magnetic stirrer. It was evacuated to 10 

Pa at 120 ºC for 3 h with N2 purging several times. Then, a predetermined amount of 

D-lactide (7.7 × 10-3 mol) was added under N2 atmosphere and evacuated again at 10 Pa 

at 80 ºC overnight. The sublimation of lactide was observed on the upper part of the 

polymerization tube, and it was dropped off to the bottom by heating the upper part of the 

tube. This was followed by adding a certain amount of the catalyst solution (3.08 × 10-6 

mol) to the polymerization tube. After the tube had been evacuated for removing the 

solvent, it was purged with N2 gas followed by immersing in an oil bath at 190º C. The 

diblock copolymer (10CL-10L) first melted and was stirred for 1-2 min so as to allow for 

its mixing with the catalyst. In the next step, the lactide began to melt and mixed with the 

melt of 10CL-10L. The polymerization reaction was continued for 25 min at 190 ºC. 

Finally, the polymerization system was brought down to ambient temperature, and a 

portion of the product was taken out and subjected to 1H-NMR spectroscopy to determine 

the conversion. The final product was dissolved (dichloromethane + 10% HFIP) and 

reprecipitated in excess methanol followed by filtering the precipitates and drying in a 

vacuum oven at 80 ºC for 12 h. The ABC tri-sb copolymers are represented by XCL-YL-
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ZD where X, Y, and Z denote the Mn values in kDa of its following block sequences 

shown by the abbreviated symbols. 

Tri-sb copolymer: 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O, 3H), 4.36 

(OCCH2CH3OH, 2H), 4.06 (CH3(CH2)15CH2CH2O-, 2H), 2.3 (OCH2CH2-, 2H),  

1.64 (CH3(CH2)15CH2CH2O(=OCH2CH2CH2CH2CH2O), 2H), 1.38 

(OCH2CH2CH2CH2CH2O, 2H),  1.25 (CH3(CH2)15CH2CH2O, 2H), 

0.88 (CH3(CH2)15CH2CH2O, 3H) ppm. 

3.2.5 Blending of diblock copolymers 

The synthesized diblock copolymers were blended with their corresponding enantiomers. 

Typically, 2 g each of 10CL-10L and 10CL-10D were weighed and mixed in 50 ml of 

(dichloromethane + 10% HFIP).  The mixture was allowed to stir at ambient temperature 

until a clear solution was obtained. This clear solution was poured into excess methanol 

followed by filtering the precipitates and drying in a vacuum oven at 80 ºC for 12 h. The 

dried polymer is represented as B_10-10. In the same way, 10CL-20L and 10CL-20D; 

10CL-30L and 10CL-30D were blended to form enantiomeric blends which are 

represented as B_10-20 and B_10-30 respectively. 

3.2.6 Preparation of polymer films 

A polymer sample (1.5 g) was laid between two teflon sheets with a metal spacer having 

a window size of 70 mm × 70 mm × 0.230 mm followed by compression molding on a 

Mini Test Press (MP-2FH, Toyoseiki Co. Ltd., Japan). The polymer was hot pressed at 2 

MPa in pressure for 3 min thereby quenching in ice water to obtain a polymer film. The 

hot-pressing temperature of PDLA was 190 ºC while that of PCL was 90 ºC. The hot-

pressing temperature of a diblock copolymer was 210 ºC and that of a triblock copolymer 
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and a blend of the enantiomeric block copolymers was 240 ºC. The hot pressed (melt 

quenched) films were used for the thermal, mechanical and crystallization studies. 

3.2.7 Characterization 

1H NMR and 13C NMR (600 MHz) spectra were measured on an AV600 spectrometer 

(Bruker, Germany). The synthesized samples (50-70 mg) were dissolved in 0.7 ml of 

deuterated chloroform (CDCl3) containing 0.03 vol-% tetramethylsilane (TMS) as an 

internal reference.  

Mn of the synthesized samples is ascertained from 1H-NMR by using the following 

equations: 

𝐷𝑃 (𝑃𝐶𝐿) =  
𝑒

𝑗
+ 1        (i) 

 

𝐷𝑃 (𝑃𝐷𝐿𝐴) =  
𝑙

𝑚
+ 1        (ii) 

 

𝑀𝑛 (𝑃𝐶𝐿) =  114(𝐷𝑃(𝑃𝐶𝐿)) + 𝑀1−𝑜𝑐𝑡 

                     =  114 (
𝑒

𝑗
+ 1) + 270.49      (iii) 

   

𝑀𝑛 (𝑃𝐿𝐴) =  72(𝐷𝑃(𝑃𝐿𝐴)) + 𝑀1−𝑜𝑐𝑡 

                     =  72 (
𝑙

𝑚
+ 1) + 270.49      (iv) 

 

𝑀𝑛 (𝑑𝑖𝑏𝑙𝑜𝑐𝑘) =  𝑀𝑛(𝑃𝐶𝐿) + 𝑀𝑛(𝑃𝐿𝐴) + 𝑀1−𝑜𝑐𝑡 

                            =  114 (
𝑒

𝑚
+ 1) + 72 (

𝑙

𝑚
+ 1) + 270.49    (v) 

 

𝑀𝑛 (𝑡𝑟𝑖 − 𝑠𝑏) =  𝑀𝑛(𝑃𝐶𝐿) + 𝑀𝑛(𝑃𝐿𝐴) + 𝑀1−𝑜𝑐𝑡 

              =  114 (
𝑒

𝑚
+ 1) + 72 (

𝑙

𝑚
+ 1) + 270.49     (vi) 

 

where, DP = Degree of polymerization,  

M1-oct = molecular weight of 1-Oct (initiator) 

For determining the Mn of PDLA and PLLA, the same formula is used. 
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The number- (Mn) and weight-average molecular weights (Mw) of the synthesized 

samples were analysed by gel permeation chromatography (Shimadzu, Japan). The 

system comprised of LC-20AD pump, SIL-20A HT auto sampler and RID-10A refractive 

index detector. The measurement was conducted at 40 ºC using HPLC grade chloroform 

as an eluent (flow rate: 1 ml/min). Polystyrene monodispersed standards ranging from 

370 Da to 500 kDa were used for the calibration. The materials were dissolved in 

chloroform (20 mg/ml) and filtered with PTFE syringe filters (0.45 µm) before analysis. 

Differential scanning calorimetery (DSC) measurements were conducted using DSC 214 

Polyma (NETZSCH, Germany) under nitrogen atmosphere. The films (~7 mg) were 

heated from 0 ℃ to 250 ℃ at the rate of 10 ℃/min. 

Thermal degradation of the films was analyzed using a thermogravimetric analyser 

(TGA 4000, Perkin Elmer, US) under inert (N2) atmosphere. The samples (5-8 mg) were 

heated from 30 ºC to 700 ºC at the rate of 10 ºC/min. The weight loss (%) and its 

derivative were measured with the increasing temperature.  

The polymer films (5 mm width and 20 mm gauge length) were used to determine the 

mechanical properties under tensile mode using a universal testing machine (KIC 2-050-

C, Kalpak Instruments and Controls, India) provided with a 500 N load cell and the cross 

head speed was set to 5 mm/min. The measurements were conducted at ambient 

temperature. Five specimens of each sample were tested to analyse the tensile strength, 

modulus, elongation (at break) and toughness, and the results were reported as an average 

of five specimens along with standard deviation. Tensile toughness was determined from 

the area under the stress-strain curve. Young’s modulus was determined by the slope of 

the straight line at 2% strain.  
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Dynamic mechanical analysis (DMA) was conducted on a DMA equipment 

(242 E, NETZSCH GmbH, Germany). The film samples were subjected to analysis under 

1 Hz frequency and 10 µm displacement amplitude at the rate of 2 ºC/min. The 

temperature range for PDLA and diblock copolymers was kept as 25-160 ºC and that for 

enantiomeric blends and stereo-triblock copolymer was 25-180 ºC.  The temperature 

range for PCL was 25-50 ºC.   

X-ray diffraction studies were performed on a Powder X-ray Diffractometer (Rigaku, 

SmartLab) which comprised of a 9kW rotating anode coupled with HyPix-3000 

semiconductor operating at 45 kV and 112 mA (CuKα radiation, λ = 0.154 nm). The 

analysis of hot pressed films in the melt quenched state as well as after annealing at 120 °C 

for 1 h, was carried out at the rate of 4º/min in the scanning (2θ) range of 3º - 40º at room 

temperature.  The data were acquired by Rigaku SmartLab Studio II software. 

3.2.8 Thermal processing of synthesized block copolymers 

The selected diblock copolymers and enantiomeric blends were cut into thin films and 

processed using an injection molding machine (HAAKE Minijet Pro, Thermo Fisher 

Scientific) to make three-dimensional articles. The diblock copolymer was processed at 

200 ºC whereas the enantiomeric blend was processed at 225 ºC at 750 bar pressure for 

5 s to make cortical and cancellous screws respectively. The temperature of the mold was 

set to 90 ºC. The commercial PLA 2003D (NatureWorks®) was also processed in the same 

way to fabricate the cancellous bone screws. 

3.2.9 Thermo-mechanical stability of cancellous bone screws 

The cancellous bone screws made using the enantiomeric blend possessing 

stereocomplexation and that made using commercial PLA 2003D (Nature Works®) were 
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held (at one end) between the two blocks and kept in an oven at 121 °C for 1 hour to 

determine their thermo-mechanical stability. 

3.2.10 In vitro studies  

Cell culture and seeding: 

MG-63 (human bone osteosarcoma cells)159 were cultivated in T25 flasks using 

Dulbecco’s modified eagle’s medium (DMEM) supplemented with 20% fetal bovine 

serum (FBS) and 2% penicillin streptomycin. The cells were detached from the flasks 

prior to seeding by using trypsin. The polymer samples were sterilized with ethanol 

followed by washing with phosphate buffer saline (PBS) and were placed in 96 well-

plates. The samples were then subjected to UV radiation. Trypan blue (Sisco Research 

Laboratories) stain was used to count the cells prior to seeding by an automated cell 

counter (Countess® II FL, Thermo Fisher Scientific) and 1×103 cells/well were seeded in 

96 well plates containing samples along with control (polystyrene) in triplicates. The 

plates were kept under incubation with 5% CO2 and 37º C temperature.  

MTT assay 

In order to determine the mitochondrial activity of MG-63 cells onto the 

polymers/copolymers, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay was conducted.  MTT (HiMedia) stock solution (5mg/ml) was prepared 

in PBS and added (10 µl) to each well after the intervals of 1, 4, 7 and 13 days. The plates 

were kept in CO2 incubator for 3 h, after which the media along with MTT was removed 

and dimethyl sulfoxide (DMSO, Merck) was added (100 µl/ well) in order to allow the 

respiring cells to convert the water soluble MTT into insoluble formazan crystals. Later, 

the absorbance was determined using microplate reader (Multiskan Go, Thermo Fisher 
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Scientific) at 570 nm. The media was replaced on a day prior to determining the cell 

viability. The mean values of the absorbance were used to determine the survivability of 

cells on the polymers samples with control as a reference. 

Cell staining 

The cells on the surface of the samples (along with control) were stained with acridine 

orange (Thermo Fischer Scientific) in order to determine the adhesion of cells and thus 

the biocompatibility of the synthesized polymeric samples. The acridine orange stain (10 

mg/ml) was diluted and used for staining the cells. The cell culture media was removed 

from the well plates containing samples followed by rinsing with PBS thrice. Acridine 

orange stain was then added to the samples and incubated for 30 min before analyzing 

the cells under Floid Cell Imaging Station (Thermo Fisher Scientific). 

3.3 Results and Discussion 

3.3.1 Synthesis of AB/AC and ABC type copolymers 

The AB diblock copolymers consisting of PCL (A) and PLLA/PDLA (B/C) segments 

with varying block lengths are synthesized by two-step ROP. The resultant diblock 

copolymer is used as a prepolymer in the subsequent synthesis of ABC tri-sb copolymer. 

The results of the series of syntheses are summarized in Table 3.1. Mn (NMR) values of 

PCL are determined from the terminal to main chain ε-caprolactone signal ratios of the 

1H-NMR spectrum (Figure 3.1-1). These values are only slightly different from the 

theoretical values (Mn (th)) which may be due to the measurement error. The synthesized 

PCL is used as a macro-initiator used for the synthesis of PCL-PLLA and PCL-PDLA 

where the block length of PLLA and PDLA is varied from 10 kDa to 30 kDa. 
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1H-NMR spectra of the synthesized polymers along with their structure are shown in 

Figure 3.1-1. The signals in the spectra are assigned by the alphabets as mentioned in the 

structures. The first step ROP of ε-caprolactone leads to the appearance of terminal group 

peak for PCL at 3.65 ppm which disappears on the second step ROP which is evident of 

the PDLA block being attached to the terminal group of PCL. Subsequently, a 

hydroxymethylene peak (terminal) at 4.36 ppm appears in case of both diblock and 

triblock copolymers which is also present in the mono hydroxyl- terminated PDLA shown 

in the spectra. Also, 13C NMR spectra of the synthesized homopolymers/copolymers are 

shown in Figure 3.1-2.  
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Table 3.1: Synthesis of AB/AC Diblock and ABC Tri-sb copolymers. 

  Comp. 

ratio 

(PLA) 

Molar 

feeding 

ratio 

[M/I] 

Conv. 

(%) 

Mn 

(th) 

kDa 

Mn 

(NMR) 

kDa 

Mn 

(GPC) 

kDa 

Mw 

(GPC) 

kDa 

PDI 

(Mw/

Mn) 

Mn  

(Block length) 

(NMR) 

10CL  88.5 99.5 10.0 8.6 22.1 48.8 2.21 8.6CL 

 

10CL-10D 50%D 77.0 99.5 19.0 20.2 48.6 71.8 1.47 9.6CL-10.6D 

 

 

10CL  88.5 99.2 10.0 9.8 23.4 47.3 2.02 9.8CL 

10CL-10L 50%L 77.0 94.3 20.9 19.7 45.5 69.8 1.53 9.8CL-9.9L 

10CL-10L-10D 66.6%D/L 77.0 90.0 29.7 31.7 59.0 100.6 1.70 9.8CL-9.9L-9.9D 

 

 

10CL  88.5 99.3 10.0 10.2 22.8 46.3 2.03 10.2CL 

10CL-20D 66.6%D 154.1 93.8 31.1 33.8 64.0 107.2 1.67 10.9CL-22.9D 

 

 

10CL  88.5 99.2 10.0 10.6 23.6 47.4 2.01 10.6CL 

10CL-20L 66.6%L 154.1 93.3 31.3 29 59.1 105.2 1.78 9.9CL-19.1L 

 

 

10CL  88.5 99.3 10.0 10.8 25.1 48.9 1.94 10.8CL 

10CL-30D 75%D 231.2 75.5 30.7 43.2 69.8 160.5 2.3 10.8CL-32.4D 

 

 

10CL  88.5 99.3 10.0 10.2 23.4 47.7 2.03 10.2CL 

10CL-30L 75%L  231.2 80.5 

 

31.4 40.4 77.3 141.0 1.82 9.7CL-30.7L 
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Figure 3.1-1: Representative 1H NMR spectra of (a) PCL, (b) diblock copolymer, 

(c) tri-sb copolymer, and (d) PDLA along with their expanded regions 

(3.5-4.5 ppm). 

(a
) 

(b
) 

(c
) 

(d
) 
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Figure 3.1-2: Representative 13C NMR spectra of (a) PCL, (b) diblock copolymer, (c) 

tri-sb copolymer and (d) PDLA. 

Figure 3.2 shows the GPC curves of a series of block copolymers from PCL to 

PCL-PLLA-PDLA via PCL-PLLA. The elution time of PCL (30CL) is 13.3 min, which 

is reduced to 12.9 min for the PCL-PLLA (10CL-20D) and further reduced to 12.6 min 

for the PCL-PLLA-PDLA (10CL-10L-10D). This clearly indicates the increasing 

molecular weight of the copolymers along with the absence of bimodal peaks, supporting 

the success in each step of ROP. Further the chromatograms of PCL-PDLA with different 

block lengths of PDLA revealed that the elution time decreased with the increasing block 

length of PDLA confirming the success of chain extension of PDLA (Figure 3.2(b)).  

(a) 

(b) 

(c) 

(d) 
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Figure 3.2: GPC curves of (a) series of block copolymers from PCL to 

PCL-PLLA-PDLA via PCL-PLLA and (b) chromatograms of PCL-PDLA 

with different block lengths of PDLA.  

 

(a) 

(b) 
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3.3.2 Thermal analysis 

The DSC thermograms of the block copolymers compared with that of PCL and PDLA 

are shown in Figure 3.3(a).  The enthalpy of fusion (melting) (ΔHm) of PCL decreases 

from 42.4 to 20.2 J/g with increasing the block length of PDLA whereas the ΔHm of 

PDLA is increased from 36.8 to 43.4 J/g as indicated in Table 3.2. These changes in 

enthalpy correspond to the decreasing content of PCL and increasing content of PDLA in 

the copolymer system. A small exothermic peak (66 ℃) is visible just above the Tm of 

PCL in case of 10CL-10D; and the crystallization temperature (Tcc) of PDLA is increased 

from 77.1 ºC to 84.0 ºC as the block length of PDLA is increased from 20 to 30 kDa. This 

indicates that the Tcc of the diblock copolymers is shifted towards that of PDLA 

homopolymer (98.2 ºC) as the PDLA content is increased, which in turn confirms separate 

crystallization of PCL and PDLA blocks of varying length.  

Figure 3.3(b) shows the DSC thermograms of the enantiomeric diblock copolymer 

blends and the tri-sb copolymer. A bimodal distribution of stereocomplex  Tm 

(221.8, 235.4) in case of B_10-10 is observed which is possibly due to the effect of 

quenching leading to the formation of relatively thinner and thicker lamellae of 

stereocomplex crystals. Due to the low molecular weight of the PDLA/PLLA, blocks of 

the B_10-10 form perfect stereocomplex crystals upon blending, without generating the 

homocrystals. The homocrystal formation in case of B_10-20 at 171 ℃ may be due to 

the increasing molecular weight of PLLA/PDLA blocks in the diblock copolymers that 

are blended. The peak at 222 °C indicates the formation of stereocomplex crystals of 

relatively smaller size. In case of B_10-30 sample, the Tm at 223.6 °C indicates the 

formation of stereocomplex crystals which are almost identical to that of B_10-20. Also, 

a large endothermic peak at 176.5 °C is due to the homo-crystal melting, corresponding 

TH-2957_166107006



 
Chapter 3: Diblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

72 
 

to the increased molecular weight of the PLLA/PDLA blocks. It is therefore indicated 

that the higher molecular weight of the block sequences increases the formation of homo-

crystals instead of stereocomplex crystals. The formation of homocrystals is a well-

known phenomenon which usually increases with the increasing molecular weight. In 

order to overcome the formation of homocrystals, Gupta et al. have reported the chemical 

modification of cellulose microcrsytals (CMC) which is grafted on the PDLA chains and 

the resulting material is melt mixed with PLLA in order to form the preferential 

stereocomplex biocomposite.30 In the current investigation, in case of tri-sb copolymer, 

Tm is shown at 210 °C which is lower than that of the enantiomeric blend samples, but no 

Tm due to homocrystals is observed. It can be inferred that preferential formation of 

stereocomplex crystals is allowed although the crystals show a relatively lower Tm. This 

drop of Tm is favorable in reducing the processing temperature of the triblock copolymer. 

Further, the cold crystallization peak becomes prominent in B_10-20 and B_10-30, as the 

molecular weight is increased. Also, the enthalpy of cold crystallization (ΔHcc) is 

increased with the molecular weight of the copolymer blend. The absence of exothermic 

peak (Tcc) in case of 10CL-10L-10D suggests much easier crystallization in 10CL-10L-

10D. The thermal properties of diblock, triblock and pentablock copolymers based on 

PCL and PLA were reported by Rosen et al. where the two crystalline domains were 

observed along with very high crystallinities of about 60%.160 Furthermore, the 

homocrystals were found to be absent in case of stereoblock copolymers which is also 

accordance with the current investigation.  
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Figure 3.3: DSC thermograms of (a) PCL, PDLA and PCL-PDLA diblock copolymers, 

and (b) enantiomeric diblock copolymer blends and tri-sb copolymer.

(a) 

(b) 
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Table 3.2: Thermal transitions in the homopolymers and block copolymers as determined from DSC. 

Identity Tm 

(PCL,℃) 

ΔHm (PCL, 

J/g) 

Tcc 

(PLA,℃) 

ΔHm (PLA, 

J/g) 

Tm 

(hcPLA,℃) 

ΔHm 

(hcPLA, 

J/g) 

Tm (scPLA, 

℃) 

ΔHm 

(scPLA, J/g) 

30CL 65.0 91.8 - - - - - - 

10CL-10D 61.0 42.4 - - 168.5 36.8 - - 

10CL-20D 61.1 31.4 77.1 14.2 174.9 39.5 - - 

10CL-30D 56.9 18.4 84.0 22.4 177.1 43.4 - - 

30D - - 98.2 49.2 171.0 49.7 - - 

B_10-10 59.3 38.4 - - - - 221.8, 235.4 39.1 

B_10-20 59.2 31.3 91.3 4.5 171.0 10.1 222.0 41.9 

B_10-30 58.4 19.7 96.6 11.3 176.5 23 223.6 24.2 

10CL-10L-10D 61.1 31.4 - - - - 210.0 30.6 
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Figure 3.4-1(a) represents the TGA curves of the homopolymers and diblock copolymers. 

It is observed that PDLA (30D) and PCL (30CL) begin to degrade at 268.7 °C and 

340.4 °C, respectively. The maximum degradation temperature of PCL is 435.8 °C 

whereas that of PDLA is 322.2 °C as displayed in Figure 3.4-2(a). Further it is seen that 

degradation of PDLA takes place in a single step whereas in the thermal degradation of 

PCL, a shoulder is seen at 369.2 °C, suggesting two consecutive mechanisms involved. 

A similar phenomenon was reported by Persenaire et al. who confirmed the two-step 

degradation mechanism for PCL. The first step is accounted for the ester pyrolysis 

reaction leading to the cleavage of polyester chains; and the second step is thought to be 

driven by the back-biting reaction leading to the formation of ε-caprolactone.161 In 

contrast, the di-block copolymers having the same molecular weight with PCL and PDLA 

showed the onset degradation temperature around 308.9 °C, which suggests that the 

thermal stability of PDLA is enhanced upon incorporation of a PCL block. The thermal 

stability is found to enhance with the increasing block length of PDLA or decreasing the 

PCL content. Figure 3.4-1(b) displays the TGA curves of the enantiomeric copolymer 

blends and triblock copolymer. The onset degradation temperatures of the enantiomeric 

diblock copolymer blends are found to be almost identical with those of their single 

copolymers. They seem to increase from 305.9 °C to 312.6 °C with increasing their 

molecular weight. The triblock copolymer is thermally stable till 313.5 °C which is 

slightly higher than that of B_10-30. However, the maximum degradation temperature of 

enantiomeric blends is found to reduce with the increasing the PLA content (Figure 3.4-

2(b)) by which the stereocomplex formation is deceased. 
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Figure 3.4-1: TGA curves of (a) diblock copolymers, and (b) tri-sb copolymer and the 

enantiomeric diblock copolymer blends. 

 

(a) 

(b) 
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Figure 3.4-2: TGA curves for derivative weight loss (%) of (a) diblock copolymers, and 

(b) tri-sb copolymers and the enantiomeric diblock copolymer blends. 

 
 

 

 

(a) 
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3.3.3 Mechanical properties 

Figure 3.5-1 manifests the typical stress-strain (SS) curves of the polymer films of the 

block copolymers and their enantiomeric blends as well as of the tri-sb copolymer. The 

tensile strength and elongation (at break) are plotted as a function of PDLA or 

PDLA/PLLA content of the copolymers in Figure 3.5-2(a). The tensile strength of PCL 

(control) is 13.1 MPa and elongation at break is 76.1%. The higher elongation of PCL is 

due to its soft and flexible nature as the test is performed at 25 ºC (rubbery region of PCL). 

The tensile strength of PDLA is 16.6 MPa whereas its elongation is 2.7% which is 

attributed to its brittle nature. The lower value of tensile strength in comparison to that of 

ordinary PLLA and PCL films is possibly due to the lower molecular weight of the present 

samples. The tensile strength of diblock copolymers is found to increase from 14.8 to 28.9 

MPa along with an increase in elongation at break ranging from 6.4% to 17.8% with the 

increasing the block length of PDLA. A similar phenomenon is seen in the case of the 

enantiomeric copolymer blends wherein the tensile elongation and stress are found to 

increase from 7.1 to 58.9% and 14.3 to 26.7 MPa respectively with increasing the PLA 

content (Figure 3.5-2(a)). On the other hand, in case of tri-sb copolymer film, the tensile 

elongation and stress are restricted to 12.6% and 25.1 MPa, respectively. The lower 

elongation could be attributed to the higher stereocomplex formation imparting higher 

brittleness. Further, the tensile toughness of PCL and PDLA are found to be 5 and 0.2 

MJ/m3, respectively. The tensile toughness of the diblock copolymers is found to increase 

from 0.8 to 2.2 MJ/m3 with the increasing block length of PDLA which could be due to 

the increasing rubbery state in the system imparting toughness to the material. The 

modulus of PDLA is 1258.5 MPa or 1.258 GPa which is much higher than PCL (265 MPa 

or 0.265 GPa). The modulus of the diblock copolymers increases from 394 to 708 MPa 
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with the increasing block length of PDLA as shown in Figure 3.5-2(b). Similarly, the 

tensile modulus and tensile toughness of the enantiomeric copolymer blends increase from 

346 to 679 MPa and 0.6 to 11 MJ/m3, respectively as shown in Figure 3.5-3(b). The 

modulus of tri-sb copolymer is 670 MPa which is higher than that of the blend samples 

whereas the tensile toughness (1.7 MJ/m3) is significantly lower than that of the 

enantiomeric diblock blend (B_10-20). This is because of the lower elongation at break 

for the tri-sb copolymer. In conclusion, tensile strength, modulus and the toughness of the 

diblock copolymers are enhanced with increasing the block length of PDLA. It can be 

inferred that involvement of PCL block in the mechanical properties of PLA materials, 

particularly improve the brittleness. Han et al. had synthesized PLA and PEG 

(polyethylene glycol) triblock copolymers i.e. PLLA-PEG-PLLA and PDLA-PEG-PDLA 

and blended them in equivalent ratios. They found that upon increasing the block length 

of PEG (middle segments) led to the improvement in elongation at break of both the 

triblock copolymers and the enantiomeric blends whereas their tensile strength was 

reported to be reduced.162 However, in the current study, the stress-strain measurements at 

the ambient temperature show that both the tensile strength and elongation at break are 

increased in the order of 10D < 20D < 30D. It is reasonable that the tensile strength 

increased when the volume fraction of glassy PDLA is increased. On the other hand, an 

unusual increase in elongation at break is observed which may be due to the presence of 

PCL in the rubbery state because of its Tg being lower than room temperature. The 

stress-strain curves for the 10CL-20D and 10CL-30D specimens indicate the typical 

behavior of strain-induced plastic-to-rubber transition163,164. In this case, possibly the 

continuous hard domains (crystalline PCL, amorphous and crystalline PDLA phases) are 

fractured into smaller pieces upon stretching the specimen but the crack propagation is 
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terminated at the rubbery domain (the amorphous PCL phase), not resulting in the 

macroscopic breakdown of the specimen. Therefore, the specimen could be stretched more 

after the yield point.164 Also, it is observed from the DSC results (Figure 3.3(a)) that, ∆Hm 

for PCL is lower and ∆Hm - ∆Hcc for PDLA is also lower for 10CL-20D and 10CL-30D 

specimens as compared to those for 10CL-10D specimen. This clearly indicates that the 

amount of amorphous PCL phase existing in the virgin specimen is larger in the 10CL-20D 

and 10CL-30D specimens as compared to that of 10CL-10D specimen. Since the 

termination of the crack propagation is due to the existence of rubbery domain, the 

specimen having the larger amount of the rubbery phase must exhibit clearer 

plastic-to-rubber transition upon stretching. Thus, the elongation at break is in the same 

order of the amount of rubbery phase, which is 10D < 20D < 30D rationalizing the 

experimental results. 
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Figure 3.5-1: Representative data for stress vs (%) strain of (A) homopolymers and 

diblock copolymers; (B) diblock blends and tri-sb copolymer. 

 

(a) 

(b) 
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Figure 3.5-2: Representative data for (a) UTS and elongation at break, (b) Young’s 

modulus and tensile toughness of homopolymers and diblock copolymers. 

*0=30CL  *50=10CL-10D   

*100=30D   *66.6=10CL-20D  

                                                 *75=10CL-30D         

 

 

(a) 
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Figure 3.5-3: Representative data for a) UTS and elongation at break, b) Young’s 

modulus and tensile toughness of diblock blends and tri-sb copolymer. 

*100=30D     * 50=B_10-10   

*     66.6=10CL-10L-10D  *66.6=B_10-20 

    *75=B_10-30 

        
 

(a) 

(b) 

TH-2957_166107006



 
Chapter 3: Diblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

84 
 

Table 3.3: Mechanical properties of synthesized homopolymers, diblock copolymers, 

enantiomeric blends and tri-sb copolymer. 

Identity Sample 

code (PLA 

content, 

%) 

Ultimate 

tensile 

strength 

(MPa) 

Young’s 

Modulus 

(MPa) 

Elongation at 

break (%) 

Tensile 

toughness 

(MJ/m3) 

Homopolymers and Diblock copolymers 

30CL 0 13.1 ± 0.9 265.2 ± 17.9 76.1 ± 5.9 5 ± 1.3 

10CL-10D 50 14.9 ± 0.6 394.1 ± 22.2 10.7 ± 2.1 0.8 ± 0.2 

10CL-20D 66.6 26.6 ± 3.8 595.4 ± 20.2 12.7 ± 2.5 1.4 ± 0.4 

10CL-30D 75 28.9 ± 2.8 707.9 ± 131.3 17.8 ± 4.6 2.3 ± 1.1 

30D 100 16.6 ± 1.6 1258.5 ± 0.8 2.7 ± 1.2 0.2 ± 0.0 

Block copolymers possessing Stereocomplexation 

B_10-10 50 14.3 ± 1.6 346.1 ± 107.2 7.1 ± 0.9 0.6 ± 0.1 

B_10-20 66.6 22.6 ± 3.2 566.1 ± 51.6 35.1 ± 14.0 4.8 ± 2.3 

B_10-30 75 26.7 ± 3.1 679.3 ± 44.1 58.9 ± 22.5 11.0 ± 5.9 

10CL-10L-10D 66.6 25.1 ± 1.3 670 ± 30.4 12.6 ± 3.6 1.7 ± 0.5 

The temperature dependent storage modulus of the block copolymer films is shown in 

Figure 3.6. The samples of PDLA and B_10-10 were too brittle to be analysed. The 

storage modulus, tan δ and Tg for the remaining samples at 30 °C are outlined in Table 3.4. 

The storage modulus of PCL is as low as 380 MPa which is significantly enhanced upon 

copolymerization with PDLA. Further, as the block length of PDLA increases (in case of 

diblock copolymers), an evident increase in the storage modulus is found which is 

attributable to the increasing molecular weight of the copolymer. The same effect is 

observed in the case of blend samples. However, the storage modulus of the triblock 
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copolymer sample is found to be higher than that of 10CL-20D and B_10-20 having the 

same molecular weight. This may signify that stereocomplexation enhances the storage 

modulus of the film. The tan curves in Figure 3.6(b) indicate that Tg increases with 

increasing the block length. The storage modulus (at 30° C) of B_10-30 is slightly lower 

than that of 10CL-30D but it is found to increase with the temperature. A rapid decrease 

in storage modulus below the glass transition region of PDLA is observed due to the 

melting of PCL and its diffusion into the domain. Above Tg, PDLA chains tend to 

crystallize by themselves and this possibly leads to the increase in storage modulus up to 

a certain extent.   

Table 3.4: Storage modulus, tan δ and glass transition temperature (Tg) 

determined from DMA. 

Sample identity Storage modulus 

(MPa), at 30° C 

Tan δ Tg (° C) 

30CL 380 ± 91 - - 

10CL-10D 960 ± 95 0.84 ± 0.08 54.6 

10CL-20D 1743 ± 81 0.53 ± 0.05 62.5 

10CL-30D 2270 ± 127 0.44 ± 0.04 63.1 

B_10-20 1685 ± 25 0.39 ± 0.04 63.4 

B_10-30 1943 ± 133 0.47 ± 0.07 66.6 

10CL-10L-10D 1854 ± 105 0.62 ± 0.11 65.5 
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Figure 3.6: Temperature-dependent changes in (a) storage modulus of homopolymer, 

diblock copolymers, diblock copolymer blends and tri-sb copolymer; (b) 

tan δ. 

 

(a) 

(b) 
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3.3.4 Crystallization behavior 

From the above discussion, it is observed that blending the diblock copolymers leads to 

the significant improvement in mechanical properties which is due to the 

stereocompelxation. In order to obtain insights into the stereocomplex crystallization in 

the enantiomeric blends and tri-sb copolymer, X-ray diffraction (XRD) studies are 

conducted. The representative XRD spectra are shown in Figure 3.7. The PLA 

homopolymers and stereocomplex polymers are known to crystallize in pseudo-

orthorhombic unit cell and triclinic unit cell containing 103 and 31 helical structures 

respectively. The diffraction peaks at 11.8 º and 20.7 º in the spectra correspond to (110), 

(300/030)36 crystal planes of stereocomplex crystallites whereas the peaks at 21.3º and 

23.7º correspond to (110) and (200) lattice planes of PCL165. Additionally, the diffraction 

peak at 23.9º correspond to the (220) crystal plane of stereocomplex PLA which would 

have merged with that of PCL. It is evident from the spectra that the major diffraction 

peaks of PCL and stereocomplex PLA are present in the synthesized enantiomeric diblock 

blends and tri-sb copolymer indicating the presence of both moieties. Further, it is known 

that the diffraction peaks of PLA homopolymer are usually found at 14.7º, 16.5 º and 18.9 

º corresponding to (010), (200) and (014)/(203) crystal planes166 respectively. It is 

reported by Konishi et al. that the  semicrystalline polymers (having a faster 

crystallization rate) often acquire an intermediate state between crystalline and 

amorphous states upon quenching which is known as “mesophase.167 In line to this, Zhang 

et al. reported that PLLA attains a mesophase in the PLLA-PEG-PLLA block copolymer 

upon quenching due to its faster crystallization rate.168 This effect was accounted for the 

lower Tg of PEG and lower molecular weight of PLLA block which was supported by 

WAXD. In the present case, a similar phenomenon is observed for the synthesized 
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copolymers as shown in Figure 3.7-1. The diffraction peaks of PCL and B_10-10 are 

evident of their crystalline nature even in the melt quenched state but the diffraction peak 

for PDLA is found to be absent. Also, relatively broad diffraction peaks for B_10-20, 

B_10-30 and 10CL-10L-10D are observed upon melt quenching which become intense 

on annealing at 120 ℃ for 1 h. This effect may be indicative of the mesophase of PDLA 

in the melt quenched state in the copolymer system. This would be because of the 

relatively lower molecular weight of PDLA in and the lower Tg of PCL which possibly 

enhances the molecular mobility of PDLA thereby enhancing the rate of crystallization 

of PDLA in the copolymer system. Figure 3.7-2 shows the absence of the diffraction 

peaks for PDLA homocrystals in B_10-10 and 10CL-10L-10D which strongly supports 

the results obtained from DSC in the previous sections indicating the presence of only 

stereocomplex crystallites. 

 

Figure 3.7-1: Intensity vs 2-theta of homopolymers, enantiomeric diblock blends and 

tri-sb copolymer. 
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Figure 3.7-2: Intensity vs 2-theta of homopolymers, enantiomeric diblock blends and 

tri-sb copolymer after annealing at 120 °C for 1 h. 

 

3.3.5 Thermal processability and thermomechanical stability 

The processing of the biodegradable polymers using conventional techniques still remains 

a challenge and is often accompanied by the incorporation of several fillers/additives into 

the polymer matrix so as to enhance their thermal processability. However, the 

incorporation of fillers/additives into the polymers made for biomedical applications may 

impart toxic long/short term effects into the human body and thus may not be desirable.169 

In this regard, the direct processing of the biodegradable polymers would serve as an 

effective approach. In the current work, among all the synthesized materials, diblock 

copolymer (10CL-30D) and enantiomeric blend (B_10-30) are chosen pertaining to their 

relatively higher molecular weight for the direct thermal processing. The samples are 

successfully processed as shown in Figure 3.8 in order to fabricate the cortical and 
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cancellous bone screws which are regarded as orthopaedic fixation devices. Additionally, 

the TGA analysis (in the above sections) indicate an enhancement in the thermal stability 

of PLA upon incorporation of PCL as a block segment.  

Furthermore, the stereocomplexation in PLA has been reported to enhance the 

thermomechanical stability of the resulting material. In a study conducted by Srisuwan et 

al., heat-resistant stereocomplex PLA/poly(ε-caprolactone-co-L-lactide) blend films were 

made by in situ melt blending followed by compression molding wherein the 

stereocomplex PLA is reported to enhance the heat resistance while the copolyester 

fraction is accounted for reducing the brittleness of the film170. Similarly, in the present 

work, the stereocomplex crystallites as hard segments may be improving the heat stability 

of the system whereas the soft segments (PCL) may be imparting plasticization effect and 

thus reducing the brittleness of the polymer during processing. In this regard, a visual 

inspection of the thermomechanical stability of the cancellous bone screw made using the 

enantiomeric blend (B_10-30) possessing stereocomplexation has been conducted and 

compared with commercially available PLA (PLA 2003D, NatureWorks). The cancellous 

screw made using enantiomeric diblock blend (B_10-30) is found to be thermo-

mechanically stable at 121 °C over a duration of 60 min whereas a deformation is 

observed in case of the cancellous screw made from commercial PLA over a period of 10 

min (Figure 3.9). The enhanced thermomechanical stability of the synthesized material 

renders it suitable for applications such as biomedical implants that require the steam 

sterilization which is usually conducted at 121 °C. 
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Figure 3.8: Thermal processing of diblock copolymer and enantiomeric diblock blend to 

yield representative orthopedic fixation devices. 

 

Figure 3.9: Thermo-mechanical stability of the cancellous bone screw made from   

enantiomeric diblock blend and commercial PLA 2003D (NatureWorks) at 

121 °C. 
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3.3.6 Biocompatibility 

Figure 3.10 shows MG-63 cell viability on PCL, PDLA, diblock copolymers, 

enantiomeric diblock copolymer blends and tri-sb copolymer. It is apparent from the 

results that MG-63 cells adhere and multiply on the surfaces of the synthesized materials 

up to 13 days indicating the biocompatible nature of the materials. Further, one-way 

ANOVA is used to determine the significance of the cell viability data and p-value 

(probability value) < 0.05 indicates that the results are statistically significant. Further, 

the representative images of MG-63 cell adhesion onto the surface of the synthesized 

samples after 1 day is shown in Figure 3.11. The green color indicates the cells stained 

with acridine orange which is evident of the cell adhesion on the surface of the 

synthesized homopolymers and block copolymers and thus their biocompatible nature.  
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Figure 3.10: MG-63 cell viability on (a) homopolymers and diblock copolymers 

(b) diblock blends and tri-sb; along with control after 1, 4, 7 and 13 days. 

 

(a) 
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Figure 3.11: MG-63 cell adhesion on (a) control, (b) 30 CL, (c) 30D, (d) 10CL-30D, (e) 

B_10-30 and (f) 10CL-10L-10D after 1 day and staining with acridine 

orange. 

 

 

 

 

 

 

(a) 

(b) 
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3.4 Conclusion 

In the current work, the diblock copolymers based on PCL and PDLA/PLLA and the 

enantiomeric blends thereof along with a stereo-triblock copolymer are successfully 

synthesized by targeting their molecular weight. The effect of block length on the thermal, 

mechanical and crystallization behavior of the synthesized materials have been illustrated 

in detail. Furthermore, the selected formulations of the diblock copolymer (10CL-30D) 

and the enantiomeric blend (B_10-30) are directly processed using injection molding 

process to fabricate the representative orthopedic fixation devices such as cortical and 

cancellous bone screws respectively. Also, the cancellous screws made from the 

enantiomeric blend are found to be thermo-mechanically stable at 121 °C as compared to 

the commercial PLA 2003D. The developed material may thus be considered as suitable 

for sterilization when used for applications in vivo. The biocompatibility of the 

synthesized homopolymers and block copolymers is determined from MTT assay using 

MG-63 (human bone osteosarcoma) cells and stained with acridine orange which is 

evident of the adhesion of cells on the surface of the synthesized materials. The current 

work is therefore a holistic approach towards developing biodegradable, biocompatible, 

thermally processable and potentially sterilizable materials for intended biomedical 

applications. 

 

TH-2957_166107006



 
Chapter 4: Triblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

96 
 

Chapter: 4 
 

Triblock Copolymers based on PLA and PCL, and their 

Stereocomplex Blends 

 

  

Graphical Abstract 

 

 

Outcome:  

 Toughened PLA-b-PCL-b-PLA Triblock Copolymer based Biomaterials: Effect of 

Self-Assembled Nanostrcuture and Stereocomplexation on the Mechanical 

Properties. Polymer Chemistry, 12 (2021): 3809-3824. 
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Abstract 

The current research unfolds the effect of the block lengths, microdomain morphology 

and stereocomplexation on the mechanical properties of the PLA-PCL-PLA triblock 

copolymers where PCL is involved to improve the poor extensibility of PLA. The linear 

triblock copolymers PLLA-PCL-PLLA and PDLA-PCL-PDLA (PLLA: poly (L-lactic 

acid) and PDLA: poly (D-lactic acid)) are made by two step ring opening polymerization 

and blended in 1:1 ratio to achieve the stereocomplex blends where the molecular weight 

of the terminal as well as the mid segment is tailored. The mechanical strength and 

elongation at break range from 13 MPa to 36 MPa and 540 to 950%, respectively, for 

the triblock copolymers with varied block lengths. Such wide-ranged mechanical 

properties are ascribed to the morphology of self-assembled nanostructure of triblock 

copolymers as corroborated with the small angle X-ray scattering (SAXS) results. To 

render it industrially viable, the process of triblock copolymer synthesis is scaled up to 

~500 g batch followed by its processing using the twin-screw extruder to make the 

filament which is used for 3D printing of a mesh-type scaffold. The synthesized materials 

are tested for their biocompatibility by performing MTT assay using the rat bone 

osteosarcoma (UMR-106) cells which renders them as potential biomaterial. 
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4.1 Introduction 

Block copolymerization serves as an effective strategy for chemically connecting the 

immiscible polymers at the molecular level which prevents the macrophase separation 

between them171,172. More often, the block copolymerization has been adopted to develop 

materials with hybrid properties that are otherwise difficult to be achieved by a 

homopolymer alone or by random copolymerization173,174. The widely studied class of 

aliphatic polyesters viz. poly(lactic acid) (PLA)175-177 and poly(ε-caprolactone) (PCL)178 

manifest interesting and complementary properties179,180 which are often used in 

combination to obtain the copolymers with tailored properties181. PCL is known for its 

high toughness, however suffers from the drawbacks of lower yield strength and modulus. 

PLA on the other hand, has high strength and modulus with a very low elongation. Further, 

the lower glass transition temperature (Tg) and lower melting temperature (Tm) of PCL 

restricts its use in widespread applications. Additionally, PLA is a bio-derived material 

whereas PCL is derived from petroleum feedstock.  

Block copolymers of PCL and PLA are made by adopting the simplest strategy of 

sequential ring opening polymerization182 which allows the effective control of the 

molecular weight of the individual block segments183,184. Further, the existence of the 

enantiomers of PLA, i.e., poly(D-lactic acid) (PDLA) and poly(L-lactic acid) (PLLA), 

permits the exploitation of the stereocomplex crystals185 which is formed by the 

enantiomeric PLA chains and completely different from the PLA homopolymer 

crystalline structure65,186. The melting temperature of the stereocomplex PLA (sc-PLA) 

is much higher ~50 ℃ as compared to the PLA homopolymers73,37, due to the densely 
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packed crystalline chains, which is also reported to enhance the thermal stability of the 

materials187,96.  

PLA and PCL have been approved by FDA188,189 for their use in the gene and drug 

delivery systems, rendering their safety and potential to be used for the 

biomedical/clinical190 applications. The commercial biomedical applications of PLA 

and/or PCL include the contraceptives191, sutures192,193, nerve conduits194, etc., which 

further extend their exploration in the bone tissue engineering applications195,87. Further, 

PCL has been effectively used for toughening the brittle materials by chemical 

modification196, blending197 or copolymerization198. Lately, efforts have also been made 

to develop the stereocomplex block copolymers based on PLA199 for the applications such 

as hydrogels200 drug delivery201 and tissue engineering202,203.   

Taking advantage of the flexibility of PCL, high strength of PLA and thermal stability of 

sc-PLA, it is possible to develop biodegradable materials with tailored properties such as 

high strength and toughness along with thermal stability. Achieving a control over the 

block length of the individual segments further lead to the development of materials with 

desired mechanical properties204,205 as the molecular weight remains to be the controlling 

factor206,207. Additionally, the backbone architecture significantly alters the mechanical 

properties208,209 including the self-assembly210,211 of block copolymers. Analogous to this, 

in the previous chapter, we reported the synthesis of linear diblock copolymers (PCL-

PLA) and their stereocomplex blends wherein we achieved an increase in elongation (at 

break) up to 9 fold for the diblocks and 29 fold for the stereocomplex diblocks as 

compared to neat PLA86. However, the elongation (at break) was increased to several 

hundred folds when PCL was placed between the PLA terminals (linear triblock 
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copolymers) which has been elaborated in the present research. Jing et. al. reported the 

synthesis of PLA-PCL-PLA triblock copolymers followed by their terminal 

functionalization to develop shape memory polymers212. They reported the behavior of 

PLA-PCL-PLA as brittle solids whereas the multiblock copolymers were reported as 

thermoplastic elastomers. However, the maximum elongation achieved by the multiblock 

copolymers was ~500% with a compromise on the yield strength (~7 MPa). Furthermore, 

Jiao et. al. reported the synthesis of multiblock copolymers by chain extension of the 

PLA-PCL-PLA triblock copolymers213. The multiblock copolymers showed an increase 

in elongation with a compromise on the tensile strength as well as the storage and elastic 

modulus. The maximum elongation achieved was ~120% and the storage modulus was 

~20 MPa when the PCL content was increased to 30%. In a study reported by Li et. al., 

sc-PLA was reinforced into PCL by solution blending and with the increasing content of 

sc-PLA, the tensile yield strength was found to increase to ~20 MPa whereas the 

elongation dropped to ~450% when the content of sc-PLA was increased to 30%. These 

studies indicate the potential of using PCL and PLA in developing toughened materials, 

however a trade-off is usually observed between the tensile strength and the elongation 

at break. Although, it is well-known that ABA triblock copolymers including PLA (or 

PLLA) side blocks are toughened, the resulting Young’s modulus, yield strength and 

ultimate tensile strength have gradually been decreased 214. Further, little attention has 

been paid on identifying the effect of block lengths on the mechanical properties of block 

copolymers and their correlation with the self-assembly. 

Here, we report the synthesis of PLLA-PCL-PLLA and PDLA-PCL-PDLA triblock 

copolymers and their stereocomplex blends wherein the block lengths of both PCL and 

PLA moieties are varied and their effect on various properties are evaluated. The 
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molecular weight of the block copolymers as well as stereocomplexation are the 

governing parameters for controlling the macroscopic properties which may be explored 

for developing customized materials. Taking into consideration of the large-scale 

preparation and acceptance of block copolymers, we present the solvent-free scale-up 

synthesis process for the triblock copolymers with the controlled molecular weight, 

followed by its processing using the conventional twin-screw extruder in order to develop 

a filament for 3D printing of the representative scaffold. The synthesized materials are 

further tested for their biocompatibility using the rat bone osteosarcoma cells where the 

bone cells are found to adhere on the polymer surfaces, indicating their non-toxic nature. 

4.2 Experimental section 

4.2.1 Materials 

ε-Caprolactone was purchased from Nacalai Tesque, Kyoto, Japan which was distilled 

and stored under an inert environment. D- and L-lactides (optical purities 99.9%) were 

purchased from Musashino Chemical Laboratories, Ltd. Tokyo, Japan. 

1,12-Dodecanediol (DMG) was procured from Tokyo Chemical Industry Co., Ltd., 

Tokyo, Japan. Tin octoate (Sn(Oct)2, 95%) was acquired from Sigma Aldrich, St. Louis, 

USA via Nacalai Tesque and distilled under high vacuum followed by dissolving in dried 

toluene (0.2 g/ml and 0.5 g/ml) and stored under an inert environment. 

1,1,1,3,3,3-Hexafluoro-2-propanol was obtained from Central Glass Co. Ltd., Yamaguchi, 

Japan. Chloroform (HPLC grade) was obtained from Merck & Co., India. 

Dichloromethane and methanol were purchased from Nacalai Tesque and used without 

purification.  
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4.2.2 Step 1 ROP: Synthesis of macroinitiator 

In the first step, di-hydroxyl terminated PCL was synthesized by ring opening 

polymerization (ROP) of ε-caprolactone in the presence of DMG as an initiator and 

Sn(Oct)2 catalyst as shown in Scheme 4.1. Briefly (for the case of 20D-11CL-20D), the 

initiator (DMG, 0.495 mmol) was added to the polymerization apparatus fixed with a 

three-way connector and a magnetic stirrer, and evacuated at 10 Pa for 3h with 

intermittent N2 purging followed by adding the pre-distilled monomer (ε-caprolactone, 

43.8 mmol) and a catalyst solution (tin octoate, 0.175 mmol) with a syringe under N2 

atmosphere. The apparatus was sealed under N2 atmosphere and immersed in an oil-bath 

at 180º C, and the polymerization reaction was conducted for 25 min. After the reaction, 

a part of product was withdrawn to determine the conversion by 1H-NMR. As the 

conversion of PCL was higher than 99%, the product was directly subjected to next step 

without further purification. The macroinitiator was thus synthesized using a solvent-free 

route. 

PCL, 1H-NMR (600 MHz, CDCl3): δ = 4.06 (CH2CH2CH2CH2CH2O-), 3.65 

(CH2CH2CH2CH2CH2OH), 2.3 (OCH2CH2CH2CH2-), 1.64 (OCH2CH2CH2CH2CH2O-), 

1.38 (OCH2CH2CH2CH2CH2O), 1.25 (-OCH2CH2(CH2)8CH2CH2O-), 

0.88 (-OCH2CH2(CH2)8CH2CH2O-) ppm 

4.2.3 Step 2 ROP: Synthesis of ABA triblock copolymers 

ABA type triblock copolymers were synthesized in the second step (ROP) where the 

monomer (D- or L-lactide, 143 mmol) was added to the synthesized macroinitiator 

(for the same case as above) and evacuated at 10 Pa. The monomer was kept for drying 

at room temperature for 1 h followed by drying at 40 ℃ for 12 h. After drying the 
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monomer, the system was filled with N2 gas and immersed into the oil-bath at 180 ℃ 

where PCL and lactide were melted. After the complete solubilization of the monomer 

into the melt of macroinitiator, a catalyst solution (0.057 mmol) was added with a syringe 

and the reaction was continued for 25 min. After the reaction, a sample was withdrawn 

to determine the conversion by 1H-NMR. The synthesized triblock copolymer was 

dissolved in dichloromethane and precipitated in excess methanol. The precipitates were 

filtered and dried under vacuum at 80 ℃ for 12 h. The block copolymers are designated 

as XD-YCL-XD or ZL-YCL-ZL where X, Y and Z represent the molecular weights (kDa) 

of the sequences PDLA (D), PCL (CL) and PLLA (L), respectively. 

PDLA, 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O), 4.36 (OCCH2CH3OH), 

4.12 (OCH2CH2(CH2)8CH2CH2O), 1.57 (OCCH2CH3O), 

1.25 (-OCH2CH2(CH2)8CH2CH2-O-), 0.88 (-OCH2CH2(CH2)8CH2CH2O-) ppm. 

Triblock copolymer, 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O), 

4.36 (OCCH2CH3OH), 4.06 (CH2CH2CH2CH2CH2O-), 2.3 (CH2CH2CH2CH2CH2O-), 

1.64 (OCH2CH2CH2CH2CH2O-), 1.38 (OCH2CH2CH2CH2CH2O), 

1.25 (-OCH2CH2(CH2)8CH2CH2O-), 0.88 (-OCH2CH2(CH2)8CH2CH2O-) ppm 
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Scheme 4.1: Synthesis route to PDLA-PCL-PDLA triblock copolymers via two-step 

ring-opening polymerization (ROP). 

4.2.4 Fabrication of enantiomeric blends of block copolymers 

The enantiomeric triblock copolymers were blended in 1:1 ratio in order to achieve the 

stereocomplexation in the block copolymers. Typically, 2 g each of the triblock 

copolymers (20D-11CL-20D and 19L-18CL-19L) were added to a glass beaker with a 

mixture of dichloromethane (45 ml) + hexafluoroisopropanol (5 ml) and stirred until 

complete dissolution. The dissolved material was reprecipitated into excess methanol, 

and the obtained filtrates were dried under vacuum at 80 ℃ for 12 h.  

4.2.5 Melt compression molding 

The synthesized triblock copolymers and their blends were compression molded to make 

the films for evaluating their properties. For instance, the triblock copolymer 

20D-11CL-20D was held between two Teflon sheets with an aluminum spacer having a 

window (5 cm × 5 cm) with the thickness of ~200 μm, which was compression molded 
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at 210 °C for 5 min at 1 MPa followed by quenching in ice-water. Similarly, the 

enantiomeric blend specimens were made with the molding temperature set to 235 °C.  

4.2.6 Characterization 

1H and 13C NMR measurements were performed using AV600 spectrometer (Bruker, 

Germany). The synthesized materials were dissolved in deuterated chloroform (CDCl3) 

containing 0.03% tetramethylsilane (TMS) as an internal reference. 

Gel permeation chromatography (Shimadzu, Japan) was used to determine the number- 

(Mn) and weight-average (Mw) molecular weights of the synthesized samples. The 

measurements were conducted at 40 ℃ by using the HPLC grade chloroform as an eluent 

with a flow rate of 1 ml/min. The equipment consisted of LC-20AD pump, RID-10A 

refractive index detector and SIL-20A HT auto sampler, and the polystyrene standards 

(370 Da to 500 kDa) were used for the calibration of columns. The sample solutions 

(20 mg/ml) were filtered by syringe filters (0.45 μm) prior to measurements. 

Wide angle X-ray scattering (WAXS) measurements were conducted using a Powder 

X-ray Diffractometer (Rigaku, Miniflex) composed of HyPix-400 MF 2D hybrid pixel 

array detector along with X-ray source operating at 40 kV and 15 mA (CuKα radiation, 

λ = 0.154 nm). The measurements were performed at an angular scanning rate of 10°/min 

in the scanning (2theta/theta) range of 3-40° at ambient temperature. The crystallinity and 

the fractional crystallites of the synthesized materials is evaluated using equations 1-5. 

𝑋𝑐,𝑃𝐶𝐿(%) =
𝐼𝑐,𝑃𝐶𝐿

𝐼𝑐,𝑃𝐶𝐿+ 𝐼𝑎𝑚𝑝,𝑃𝐶𝐿
              (1) 

𝑋𝑐,𝑠𝑐(%) =
𝐼𝑠𝑐,𝑃𝐿𝐴

𝐼𝑠𝑐,𝑃𝐿𝐴+ 𝐼𝑎𝑚𝑝,𝑃𝐿𝐴
              (2) 
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where, Xc,PCL and Xc,SC are the crystallinities of PCL and stereocomplex PLA crystallites, 

respectively. Ic,PCL and  ISC,PLA denote the total intensity of the crystalline reflection peaks 

for PCL and stereocomplex crystal of PLA, respectively. Furthermore, Iamp,PCL and 

Iamp,PLA denote the intensity of the amorphous halo peak for PCL and PLA (PDLA & 

PLLA), respectively. Here, it should be noted that the observed amorphous halo peak was 

appropriately decomposed into the contribution of PCL and PLA.  

𝑓𝑐,𝑃𝐶𝐿(%) =
𝑋𝑐,𝑃𝐶𝐿

𝑋𝑐,𝑃𝐶𝐿+ 𝑋𝑐,𝑠𝑐
              (3) 

𝑓𝑐,𝑠𝑐(%) =
𝑋𝑐,𝑠𝑐

𝑋𝑐,𝑃𝐶𝐿+ 𝑋𝑐,𝑠𝑐
               (4) 

where, f,c,PCL and fc,SC are the fraction of PCL and stereocomplex PLA crystallites, 

respectively. 

The thermal transitions in the melt quenched samples were examined by differential 

scanning calorimetry using DSC 214 Polyma (NETZSCH, Germany) under a nitrogen 

environment. The triblock copolymer samples were heated from 0 ℃ to 190 ℃, whereas 

the blend samples were heated from 0 ℃ to 240 ℃ at a rate of 10 ℃/min. 

The mechanical properties of the polymer films (5 mm width, 10 mm gauge length) were 

examined using a universal testing machine (UTS Orientec ST-1150) equipped with a 

load cell of 1000 N, and the cross head speed was set to 5 mm/min. The measurements 

were conducted under ambient conditions, and the results are reported as averages of five 

respective specimens. 

The dynamic tensile viscoelastic measurements were conducted using dynamic 

mechanical analysis DMA 242 E (NETZSCH, Germany) under a nitrogen atmosphere. 
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The measurements were conducted for a rectangle specimen 15-mm long and 5-mm wide, 

at a heating rate of 2 ℃/min with a dynamic frequency of 1 Hz and a strain amplitude of 

6.67×10-3. The measurement range of temperature for the neat triblock copolymers was 

25-160 ℃ and that for the triblock copolymer blends was 25-180 ℃. 

The nanostructure of the synthesized materials were evaluated using small angle X-ray 

scattering (SAXS) at room temperature through a Nano Viewer (MicroMax-007HF; 

Rigaku, Japan) which consisted of a confocal flux mirror (CMF, Rigaku), an X-ray 

generator as well as three collimation slits (0.3, 0.25, 0.3 mm). The distance between the 

sample and the detector (PILATUS 100 K, Switzerland) was set to 1.0 m. The 

components other than CuKα radiation (λ=0.154 nm) were eliminated by Ni filter. The 

measurement resulted in the 2D SAXS patterns which were used to obtain 1d profiles 

(scattering intensity I(q) vs the magnitude of the scattering vector (q)) by performing the 

circular average. The definition of q is given below, where θ is the scattering angle.  

𝑞 =  (
4𝜋

𝜆
) sin

𝜃

2
 

The Lorentz corrected profile [q2 I(q) vs. q] was obtained by multiplying q2 to the 

1d-profile. 

The water vapor transmission rate (WVTR) of the polymer film was evaluated using the 

ASTM standard E398-03 on a PERMATRAN-W Model 1/50 (Mocon, U.S.A.) where the 

relative humidity (RH) was fixed to 95%. The film samples (60 cm2) were analyzed at 

37.8 ± 0.1 ℃ and ambient pressure. The films for the WVTR analysis were prepared by 

solution casting method. Each of the synthesized polymers was dissolved in chloroform 

(2 wt% concentration), stirred until complete dissolution, and poured into a petri dish. 
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After allowing the solvent to evaporate at room temperature in 12 h, the solidified film 

was dried in a vacuum oven at 50 ℃ for 12 h. For a control WVTR measurement, a 

homopolymer (PLA) having Mn~30 kDa was used. 

4.2.7 Scale-up synthesis 

The triblock copolymer (20D-11CL-20D) was synthesized in a scale of ~500 g with the 

controlled molecular weight. Here, the monomer (ε-caprolactone, 8.76×102 mmol) was 

fed directly (without distillation) to the round bottom flask together with the initiator 

(DMG, 9.88 mmol) and the catalyst (tin octoate, 0.7 mmol). The polymerization was 

conducted for 30 min at 180 ℃, and after which a sample was taken out to determine the 

conversion by 1H-NMR. To the synthesized polymer, D-lactide was added 

(2.87×103 mmol), and the flask was evacuated at 10 Pa at 40 ℃ for 12 h. This was 

followed by melting at 180 ℃ until the monomer was solubilized into the melt of PCL. 

To the homogenous melt, the catalyst (tin octoate, 1.15 mmol) was added, and the reaction 

was continued at 180 ℃ for 30 min. The resultant polymer was taken out into a flat tray 

and the conversion of lactide was determined by 1H-NMR, which was found to be >95%. 

The polymer was kept in a vacuum oven at 110 ℃ for 36 h to remove the residual lactide 

by sublimation. After removing the monomer, the sample was subjected to 1H-NMR to 

ensure that no residual peak of lactide was involved. The molecular weight of the product 

was determined as shown in equation 1-v. The solvent-free synthesis of triblock 

copolymer was thus achieved in a larger scale. 

4.2.8 Processing of triblock copolymer by (twin-screw) extrusion: 

The synthesized triblock copolymer (after crushing) was processed using a twin-screw 

extruder (Toyoseiki, Japan) where the barrel temperature was set to 180 ℃ and the screw 
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speed was set to 10 rpm. The filament (ϕ ~ 1.4-1.8 mm) was extruded through the die 

which was conveyed into a cold water bath and collected on a winder.  

4.2.9 3D printing of the filament: 

The extruded filament was further used for the 3D printing (Moth Mach S3DP333, Slab) 

of a mesh-type scaffold. The temperature to melt the filament was set to 190 ℃ and the 

scaffold was printed layer by layer at the printing bed which was fixed at room 

temperature.  

4.2.10 In vitro studies 

UMR-106 cell culture  

UMR-106 (rat bone osteosarcoma) cells were cultured in T75 flasks using Dulbecco’s 

modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin streptomycin. The cells were cultured and maintained in a CO2 

incubator at 37 ℃ under the humidified atmosphere. The circular polymer films were 

sterilized with ethanol (70%) followed by washing with phosphate buffer saline (PBS); 

and irradiated under UV light after placing in the 96 well plates. The cell count was 

determined using trypan blue stain (Sigma Aldrich) with an automated cell counter 

(Countess II FL, Thermo Fisher Scientific)  and 2.88 × 103 cells/well were seeded 

(in triplicates) in 96 well plates containing samples along with control (polystyrene 

microplates) by adding 100 μl DMEM per well. In addition, the medium (without cells) 

was added to the samples (triplicates) to eliminate the background absorption.  

MTT assay 

The mitochondrial activity of UMR-106 cells seeded onto the developed materials was 

evaluated by the enzymatic conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide) dye. The stock (5 mg/ml) of MTT (Sigma Aldrich) was 

prepared in PBS and added (10 μl) to each of the wells at the intervals of 8, 16, 24, 48, 72 

and 96 h. The well-plates were incubated for 3 h and then the medium involving MTT 

was removed from the wells. Finally, dimethyl sulfoxide (DMSO, 100 μl/well) was added 

to the wells so as to allow the formation of Formazan crystals. The absorbance was then 

recorded at 570 nm using a microplate reader (Multiskan Go, Thermo Fisher Scientific). 

The mean absorbance of the control (polystyrene) was subtracted from that of the samples. 

Cell staining and microscopy 

The cells adhering onto the surface of the samples along with the control sample were 

stained with Nuc RedTM (Live 647 Ready ProbesTM, Thermo Fisher Scientific) and 

acridine orange (Thermo Fisher Scientific) stains after 48 h of culturing. The Nuc Red 

stain was added (2 drops) directly into the wells containing medium and incubated for 

20 min. The acridine orange stain was diluted (in PBS) before adding into the wells. The 

cell culture media were removed from the wells followed by washing off the samples 

(and the control well) with PBS thrice. The acridine orange stain was then added to the 

wells and incubated for 30 min. The plates were removed and the cells were analyzed 

with the fluorescence microscope (Floid Cell Imaging Station, Thermo Fisher Scientific). 
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4.3 Results and Discussion 

 

4.3.1 Block copolymer synthesis 

The triblock copolymers (PLLA-PCL-PLLA and PDLA-PCL-PDLA) are synthesized by 

two-step ROP79,215 where the block length of both PCL and PLA segments is varied from 

10 kDa to 20 kDa. Table 4.1 shows the characterization of the series of the synthesized 

polymers. The molecular weights of the synthesized block copolymers are evaluated from 

1H-NMR spectroscopy. The molecular weight (Mn) of PCL and the triblock copolymers 

determined from NMR are slightly different than the theoretical molecular weight which 

may be due to the measurement error. The 1H-NMR spectra of PCL, PLA and triblock 

copolymer (20D-11CL-20D) are shown in Figure 4.1-1 along with their structures where 

the proton signals are assigned.216,145 It is observed that the terminal group signal of PCL 

is present at 3.65 ppm which is no longer present in the triblock copolymer (second step 

ROP). Instead, a new signal at 4.36 ppm (hydroxymethine) appears in the triblock 

copolymer, suggesting the growth of the PLA chains at the ends of the PCL chains 

(terminal groups), confirming the complete synthesis of a triblock copolymer. Further, 

the 13C NMR spectra are shown in Figure 4.1-2 together with the structures and 

assignments of the respective carbon signals. The GPC curves of the triblock copolymers 

are shown in Figure 4.2. The elution time for the triblock copolymer 10D-11CL-10D is 

12.5 min which is reduced to 12.3 min for 9D-23CL-9D, 11.9 min for 20D-11CL-20D 

and 11.6 min for 19D-18CL-19D. The decrease in the elution time is observed with the 

increasing molecular weight of the block copolymers. Further, each of the GPC curves of 

triblock copolymers showed a unimodal peak which confirmed that the triblock 
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copolymers were synthesized successfully by ROP of lactide using PCL diol as an 

initiator. 

Table 4.1: Sample characterization. 

Specimen code name Molar feeding ratio 

[M/I] 

Conv. (%) Mn 

(theoretical) 

kDa 

Mn  

(NMR) 

 kDa 

Mw/Mn 

(GPC) 

11CL 

10D-11CL-10D 

88.5 

154.1 

99.4 

93.2 

10.1 

31.7 

11.0 

31.5 

1.97 

2.13 

11CL 

10L-11CL-10L 

88.5 

154.0 

99.4 

93.6 

10.1 

31.7 

10.9 

31.5 

1.88 

1.94 

11CL 

20D-11CL-20D 

88.5 

308.3 

99.2 

93 

10.0 

51.9 

10.6 

50.1 

1.88 

2.48 

10CL 

20L-10CL-20L 

88.5 

308.3 

99.3 

94.3 

10.0 

52.3 

10.4 

49.7 

1.93 

2.65 

23CL 

9D-23CL-9D 

185.6 

145.8 

99.3 

87.5 

21.0 

40.9 

22.9 

40.2 

1.97 

2.05 

20CL 

8L-20CL-8L 

177.1 

154.1 

98.5 

90.2 

19.9 

39.9 

19.6 

35.2 

2.18 

2.33 

18CL 

19D-18CL-19D 

179.0 

307.5 

99.5 

85.4 

20.3 

56.1 

18.3 

56.5 

1.96 

3.1 

22CL 

16L-22CL-16L 

177.3 

308.3 

99.1 

93.9 

20.1 

61.8 

21.9 

53 

2.13 

2.28 
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Figure 4.1-1: 1H-NMR spectra of homopolymers and the 20D-11CL-20D triblock 

copolymer. 
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*The number average molecular weight (Mn) of the homopolymers/block copolymers 

is determined from 1H-NMR (Figure S1) by using the following equations 

(S1-I to S1-v): 

 

Degree of polymerization of dihydroxyl terminated PCL, 𝐷𝑃𝑃𝐶𝐿 =
e

𝑗
+ 2          (1-i) 

 

Degree of polymerization of dihydroxyl terminated PLA, 𝐷𝑃𝑃𝐿𝐴 =
𝑙

𝑚
+ 2         (1-ii) 

 

Number average molecular weight of dihydroxyl terminated PCL,  

  

 𝑀𝑛𝑃𝐶𝐿 = (𝑀𝑜𝑃𝐶𝐿 × 𝐷𝑃𝑃𝐶𝐿 × 2) + 𝑀𝑜𝐷𝑀𝐺 

               = [114.14 × (
e

𝑗
+ 2) × 2] + 202.34                                  (1-iii) 

 

Number average molecular weight of dihydroxyl terminated PLA,  

  

 𝑀𝑛𝑃𝐿𝐴 = (𝑀𝑜𝑃𝐿𝐴 × 𝐷𝑃𝑃𝐿𝐴 × 2) + 𝑀𝑜𝐷𝑀𝐺 

            = [72 × (
l

𝑚
+ 2) × 2] + 202.34                           (1-iv) 

 

Number average molecular weight of triblock copolymer (PLA-PCL-PLA) 

 𝑀𝑛𝑡𝑟𝑖𝑏𝑙𝑜𝑐𝑘 = [(𝑀𝑜𝑃𝐶𝐿 × 𝐷𝑃𝑃𝐶𝐿) + 𝑀𝑜𝐷𝑀𝐺]  + [(𝑀𝑜𝑃𝐿𝐴 × 𝐷𝑃𝑃𝐿𝐴 × 2) + 𝑀𝑜𝐷𝑀𝐺] 

                     = [{114.14 × (
e

𝑗
+ 2) × 2}𝑬𝒓𝒓or!  Bookmark not defined. 173 + 202.34] 

+ [{72 × (
l

𝑚
+ 2) × 2} + 202.34]       (1-v) 

   

𝑤ℎ𝑒𝑟𝑒,   𝑀𝑜  = molar mass of repeating unit 

             𝑀𝐷𝑀𝐺 = molar mass of initiator 
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Figure 4.1-2: 13C-NMR spectra of homopolymers and the 20D-11CL-20D triblock 

copolymer. 

 

Figure 4.2: GPC curves of triblock copolymers. 
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4.3.2. Crystallinity of block copolymers 

In order to ascertain the crystallization behavior of the synthesized polymers, WAXS 

measurements are conducted. It is known that PLA crystallizes into different crystal 

forms217,218, namely α, αʹ (δ), β, γ which depend on the conditions of the sample 

preparation219,220. For instance, the α-form is known to have a pseudo hexagonal 

(orthorhombic) unit cell with the packing of 10/3 helical chains, whereas the crystallite 

size of αʹ form is substantially smaller than α form221. The major scattering peaks of PLA 

are observed at q = 11.6 and 13.3 nm-1 corresponding to (200)/(110) and (203) crystal 

planes, respectively222. PCL is known to crystallize in an orthorhombic unit cell with the 

major scattering peaks at 11.0, 14.9, 15.3, 16.6 and 20.7 nm-1 corresponding to (102), 

(110), (111), (200) and (210) lattice planes, respectively 223. The regular packing of a pair 

of PLLA and PDLA chains in the triclinic unit cell with the 3/1 helical confirmation 

results in the formation of stereocomplex (sc) crystals. The scattering peaks of the sc 

crystals corresponding to (110) and (030/300) crystal planes are observed at q = 8.3 and 

14.5 nm-1, respectively224. 

The WAXS profiles of the homopolymers and triblock copolymers are shown in 

Figure 4.3(a), whereas those of equimolar enantiomeric triblock copolymer blends are 

shown in Figure 4.3(b), which are plotted as a function of q (nm-1). As shown in 

Figure 4.3(a), no scattering peak is visible for PDLA (50D specimen) whereas clear and 

distinct peaks are visible for PCL (50CL). The scattering peaks for the PCL constituent 

are evident in case of the triblock copolymers whereas those for the PDLA constituents 

are absent. The absence of the WAXS peaks of PLA in the triblock copolymers may be 

attributed to the melt-quenching technique adopted to prepare the film specimens, where 

the PLA constituent may be retaining its amorphous nature (due to its higher Tg and 
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slower crystallization) whereas the PCL chains still acquire the mobility to crystallize to 

some extent (due to its lower Tg and rapid crystallization), thus giving rise to the WAXS 

peaks of PCL. Further, as shown in Figure 4.3(b) for the triblock copolymer blends (B1, 

B2, B3 and B4), the scattering peaks from PCL crystals are evident along with the 

presence of relatively weaker scattering peaks for the stereocomplex (sc) crystals. 

Furthermore, PCL (50CL) is observed to have a relatively higher crystallinity (62.8%) in 

the melt quenched state as shown in Table 4.2. The total crystallinity is found to be the 

lowest for 20D-11CL-20D (18.2%) which is the specimen with the lowest PCL content 

(~21%). As discussed later, the cylindrical microdomain morphology is expected to be 

formed for this specimen from the lower PCL composition (~21%). The crystallinity is 

found to increase to 33.2, 31.8 and 33.9% for the specimens 19D-18CL-19D (~32% PCL 

content), 10D-11CL-10D (~35% PCL content) and 9D-23CL-9D (~56% PCL content), 

respectively. For those specimens, the lamellar microdomain morphology is expected so 

that the effect of the space confinement due to the PLA lamellar microdomains on the 

PCL crystallization is considered to be lesser than that for the case of 20D-11CL-20D 

specimen. However, almost half the crystallinity of PCL for those specimens as compared 

to that of the neat PCL implies the space confinement due to the PLA lamellar 

microdomains. The blend specimen B2 (20D-11CL-20D/20L-10CL-20L) has the lowest 

degree of crystallinity (37.2%), accounting to PCL constituent (18.2%), which is 

increased to 59.5% with increasing PCL content (~56%) for B3 (9D-23CL-9D/8L-20CL-

8L) specimen. The sc crystallinity is lower for the specimens having longer PLA block 

chains (B2 and B4) whereas, higher sc crystallinity is found in the specimens comprising 

shorter PLA block chains (B1 and B3) due to the higher mobility of the PLA chains with 

lighter extent of the polymer chain entanglement. Further, the specimens B2 and B4 are 
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homocrystal (hc) rich (ΔHm, PDLA is higher than B1 and B3 in Figure 4.2) whereas B1 

and B3 are sc rich, which in turn suggests that the lower molecular weight PLA chains 

lead to the well-formed sc crystallites and retard the formation of hc. The lowest 

crystallinity in the specimens 20D-11CL-20D and B2 may be due to the confined 

crystallization of PCL in the PCL cylindrical microdomains in the matrix of the glassy 

PLA225-232. Additionally, it is remarked that the crystallinity of the triblock copolymer 

blends is higher than their respective enantiomers which is also discussed in the 

subsequent sections.  
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Figure 4.3: WAXS profiles of (a) PCL and PLA homopolymers, and neat triblock 

copolymers, and (b) triblock copolymer blends (as-prepared specimens). 

B1:10D-11CL-10D/10L-11CL-10L (50/50), B2: 20D-11CL-20D/20L-

10CL-20L (50/50), B3:9D-23CL-9D/8L-20CL-8L (50/50) and  B4:19D-

18CL-19D/16L-22CL-16L (50/50) blend specimens. 

 

(a) 

(b) 
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   Table 4.2: Crystallinities determined by WAXS results. 

Specimen code 

name 

Xc,PCL (%) 

1) 

Xc,PLA (%) 

2) 

Xc,sc (%) 

3) 

Xc,PCL (%) 

4) 

Xc,PLA (%) 

5) 

fPCL (%) 

6) 

fsc (%) 

7) 

50CL 62.8 0 0 56.5 - 100 - 

10D-11CL-10D 31.8 0 0 69.5 39.4 100 - 

20D-11CL-20D 18.2 0 0 39.7 41.8 100 - 

9D-23CL-9D 33.9 0 0 55.0 29.6 100 - 

19D-18CL-19D 33.2 0 0 74.8 40.9 100 - 

B1 8) 54.6 0 8.7 47.6 36.1 86.3 13.7 

B2 9) 37.2 0 1.9 57.4 47.6 95.1 4.9 

B3 10) 59.5 0 6.7 67.6 24.7 89.9 10.1 

B4 11) 47.4 0 1.2 87.7 39.7 97.5 2.5 

1) Crystallinity of PCL at room temperature (WAXS) 

2) Crystallinity of PLA at room temperature (WAXS) 

3) Crystallinity of the stereocomplex PLA at room temperature (WAXS) 

4) Crystallinity of PCL (Xc,PCL, DSC), 

  where, Xc,PCL = ΔHm/(ΔH°m × WPCL) 

ΔH°m = enthalpy of fusion for 100% crystal of PCL (139.5 J/g)233 and 

WPCL = weight fraction of PCL 

5) Apparent crystallinity of PLA (Xc,PLA,  DSC) at 110 °C 

where, Xc,PLA = ΔHm,hc/ΔH°m,hc  + ΔHm,sc/ΔH°m,sc   

ΔH°m,hc = enthalpy of fusion for 100% homocrystal of PLA (93 J/g)234  

ΔH°m,sc = enthalpy of fusion for 100% stereo-complex crystal of PLA (142 J/g)36 

6) Fraction of PCL crystallites 

7) Fraction of stereocomplex PLA crystallites 

8) 10D-11CL-10D/10L-11CL-10L (50/50) blend specimen 

9) 20D-11CL-20D/20L-10CL-20L (50/50) blend specimen 

10) 9D-23CL-9D/8L-20CL-8L (50/50) blend specimen 

11) 19D-18CL-19D/16L-22CL-16L (50/50) blend specimen 
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4.3.3 Thermal properties 

The DSC curves (1st heating cycles) of the synthesized materials are shown in Figure 4.4. 

Exothermic peaks are observed in the range of 70 ℃ to 110 ℃, followed by their melting 

in the form of hc PLA and sc-PLA. The melting temperature of PCL is 64.2 ℃ which is 

reduced to 59.5 ℃ for 9D-23CL-9D (~56% PCL), 56.6 ℃ for 19D-18CL-19D 

(~32% PCL), 54.5℃ for 10D-11CL-10D (~35% PCL) and 53.8 ℃ for 20D-11CL-20D 

(~21% PCL) specimen (Table 4.3). The melting point (Tm) of PCL in the case of triblock 

copolymers is found to be reduced by ~10 ℃ when the content of PCL is reduced to 21% 

(or content of PLA is increased to 79%). The enthalpy of cold crystallization of PLA 

(ΔHcc,PLA) is the lowest for 9D-23CL-9D (4.5 J/g) which is increased to 13.8 J/g for 

10D-11CL-10D, 21.8 J/g for 19D-18CL-19D and 24.7 J/g for 20D-11CL-20D. 

Furthermore, the melting point of hc PLA in the blend sample is in the range of 167-

173 ℃ whereas the melting point of sc-PLA is 218-222 ℃, which is ~50 ℃ higher than 

that of hc PLA. Further, it is remarked that the enthalpy of melting (ΔHm,PCL) is lowest 

for the 20D-11CL-20D (11.9 J/g) and B2 (17.3 J/g), which are the specimens having the 

lowest content of PCL (~21%). 

The melting peaks of PCL and PDLA constituents for the triblock copolymers 

(Figure 4.4(a)) may be attributed to the presence of two crystalline domains. This is also 

true in the case of triblock copolymer blends (Figure 4.4(b)) where the melting peaks for 

the sc-PLA are also present along with those of hc PLA. On the other hand, as seen in the 

subsequent (WAXS) section, the scattering peaks for the sc-PLA (relatively weaker) and 

PCL are evident in the melt quenched state whereas no scattering peak is observed for hc 

PLA, suggesting that the PLA amorphous chains frozen in the melt-quenched specimen 

crystallize upon heating above the Tg to form homocrystals and sc crystals (for the blend 
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specimens). The reduction in Tm for the triblock copolymers (other than 19D-18CL-19D) 

as compared to Tm of the PDLA homopolymer (50D) indicates that the crystalline 

lamellae are thin, implying the confined crystallization within the PLA lamellar 

microdomains. As a matter of fact, ΔHcc,PLA is smaller as compared to that of 50D, 

although PCL is melt at Tcc,PLA. The crystallizability of PLA is improved (Tcc,PLA is 

lowered) with increasing the PCL content for the neat block, while the order of ΔHcc,PLA 

is opposite (Table 4.3). This may indicate that the faster crystallization results in lower 

crystallinity235. Since the PLA/PCL blend is reported to exhibit the lower critical solution 

temperature (LCST) phase behavior236, it is considered that PCL can be solubilized in the 

PLA phase so that the Tg of the mixed PLA amorphous phase is decreased and the 

mobility of PLA chains is increased. Thus, the crystallizability is considered to be 

improved. The lowered Tg also accounts for the lowering of Tcc,PLA. As for the 

enantiomeric blends, there would be no difference in Tcc,PLA while it is clearly recognized 

that there is a strong correlation of ΔHcc,PLA with XSC,PLA. Namely, ΔHcc,PLA is larger when 

XSC,PLA is lower. This implies that the cold crystallization of PLA is suppressed by this 

preformed sc crystallite through the suppression of the molecular mobility.  
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Figure 4.4: DSC curves of the first heating cycles for the melt-quenched samples of 

(a) homopolymers and triblock copolymers, and for (b) triblock copolymer 

blend specimens. The heating rate was 10 ℃/min.  

 

 

(a) 

(b) 
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Table 4.3: Summaries of the DSC results. 

Specimen code 

name 

Tm, PCL 

(ºC) 

ΔHm, PCL 

(J/g) 

Tcc, PDLA 

(ºC) 

ΔHcc, PDLA 

(J/g) 

Tm, PDLA 

(ºC) 

ΔHm, PDLA 

(J/g) 

Tm, scPLA 

(ºC) 

ΔHm, scPLA 

(J/g) 

50D - - 103.6 41.3 175.4 49.8 - - 

10D-11CL-10D 54.5 34.3 72.8 13.8 169.8 36.6 - - 

20D-11CL-20D 53.8 11.9 83.3 24.7 173.2 38.9 - - 

9D-23CL-9D 59.5 43.0 68.1 4.5 169.4 27.5 - - 

19D-18CL-19D 56.6 33.5  77.6 21.8 174.5 38.0 - - 

50CL 64.2 78.8 - - - - - - 

B1 1) 53.5 23.5 - - 167.2 3.9 221.5 45.3 

B2 2) 54.0 17.3 94.7 18.8 172.8 27.7 222.0 25.3 

B3 3) 59.5 52.9 - - 168.3 8.6 218.2 22.0 

B4 4) 59.2 39.3 99.8 17.3 170.4 15.6 219.8 32.5 

1) 10D-11CL-10D/10L-11CL-10L (50/50) blend specimen 

2) 20D-11CL-20D/20L-10CL-20L (50/50) blend specimen 

3) 9D-23CL-9D/8L-20CL-8L (50/50) blend specimen 
4) 19D-18CL-19D/16L-22CL-16L (50/50) blend specimen 

 

Crystallinity of PCL from DSC: 

Xc,PCL (%) = 
∆𝐻𝑚,𝑃𝐶𝐿

∆𝐻°𝑚,𝑃𝐶𝐿×𝑊𝑃𝐶𝐿
 × 100       (4-i) 

wherse, ∆𝐻°𝑚,𝑃𝐶𝐿 = 139.5 J/g and 

 𝑊𝑃𝐶𝐿= weight fraction of PCL 
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4.3.4 Dynamic mechanical properties 

The plot of the tensile modulus Eʹ as a function of temperature for (a) triblock copolymers 

and (b) enantiomeric blends of the block copolymers is shown in Figure 4.5-1. The 

temperature dependence of Eʹ for all the specimens including blends clearly exhibited 

abrupt drop with more than two decades of magnitude around 55 ºC, which is ascribed to 

the transition from glassy to rubbery states of PLA. Further, it is interesting to note the 

behavior of Eʹ over a temperature range of 60 ℃ to 90 ℃. As a matter of fact, the Tcc of 

triblock copolymers is observed beyond 60 ℃ (as shown in DSC results) which can be 

correlated to the increasing values of storage modulus due to the crystallization of PLA. 

A rise in the storage modulus is observed after 73 ºC, 71 ºC, 64 ºC and 62 ºC for the 

triblock copolymers 20D-11CL-20D, 19D-18CL-19D, 10D-11CL-10D and 9D-23Cl-9D 

respectively, which is in line with the decreasing order of their Tcc being 83.3 ºC, 77.6 ºC, 

72.8 ºC and 68.1 ºC respectively. Similarly, it is observed that the storage modulus 

increases after 70 ºC and 68 ºC for the blends B4 and B2 which have their Tcc at 99.8 ºC 

and 94.7 ºC respectively. It is also noteworthy that the 9D-23CL-9D specimen, B1 and 

B3 blend specimens did not exhibit such retrieving behaviors of Eʹ in the temperature 

range of 60 ºC to 90 ºC. For these specimens, the exothermic peak due to the cold 

crystallization of PLA is not discernible in the DSC curve in Figure 4.4. For other 

specimens, a strong correlation between the extent of the Eʹ retrieving and the enthalpy 

of exothermic peak due to the cold crystallization of PLA can be confirmed. Nevertheless, 

the fact that the exothermic peak was not observed in the DSC curve does not mean that 

the PLA did not crystallize during the heating process. It is because the endothermic peak 

was clearly observed for these specimens. Rather the fact that there was no undershoot in 

Eʹ in the temperature range of 60 ℃ to 90 ℃ may indicate that the cold crystallization of 
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PLA already completed below 60 ℃. Also the lack of the exothermic peak in the DSC 

curve can be recognized as a result of the overlap with the endothermic peak of the PCL 

melting.  

The value of Eʹ at 30 ℃ of the specimen 20D-11CL-20D is 2130 MPa which is reduced 

to 1864 MPa, 1543 MPa and 1172 MPa for 19D-18CL-19D, 10D-11CL-10D and 

9D-23CL-9D specimens, respectively. In principle, it is considered that Eʹ is dependent 

on the content of the hard PLA. Therefore, the values of Eʹ at 30 ℃ are plotted as a 

function of the PLA content in Figure 4.5-1. The representative plots of the storage 

modulus as a function of PLA content are shown together in Figure 4.5-1(a) for the 

B1-B4 specimens which show the same tendencies as those for the neat block copolymers. 

It is further found in that the enantiomeric blending slightly reduces the value of Eʹ with 

almost the same extent (300-500 MPa) other than B2 at room temperature 

(Figure 4.5-1(a)) or other than B1 at 110 ℃ (Figure 4.5-1(b)).  

Since the strain amplitude is as little as 6.67×10-3 for the dynamic mechanical 

measurement, the resulted storage Young’s modulus Eʹ can reflect the structure in a virgin 

material without nay deformation or breakage. This is in contrast with the stress-strain 

(SS) measurement where the mechanical response reflects the structure in the material 

which already suffer from the preceded deformation of the material in the former stage 

of the elongation of the SS measurement. Namely, the structure in the material changed 

from that in the virgin material. Thus, the resulted Young’s modulus from the SS 

measurement does not reflect the structure in the virgin material. In this regard, the Eʹ of 

the dynamic mechanical measurement is more suitable and sensitive to the morphology 

and the degree of crystallinity.  
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Overall, Eʹ increases with an increase in the PLA content for all of the neat triblock 

copolymers and for all of the blend specimens at 30 ºC, as shown in Figure 4.5-1(a). This 

is simply because the PLA is in the glassy state. The same tendency can be confirmed for 

all the neat triblock copolymers in Figure 4.5-1(b) at 110 ºC where the PLA is in the 

rubbery state and the crystalline PCL phase is completely melted. However, the PLA 

phase partly crystallizes in the heating process to 110 ºC. Therefore, the Eʹ at 110 ºC 

depends on the apparent degree of crystallinity of PLA at 110 ºC, which can be estimated 

by ΔHm,PLA/ΔHºm,PLA where ΔHm,PLA denotes the enthalpy of fusion of PLA appearing at 

its Tm (around 170 ºC) and ΔHºm,PLA is that of 100% PLA crystal and taken as 93 J/g. The 

values of ΔHm,PLA/ΔHºm,PLA are tabulated in Table 4.2. As for the blend specimens 

(B1-B4), their complex behavior of Eʹ at 110 ºC with respect to the PLA content in 

Figure 4.5-2b can be reasonably recognized in terms of apparent degree of PLA 

(homocrystal + sc crystal) crystallinity at 110 ºC. The values of ΔHm,PLA/ΔHºm,PLA are 

also tabulated in Table 4.2, where ΔHm,PLA is the summation of the enthalpy of fusion of 

homocrystal and sc crystal for the case of blend specimens. 
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Figure 4.5-1: Changes in storage modulus (Eʹ) as a function of temperature for (a) 

triblock copolymers and (b) triblock copolymer blends obtained by the 

dynamic tensile viscoelastic measurements at the dynamic frequency of 

1 Hz (as-prepared specimens).  

 

(a) 

(b) 
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Figure 4.5-2: Representative plots of storage modulus (Eʹ) at 30 ℃ (a) at room 

temperature and (b) at 110 ℃, for the neat block copolymers and their 

blends as a function of the PLA content, as determined from the dynamic 

mechanical analysis.  

 

 

 

(a) 

(b) 
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4.3.5 Stress-strain behavior 

Figure 4.6 shows the representative stress-strain (SS) curves where the homopolymer 

PDLA (50D) is observed to have a yield strength of ~40 MPa with a low elongation at 

break of ~6.8%, whereas PCL (50CL) has a yield strength of 13.1 MPa with a very high 

elongation at break of 1683%, giving a toughness of 273 MJ/m3 (Table 4.4). The ultimate 

tensile strength of PCL is ~27 MPa.  

The triblock copolymer (20D-11CL-20D) with the maximum content of PLA (79%) is 

found to have the ultimate tensile strength of ~36 MPa, and an elongation at break of 

~700%, whereas the triblock copolymer (9D-23CL-9D) with the maximum content of 

PCL (55%) has a strength of ~16 MPa and an elongation of ~600%. Although the block 

length of the flexible segment (PCL) is higher in the latter case, its elongation at break is 

inferior. Furthermore, it is found that 10D-11CL-10D specimen shows a lower yield 

strength (~13 MPa) and the elongation at break of ~550%, whereas the ultimate tensile 

strength of 19D-18CL-19D specimen is ~21MPa and the elongation at break is ~950%.  

The SS curves of the triblock copolymers (Figure 4.6(a)) are observed to have relatively 

higher tensile strength (than the neat PCL) and higher elongation (than the neat PLA) due 

to the presence of both the hard (PLA) and soft (PCL) segments in the backbone. 

Although PCL has a very high elongation at break as compared to the triblock copolymers, 

its lower yield may restrict its use for load bearing applications. Further, the elongation 

of PCL is also dependent on its molecular weight 86. Additionally, PCL has a lower 

modulus (140 MPa) as compared to the triblock copolymers (500 – 800 MPa) which may 

serve as an essential factor for the mechanical integrity of the material or implant. The 
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triblock copolymers thus offer possibilities of synthesizing materials having the 

advantages of both PLA and PCL which may be desired for targeted applications. 

A significant difference in the elongation at break between the triblock copolymers with 

the nearly same PCL and PLA content (comparison between 10D-11CL-10D and 

19D-18CL-19D) is attributed to the higher molecular weight of the soft PCL block chain. 

Note here that it has been reported that the elongation at break is increased with increasing 

the molecular weight of PDLA in case of homopolymer237. Further, as observed for the 

blend samples where the yield strength and elongation of B1 (10D-11CL-10D/10L-11CL-

10L) and B4 (19D-18CL-19D/16L-22CL-16L) having nearly the same content of PCL 

and PLA are compared. B4 is found to have the ultimate tensile strength of 20 MPa and 

an elongation of ~450 % whereas B1 has the ultimate tensile strength of ~15 MPa and an 

elongation of ~540 %. The significant increase in the ultimate tensile strength of B1 as 

compared to that for the neat block (10D-11CL-10D) is attributed to the 

stereocomplexation (as observed by the DSC and WAXS, where Xc,sc = 8.7%, which is 

the best among all the blends). 

Overall, the mechanical properties (the stress level of the SS curves) of the triblock 

copolymer blends are similar to, or slightly lower than those of their corresponding 

enantiomeric triblock copolymers. It is noteworthy that there is no yield peak in the SS 

curve for specimen B1 which also shows the largest strain hardening among the four 

specimens. For this specimen (B1), the SAXS profile shown in Figure 4.7 did not indicate 

a clear peak corresponding to the long period of the stacks of the crystalline PCL lamellae, 

although Xc,PCL (Table 4.2) is larger than that of the neat block. Thus, it can be expected 

that the PCL crystallites are small and dispersed in the PCL lamellar microdomain. These 

TH-2957_166107006



 
Chapter 4: Triblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

132 
 

dispersed crystallites may play a role of the physical crosslinking points so that the 

elastomeric properties such as no yield peak and the strain hardening show steep increase 

in the late stage of elongation. As for the higher stress level for B1 in the range of 

20 ~ 100% strain as compared to that of the neat triblock 10D-11CL-10D specimen, it 

may be ascribed to the much higher Xc,PCL of the B1 specimen (Table 4.2). 
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Figure 4.6: Stress-strain curves measured at room temperature for (a) homopolymers 

and triblock copolymers and (b) triblock copolymer blends 

(as-prepared specimens). 

(a) 

(b) 
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Table 4.4: Summaries of the stress-strain results. 

Specimen code 

name 

Yield strength  

(MPa) 

Ultimate tensile 

strength (MPa) 

Elongation at 

break (%) 

Young’s 

modulus (MPa) 

Tensile toughness 

(MJ/m3) 

50D 39.7 ± 1.9 39.7 ± 1.9 6.8 ± 2.0 1387.2 ± 83.4 2.0 ± 0.7 

10D-11CL-10D 12.9 ± 0.8 12.9 ± 0.8 544.7 ± 91.2 508.2 ± 91.9 51.5 ± 12.3 

20D-11CL-20D 36.2 ± 1.4 36.2 ± 1.4 708.3 ± 199 792.7 ± 74.4 160.3 ± 19.9 

9D-23CL-9D 15.9 ± 3.2 15.9 ± 3.2 598.5 ± 151 677.5 ± 62 69.3 ± 29.4 

19D-18CL-19D 21.1 ± 0.6 21.3 ± 0.8 949.6 ± 70.9 580.2 ± 57.9 147.3 ± 16.3 

B1 1) 9.9 ± 0.8 15.6 ± 1.4 540.6 ± 58 345.6 ± 54 65.4 ± 11.6 

B2 2) 32.5 ± 3.1 32.5 ± 3.1 661.2 ± 121.5 830.1 ± 56.1 152.9 ± 22.3 

B3 3) 13.8 ± 1.3 13.8 ± 1.3 430.5 ± 42 602.5 ± 72 38.5 ± 8.7 

B4 4) 20.1 ± 2.4 20.1 ± 2.4 455.3 ± 37.3 813.3 ± 130.8 70.4 ± 7.8 

50CL 13.1 ± 0.8 26.9 ± 1.6 1683 ± 79.4 143.6 ± 19.7 273.4 ± 19.7 
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4.3.6 Nanostructure of block copolymers 

To understand the effect of microdomain structures on the properties of the block 

copolymers, small-angle X-ray scattering (SAXS) measurements are conducted. The 

SAXS profiles of the triblock copolymers and their blends at room temperature are shown 

in Figure 4.7-1(a) and 4.7-1(b), respectively, whereas the Lorentz-corrected SAXS 

profiles are shown in Figure 4.7-2. The long period is determined from the q position of 

the first order peak in the Lorentz-corrected profile in the q range of 0.09 < q < 0.15 nm-1, 

which is found to be 45.9, 52.5, 63.9 and 61.3 nm for the specimens 10D-11CL-10D, 

20D-11CL-20D, 19D-18CL-19D and 9D-23CL-9D, respectively. Further, a broad peak 

is observed in the Lorentz corrected profile in the q range of 0.3 < q < 0.5 nm-1. This 

broad peak is ascribed to the long period (D) of the crystalline lamellae sandwiching the 

amorphous layers which are 15.5, 19.6, 19.6 and  22.6 nm for the specimens 

10D-11CL-10D, 20D-11CL-20D, 19D-18CL-19D and 9D-23CL-9D, respectively. 
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Figure 4.7-1: 1d SAXS profiles of (a) neat triblock copolymers and (b) triblock 

copolymer blends (as-prepared specimens). 

 

 

(b) 

(a) 
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Figure 4.7-2: Lorentz-corrected SAXS profiles of (a) neat triblock copolymers, and (b) 

triblock copolymer blends (as-prepared specimens). 

 

The LCST (lower critical solution temperature) phase behavior for PCL/PDLA blends 

was reported by Meredith et al.,236 where the critical point is observed at 86 ℃ when the 

mass fraction of PCL is 36% (Mw,PCL= 114000 and Mw,PDLA= 127000). Since the 

(a) 

(b) 
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specimens in the present study were prepared by melting the triblock copolymers at 

210 ℃ and enantiomeric blends at 235 ℃ followed by quenching them in ice-water, the 

specimens may contain the frozen structure at 210 ℃ which may be in the 

microphase-separated region in the LCST phase diagram. To account for the microphase-

separated structure, the SAXS measurements were conducted at higher temperature 

(above Tm of PLA and PCL) for the triblock copolymers, as shown in Figure 4.8. The 

first-order peaks were clearly visible even at the higher temperature (~210 ℃), indicating 

the existence of a microphase-separated domain. Based on this knowledge, we 

constructed nanostructure models by considering that PCL started to crystallize in the 

PCL microdomain space, which is confined by the glassy PLA phase, upon T-jump from 

melt at 210 ºC to 0 ºC (ice-water).   

 

Figure 4.8: 1d SAXS profiles of the triblock copolymers measured at 210 ℃. 
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Figure 4.9: (a) 2D-SAXS pattern of the oriented 19D-18CL-19D specimen along with 

the (b) sector averaged 1d-profiles in the perpendicular and parallel 

directions with respect to the film normal (n) of the specimen. 

In order to construct a structure model, it is important to examine the orientation of the 

crystalline PCL lamellae in the PCL lamellar microdomain. For this purpose, we 

conducted the 2D-SAXS measurement of the oriented 19D-18CL-19D specimen. Note 

that the specimen was compressed with the compression rate of 2.0 (= 
𝑡0

𝑡⁄ ) where 𝑡0 and 

𝑡  denote the thickness of the initial specimen and that of the compressed specimen, 

respectively) at 210 ºC and then the compressed specimen was quenched to ice-water 

temperature to induce the crystallization of PCL.  

Figure 4.9(a) shows the 2d-SAXS pattern of the compressed 19D-18CL-19D specimen, 

exhibiting two clear spots in the direction of n (the direction parallel to the film normal 

of the specimen). This clearly indicates that the lamellar microdomains were oriented 

preferentially parallel to the substrate surface upon the application of the compressional 

force. Figure 4.9(b) shows the 1d-SAXS profiles parallel and perpendicular to n. In the 
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former profile, there observed a second-order peak of which q position is exactly twice 

of that for the first-order peak. This fact ensures that the lamellar microdomains order 

regularly in the direction of q // n. Furth700%ermore, the relatively broad peak (specified 

by the thick arrow around q = 0.40 nm-1) is also clearly discernible. Since this peak is 

very broad as compared to the others and its q position is not relatively three-fold of the 

q value for the first-order peak, we cannot assign this peak as the third-order peak due to 

the lamellar microdomains. Rather, it should be considered that this broad peak is ascribed 

to the long period of the crystalline PCL lamellae. It should be noted that such a broad 

peak was hardly discernible (at the position specified with the thick arrow) in the 

1d-SAXS profile in the perpendicular direction (q ⊥  n). If the direction of the stacking of 

the PCL crystalline lamellae in the PCL microdomain would be perpendicular to the 

microdomain interface between PLA and PCL, then the broad peak appearing in the 

1d-SAXS profile in the perpendicular direction (q ⊥  n) should be much clearer with 

higher intensity. Therefore, the results shown in Figure 4.9(b) indicate that the direction 

of stacking of the PCL crystalline lamellae in the PCL microdomain is more or less 

parallel to the microdomain interface between PLA and PCL. Based on this experimental 

result, the nanostructure models shown in Figure 4.10 were constructed, where a set of 

the glassy PLA, crystalline PCL, amorphous PCL and crystalline PCL is alternating. 

According to the model (the flat-on orientation of the crystalline lamellae with respect to 

the interface), it can be further speculated that the nucleation of the PCL crystallization is 

easily triggered on the interface of the microdomain, because the PCL block chains are 

tethered to the interface which is a solid wall of the glassy PLA lamellar microdomain so 

that the PCL chains in the vicinity of the wall can easily start forming a nucleus. The 

reason of drawing of only a pair of the PCL crystalline lamellae is because of the 
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confinement of the stacks in the PCL microdomain in its thickness direction. Namely, this 

is to accommodate the stack of the crystalline lamellae with a given long period, which 

is almost similar to the thickness of the PCL lamellar microdomain, into the PCL lamellar 

microdomain.  

Although the structure model illustrated in the Figure 4.10 represents the general feature, 

the individual models corresponding to the specimens can be considered. It should be 

noted here that the microdomain repeating period (the alternating period of the set of 

glassy PLA/crystalline PCL/amorphous PCL/crystalline PCL), d, is evaluated from the q 

position of the first-order peak (q1) in Figure 4.7-2 by d = 2/q1, while the long period 

(D) of the PCL lamellar stacking is evaluated from the q position of the broad peak (q*) 

in Figure 4.7-2 by D = 2/q*.  

Using the following relations, 

𝑑 =  𝑙𝑃𝐿𝐴 +  𝑙𝑐,𝑃𝐶𝐿 +  𝑙𝑎,𝑃𝐶𝐿 + 𝑙𝑐,𝑃𝐶𝐿 

𝐷 =   𝑙𝑐,𝑃𝐶𝐿 + 𝑙𝑎,𝑃𝐶𝐿 

The fraction of the PCL phase (fPCL) can be evaluated, as: 

𝑓𝑃𝐶𝐿 =   (𝐷 + 𝑙𝑐,𝑃𝐶𝐿)/𝑑 

where, 𝑙𝑃𝐿𝐴, 𝑙𝑐,𝑃𝐶𝐿 and 𝑙𝑎,𝑃𝐶𝐿 denote the thickness of the glassy PLA phase, that of the 

crystalline PCL lamella, and that of the amorphous PCL layer, respectively. Using the 

value of the crystallinity (𝑋𝑐,𝑃𝐶𝐿), 𝑙𝑐,𝑃𝐶𝐿 can be estimated as: 

𝑙𝑐,𝑃𝐶𝐿 =  𝐷  × 𝑋𝑐𝑃𝐶𝐿 

Thus,  

𝑓𝑃𝐶𝐿 =   (1 + 𝑋𝑐,𝑃𝐶𝐿) 𝐷/𝑑 
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is formulated. The values of 𝑓𝑃𝐶𝐿estimated by using this equation were all overestimated 

for 9D-23CL-9D, 10D-11CL-10D and 19D-18CL-19D specimens. In order to 

compensate this overestimation, the schematic shown in Figure 4.11 is considered, where 

grains with short width are dispersed in the matrix of glassy PLA phase. Thus, the total 

amount of white PCL phase (including its crystalline and rubbery amorphous phases) can 

be reduced. Furthermore, the reason why the stack of the crystalline lamellae was only 

partly described in the PCL lamellar microdomain is to set the total crystallinity of PCL 

at the same value evaluated from the WAXS result, as well as by the consideration that 

the chain folding of the PCL chains cannot be continued in a long distance in the lateral 

direction (parallel to the microdomain interface).  

As for the 20D-11CL-20D specimen, cylindrical morphology should be considered 

(Figure 4.12) because of the smaller fraction of the minor component (PCL) (21 wt%) as 

compared to the broader value between the lamellar and cylindrical morphology238. This 

is the reason why the structure model indicates the cylindrical microdomain. However, 

the stacking of the crystalline lamellae illustrated in the cylindrical microdomains repeat 

in the direction parallel to the cylindrical axis is just a speculation because it seems no 

other possibility to construct the crystalline lamellae inside the cylindrical microdomains. 

This model also meets the similar expectation of triggering the nucleation at the 

microdomain interface. Nevertheless, the disc-shape of the crystalline lamellae is just the 

speculation. It may be better to consider, for example, an incomplete disc having many 

holes.  

TH-2957_166107006



 
Chapter 4: Triblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

143 
 

  

Figure 4.10: (a) Plausible nanostructure model for the 10D-11CL-10D, 19D-18CL-19D 

and 9D-23CL-9D specimens. Panel (b) highlights two typical 

conformations of the triblock copolymer chains in the nanostructure model 

in the panel (a). 

(a) 

(b) 
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Figure 4.11: Illustration of the grains comprising some sets of repeating glassy PLA 

(black) + crystalline PCL (grey) + amorphous PCL (white) layers in the 

matrix of the glassy PLA (black). Note here that such glassy PLA matrix 

comprises also the PLA block chains so the distance between two 

neighboring grains should be quite short. 
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Figure 4.12: Plausible nanostructure model for the 20D-11CL-20D and B2 specimens. 

(a) Top view and (b) perspective view. 

 

 

 

(b) 

(a) 

TH-2957_166107006



 
Chapter 4: Triblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

146 
 

4.3.7. Correlation of Mechanical Properties with Nanostructure 

The physical properties of the block copolymers depend strongly on their nano-structures. 

The block copolymers form the lamellar morphology239 when the fraction is in a range of 

0.33 ~ 0.67 in case of three triblock copolymer specimens other than 20D-11CL-20D. As 

for the 20D-11CL-20D specimen consisting of ~21% PCL, it possibly forms the 

cylindrical morphology. An increased extensibility of this specimen (~700%) may be due 

to the confinement of PCL phase in the cylindrical microdomain thereby resulting lower 

crystallinity (~18.2%). As for the ultimate tensile strength, its higher value for the 

19D-18CL-19D specimen may be ascribed to the higher extent of the continuity of the 

PDLA glassy amorphous microdomains as well as its higher thickness. The thicker PDLA 

lamellar microdomain in 19D-18CL-19D (as shown in the structure model, Figure 4.10) 

may result in the higher yield strength and the higher ultimate tensile strength as well as 

the longer soft PCL chains which prevent the macroscopic breakage of the specimen in 

the early stage of elongation. 

As for the mechanical behavior of the B4 specimen showing the lower yielding stress and 

the lower ultimate stress with the lower ultimate elongation as compared to those of the 

neat triblock copolymer specimen (19D-18CL-19D), the Xc,PCL value of B4 is much larger 

than 19D-18Cl-19D (Table 4.2). Nevertheless, B4 exhibited the lower mechanical 

properties which may be attributed to the much shorter grain length (in the directions of 

the microdomains repeat, Figure 4.11) as the first-order peak in the SAXS profile was 

found to be wider for B4 as compared to that for the neat 19D-18CL-19D specimen 

(Figures 4.7-1 & 4.7-2). Since this peak-width is inversely proportional to the grain 

length, the results of SAXS possibly indicate the existence of the shorter grains in the B4 

specimen which in turn may be responsible for the lower mechanical properties. On the 
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contrary, it may be opposite for the case of B3 possibly resulting in the mechanical 

properties of B3 being slightly higher than those of the neat 9D-23CL-9D. However, for 

the B2 specimen, a similar argument may not be true as the microdomain morphology is 

presumed to be cylindrical due to the lower weight fraction of PCL (~21%).  

The specimen 20D-11CL-20D is found to exhibit the maximum stress, which may be 

ascribed to the higher content of PLA forming a glassy matrix phase with the PCL. 

However, the specimens 19D-18CL-19D and 9D-23CL-9D exhibit almost similar SS 

curves while their PCL fractions differ which may be corroborated to the difference of 

their nano-structures. The regularly ordered nano-structure with the relatively longer 

grains may be considered for the specimen 19D-18CL-19D due to the sharp first order 

peak. For the specimen 9D-23CL-9D, the first order peak is very broad which may result 

in a nanostructure with shorter grains (Figures 4.7-1 & 4.7-2). Further, the first-order 

peak was much broader for 10D-11CL-10D as compared to that of the 19D-18CL-19D 

specimen, indicating the shorter grains with poorer ordering regularity of the 

nanostructures in the 10D-11CL-10D specimen. This character may account for the lower 

mechanical properties of this specimen as compared to 19D-18CL-19D, although the 

PLA fractions are similar to each other. Although the mechanism of the formation of such 

nano-structures should be perfectly understood with respect to the microscopic analysis 

and molecular structure (molecular weight and composition of the triblock copolymer) 

along with the PCL crystallization upon melt quenching, this is beyond the scope of the 

current study. Studies by simultaneous time-resolved SAXS/WAXS experiments are 

currently ongoing for the elucidation of the process of the nanostructure formation upon 

melt quench to the isothermal crystallization temperatures.  
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4.3.8. Water vapor permeability 

The water vapor permeability signifies the ability of a material to allow the passage of 

water vapor through it, where the higher value of permeability implies the rapid passage 

of water vapor and vice versa. It is observed from Figure 4.13 that PLA has the lowest 

value of water vapor transmission rate (WVTR) (~3.7 g•mm•m-2
•day-1) while the value of 

WVTR of PCL is not detected by the instrument under the given parameters (95% RH) 

which may correspond to the very high permeability of PCL. The value of WVTR was 

found to increase to 9.5 and 10.4 g•mm•m-2
•day-1 for the specimens 10D-11CL-10D and 

19D-18CL-19D, respectively, upon the involvement of the PCL segment in the matrix of 

PLA. These are the specimens with the nearly same content of PCL and PLA and the 

close values of WVTR of these specimens suggest the role of PCL in increasing the 

permeability of the triblock copolymers. Furthermore, the WVTR of the specimen 

20D-11CL-20D is found to be reduced to 5.8 g•mm•m-2
• day-1 with the decreasing content 

of PCL (20%) which further confirms the effect of PCL leading to the improved water 

vapor permeability of the materials. The reason behind the increased permeability of the 

block copolymers may correspond to the lower Tg of PCL (-60 ℃) leading to the 

increased of vapor. On the other hand, PLA exists at a temperature lower than its Tg where 

the polymer chains are frozen (glassy state) and the segmental motion of the chains is 

restricted, to make the permeability of vapor difficult. For the blend specimen 

B2 (20D-11CL-20D/20L-20CL-20L), the value of WVTR is further reduced to 

4.6 g•mm•m-2
•day-1 which may be due to the increased crystallinity of PCL (Table 4.2) 

leading to a much lower segmental mobility and molecular diffusion which further 

restricts the passage of water vapor. 
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Figure 4.13: Water vapor transmission rate as a function of the PLA content. 

4.3.9. Scale-up Synthesis  

The use of solvent in synthesizing polymers is not favorable for the industrial production as 

well as for the solvent-specific harmful effects rendering on the biomedical devices. 

Therefore, efforts have been paid on developing solvent-free routes for synthesizing 

polymers in large-scale. The solvent free synthesis of PLA block copolymers was reported 

by Lee et. al. where they used the high-speed ball milling to mix the macroinitiator, 

monomer and the catalyst to obtain high molecular weight block copolymers.240 The bulk 

polymerization strategy does not involve the use of any solvent during the synthesis process 

and allows the easy control of molecular weight. However, the purification step usually 

incorporates the use of harsh solvents, rendering the process industrially unviable. For the 

triblock copolymer (PLA-PCL-PLA), PCL is made in the first step ROP which gives the 

conversion >99%, and it directly subjected to the second step ROP where lactide is used as 

the monomer. The conversion achieved in the second step is >95% in which the removal of 
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residual monomer is required. Here, we adopted the sublimation technique for removing 

the residual lactide from the triblock copolymer in order to circumvent the used solvent, 

rendering it industrially viable.  We succeeded the synthesis with the batch of 500 g. 

4.3.10 Processing of Triblock Copolymer via Twin-screw Extrusion and 3D printing 

Biobased/biodegradable polymers usually experience a difficulty in processing by using the 

established processing techniques such as injection molding, extrusion, etc. where the 

limiting factors may be the molecular weight, low thermal stability, extreme brittleness, etc. 

This often requires special processing designs241, or the use of stabilizers which further 

affect their degradation rate and modify their properties for end-use applications242. 

However, it is intended to show that we successfully synthesized a triblock copolymer (with 

tailored properties) which was processed by using the conventional twin-screw extruder 

without incorporating any stabilizers to produce filaments. The filaments were further used 

for 3D printing of a representative mesh-type scaffold (Figure 4.14), which suggests the 

processability of these triblock copolymers for making intended materials for targeted 

applications.  
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Figure 4.14: Melt processing of triblock copolymer (synthesized by the scale-up method) 

to fabricate the filament which was successfully used for 3D printing of a 

mesh-type scaffold. 

4.3.11. Biocompatibility 

The triblock copolymer and the blend were tested by the ordinary MTT assay in order to 

inspect the viability of cells. The UMR-106 cell viability (%) is determined as a function 

of time (as compared to control, 100 % viability) and shown in Figure 4.15. The results 

show that the rat bone cells adhere and grow on the surfaces of the homopolymers and 

block copolymers over a duration of 72 h, indicating the non-toxic nature of the synthesized 

materials. The pattern of the time-dependent change in the cell-viability is similar between 

PLA and B2 (blend specimen), and between PCL and the triblock copolymer. This behavior 

may be ascribed to the top surface of B2 specimen having PLA rich in composition whereas 

that of the triblock copolymer having PCL rich in composition. Further, the cells adhered 

TH-2957_166107006



 
Chapter 4: Triblock Copolymers based on PLA and PCL, and their Stereocomplex Blends 

152 
 

to the surface of the materials (after 42h) are shown in Figure 4.16. The images observed 

in the bright field and under fluorescence differentiate the effect of the fluorescent dyes. 

The Nuc RedTM Live stain (cell permeant) emits red fluorescence when bound to the nucleus 

of living cells243, which is observed for all the specimens. Further, acridine orange is a cell 

permeable and nucleic acid binding stain which emits green fluorescence244 when it binds 

to dsDNA as observed. The adhesion of rat bone osteosarcoma cells is evident upon staining 

the specimen surfaces, indicating their non-toxic nature.  

  

Figure 4.15: Viability of rat bone osteosarcoma cells determined by MTT assay.  
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Specimen code 

name 

Stain: NucRedTM Live Stain: Acridine orange 

(a) Bright field 

images 

(b) Fluorescence 

images 

(a) Bright field 

images 

(b) Fluorescence 

images 

Control 

(Polystyrene) 

    

PLA 

    

PCL 

    

20D-11CL-20D 

    

B2: 

20D-11CL-20D/ 

20L-10CL-20L 

(50/50) 

    

Figure 4.16: Representative images of rat bone osteosarcoma cells adhering on the 

specimen surface after 48h of culturing, being stained with NucRedTM 

Live and acridine orange. 
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4.4. Conclusion 

The triblock copolymers (PLA-PCL-PLA) were synthesized with varying block lengths 

of PCL and PLA. Their enantiomeric blends were also prepared. The effects of the 

composition and the block length on the macroscopic properties of the specimens were 

examined where the significant improvement in the mechanical properties is found for 

the triblock copolymer (20D-11CL-20D) having ultimate tensile strength of ~36 MPa and 

an elongation at break of ~700% with a high toughness of ~160 MJ/m3. The tensile 

strength of the block copolymers range from 13 MPa to 36 MPa whereas the extensibility 

range from ~540% to 950% upon tailoring their block length. Such wide-ranged 

mechanical properties were correlated with the morphology of the self-assembled 

nanostructure of triblock copolymers where the specimens 9D-23CL-9D (~56% PCL), 

10D-11CL-10D (~35% PCL) and 19D-18CL-19D (~32% PCL) were found to have the 

lamellar morphology whereas the specimen 20D-11CL-20D (~21% PCL) had a 

cylindrical microdomain structure as remarked from the SAXS analysis. The significant 

changes in mechanical properties with the varying composition of the block copolymers 

and their total molecular weight revealed the possibilities of developing customized 

materials with controlled properties which can be targeted for specific applications. The 

mesh-type scaffold was prepared by 3D-prinitng of the filament obtained by processing 

the triblock copolymer 20D-11CL-20D using an industrially viable approach. The 

adherence and multiplication of the rat bone osteosarcoma cells on the surfaces of 

synthesized materials suggested non-toxic nature of the 3D printed scaffold.
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Chapter: 5 
 

Stereoblock Terpolymers based on PLA and PCL with 

Preferential Stereocompelxation 

 

  

Graphical Abstract  

 

 

Outcome:  

 Patent filed: Stereocomplex Terpolymers and Composites of PLA and PCL, and a 

Method of Preparation Thereof (Application No: 202131013736) 
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Abstract 

The current chapter unfolds the synthesis of stereoblock terpolymers having preferential 

stereocomplexation by three-step ring opening polymerization. The stereoblock 

terpolymers are synthesized by bulk melt polymerization where PCL is incorporated as a 

mid-segment. The enantiomeric stereoblock terpolymers are blended to obtain the 

enantiomeric blend. The effect of heating rate on stereocomplexation is manifested for 

the terpolymer and its blend. The mechanical properties and crystallization behavior are 

also determined. The viability of rat bone osteosarcoma cells (UMR-106) on the surface 

of synthesized materials is also established. 

5.1 Introduction 

In the recent years, stereocomplexation in PLA has attracted significant attention of the 

scientific community due to its ability to improve the properties of PLA. Stereocomplex 

crystallites are a result of the hydrogen bonding between the methyl and carboxyl groups 

of PLLA and PDLA during melt and solution blending245. Formation of stereocomplex 

in the polymeric matrix leads to the higher melting temperature, improved tensile strength, 

resistance to hydrolytic degradation etc. However, stereocomplexation in PLA is highly 

depended on its molecular weight and efficient molecular interaction. Generally, 

stereocomplex crystallites are formed well upon blending low molecular weight PLLA 

and PDLA. On the other hand, high molecular weight PLA is desired for the mechanical 

stability of the end product and blending of high molecular weight PLLA and PDLA 

results in the formation of stereocomplex crystallites along with homocrystallites which 

leads to the inferior overall properties. In order to enhance the stereocomplexation and 

molecular interaction between PLLA and PDLA chains, several techniques such as 
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development of block copolymers86, in situ biocomposite fabrication97, use of low 

molecular weight species of PLA in enantiomeric PLA246, selective laser sintering247, 

oil-water emulsion blending245, microwave irradiation248, use of supercritical fluid249, 

thermally induced technique250,  etc. are developed by different researchers worldwide. 

Among the above mentioned techniques, block copolymerization has shown promising 

results to obtain polymers with the high content of stereocomplexation along with 

improved mechanical properties251, 252. In case of the block copolymers, two or more 

different types of polymers can be used for developing polymeric system with tailored 

properties. In the context of current work, the presence of aliphatic polyester sequence 

makes poly (lactic acid) (PLA) and poly (ε-caprolactone) (PCL) biodegradable under 

suitable conditions which is useful for the biomedical applications. The products of 

hydrolytic and/or enzymatic degradation i.e. lactic acid and caproic acid of these 

polymers are found to be eliminated through metabolic pathways188, 253. Being a 

thermoplastic material with relatively higher strength, PLA can be a suitable candidate 

for biomedical applications, however, lower elongation at break hinders its use. Blending 

of soft and hard materials can be translated to materials having collective properties of 

both, however macrophase separation turns out to be a limiting factor. Addition of soft 

segment in the backbone chain of PLA can lead to the achievement of enhanced 

mechanical properties and stereocomplexation in the PLA system due to the improved 

molecular interaction and reduced phase separation254. Lately, significant attention has 

been laid on developing diblock252, triblock252, pentablock copolymers incorporating soft 

segments along with PLA in the backbone. 
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Pentablock copolymers can attain minimum three different polymer blocks having 

different tacticity and properties in a single polymeric chain. Pentablock copolymers 

consisting of PLA have been synthesized by several research groups for different 

purposes which include polyethylene oxide (PEO), polypropylene oxide255, 

poly(methyl methacrylate), polyimide, and PCL256 along with PLA in the backbone chain. 

Further, pentablock copolymers containing the blocks of PLA, acrylamide, polyethylene 

glycol (PEG)257; PLA, PCL, PEG258-261; propylacrylamide, PCL, PEG262, 

polydecalactone, PLA, PCL263, PEO, polyvinylpyridine, PCL264 have been developed to 

achieve tailored properties for intended applications. However, little has been studied 

about pentablock copolymers for enhancing the stereocomplexation in PLA. 

Hirata et. al. have synthesized pentablock copolymer using poly(3-methy-1,5-pentylene 

succinate), an aliphatic polyester as soft segment in PLLA and PDLA stereoblock chains 

by three step polymerization process79. They developed pentablock polymer showed a 

preferential stereocomplexation due to the improved molecular mixing of enantiomeric 

PLA segments while exhibiting elastomeric nature due to presence of soft segment. The 

elastomeric nature of developed pentablock polymer was limited to (~470%) for 40 kDa 

molecular weight that reduced to less than 6 % in the case of higher molecular weight (95 

kDa). In another study, Gardella et. al.265 have attempted to synthesize pentablock PLA 

using polytetrahydrofuran (PTHF) as a soft segment between the hard segments of PLLA 

and PDLA blocks (PDLA-PLLA-PTHF-PLLA-PDLA) by two step synthesis route. The 

low molecular weight block copolymer was synthesized in the first step followed by 

incorporating the chain extender 1,6-hexamethylene diisocyanate (HDI) to increase the 

molecular weight.  Further, Mao et. al. have synthesized pentablock polymer utilizing 

PEG as mid segment between enantiomeric PLLA and PDLA blocks for developing a 
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thermoresponsive physical hydrogel266. They found that the stereocomplex formation 

promoted the physical bridging between copolymer micelles and wider gelation 

temperature region and control drug release rate. However, the molecular weight of these 

materials was inadequate for the mechanical integrity of the material and use of PEG 

made this material particularly suitable for hydrogel applications. Additionally, Lee et. al. 

have utilized polybutylene succinate (PBS) as central soft segment between enantiomeric 

PLLA and PDLA segments to synthesize pentablock copolymer (PLLA-PDLA-PBS-

PDLA-PLLA) by two step reaction267. They have shown that the direct connection of the 

PLLA and PDLA blocks in same chains facilitate the formation of stereocomplex crystals 

and utilization of PBS affected the crystallization kinetics and impart an elastic property. 

However, the elongation at break of the developed materials was found to be relatively 

lower along with the formation of hc PLA. The use of PCL as mid soft segment in 

pentablock copolymer was done by Rosen et. al.160 using a magnesium complex catalyst. 

However, the process adopted was solution polymerization which was mainly focused on 

the effectiveness of catalyst used. The literature however does not report the use of PCL 

as a mid-segment along with PLLA and PDLA side blocks for development of pentablock 

copolymer using bulk melt polymerization technique. 

It was noted in the earlier chapters, the blending of enantiomeric diblock or triblock 

copolymers led to the formation of sc-PLA crystals along with hc PLA crystals. Therefore 

this work aims at developing preferential sc crystals by means of stereoblock formation 

by three-step ROP. The mechanical, thermal and thermomechanical properties of the 

stereoblock terpolymer (pentablock copolymer) is done along with the cell viability 

studies for intended biomedical applications.  
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5.2 Experimental 

5.2.1 Materials 

L- and D-lactides (ee 99.9%) were acquired from Musashino Chemical Laboratories, Ltd. 

Tokyo, Japan. ε-Caprolactone was purchased from Nacalai Tesque, Kyoto, Japan, 

distilled and stored under N2 environment. Dodecamethyleneglycol (DMG) or 

1,12-Dodecanediol was purchased from Tokyo Chemical Industry Co., Ltd., Tokyo, 

Japan. Tin octoate (Sn(Oct)2, 95%) was acquired from Sigma Aldrich, St. Louis, USA via 

Nacalai Tesque and distilled under high vacuum, dissolved in dried toluene (0.2 g/ml) 

and stored under an inert environment. 1,1,1,3,3,3-Hexafluoro-2-propanol was obtained 

from Central Glass Co. Ltd., Yamaguchi, Japan. Chloroform (HPLC grade) was obtained 

from Merck & Co., India. Methanol and dichloromethane were purchased from Nacalai 

Tesque and used without purification.  

5.2.2 Synthesis of dihydroxyl terminated PCL  

In the first step, ring opening polymerization (ROP) of ε-caprolactone was performed in 

the presence of DMG as an initiator and Sn(Oct)2 catalyst to synthesize di-hydroxyl 

terminated PCL. The initiator (0.495 mmol) along with a magnetic stirring bar was added 

to a flask fixed with a three-way connector which was evacuated at 10 – 20 Pa for 3h. 

Thereafter, pre-distilled monomer (ε-caprolactone, 43.8 mmol) and a catalyst solution (tin 

octoate, 0.175 mmol) were added to the flask under N2 atmosphere. The flask was sealed 

under N2 atmosphere and the polymerization reaction was continued for 25 min at 180 ℃. 

The conversion of the product was determined by 1H-NMR. The conversion of PCL was 

higher than 99% and so it was used for the next step (as a prepolymer) without purification. 
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PCL, 1H-NMR (600 MHz, CDCl3): δ = 4.06 (CH2CH2CH2CH2CH2O-), 3.65 

(CH2CH2CH2CH2CH2OH), 2.3 (OCH2CH2CH2CH2-), 1.64 (OCH2CH2CH2CH2CH2O-), 

1.38 (OCH2CH2CH2CH2CH2O), 1.25 (-OCH2CH2(CH2)8CH2CH2O-), 

0.88 (-OCH2CH2(CH2)8CH2CH2O-) ppm 

5.2.3 Synthesis of BCB/ACA triblock copolymers 

The monomer (L- or D-lactide, 143 mmol) was added to the synthesized prepolymer 

(dihydroxyl terminated PCL) under N2 atmosphere and evacuated at 10 Pa and 40 ℃ for 

12 h. After this, the system was filled with N2 gas and the flask was immersed into the 

oil-bath at 180 ℃ in order to melt PCL and lactide and solubilize the monomer into the 

melt of macroinitiator. After complete solubilisation, a catalyst solution (0.057 mmol) 

was added and the reaction was conducted for 25 min to synthesize BCB/ACA triblock 

copolymer by two-step ROP. The conversion of the product was determined by 1H-NMR 

and found to be >90%. In order to remove the residual monomer, the synthesized triblock 

copolymer was dissolved in dichloromethane and purified using excess methanol. The 

precipitated product was filtered and dried in a vacuum oven 80 ℃ for 12 h. The triblock 

copolymers were AL-CCL-AL or BD-CCL-BD where A, B and C represent the molecular 

weights (kDa) of the sequences PLLA (L), PDLA (B) and PCL (CL), respectively. The 

synthesized triblock copolymers was used as a prepolymer for the next ROP. 

PLLA/PDLA, 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O), 4.36 

(OCCH2CH3OH), 4.12 (OCH2CH2(CH2)8CH2CH2O), 1.57 (OCCH2CH3O), 

1.25 (-OCH2CH2(CH2)8CH2CH2-O-), 0.88 (-OCH2CH2(CH2)8CH2CH2O-) ppm. 

BCB/ACA Triblock copolymer, 1H NMR (600 MHz, CDCl3): δ = 5.17 (OCCH2CH3O), 

4.36 (OCCH2CH3OH), 4.06 (CH2CH2CH2CH2CH2O-), 2.3 (CH2CH2CH2CH2CH2O-), 

TH-2957_166107006



 
Chapter 5: Stereoblock Terpolymers based on PLA and PCL with Preferential Stereocomplexation 

162 
 

1.64 (OCH2CH2CH2CH2CH2O-), 1.38 (OCH2CH2CH2CH2CH2O), 

1.25 (-OCH2CH2(CH2)8CH2CH2O-), 0.88 (-OCH2CH2(CH2)8CH2CH2O-) ppm 

5.2.4 Synthesis of ABCBA/BACAB stereoblock terpolymers 

To the purified BCB/ACA triblock copolymer, the monomer (L- or D-lactide) was added 

(mmol) and evacuated at 10 Pa at 40 ℃ for 12h. The system was filled with N2 gas and 

the flask was immerse in an oil-bath at 180 ℃. The monomer and the prepolymer were 

allowed to melt completely until the monomer solubilized into the melt of the prepolymer. 

A solution of catalyst (mmol) was then added to the melt under N2 atmosphere and the 

reaction was conducted for 25 min. After the reaction, the flask was brought to the room 

temperature and the conversion of the product was determined by 1H-NMR. The product 

was dissolved in a mixture of dichloromethane and HFIP (10%) followed by precipitation 

in excess methanol. The precipitates after filtering were dried in a vacuum oven at 80 ℃ 

for 12h. The obtained products were BD-AL-CCL-AL-BD or AD-BD-CCL-BD-AD 

where A, B and C represent the molecular weights (kDa) of the sequences PLLA (L), 

PDLA (B) and PCL (CL), respectively and designated as “penta” hereafter. 
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Scheme 5.1: Synthesis of stereoblock terpolymer via three step ring opening 

polymerization (ROP). 

5.2.5 Blending of stereoblock terpolymers 

The enantiomeric stereo-pentablock terpolymers were blended in 1:1 ratio, where 2 g 

each of the terpolymers (10L-10D-10CL-10D-10L and 10D-10L-10CL-10L-10D) were 

added to a flask with a mixture of dichloromethane (45 ml) + hexafluoroisopropanol 

(5 ml) and stirred until complete dissolution. The dissolved products were reprecipitated 

into excess methanol, and the precipitated filtrates were dried in a vacuum oven 80 ℃ for 

12 h. The obtained blend was designated as “B_penta”. 
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5.2.6 Melt compression molding 

Compression molding was used to fabricate the melt-quenched films of the stereo-

pentablock terpolymers and its blend for further characterization.  As for example, the 

terpolymer 10D-10L-10CL-10L-10D was held between two Teflon sheets with an 

aluminum spacer having a window (4 cm × 4 cm) and a thickness of ~200 μm, which was 

compression molded at 225-235 °C for 5 min at ~1 MPa followed by quenching in ice-

water.  

5.2.7 Characterization 

The nuclear magnetic resonance (NMR) spectrometer (AV600 Bruker, Germany) was 

used to conduct 1H and 13C-NMR measurements where the synthesized materials were 

dissolved in deuterated chloroform (CDCl3) containing 0.03% tetramethylsilane (TMS) 

as an internal reference. 

The number (Mn) and weight average (Mw) molecular weight of the synthesized 

materials was determined using gel permeation chromatography (GPC Shimadzu, Japan). 

The eluent used was Chloroform and the measurement was conducted at a flow rate of 

1 ml/min and the column temperature of 40 ℃. 

The X-ray diffraction (XRD) measurements were conducted on a Powder X-ray 

Diffractometer (Rigaku, Miniflex) at an angular scanning rate of 10 °/min and the 

scanning range set to 3 – 30°. The X-ray source was operating at 40 kV and 15 mA 

(CuKα radiation, λ = 0.154 nm). 

Differential scanning calorimetric measurements were conducted using DSC 214 Polyma 

(NETZSCH, Germany). The synthesized samples were heated from RT to 245 °C at the 

rate of 10°/min in the first heating scan, quenched to -100 °C by liquid nitrogen (in 3-5 
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min) and reheated from -100°C to 245 °C (second heating) at the heating rate of 10°/min 

to record the temperature profile of the as-synthesized samples. Further, the melt-

quenched film samples were heated from RT to 245 °C at the rate of 10°/min to record 

the first heating scan. 

The universal testing machine (Kalpak Instruments Ltd, India) was used to determine the 

tensile properties of the film specimens, which was equipped with a load cell of 500 N 

and the cross-head speed set to 5 mm/min. The results were reported as an average of five 

specimens.  

The dynamic mechanical analyser DMS 242 E (NETZSCH, Germany) was employed to 

perform the dynamic tensile measurements where the specimen 

(15 mm length × 5 mm width) was heated at the rate of 2°/min under N2 atmosphere and 

the frequency of 1 Hz. The heating range of the specimens was 25-180 °C.  

5.2.8. In vitro studies  

UMR-106 cell culture 

UMR-106 (rat bone osteosarcoma) cells were cultured in T75 flasks using Dulbecco’s 

modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin streptomycin. The cells were cultured and maintained in a CO2 

incubator at 37 ℃ under the humidified atmosphere. The circular polymer films were 

sterilized with ethanol (70%) followed by washing with phosphate buffer saline (PBS); 

and irradiated under UV light after placing in the 96 well plates. The cell count was 

determined using trypan blue stain (Sigma Aldrich) with an automated cell counter 

(Countess II FL, Thermo Fisher Scientific)  and 2.88 × 103 cells/well were seeded 

(in triplicates) in 96 well plates containing samples along with control (polystyrene 
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microplates) by adding 100 μl DMEM per well. In addition, the medium (without cells) 

was added to the samples (triplicates) to eliminate the background absorption.  

MTT assay 

The mitochondrial activity of UMR-106 cells seeded onto the developed materials was 

evaluated by the enzymatic conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) dye. The stock (5 mg/ml) of MTT (Sigma Aldrich) was 

prepared in PBS and added (10 μl) to each of the wells at the intervals of 8, 16, 24, 48, 72 

and 96 h. The well-plates were incubated for 3 h and then the medium involving MTT 

was removed from the wells. Finally, dimethyl sulfoxide (DMSO, 100 μl/well) was added 

to the wells so as to allow the formation of Formazan crystals. The absorbance was then 

recorded at 570 nm using a microplate reader (Multiskan Go, Thermo Fisher Scientific). 

The mean absorbance of the control (polystyrene) was subtracted from that of the samples. 

Cell staining and microscopy 

The cells adhering onto the surface of the samples along with the control sample were 

stained with Nuc RedTM (Live 647 Ready ProbesTM, Thermo Fisher Scientific) and 

acridine orange (Thermo Fisher Scientific) stains after 48 h of culturing. The Nuc RedTM 

stain was added (2 drops) directly into the wells containing medium and incubated for 

20 min. The acridine orange stain was diluted (in PBS) before adding into the wells. The 

cell culture media were removed from the wells followed by washing off the samples 

(and the control well) with PBS thrice. The acridine orange stain was then added to the 

wells and incubated for 30 min. The plates were removed and the cells were analysed 

with the fluorescence microscope (Floid Cell Imaging Station, Thermo Fisher Scientific). 
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5.3 Results and Discussion 

5.3.1 Synthesis of stereoblock terpolymer 

Stereoblock terpolymers with the sequences PLLA-PDLA-PCL-PDLA-PLLA and 

PDLA-PLLA-PCL-PLLA-PDLA are synthesized by three step bulk melt ROP. PCL-diol 

is used as macroinitiator for synthesis of PLLA-PCL-PLLA and PDLA-PCL-PDLA 

triblock copolymers. Further, PLLA-PCL-PLLA and PDLA-PCL-PDLA are used to 

fabricate enantiomeric stereoblock terpolymers PDLA-PLLA-PCL-PLLA-PDLA and 

PLLA-PDLA-PCL-PDLA-PLLA. The feeding ratio, conversion and molecular weight 

are condensed in Table 1. The theoretical and experimental values for the number average 

molecular weights (Mn) measured using NMR are found to be different insignificantly. 

The targeted molecular weight of PCL macroinitiator was ~10 kDa which was increased 

to ~30 kDa after ROP of PDLA or PLLA and further increased to ~50 kDa for stereoblock 

terpolymers. 

The 1H-NMR spectra of stereoblock terpolymers are shown in Figure 5.1 with the 

structure of stereoblock terpolymer assigned. The value of PDI obtained from GPC 

(Table 5.1) is found to increase with the increasing molecular weight which may be 

attributed to the higher molecular weight of the macroinitiator working as a limiting factor 

for the mixing of monomer and macroinitiator. This may further be attributed to the bulk 

melt polymerization technique utilized to synthesize stereoblock terpolymers.   
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Table 5.1: Characterization of stereoblock terpolymers. 

Polymer/ 

Copolymer 

Molar 

feeding 

ratio 

[M/I] 

Conv. 

(%) 

Mn (th) 

kDa 

Mn NMR 

kDa 

Mn GPC 

kDa 

Mw GPC 

kDa 

PDI 

(Mw/Mn) 

11CL 

10D-11CL-10D 

9L-10D-11CL-10D-9L  

88.5 

154.1 

163.2 

99.4 

93.2 

92.6 

10.1 

31.7 

53.3 

11.0 

31.5 

48.3 

24.1 

55.9 

79.7 

47.5 

119 

197 

1.97 

2.13 

2.48 

11CL 

10L-11CL-10L 

8D-10L-11CL-10L-8D  

88.5 

154.0 

163.2 

99.4 

93.6 

93.6 

10.1 

31.7 

54.2 

10.9 

31.5 

46.4 

22.6 

60.2 

69.4 

42.5 

117 

191 

1.88 

1.94 

2.76 

 

 

Figure 5.1: 1H-NMR spectra of the stereoblock terpolymers. 
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5.3.2 Thermal properties of stereoblock terpolymers 

Figure 5.2 shows the thermal transitions in stereoblock terpolymer and its enantiomeric 

blend. In the first heating cycle, the melting temperature of terpolymer and its 

enantiomeric blend is found to be around 193°C without any significant other endotherm 

which confirms the preferential stereocomplexation the polymer system. The melting 

temperature is relatively less than normal stereocomplex crystallites which may be the 

due to the formation of thinner lamellae. In the second heating cycle, melting endotherm 

for PCL is revealed around 46°C and exothermic transition related to the stereocomplex 

PLA crystallization at 85°C. The absence of any melting transition relating to hc suggests 

that the cold crystallization at 85°C is related to crystallization of sc-PLA. The lower cold 

crystallization temperature may be anticipated to the presence of PCL block in the 

polymeric chains. Further, the PCL crystals are melt over the temperature of 46°C and 

the molten PCL may work as a diluent that to facilitate the PLLA and PDLA chain 

movement. It also enhances the entropy of the PLA chains which allow them (PLLA and 

PDLA chains) to arrange and form preferential stereocomplex crystallites. This inherent 

mechanism can help during the melt processing and injection molding of sc-PLA. 

Normally, it has been seen that the injection molded articles of enantiomeric PLA cannot 

be crystallized even at higher mold temperature which also make them brittle. However, 

in the case of stereoblock terpolymers, the melt processing and injection molding can 

easily be done at higher mold temperature to get crystalline stereocomplex PLA with 

required toughness. The thermal transitions in the enantiomeric blend are found to be 

similar to that of stereoblock terpolymers.  

Further, it is very important to understand the effect of heating rate on the formation of 

sc crystallites. It has been reported that the heating rates may affect the development of 
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sc crystallites in the polymer system after melt processing. The melt transitions of the 

stereoblock terpolymer and its enantiomeric blend at different heating rates are shown in 

the Figure 5.3 and Figure 5.4. These results suggest that the heating rates 

(5, 10 and 20°C/min) do not affect the preferential formation of sc crystallites in the 

stereoblock terpolymer and its blend. The preferential sc crystallization is attributed to 

the presence of PLLA and PDLA in the same chain which facilitates the interaction 

between PLLA and PDLA block at the microscopic scale. Moreover, the presence of PCL 

soft segment as mid-block in the terpolymer provides an environment in which PLLA and 

PDLA can freely diffuse through the polymer to the crystallization site and develop 

sc crystallites preferentially. 
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Figure 5.2: DSC curves of the stereoblock terpolymers (a) first heating, (b) second 

heating. 

 

 

(a) 

(b) 
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Figure 5.3: DSC curves (1st heating cycle) at different heating rates of (a) penta (b) 

B_penta specimens. 

 

(a) 

(b) 
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Figure 5.4: DSC curves (2nd heating cycle) at different heating rates of (a) penta (b) 

B_penta specimens. 

 

Further, it is necessary to estimate the temperature up to with the polymer can sustain 

and does not undergo thermally induced degradation when subjecting materials to melt 

processing. Figure 5.5 shows the weight loss of the developed stereoblock terpolymer 

and its blend against temperature. No significant difference in weight loss is found 

(a) 

(b) 
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between the terpolymer and its blend. The onset degradation temperature is observed at 

314°C whereas the degradation temperature with maximum rate is found to be 333°C. 

The different steps in the degradation are attributed to the molecular architecture of the 

stereoblock terpolymer consisting of different species. PCL is known to have a higher 

degradation temperature as compared to PLLA or PDLA as seen in the previous chapters. 

PCL chains contain hydrocarbon chains which are stable at higher temperature in 

comparison to carbonyl groups in PLLA and PDLA. Overall, the synthesized materials 

can easily sustain the processing temperature below 314°C which is significantly higher 

than the normal processing temperature (200°C). 
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Figure 5.5: (a) % Weight loss and (b) Derivative weight loss of the penta and B_penta 

specimens. 

 

 

 

(a) 

(b) 
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5.3.3 Crystallization behavior 

The formation of preferential sc crystallites is also confirmed by XRD analysis and 

shown in the Figure 5.6. From the above discussion, it is observed that stereoblock 

terpolymer and its blend demonstrated the preferential formation of sc crystallites. As 

discussed in the previous chapters, the pseudo-orthorhombic unit cells contains 103 

(hc crystallites) helical chains and the triclinic unit cell contains 31 helical structure 

(sc crystallites). The dense packing of sc crystallites is responsible for the higher melting 

crystalline domain in the polymer system. In the figure, the diffraction peaks at 11.3° 

and 20.7° correspond to (110) and (300)/(030) crystal planes of stereocomplex 

crystallites whereas peaks at 21.3° and 23.8° belong to (110) and (200) lattice planes of 

PCL crystallites, respectively. No noticeable peaks are found for the hc crystals, which 

in turn confirm the formation of preferential sc crystallites. The intensities of the 

diffraction peaks of the annealed specimens are much higher than the melt-quenched 

specimens. This suggests that the sc crystallites forms even after cold crystallization at 

120°C without any trace of hc crystallites. Overall, this analysis suggest that stereoblock 

terpolymer and it blend can easily form sc crystals with any hc crystal formation, and 

PCL facilitates the interaction of enantiomeric PLLA and PDLA chains. Such a 

formation of preferential sc crystallite further leads to the enhancement in mechanical 

properties which will be discussed in the subsequent sections. 
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Figure 5.6: X-ray diffraction spectra of the penta and B_penta specimens after (a) melt 

quenching and (b) annealing at 120 °C. 

 

 

 

(a) 

(b) 
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5.3.4 Mechanical and thermo-mechanical properties of stereoblock terpolymers 

From the previous chapters, it is confirmed that stereocomplexation in PLA plays a vital 

role in improving its mechanical and thermal properties. A typical stress-strain curve is 

shown in Figure 5.7 and its results are summarized in Table 5.2. The tensile strength 

of the stereoblock terpolymer is found to be around 25 MPa which is enhanced to around 

32 MPa for its enantiomeric blend. In case of the stereoblock terpolymer, the elongation 

at break is around 90% which is the result of presence of PCL block as mid segment. 

However, the elongation at break is lower in the case of enantiomeric blend. The 

formation of thicker lamellae of stereocomplex crystallites may be responsible for early 

breakage of the specimen. In the case of highly crystallite materials, the chain sliding 

and movement is restricted which may reduce the elongation effect of PCL. 

Dynamic mechanical analysis of the stereoblock terpolymer and its blend are shown in 

Figure 5.8. DMA analysis was conducted to measure the change in storage modulus 

with increasing temperature. No significant difference is found in the storage modulus 

for the stereoblock terpolymer and its blend. The storage modulus is found to be around 

1960 MPa at 30°C which was reduced to less than 10 MPa after heating to 60°C. This 

dip at around 55°C in the storage modulus is the result of melting of PCL crystallites in 

the specimens. The storage modulus is further increased with the temperature that 

corresponds to crystallization. As discussed in the previous sections, the molten PCL 

chains facilitate the preferential formation stereocomplex crystallites resulting from 

increased interaction of PLLA and PDLA chains.  
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Figure 5.7: Stress vs strain curves of the penta and B_penta specimens. 

 

Table 5.2: Results obtained from the Stress-strain analysis 

Identity 
Ultimate tensile 

strength (MPa) 

Elongation at 

break (%) 

Young’s 

modulus (MPa) 

Tensile toughness 

(MPa) 

penta 26.4 ± 1.5 70 ± 32.1 733.5 ± 17.1 12.5 
± 5.8 

 

B_penta 29.8 ± 1.3 34.3 ± 10.9 757.7 ± 2.0 6.28 ± 51.9 
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Figure 5.8: (a) Storage modulus and (b) tan δ as a function of temperature for the penta 

and B_penta specimens. 
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(b) 

TH-2957_166107006



 
Chapter 5: Stereoblock Terpolymers based on PLA and PCL with Preferential Stereocomplexation 

181 
 

5.3.5 Biocompatibility 

The cell viability of rat bone osteosarcoma cells (UMR-106) on the stereoblock 

terpolymer and its blend are shown in Figure 5.9. From the figure, it is apparent the rat 

bone osteosarcoma cells are adhering and multiplying on the surface of the developed 

materials over a period of 48h. The adhesion and multiplication of the rat bone 

osteosarcoma cells show that the produced materials are biocompatible and can employed 

in biomedical applications. The comparison with control suggests the favorable 

environment provided by the synthesized materials for the cells to grow and multiply. 

This indicates that the materials impose no adverse effect on survival of these cells. 

Furthermore, the representative images of the rat bone osteosarcoma cells adhered on the 

surface and stained using Nuc RedTM Live and Acridine orange stains are shown in 

Figure 5.10. Overall, cell viability studies suggest that the fabricated materials can be 

used as biomaterials for the potential applications.  

 

Figure 5.9: Cell viability (%) of the penta and B_penta specimens by performing MTT 

assay. 
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Figure 5.10: Adhesion of rat bone osteosarcoma cells on the surfaces of penta and 

B_penta specimens after 48h of culturing, and staining with NucRedTM 

Live and acridine orange stains. 

5.4 Conclusions 

The stereoblock terpolymers were successfully synthesized by three-step ROP leading to 

preferential sc formation. The preferential formation of sc crystals was confirmed from 

the DSC and XRD analysis. The formation of sc crystals was independent of the heating 

rate. The enantiomeric blend of stereoblock terpolymer led to the achievement of 

improved tensile strength and reduced elongation at break. It may be said that the molten 

PCL chains facilitate the preferential formation stereocomplex crystallites resulting from 

increased interaction of PLLA and PDLA chains. The adherence of rat bone osteosarcoma 

cells on the surfaces of synthesized materials indicated their biocompatible nature.
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Chapter: 6 
 

Random Copolymers based on L-lactide and 

ε-caprolactone, and its Composites 

 

  

Graphical Abstract  

 

 

Outcome:  

 Patent filed: PLA-r-PCL based Shape Memory, Elastomeric Composites and 

Method of Preparation Thereof (Application No: 202131013652). 
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Abstract 

The current chapter manifests one-pot melt polymerization process for the synthesis of 

random copolymers of PLA and PCL with the varying content of lactyl and caproyl units. 

The random copolymerization is an affordable strategy to tailor the thermal and 

mechanical properties of the copolymers and design materials for customized 

applications. The shape memory and elastomeric properties of the random copolymers 

are underlined. Bioglass is incorporated as a filler into the matrix of elastomeric 

composites which further lead to the tailored thermal and mechanical behavior. The 

developed copolymers and composites may be employed for soft tissue applications. 

 

6.1 Introduction 

The present research employs copolymerization as an effective strategy for using these 

polymers in combination as it usually leads to the homogenous mixture upon interaction 

of PCL and PLA chains at the molecular level. The bulk polymerization of polymers 

usually requires no solvent during the polymerization and is relatively facile and an 

industrially viable technique for synthesizing the polymers. Bulk ring opening 

polymerization of these aliphatic polyesters by employing suitable catalysts has gained 

widespread acceptance. As discussed in previous chapters, caprolactone moiety 

contributes for chain flexibility, extensibility, with the ability to tailor the bulk modulus 

whereas lactide moiety provides tensile strength, relatively higher glass transition 

temperature (Tg), etc. The biomedical applications require materials with tailored 

properties. In this context, it is essential to design a strategy to tailor the properties of the 

copolymer matrix as per the requirement. Incorporation of lactide and ε-caprolactone 
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monomers into the same backbone chain can lead to the achievement of homogenous 

mixture of the hydrophobic polymers i.e. PLA and PCL, which is usually not possible by 

simple blending of them. The strategies of reducing macrophase separation between PLA 

and PCL include block copolymerization (as discussed in previous chapters), random 

copolymerization and formation of biocomposites. 

Random copolymerization of lactide and ε-caprolactone may lead to a matrix system with 

tunable properties which can be employed for biomedical applications such as sutures, 

wound healing patches and soft tissue implants. Several researches have tried to develop 

random copolymer of lactide and caprolactone till date. Tsutsumi et. al.268 have developed 

random copolymers with varying ratios of ε-caprolactone and lactide followed by 

employing them for controlled release of d-limonene in super critical conditions. 

However, the molecular weight of the copolymers achieved by them was 30 kDa. Further, 

several researchers have used different catalyst systems such as zinc based catalyst269, 

homosalen aluminum (Al) complex270, pyrrolylpyridylamido aluminum complexes271, 

titanium complex derived from aminodiol ligand272, N-heterocyclic carbenes273, 

molybdenum complexes274, mono-and dinuclear salen aluminum complexes275, 

phenoxyimine Al complexes276, aluminum alkoxide complexes277, to develop random 

copolymers of lactide and ε-caprolactone. In another work, Dalmora et. al.278 have 

developed random copolymers and used them for drug tocopherol encapsulation and 

release studies. Further, the random copolymers have also been exploited as toughening 

agents for improving the toughness of polylactic acid279. Random copolymers of lactide 

and ε-caprolactone can also be used as compatibilizers in the blend of PLA and PCL 

which affects their crystallization rate280. Further, little attention has been paid on 
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developing biocomposites using random copolymers of lactide and caprolactone as a 

matrix and inorganic fillers such as bioglass as a reinforcement. 

Therefore, this chapter manifests the random copolymerization of lactide and 

ε-caprolactone using one pot ring opening polymerization to synthesize copolymers with 

varying molar ratios of the two monomers and evaluated the properties of resulting 

materials. The random copolymer having near elastomeric behavior is used as a matrix 

for the development of biocomposite incorporated with bioglass followed by their 

characterization. 

6.2 Experimental 

6.2.1 Materials 

D-and L-lactides (optical purities 99.9%) were provided by Musashino Chemical 

Laboratories, Ltd. Tokyo, Japan. 1-octadecanol was procured from Tokyo Chemical 

Industry Co., Ltd., Tokyo, Japan. Tin octoate (Sn(Oct)2, 95%) was obtained from Sigma 

Aldrich, St. Louis, USA via Nacalai Tesque which was distilled under high vacuum and 

dissolved in dried toluene (0.2 g/ml) and stored under inert environment. 1,1,1,3,3,3-

Hexafluoro-2-propanol was obtained from Central Glass Co. Ltd., Yamaguchi, Japan. 

ε-caprolactone, dichloromethane and methanol were purchased from Nacalai Tesque and 

used without purification. Bioglass 45S5 particles were purchased from XL Sci Tech, Inc. 

USA (Average size 5 μm, Lot: XLS7352). 

6.2.2 Synthesis of Poly(L-lactide-co- ε-caprolactone) 

The random copolymers P(LA-r-CL) were synthesized in a single step using bulk ROP 

technique in presence of 1-octadecanol initiator and stannous octoate catalyst as shown 

in Scheme 6.1. Briefly (for the copolymer 1:1), the initiator (2.55×10-4 mol) along with 
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L-lactide (5×10-2 mol) was added to the polymerization tube and evacuated at 10 Pa for 

6-8 h with intermittent N2 purging to remove the residual moisture. The monomer 

(ε-caprolactone, 5×10-2 mol) was then added to the polymerization flask under N2 

atmosphere along with the catalyst solution (4×10-5 mol). The polymerization flask was 

then sealed under N2 atmosphere and immersed in the oil bath pre-set at 160 °C. The 

reaction was carried out for 4h to form the copolymer. The conversion of monomers was 

determined by 1H-NMR. The obtained copolymer was dissolved in chloroform and 

precipitated in excess methanol to obtain the precipitates of copolymer. The purified 

copolymer was dissolved in chloroform (2 wt %) and poured into a petri dish to form a 

copolymer film by evaporation of the solvent. The obtained copolymer film was dried in 

a vacuum oven at room temperature for 4-6 h followed by drying at 50°C for 24h. Thus 

obtained copolymer film was regarded 1:1. 

6.2.3 Formation of composites 

45S5 Bioglass particles were added to the synthesized random copolymer (1:1.5). For 

instance, the copolymer matrix (2.85 g) was dissolved in dichloromethane (50 ml) and 

45S5 Bioglass particles (0.15g) were added to the matrix solution and sonicated for a 

specific time to enhance the dispersion of bioglass into the matrix of copolymer. The 

solution was further kept for stirring at room temperature until complete mixing. The 

obtained solution was poured into a petri dish and the solvent was allowed to evaporate 

at room temperature over a period of time. The obtained film was dried in a vacuum oven 

at 50 °C for 24h. The obtained composite film was regarded as 5%. 
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Scheme 6.1: Synthesis of random copolymer via single step ring opening 

copolymerization (ROP). 

 

6.2.4 Characterization 

1H NMR and 13C NMR measurements were done using AV600 spectrophotometer 

(Bruker, Germany). The materials after synthesis were dissolved in deuterated chloroform 

(CDCl3) containing 0.03% tetramethylsilane (TMS) as an internal reference. 

Gel permeation chromatography (Shimadzu, Japan) was used to determine the 

number- (Mn) and weight-average (Mw) molecular weights of the synthesized samples. 

The measurements were conducted at 40 ℃ by using the HPLC grade chloroform as an 

eluent with a flow rate of 1 ml/min. The equipment consisted LC-20AD pump, RID-10A 

refractive index detector and SIL-20A HT auto sampler and the polystyrene standards 

(370 Da to 500 kDa) were used for the system calibration. The sample solutions 

(20 mg/ml) were filtered by syringe filters (0.45 μm) prior to analysis. 

The thermal transitions in the random copolymer films were observed by differential 

scanning calorimetry using DSC 204 F1 (NETZSCH, Germany) under nitrogen 

environment. The specimen (5-7 mg) were heated from 0 to 200 ℃ at the rate of 
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10 ℃/min, kept isothermal at 200 ℃ for 5 min followed by cooling at the rate of 

10℃/min to -100 ℃. 

Thermogravimetric analysis of the film samples was conducted on a TGA 4000 

instrument (Perkin Elmer, USA) under inert (N2) atmosphere, where the sample was 

heated from 30 ℃ to 700 ℃ at the heating rate of 10 ℃/min. 

X-ray diffraction studies were conducted on a Powder X-ray Diffractometer 

(Rigaku, SmartLab) comprising of a 9KW rotating anode, operating at 45 kV and 112 mA 

(CuKα radiation, λ=0.154 nm). The analysis of composite films was carried out at the rate 

of 4°/min in the scanning (2θ) range of 3° - 40° at room temperature. 

The mechanical properties of the polymer films (5 mm width, 10 mm gauge length) were 

determined using a universal testing machine (UTS Orientec ST-1150) equipped with a 

load cell of 500 N and the cross head speed was set to 5 mm/min. The measurements were 

conducted under ambient conditions and the results are reported as an average of five 

specimens along with standard deviation. 

6.3 Results and discussion 

6.3.1 Synthesis of Random Copolymers  

The synthesized random copolymer was analyzed using 1H NMR spectroscopy as shown 

in Figure 6.1. The corresponding chemical shifts are assigned to the structure which 

confirms the successful copolymerization reaction of ε-caprolactone and lactide in 

varying ratios as mentioned in Table 6.1 in the presence of tin octoate catalyst. The 

conversion of corresponding lactyl and caproyl units is determined from 1H-NMR. The 

molecular weights of the synthesized random copolymers are measured using GPC which 

are shown in Table 6.2 and the corresponding GPC curves are shown in Figure 6.2 which 
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suggest number average molecular weight found to around 45 kDa. The unimodal curve 

of GPC analysis confirms the success of ROP. However, the GPC curve shifts from 

unimodal to bimodal when the molar ratio of lactide and ε-caprolactone is 1:1. This 

suggests that the 50:50 ratio of two monomers lead to inhomogeneity. A variation in PDI 

of synthesized copolymers may be the result of monomer diffusion to the reaction site 

and its mixing in bulk.  

 

 

Figure 6.1: 1H-NMR spectrum of the random copolymer. 
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Table 6.1: Molar ratio of the monomers for synthesizing random copolymers. 

Molar ratio (PCL:PLLA) Molar ratio (%) 

1:0 100:0 

1:1 50:50 

1:1.5 40:60 

1:2.333 30:70 

1:4 20:80 

1:9 10:90 

0:1 0:100 

 

Table 6.2: Mn (number average molecular weight) and Mw (weight average molecular 

weight) as determined from gel permeation chromatography. 

Sample identity Mn (kDa) Mw (kDa) PDI 

1:1 43.1 81.8 1.89 

1:1.5 46.4 96.9 2.09 

1:2.333 42.6 93.4 2.18 

1:4 47.9 91.1 1.89 

1:9 44.2 101.9 2.30 

PLLA 49.4 78.6 1.59 
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Figure 6.2: GPC curves of the synthesized random copolymers. 

 

6.3.2 Thermal behavior 

The thermal transitions in the random copolymers are analyzed using DSC and shown in 

Figure 6.3. It is found that the melting transition of the developed materials is highly 

dependent on ratio of lactyl and caproyl units. The melting transition of pure PLLA is 

observed around 177°C which is gradually reduced to 111.8°C as the content of lactide 

is decreased in the polymer system in the solution cast state. It is also confirmed that 

random polymerization leads to a single crystalline domain thereby resulting in single 

endothermic transition. The presence of higher amount of lactide (more than 50%) in the 

reaction system and its high reactivity due to the relatively higher steric hindrance may 

lead to the formation of PLLA chains with more than critical length. It is known that for 

the formation of crystallites, polymer chains should have a critical chain length. The 

PLLA chains having higher chain length may develop crystalline domains, resulting in 

melting transition in DSC analysis. The melting enthalpy corresponds to the presence of 
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crystalline domains and its amount. It can be seen that the enthalpy is reduced from 

75.4 J/g to 4.6 J/g as the content of lactide in the reaction system is decreased. The amount 

of lactide governs the chain length of its homopolymers. It is already known that true 

random lactide and caprolactone polymer will not contain any crystallizable chains and 

deviation in its ratio leads to formation of homopolymers which can crystallize if they 

have critical chain length. On the other hand, the glass transition which is an indicator for 

the temperature at which polymer chains ends start to vibrate. The glass transition is found 

to be 59.7°C and decreased to -6.3°C with reduction in lactide content. The reduction of 

Tg also suggests the formation of soft materials which can be used for the soft tissue 

applications.   
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Figure 6.3: (a) First heating and (b) cooling cycles of the synthesized random copolymers. 

 

 

(a) 

(b) 
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With the information of thermal transitions acquired using DSC, it is also important to 

see the maximum temperature at which materials can survive without braking chemically. 

The chemical bonds in the synthesized materials can break during the melt processing. In 

order to study the stability of material at elevated temperature (beyond its melting) TGA 

is employed. The TGA results allow us to decide the processing temperature of the 

materials. The TGA curves of the synthesized random copolymers are shown in 

Figure 6.4. It is found that the PLLA shows a single step degradation profile at an 

elevated temperature. The compounds with carbonyl and methyl function groups in PLLA 

may degrade and evaporate all together at a higher temperature. However, increase in the 

content of caproyl content in the PLLA leads to the two step degradation profile as shown 

in Figure 6.5. PCL requires more energy to degrade chemically due to presence of 

relatively larger alkyl chain. The larger alkyl chains degrading at a higher temperature 

that may account for the two step degradation of copolymers.  

Quantitatively, the onset degradation temperature for PLLA is found to be around 295°C 

which is increased to around 305°C. The presence of alkyl chains stabilize the polymer 

chains even at a higher temperature resulting in the elevated onset degradation 

temperature. Overall, the TGA analysis suggests that the synthesized copolymers can be 

melt processed below 295°C without chemical degradation.  
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Figure 6.4: TGA curves of (a) the synthesized random copolymers and (b) the 

corresponding magnified image (200 – 400 ℃). 

 

 

(a) 

(b) 
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Figure 6.5: Derivative TGA curves of the synthesized random copolymers. 

 

 

(a) 

(b) 
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6.3.3 Mechanical properties 

The intent of this work was to synthesize copolymers by single step melt processing in 

order to obtain materials with tunable mechanical properties. Random copolymerization 

is a one pot single step melt polymerization process and the ratio of lactyl and caproyl 

units affects the properties of the resulting copolymers. The copolymer films are tested 

using UTM and a typical strass-strain curve is shown in Figure 6.6. The corresponding 

data i.e. tensile strength, tensile modulus, toughness and elongation at break is shown in 

Figure 6.7. It is observed from the SS curve that as the tensile strength increases, its 

elongation at break decrease. Such a trade-off is observed for all the copolymer specimens 

which may be attributed to the content of soft ε-caprolactone units and hard lactide units, 

where the higher content of ε-caprolactone lead to the formation of materials with higher 

elongation at break whereas as higher lactide content relates to the higher tensile strength. 

The strain hardening phenomenon (1:2.22 and 1:1.5 specimens) may be due to presence 

of caproyl domains. Such a phenomenon was also observed in previous chapters. 

In case of PLLA, tensile strength is found to be around 24 MPa which is significantly 

increased to around 55 MPa after addition of 10% caproyl units. The pristine PLLA 

having molecular weight of 50 kDa is considered as brittle material and an early fracture 

is detected before reaching its ultimate tensile strength upon the application of tensile pull. 

On the other hand, 10% incorporation of caproyl units maintain the strength of PLLA and 

provide mechanical support to the polymeric chains at the molecular level. Upon tensile 

pull, the brittle nature of PLLA is drastically reduced and the breakage is observed only 

after reaching its tensile strength (55 MPa). Further, increase in caproyl units leads to the 

reduction in tensile strength and enhancement in elongation at break.  
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The incorporation of caproyl units is also responsible for reduction in tensile modulus due 

to increased softness and reduced Tg of the copolymers. Elongation at break is found to 

be higher (~800%) in the case of copolymer containing 40% caproyl unit (60% lactyl 

unit). This specimen is further used as a matrix for the formation of biocomposites. 

 

Figure 6.6: UTM curves of (a) the synthesized random copolymers and (b) the 

corresponding magnified image (0 - 60% strain). 

(a) 

(b) 
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Figure 6.7: (a) Ultimate tensile strength and elongation at break; (b) Young’s modulus 

and tensile toughness of the synthesized random copolymers. 

 

 

(a) 

(b) 
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6.3.4 Shape Memory and Elastomeric Effects 

It is noteworthy to mention that a unique shape memory effect is found in the copolymer 

specimen (1:2.33). The presence of hard (lactyl units) and soft segment (caproyl units) 

make this copolymer a smart material. A qualitative study is conducted to understand the 

shape memory behavior of copolymers and shown Figure 6.8. It is found that tuning of 

content of caproyl and lactyl units may result in materials having different shape memory 

and elastomeric effects. In case of 30% caproyl unit in copolymer, shape memory effect 

is observed upon tensile pull. This is found to return back to its original state upon 

immersing in warm water (40 ℃). The specimen (1:2.33) is found to retain its shape after 

mechanical stretching which suggests the ability of the material ability to fix its shape. 

The recovery of the specimen to its original shape when subjected to a warm water (40°C), 

shows the stimuli responsive nature of this material. The shape fixating may be the result 

of stress induced crystallization in the caproyl units which melts upon exposure to heat 

and the material returns back to its original shape.  

 

Figure 6.8: Shape memory effect observed in the copolymer specimen (1:2.33). 
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Figure 6.9: Elastomeric effect observed in the specimen (1:1.5). 

 

Similarly, incorporation of 40% caproyl units into the copolymer specimen, leads to the 

achievement of elastomeric properties. The elastomeric effect of specimen (1:1.5) is 

shown in Figure 6.9. It can be seen from the figure that specimen act as an elastomer and 

recovers back even after stretching to 500-700%. These different types of applicability of 

such materials render the synthesis process an important one. It is possible to tailor the 

properties of by random copolymerization to obtain materials customized applications. 

As the specimen (1:1.5) has highest elongation at break and can be employed in soft tissue 

engineering application, we have incorporated bioglass in it and evaluated different 

properties.  

6.3.5 Random copolymer based Composites 

It is known that bioglass is an inorganic biocompatible material and can be used for 

biomedical purposes. It also enhances the biocompatibility of the matrix and allowing the 

cells to adhere on its surface. The specimen 1:1.5 is chosen as a matrix for incorporating 
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bioglass and formation of composites. This choice of this specimen can be related to the 

soft tissue engineering applications requiring low modulus and higher toughness. 

Bioglass is loaded up to 50% in the copolymer specimen (1:1.5) by solution cast method. 

Incorporation of bioglass in random copolymer affect its crystallization behavior 

affecting thermal transitions of biocomposites. It is observed from Figure 6.10 that the 

melting temperature of composites is reduced from 116°C to 95°C with the incorporation 

of 50% bioglass. Such a reduction in the melting temperature is most likely due to the 

formation of PLA crystallites having thinner lamellae. The presence of bioglass also 

affects the Tg of the biocomposites. Tg is found to reduce from 4.2°C to -16.4°C, 

suggesting that the bioglass hinders the PCL crystallization leaving behind an amorphous 

PCL domain. A microphase separation may be prevalent upon addition of bioglass into 

the copolymer matrix which particularly enhances the folding of PLA chains and 

hindering those of PCL chains. 

The use of bioglass adversely affects the thermal degradation of biocomposites as shown 

in Figure 6.11. The biocomposites are found to be thermally stable up to 200 ℃ upon 

addition of 50% bioglass. This shows that the material can be melt processable to fabricate 

different articles for intended applications. It is already discussed in the previous sections 

that the two step thermal degradation of 1:1.5 random copolymer is attributed to the 

degradation of lactyl and caproyl units. 

In order to understand the effect of bioglass content on the crystallization behavior of 

1:1.5 random copolymer, XRD studies of the samples are conducted and shown in 

Figure 6.12. The peaks related to PLA crystallites are observed at 14.8°, 16.7°, 19.0°, 

22.3° which may be accounted for (010), (200), (014)/ (203) and (015) crystal planes. The 

diffraction peaks for the PCL crystalline plans found at 21.3° and 23.8° which may be 
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accounted for (110) and (200) planes. The intensity of the diffraction peaks of PCL is 

found to be reduced whereas the intensity of peaks related to PLA is enhanced. This can 

be reasonably correlated with the discussion made for the thermal analysis. 

 

Figure 6.10: (a) First heating and (b) cooling cycle of the composites as determined 

from DSC. 

(a) 

(b) 
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Figure 6.11: TGA curves of the composites. 

 

Figure 6.12: X-ray diffraction spectra of composites. 
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Integration of bioglass into the polymer matrix further affect its mechanical properties. A 

typical stress-strain curve is shown in Figure 6.13 and the corresponding data are shown 

in Table 6.3. The polymer matrix (1:1.5) showed the tensile strength of ~9 MPa which 

was gradually reduced to ~1.7 MPa after incorporation of 50% bioglass. The elongation 

at break was maintained up to 200% upon loading 50% bioglass into the copolymer 

matrix. The tensile modulus of the biocomposite is also reduced from 19.7 MPa to 8.5 

MPa after addition of 50% bioglass. The mechanical property evaluation confirms that 

reinforcing bioglass into the copolymer matrix leads to the stress concentration or 

discontinuous phase leading to the early breakage of the specimen. However, bioglass as 

a filler would improve the biocompatibility of biocomposites. Overall, relatively higher 

elongation at break (200-600%) and low modulus (8.5-24 MPa) render the composites 

suitable for soft tissue engineering applications.  

 

Figure 6.13: UTM curves of the composites. 
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Table 6.3: Ultimate tensile strength, elongation at break (%), toughness, Young’s 

modulus and recovery ratio of the composites. 

Sample 

(composite) 

Ultimate tensile 

strength (MPa) 

Elongation 

at break (%) 

Toughness 

(MJ/m3) 

Young’s 

modulus (MPa) 

Recovery 

ratio (%) 

0% 4.9 ± 0.9 885 ± 164 40 ± 13.5 19.7 ± 2.7 70 - 80 

5% 4.2 ± 0.2 601 ± 28.3 21.6 ± 1.6 24 ± 0.5 85 - 90 

10% 3.8 ± 0.4 594 ± 3.5 20.1 ± 1.8 20.5 ± 3.7 60 

15% 3.3 ± 0.4 443 ± 58 12.9 ± 2.2 19.1 ± 2.5 50 - 60 

20% 2.6 ± 0.1 464 ± 55 9.8 ± 1.2 13.9 ± 1.9 60 

30% 2.4 ± 0.8 253 ± 10 4.6 ± 1.3 15.9 ± 5.5 60 – 70 

40% 1.8 ± 0.2 255 ± 20 3.7 ± 0.7 11.5 ± 0.4 50 - 70 

50% 1.7 ± 0 223 ± 24 3.2 ± 0.3 8.5 ± 0.3 60 - 70 

 

6.4 Conclusions 

This chapter underlines the synthesis of random copolymers of lactide and ε-caprolactone 

using single step one pot melt polymerization process. The variation in the content of 

caproyl and lactyl units result unique mechanical and thermal properties. Increase in the 

content of caproyl units led to the formation of random copolymer having the elongation 

at break of ~800%. Tailoring the ratios of lactyl and caproyl units also resulted in 

materials having shape memory and elastomeric properties. The incorporation of bioglass 

reduced the tensile strength of the matrix, however it maintained the elongation at break 

to ~200% even after addition of 50% bioglass. Such tailored properties of the random 

copolymers and its biocomposites render them suitable for the soft tissue engineering 

applications. 

TH-2957_166107006



 
Chapter 7: Metathesis Polymerization of a CO2 Derived Lactone 

208 
 

Chapter: 7 
 

Metathesis Polymerization of a CO2 Derived Lactone 

 

  

Graphical Abstract 

 

 

Outcome:  

 Patent (in process): Method of Utilizing CO2 based Monomer and Polymerization 

Thereof 

 Valorization of a CO2 Derived Lactone by Acyclic Diene Metathesis Polymerization 

(to be submitted) 

 

 

   

TH-2957_166107006



 
Chapter 7: Metathesis Polymerization of a CO2 Derived Lactone 

209 
 

Abstract 

The exploitation of carbon dioxide (CO2) as a feedstock for the chemical processes has 

been an evasive venture due to its thermodynamic stability. The synthesis of highly 

functionalized metastable δ-lactone (3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one) 

was reported in 1970s which is formed by the condensation of CO2 and 1,3-butadiene in 

the presence of palladium catalyst. Several attempts have been made to utilize the 

intermediate for the polymerization processes, however, only a few have been successful. 

Here, we report a novel mechanism of metathesis polymerization of the metastable 

monomer by the action of a transition metal carbene complex (Hoveyda Grubb’s II 

generation catalyst) to yield a new class of materials. The reaction mechanism for the 

polymerization has been proposed and substantiated by nuclear magnetic spectroscopic 

analysis. The obtained polymeric species consist of a complex unit structure where the 

cyclic lactone groups are connected by the olefin groups in different combinations. 

 

7.1 Introduction 

The use of carbon dioxide (CO2) in the synthesis of new molecules281,282 has been a 

subject of interest25 ever since its successful conversion to cyclic lactones by Inoue and 

co-workers15, which is largely extended by Behr et al.283. Among various CO2 derived 

lactones284, the six-membered lactone (3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one 

or -ethylidene--vinylvalerolactone: EVV) (1) is the most acknowledged16 and 

investigated precursor19,285 owing to its high yield and selectivity286. The quantum leap 

made by Nozaki and co-workers20 in achieving the free radical polymerization of (1) 

served as a benchmark for the scientific community in developing 
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functionalizable materials21. Subsequently, the controlled polymerization of a trivinyl 

monomer derived from (1) was attempted by Chen et al. to yield linear and hyperbranched 

polymers287. Although a breakthrough has been achieved in polymerizing EVV (1), yet it 

is regarded as poorly polymerizable by common means due to the six-membered ring 

structure and the presence of high substitution on the ring288. Here, we take the advantage 

of substitution on the six-membered ring in order to redistribute the olefinic groups by 

means of a metathesis catalyst and develop a new class of materials. The well-known 

ruthenium based transition metal carbene complexes have witnessed an enormous 

utilization in catalysing olefin metathesis reactions289,290. In this regard, the current work 

reports the state-of-the-art metathesis polymerization of (1) in the presence of a phosphine 

free Hoveyda-Grubb’s II generation catalyst, where the Hoveyda chelate (ortho-

isopropoxy group) coordinates to the olefinic ends of the monomer generating the 

initiating species (3 & 4) and leading to the formation of the dimers (5 & 6) which may 

further react to form the oligomers (9, 10, 12, 13) by different possible olefinic 

connections. The reaction mechanism for the contemporary metathesis polymerization 

has been proposed and elucidated by 13C-NMR and 1H-NMR spectroscopic analysis. 

7.2 Experimental section 

7.2.1 Materials 

Palladium (II) acetylacetonate, triphenylphosphine (PPh3), acetonitrile (99.8%) and 

diethyl ether were purchased from Nacalai Tesque, Kyoto, Japan. Carbon dioxide 

(>99.99%) and Argon (Ar, >99.99%) were purchased from KaindGas Co. Kyoto, Japan. 

1,3-Butadiene (>93% GC) was obtained from Tokyo Chemical Industry Co. Ltd via 

Nacalai Tesque. Hoveyda-Grubb’s II generation catalyst, Quadrasil® methyl thiourea 
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(MTU) were purchased from Sigma Aldrich via Nacalai Tesque. Toluene-d8, 

Chloroform-D (CDCl3) were purchased from Eurisotop via Nacalai Tesque.  

7.2.2 Characterization 

1H-NMR and 13C-NMR spectra were recorded on AV600 spectrometer 

(Bruker, Germany).  

Field emission transmission electron microscope (FETEM, JEOL 200F) was used to 

determine the shape and size of the reaction product along with simultaneous EDAX 

(energy dispersive X-ray analysis) to determine the removal of Ru metal catalyst from 

the product. The sample for analysis was prepared by dispersing in acetone followed by 

placing a drop of it on the carbon coated TEM grid.  

Further, the morphology of the reaction product (powder form) was characterized by 

using field emission scanning electron microscope (FESEM, Sigma Zeiss USA) at an 

acceleration voltage of 5kV. The powder sample was coated by gold sputtering prior to 

analysis.  

The FTIR (Fourier transform infrared) spectroscopy was used to determine the structure 

of the Metathesis reaction product. The analysis was done on an FTIR spectrometer 

(Perkin Elmer, Spectrum two) and the sample was scanned from 4000 to 400 cm-1 with 

the accumulation of 16 scans. 

Differential scanning calorimetry (DSC) was performed on DSC Polyma 214 

(NETZSCH, Germany) where the sample (1-2 mg) was heated from room temperature to 

200 ℃ at the rate of 10°/min and kept isothermal for 5min. It was further cooled 
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to -100 ℃ at the rate of 10°/min, kept isothermal for 5min and reheated to 330 ℃ at the 

rate of 10°/min. 

7.2.3 Synthesis of α-ethylidene-δ-vinylvalerolactone: 

Scheme 7.1: Reaction scheme for the synthesis of α-ethylidene-δ-vinylvalerolactone. 

The monomer was synthesized by a reported procedure 283 with some modifications as 

shown in Scheme 7.1. Briefly, the catalyst palladium (II) acetylacetonate (40 mg, 0.13 

mmol) and triphenylphosphine (120 mg, 0.458 mmol) were charged to a 50 ml stainless 

steel autoclave along with a magnetic stirring bar. The reagents were dried over vacuum 

followed by purging with N2 gas several times. This was followed by the addition of 

acetonitrile (dried over 3Å molecular sieves). 1,3-butadiene (21.3 g, 394 mmol) was 

collected in a flask precooled at -40 ℃ which was transferred to the autoclave (held 

at -40℃) by a syringe. The autoclave was then pressurized with CO2 until the pressure 

reached 7.6 MPa. The reaction was continued at 70 ℃ for 20h followed by quenching the 

autoclave in ice-water. The residual gas was vented by releasing the pressure followed by 

filtering the crude product and evaporating the volatile materials by using a rotavapor. 

The crude product (20.34 g, 95% yield) was subjected to distillation (70-80℃; 

0.6-0.8 mmHg) to obtain the purified monomer. The 1H-NMR and 13C-NMR of the 

purified monomer are shown in Figures 7.1 and 7.2 respectively. 
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Figure 7.1: 1H-NMR spectra of the monomer (EVV) in Nitrobenzene-d5. 

 

Figure 7.2: 13C-NMR spectra of the monomer (EVV) in Nitrobenzene-d5. 
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7.2.4 Procedure for Metathesis polymerization 

Hoveyda-Grubb’s II generation catalyst (33 mg, 5.27×10-2 mmol) was charged into a 

flask followed by drying over vacuum and purging with N2 gas. This was followed by the 

addition of toluene-d8 (0.5 ml) to the flask and mixing the catalyst with the solvent. The 

purified monomer (230 mg, 1.5 mmol) was fed to a NMR tube, to which the 

solvent-catalyst mixture was added under inert environment. The NMR tube was placed 

in an oil-bath at 100 ℃ under Ar atmosphere. The reaction was continued for 7 days and 

NMR was measured intermittently to ensure the consumption of the monomer. A color 

change was observed (dark brown) during the reaction.  

7.2.5 Purification of the product 

The obtained product was precipitated in excess of diethyl ether followed by filtering and 

drying in a vacuum oven for 24 h at 45 ℃. The NMR spectra showed the presence of free 

ligand which was removed by treating the product with a metal scavenger 

(Quadrasil® MTU, pre-washed with chloroform).  Briefly, the obtained product was 

dissolved in CDCl3, to which the metal scavenger was added and allowed to react for ~1h 

followed by filtering the scavenger by a filter paper. The filtrate (product) was used to 

measure NMR and the removal of scavenger was confirmed.  
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Scheme 7.2: Schematic representation of the product obtained by metathesis reaction. 

 

7.3 Results and Discussion 

A schematic representation of the metathesis product is shown in Scheme 7.2 which 

indicate the redistribution of the olefinic groups (of the monomer) and their possible 

connections to form oligomeric products by the action of a metathesis catalyst. The 

mechanism of the metathesis polymerization is shown in Scheme 7.3, where the 

monomer (1) undergoes reaction with the Hoveyda-Grubb’s II generation catalyst (2) 

(b) Three-dimensional structure of the products 

(a) Schematic of the reaction sequences 

A-(bb-ab-ab)-A A-(bb-ab-aa)-Bʹ A-(bb-aa-bb)-A 
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where the sterically less hindered vinyl group coordinates to the metathesis catalyst (2) 

serving as an initiating species (3 & 4), thereby leading to the formation of cis (5) and 

trans (6) dimers having the prominent connections of A-(bb)-A type. This may be 

accompanied by the formation of the minor intermediates having the connections of the 

type B-(aa)-B (7) and A-(ba)-B (8) due to the steric hindrance of the olefinic groups. As 

shown in Scheme 7.4, the dimer (5) easily enters the next step of polymerization due to 

the lower steric hindrance of its olefinic groups. The 1,2-disubstituted ethylenic group 

may readily undergo reaction with the metathesis catalyst as compared to the 

trisubstituted ethylenic group, which leads to the formation of A-(bb-ab)-A (9) type units 

with the liberation of a methylated monomer (11). Largely, the trimeric unit A-(bb-ab)-A 

(9) is involved in the reaction with the dimer in order to form a tetramer such as A-(bb-

ab-ab)-A (12) where the methylated monomer (9) may be reproduced.  The methylated 

monomer (9) owing to the higher reactivity of the vinyl group (disubstituted) may further 

react with the terminal species of the dimer in order to form minor units of 

A-(bb-ab-aa)-Bʹ (13) type. In case the trisubstituted ethylenic group of (cis) dimer (6) is 

involved in the reaction, it can lead to the formation of A-(bb-aa-bb)-A unit (10), where 

the aa type connections are devoid of the olefinic protons.  
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Scheme 7.3: Reaction mechanism of Metathesis polymerization to form the dimeric units. 

TH-2957_166107006



 
Chapter 7: Metathesis Polymerization of a CO2 Derived Lactone 

218 
 

 

 

Scheme 7.4: Reaction mechanism of Metathesis polymerization to form the polymer. 
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After carrying out the metathesis reaction at 100 ºC in toluene-d8 for 7d (as per the 

procedure given in supporting information), the obtained product is purified, and the free 

ligand is removed by scavenging. The transmission electron microscopic (TEM) analysis 

shows the spherical particles with the size of ~160 - 200 nm (Figure 7.3(a)). Upon closely 

examining the TEM image of the reaction product (Figure 7.3(b)), its surface shows the 

presence of holes (indicated by arrows) which may correspond to the sites of the removal 

of free ligand by scavenging. This may further be substantiated by the corresponding 

EDAX (energy dispersive X-ray analysis) spectrum (Figure 7.3(f)) which shows the 

residual content of Ru metal as 0.24 wt. % (or 0.03 at. %) thereby suggesting nearly 

complete removal of the metal catalyst. Further, the HR-TEM (high resolution TEM) 

images (Figure 7.3(c) & (d)) show the lattice fringes with the interplanar spacing of 

1.2 Å and 2.07 Å which may be corroborated with the corresponding SAED (selected 

area electron diffraction) pattern showing the weak rings with the interplanar spacing of 

1.19 Å and 2.12 Å (Figure 7.3(e)). The weak ring diffraction pattern suggests the 

presence of atomic lattices with no long range order. In other words, the reaction product 

is said to have a very low crystallinity.  
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Figure 7.3: (a-b) Transmission electron microscopic images of the Metathesis reaction      

product, (c-d) HR-TEM images of the product and their corresponding 

(e) SAED pattern along with (f) EDAX spectrum.  

Element   Weight% Atomic% 

C :  82.08  86.06 

O :  17.68  13.91 

Ru :   0.24    0.03 

  

(a) (b) 

(d) (c) 

(e) (f) 
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The reaction mechanism of the synthesized product is elucidated upon analyzing its 

structure by 13C-NMR spectroscopy as shown in Figure 7.4. It may be distinctly observed 

that the ring and the olefinic configuration is preserved. The signals observed in 13C-NMR 

may be correlated with the predicted structures shown in Figure 7.5 having three aliphatic 

carbons (δ ~ 15.6; 26.7; 34.3 ppm), several olefinic carbons (δ ~ 127.2; 125.8; 128.8; 136, 

137.6, 141.5 ppm) along with two ether carbons (δ ~ 83.6, 76.8 ppm) and a carbonyl 

carbon (δ ~ 164.4 ppm). The oligomeric structure is preserved, and the presence of two 

ether carbons may strongly be attributed to the polymeric species and the terminals (the 

ratio of the terminal signals being larger than the polymeric signals in 1H-NMR). The unit 

structure of the polymer may retain the ring structure, giving rise to the polymer signals 

similar to those of the terminals. The weaker aliphatic peaks are observed in 13C-NMR 

spectrum (δ ~ 16 – 32 ppm) as the polymer may contain a mixture of three types of 

structures. However, due to the similar structure of the olefinic carbons, they are detected 

in the same magnetic field (CK, CH, CJ). The lower strength of the olefinic carbon CJ is 

due to the loss of nuclear overhauser effect (NOE).  

TH-2957_166107006



 
Chapter 7: Metathesis Polymerization of a CO2 Derived Lactone 

222 
 

 

Figure 7.4: 13C-NMR spectra of the Metathesis reaction product. 
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Group Assignment 

Chemical shift 

A-(bb-ab-ab)-A A-(bb-ab-aa)-Bʹ A-(bb-aa-bb)-A mixture 

CH2 CC 26.7; 27; 33 26.7; 27; 33 26.7; 27; 33 CC : 26.7; 27; 33 

CD : 34.3  CD 34.3 34.3 34.3 

C=CH CH 136 136 136 
CN : 141.5 

CJ ; CK : 137.6 

CH : 136 

CB : 127.2 

CB’ :125.8 

CF : 128.8 

CM : 128.6; 128.1 

 CJ ; CK 137.6 137.6 - 

 CB 127.2; 125.8 127.2; 125.8 127.2 

C=C CN - 141.5 141.5 

CH=CH 
CF  

CM 

128.8 

- 

128.8 

128.6; 128.1 

128.8 

- 

C=O CA 164.4 164.4 164.4 CA : 164.4 

CH3 CI 15.6 15.6 15.6 CI : 15.6 

-COO-CH CE 83.6; 76.8 83.6; 76.8 83.6; 76.8 CE : 83.6; 76.8 

Figure 7.5: The prediction of the chemical structure (13C-NMR) of the metathesis product 

(mixture of oligomers). 
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The reaction mechanism and the plausible structure of the synthesized product is further 

supported by 1H-NMR spectroscopic analysis (Figure 7.6). The spectrum shows the 

evident broad signals together with the sharp signals which may be assigned to the 

ring/main chain protons and the terminal groups, respectively. Further, examining the 

1H-NMR spectrum of the polymer, it is known that the olefinic signals due to the HH, HK 

and HJ protons are observed at a lower magnetic field (δ ~ 6.5 to 7 ppm). Further, the HF 

proton is observed around δ ~ 5.5 ppm, and a broad signal at δ ~ 4.5 ppm can be ascribed 

to HE proton. The signals of the ring protons involve several multiplets in the range of 

δ ~ 0.5 – 3 ppm (HD, HC, HI), which should be due to the different diads or the terminal 

units. The signal ratio of the aliphatic and olefinic protons is quite different from that of 

the predicted tetrameric structure A-(bb-ab-ab)-A (12) which may be due to the presence 

of mixture of tetrameric units (10 & 13) and a relatively large ratio of terminal groups.  

The structural analysis of the metathesis product may thus be substantiated by 1H-NMR 

and 13C-NMR spectra where the obtained product may contain a mixture of oligomers 

having different olefin connections and thus giving rise to a complex unit structure. The 

predicted NMR spectra closely match the obtained spectra of the product further 

indicating the success of the ruthenium catalysed olefin metathesis reaction of EVV. 

The FTIR spectrum (Figure 7.8) also reveals the presence of carbonyl peaks around 

1362 cm-1 and 1702 cm-1 which may be attributed to the ring carbonyl stretching. 

Additionally, the peaks corresponding to hydroxyl (OH) and carboxylic acid (COOH) 

groups are absent which further supports the proposed structure of the metathesis reaction 

product. The glass transition of the reaction product is obtained from DSC analysis and 

shown in Figure 7.9 and its morphology is shown in Figure 7.10.  

TH-2957_166107006



 
Chapter 7: Metathesis Polymerization of a CO2 Derived Lactone 

225 
 

  

Figure 7.6: 1H-NMR spectra of the Metathesis reaction product. 
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Group Assignment 

Chemical shift 

A-(bb-ab-ab)-A A-(bb-ab-aa)-Bʹ A-(bb-aa-bb)-A mixture 

CH2 HC 2.01; 1.91 2.01; 1.91 2.01; 1.91 HC : 2.01; 1.91 

HD : 1.49; 1.74  HD 1.74; 1.49 1.74; 1.49 1.74; 1.49 

C=CH HH 6.6 6.6 6.6 
HH : 6.6 

HJ : 6.22 

HK : 6.79 

HF : 5.88  

HM : 5.67; 5.69 

 HJ 6.22 6.22 - 

 HK 6.79 - - 

CH=CH 
HF  

HM 

5.88 

- 

5.88 

5.67; 5.69 

5.88 

- 

CH3 HI 2.05 2.05 2.05 HI : 2.05 

-COO-CH HE 4.64 4.64 4.64 HE : 4.64 

Figure 7.7: The prediction of the chemical structure (1H-NMR) of the metathesis product 

(mixture of oligomers). 
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Figure 7.8: FTIR spectra of the metathesis product. 

   

Figure 7.9: DSC curve of the metathesis product (second heating). 
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Figure 7.10: Field emission scanning electron microscopic (FESEM) images of the 

metathesis product at (a) 10 KX and (b) 15 KX magnifications. 

 

7.4 Conclusion 

The use of CO2 as a precursor in synthesizing the substituted-lactone opened a new 

pathway for the researchers to further look into the possibilities of polymerizing the 

monomer (EVV). In this regard, the metathesis polymerization was conducted by using 

Hoveyda-Grubb’s II generation catalyst to obtain a complex unit structure containing a 

mixture of oligomers. The structure of the obtained product was elucidated by 

13C- and 1H-NMR analysis. The TEM analysis further revealed the absence of long range 

order in the product and the efficient removal of metal catalyst (Ru) by scavenging. The 

novel aspect of the olefin metathesis presented in this research thus remarks the 

application of greenhouse gas CO2 as a precursor in developing a new class of polymers 

which may serve as an essential landmark for developing sustainable future materials. 

(a) (b) 
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Abstract 

The exploitation of carbon dioxide as a feedstock for the synthesis of substituted lactones 

has witnessed an enormous recognition lately. The cationic ring opening polymerization 

of the carbon dioxide derived olefinic substituted valerolactone 

(α -ethylidene, δ-vinylvalerolactone) is attempted in the presence of highly reactive 

protic acid and the reaction has been monitored via nuclear magnetic resonance 

experiments. The product of the cationic polymerization is isolated and its structure 

determined. 

8.1 Introduction 

Much of the global industrial advancements are a result of the processes that are inspired 

from nature. Although the inception of research in the organic synthesis lasts back to 

centuries, there has been a perpetual exploration and application of novel processes to 

develop a new class of materials. While nature has unfolded a number of its 

components/sources to the scientific society, it still retains infinite things which are yet 

to be explored. One such natural source is carbon dioxide which is present in abundance 

in the environment and has an immense potential to be utilized for the chemical processes 

accounting to its renewability, non-toxicity and economic efficiency. The utilization of 

carbon dioxide as a building block in the organic synthesis has been explored by 

attempting the transition metal catalyzed reactions of carbon dioxide, which has attracted 

a significant attention of the scientific society291. For instance, the palladium catalyzed 

reaction of carbon dioxide and 1,3-butadiene was first attempted by Inoue and 

co-workers15 to yield “α-ethylidene, δ-vinylvalerolactone” (EVV), which became the 

premier material for the researchers. However, the process was accompanied by the 
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formation of several by-products and significant efforts were made to overcome the 

constraints. Following this discovery, Behr et al. optimized the reaction conditions to 

yield selectively the monomer283 (Scheme 1a). The process of telomerization was later 

applied to a continuous scale to optimize the development of a miniplant292. Gaining 

insights form the Behr’s process, several researchers attempted to further optimize the 

yield and selectivity of EVV,16,293 while others laid their efforts in developing alternative 

routes to synthesize possible lactones as intermediates to develop novel polymers282. 

Upon investigating the homopolymerization of EVV, Dinjus and coworkers reported that 

the reaction did not proceed in the presence of free radical, cationic or anionic initiators 

indicating the presence of high substitution on the ring which would lead to the decreased 

tendency of such (substituted) lactones to polymerize via ring opening mechanism288. 

Subsequently, a breakthrough in the free radical polymerization of EVV was achieved by 

Nozaki’s group by overcoming the existing kinetic and thermodynamic barriers 

associated with the reaction20. Here, we report a distinctive approach for the cationic ring 

opening polymerization of EVV in presence of a highly reactive protic acid. The reaction 

product may consist of open chain units along with vinyl polymerization, which is 

determined by 1H-NMR spectroscopic analysis. 

8.2 Experimental section 

8.2.1 Materials 

Trifluoromethanesulfonic acid was purchased from Sigma Aldrich via Nacalai Tesque. 

Nitromethane-d3, Chloroform-D (CDCl3) were purchased from Eurisotop via Nacalai 

Tesque.  
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8.2.2 Characterization 

1H-NMR spectra were recorded on AV600 spectrometer (Bruker, Germany).  

The morphology of the reaction product (powder form) was characterized by using field 

emission scanning electron microscope (FESEM, Sigma Zeiss USA) at an acceleration 

voltage of 5kV. The powder sample was coated by gold sputtering prior to analysis.  

Differential scanning calorimetry (DSC) was performed on DSC Polyma 214 

(NETZSCH, Germany) where the sample (1-2 mg) was heated from room temperature to 

200 ℃ at the rate of 10°/min and kept isothermal for 5min. It was further cooled 

to -100 ℃ at the rate of 10°/min, kept isothermal for 5min and reheated to 330 ℃ at the 

rate of 10°/min. 

8.2.3 Procedure for Cationic polymerization 

The monomer α-ethylidene, δ-vinylvalerolactone (EVV) was synthesized according to 

the procedure reported in previous chapter. To the synthesized monomer 

(300 mg, 1.97 mmol), trifluoromethanesulfonic acid (1 mg, 6.66 ×10-3 mmol) was added 

under N2 atmosphere. The reaction was conducted in an oil bath at 90 ℃ for 6.5 h under 

stirring. The monomer turned into a brown solid with time. 

8.2.4 Purification of the product 

The cationic polymerization product was added into excess of diethyl ether and a part of 

the product was found to be soluble in diethyl ether (Et-soluble). Further, another part of 

the product was insoluble in diethyl ether (Et-insoluble). The obtained products were 

isolated and characterized by 1H-NMR spectroscopy. 
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 8.3 Results and Discussion 

After conducting the reaction at 90 ℃ for 6.5 h, the product was isolated by precipitating 

in excess of diethyl ether. The NMR spectra (Figure 8.1) indicate the presence of 

carboxylic acid (COOH) groups in the Et- soluble part, which are lost in the Et-insoluble 

part. This suggests the formation of by-products upon polymerization, which are removed 

upon isolation. The reaction scheme for the cationic polymerization is shown in 

Scheme 8.1. The cationic reaction occurs in the presence of trifluoromethanesulfonic acid 

catalyst preferably attacks the vinyl group of the monomer leading to the preferential 

vinyl polymerization. This can be correlated from the 1H-NMR spectra shown in 

Figure 8.2 which shows that the ethylidene group is preserved in the reaction system and 

vinyl group undergoes polymerization.  

Along with vinyl polymerization, the ring-open structure may also be formed in the 

product. The open chain units of the polymer may attack the monomeric units leading to 

the formation of dimeric units as shown in Scheme 8.2(a). Further, the presence of 

moisture in the monomer may lead to the formation of hydrolysed monomeric units. This 

may lead to the possibility of hydrolysed monomer units attacking the lactone units of the 

polymer as shown in Scheme 8.2(b). 

The reaction in the presence of highly reactive acid catalyst may thus lead to the formation 

of cationic product containing dimeric units along with vinyl chain polymerization. The 

structural analysis of the product is thus established. 
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Figure 8.1: 1H-NMR spectra of the product of cationic polymerization (Et-soluble and 

Et-insoluble). 

 

Scheme 8.1: Reaction scheme for the cationic polymerization (Et-insoluble product). 
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Figure 8.2: 1H-NMR spectra of the product of cationic polymerization (Et-insoluble). 

 

Scheme 8.2: The possible formation of dimeric units (a) due to the open chain units of 

the polymer attacking the monomer and (b) the hydrolyzed monomers 

attacking the lactone units of the polymer. 
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8.4 Conclusion 

The cationic polymerization of CO2 derived EVV was conducted in the presence of highly 

reactive protic acid catalyst in the bulk system. The preferential vinyl polymerization was 

induced in the monomer along with the formation of dimeric units due to the open chain 

structure attacking the monomer. The structure of the product was determined from 

1H-NMR spectroscopic analysis. It may be noteworthy to remark the reactivity of the acid 

catalyst in inducing the reaction of the highly substituted monomer, rendering as a basis 

for conducting further reactions to optimize the yield and selectivity of the product and 

utilize for desired applications.  
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Chapter: 9 
 

Conclusions and Future Scope 

 

9.1 Conclusions 

The current doctoral research aimed at developing environmentally benign lactone based 

polymers and their composites for biomedical applications. The intent of the research was 

to investigate various strategies of developing environmentally benign materials wherein 

the monomers lactide and ε-caprolactone were primarily utilized for synthesizing block 

and random copolymers of PLA and PCL. Furthermore, CO2 was used as a precursor in 

synthesizing δ-lactone which was further subjected to polymerization in order to develop 

a new class of materials. A detailed investigation on the effect of block length of PLA 

and PCL revealed numerous possibilities of developing customized materials by tailoring 

their backbone architecture. Various class of materials such as diblock, triblock and 

stereoblock copolymers resulted in achieving a wide range of mechanical properties 

which may be utilized for customized applications. The block copolymers were also 

processed by using the conventional injection and extrusion processes to develop 

representative implants/scaffolds. The stereoblock terpolymers further resulted in the 

formation of preferential stereocomplexation with tailored mechanical strength and 

elongation. The random copolymers of L-lactide and ε-caprolactone with the varying 

content of caproyl and lactyl segments also resulted in the wide range of mechanical 

properties (5 – 55 MPa strength) and (5 - 800%) elongation at break. The shape memory 

and near elastomeric behavior of the copolymers was determined. The bioglass reinforced 
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(5 – 50%) composites also resulted in near elastomeric behavior. These materials can be 

suitable for soft tissue applications.  

A naïve attempt was further made to polymerize the highly substituted monomer 

(α-ethylidene, δ-vinylvalerolactone) which was synthesized from the reaction of CO2 and 

1,3-butadiene. The olefin metathesis reaction was conducted by using Hoveyda Grubb’s 

II generation catalyst and the obtained products consisted of a multi-units structure which 

was elucidated from nuclear magnetic resonance spectroscopy. Furthermore, the cationic 

polymerization of δ-lactone was performed in presence of a highly reactive protic acid 

(trifluoromethanesulfonic acid) which resulted in preferential vinyl polymerization.  

9.2 Future Scope 

 Although the current research reports in vitro studies for various block 

copolymers, it may be vital to perform in vivo studies of the synthesized materials. 

 Attempts may further be made to reduce the polydispersity index of the 

block/random copolymers while using the bulk ROP technique in order to exploit 

their potential for commercial biomedical applications. 

 Use of different fillers such as hydroxyapatite, tricalcium phosphase may be 

utilized to develop the biocomposites for targeted biomedical applications. 

 The cost and life cycle assessment along with biodegradation studies may be 

performed to assess the cradle to grave cycle of the block/random copolymers. 

This may also be particularly important for the stereocomplex blends and 

stereoblock terpolymers. 
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 The enzymatic and hydrolytic degradation studies may be done for the 

synthesized materials to assess the effect of block length on the degradation 

behavior. 

 The polymerization of CO2 derived lactone may further be carried out by using 

controlled techniques to develop naïve materials in a larger scale for a sustainable 

future.
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