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Abstract 

 The performance of thermoplastic elastomers is predicated on their ability to form 

mechanically tough physically crosslinked elastomeric networks at low temperatures and 

be able to flow at elevated temperatures. This dissertation focuses on renewable aliphatic 

polyester block polymers with amorphous polylactide (PLA) and their performance as 

TPEs. The goal of this work was to enhance the mechanical toughness of PLA containing 

TPEs; fundamental properties ranging from chemical composition and phase behavior, 

molecular architecture and melt processability, to melt polymerization strategies were 

investigated. 

 ABA triblock polymers with PLA end-blocks and rubbery mid-blocks from 

substituted lactones comprised of poly(6-methyl-ε-caprolactone)(PMCL), poly(δ-

decalactone), and poly(ε-decalactone)(PDL) were produced by sequential ring-opening 

polymerizations in the bulk. The bulk microstructure of symmetric PLA–PMCL–PLA 

and PLA–PDL–PLA triblock polymers formed long-range ordered morphologies and the 

interaction parameter of the repeat units was determined. High molar mass triblocks 

exhibited elastomeric behavior with good tensile strengths and high elongations. Small 

triblocks were coupled to produced (PLA–PDL–PLA)n multiblock polymers with high 

molar mass and accessible order–disorder transitions allowing for melt processing via 

injection molding. The mechanical toughness of the multiblocks was comparable to the 

high molar mass triblocks. The controlled polymerization of renewable δ-decalactone 

was accomplished with an organocatalyst at low temperatures in the bulk to maximize the 

equilibrium conversion of the monomer.  
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1.1 Introduction 

 Polymers are most often associated with their ability to be shaped or molded and 

the words polymer and plastic are often used interchangeably. A polymer is comprised of 

one or more repeat units that have been covalently bonded to form one macromolecule. 

The word polymer is derived from the ancient greek words polus, meaning “many”, and 

meros, meaning “parts”.
1
 Modern synthetic polymers are based on the type of repeat 

unit(s) (monomer(s)) used to make the polymer, i.e. the polymerization of styrene yields 

polystyrene. Perhaps the most fascinating attribute of polymeric materials is the wide 

range of mechanical properties they can exhibit, ranging from a viscous liquid, rubbery 

elastomer, and even a hard solid. In particular the ability of polymers to act as elastomers 

where they can be deformed under mechanical stress and recover their initial shape after 

the stress is removed is a unique characteristic of polymeric materials and one of the 

main themes throughout this work. It was not until Charles Goodyear developed the 

vulcanization process that the production of rubber took flight. Like so many scientific 

discoveries, Goodyear attributed his discovery to an accident when in January 1839 when 

his sulfur treated rubber “being carelessly brought in contact with a hot stove charred like 

leather.”
2
 His astute observation ultimately solved the problem with natural rubber 

products at the time were they became brittle in the cold and sticky at slightly elevated 

temperatures. It wasn’t until the second world war that synthetic elastomers started to 

replace natural rubber, when price fluctuations and availability became an issue. The 

birth of the polymer industry coincided with a boom in petroleum production and 

development of the petrochemical industry, giving access to an abundant source of 
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organic building blocks which led to the development of petroleum based polymers 

which dominate the market today. Interestingly, the current global demand for 

sustainable polymers has led researchers back to biological sources in search of new 

monomers. 

 The topic of sustainability reaches far beyond polymer research as the link 

between the human exploitation of fossil fuels and climate stability have been unveiled.
3
 

In addition, plastics are the most rapidly growing segment of our municipal solid waste 

with the vast majority ending up in landfills (Figure 1.1).
4
 To put the scale of the problem 

into perspective, in the United States 31.75 million tons of plastics (over 200 pounds of 

plastic per person) made almost exclusively from petroleum based sources were 

generated in 2012, and only 8.8% were recovered for recycling or burned for energy 

recovery.
5
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Figure 1.1 Plastics generation and recovery from 1960 to 2011.
4
 

 

  



5 

 

 

 Advances in genetics, biotechnology, process chemistry, and engineering have 

focused on producing biofuels and biomaterials from biomass in a biorefinery.
3
 Several 

biobased monomers including succinic acid, 1,3-propanediol, and lactide are 

commercially successful.
6–8

 Lactide, in particular, is produced from the dimerization of 

lactic acid, a product of the fermentation of sugars.
9
 The polymerization of lactide yields 

polylactide, and entirely renewable polylactide and industrially compostable polymer.
9
 In 

a relatively short period, this rigid thermoplastic has gained a significant market share in 

nondurable goods such as food packaging containers and other disposable plastic items. 

According to the United States Environmental Protection Agency, 50 thousand tons of 

polylactide were produced in the United States in 2012 alone.  

 Renewable lactone monomers in addition to lactide have been reported from a 

variety of biobased sources. The conversion of common terpenoids such as menthol and 

carvide have been reported to produce poly(menthide) and poly(carvomenthide), 

respectively.
10–12

 The bioconversion of functional fatty acids have also been shown 

produce suitable lactone monomers; the polymerization of δ-decalactone and ε-

decalactone (DL) are examples of monomers derived from fatty acids that have been 

polymerized.
13–17

 Furthermore, it has been demonstrated that the oxidative condensation 

of 1,3-propanediol may be used to access 1,4-dioxepan-2-one (DXO).
7
 As the array of 

sustainable lactone monomers expands, strategies to produce high-performance materials 

capable of replacing the petroleum-based materials is needed. 
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 One strategy that has been explored to expand the properties of available 

biorenewable polyesters is the incorporation of biorenewable polyesters into block 

copolymers using controlled polymerization techniques. This approach can result in a 

high-performance material with disparate properties compared to the constituent 

components.
18,19

 Block copolymers are particularly advantageous and largely successful 

for use in thermoplastic elastomer (TPE) applications.
20,21

 In 2005 the global production 

of TPEs exceeded 2 million metric tons with an annual growth rate of 6% per year.
21

 

Aliphatic polyester block polymers with polylactide are promising candidates for 

renewable TPE applications. The research in this thesis is focused on understanding the 

structure–property relationships of amorphous polylactide containing TPEs and how the 

monomer identity and molecular architecture influences the mechanical performance of 

these materials. This chapter will further introduce TPEs and aliphatic polyester block 

copolymers and also discuss  recent developments in renewable TPEs. 

 1.2 Thermoplastic Elastomers. Thermoplastic elastomers are a class of 

materials with two defining characteristics: their ability to be melt processed at elevated 

temperatures using processes common for thermoplastics, and their elasticity at lower 

temperatures. This differs from chemically cross-linked (vulcanized) elastomers that will 

not flow at any temperature, and retain their shape at the time they were cross-linked. All 

elastomers derive their elasticity from long polymer chains with high flexibility and 

mobility. This allows the chains to act like springs when confined within a percolating 

network structure. With the application of a stress, the network and entanglements 

prevent the polymer chains from sliding past each other, and also transmit the stress 
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throughout the network where the cross-linked flexible chains stretch, and to act like a 

network of springs. For the work considered in this thesis, the thermoplastic elastomer 

network is formed by “physical” crosslinks as the result of microphase separation into 

hard and soft domains where the hard domains pin the rubbery block chain ends to the 

interface as shown in Figure 1.2.  

 

Figure 1.2 Representation of a thermoplastic elastomer where the hard domains (blue) 

act as physical crosslinks for the elastomer strands shown as the broken lines. 

  

 1.2.1 Molecular Architecture. The majority of commercial TPEs have only 

two molecular architectures: linear ABA triblock polymers, and (AB)n multiblock 

polymers sometimes referred to as segmented copolymers. The abbreviated notation, 

ABA, refers to a triblock of poly(A)-block-poly(B)-block-poly(A) where the poly(A) 

blocks are covalently bonded to both ends of the poly(B) block. Similarly, a linear (AB)n 

multiblock consists of alternating poly(A) and poly(B) sequences covalently bonded 
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together. For example, styrenic block copolymers are ABA triblock copolymers where 

the hard A-block consists of polystyrene (PS) with a variety of rubbery B-block available 

(examples include polybutadiene (PB), polyisoprene (PI), and polyisobutylene(PiB). Two 

styrenic block polymers in particular, PS-block-PI-block-PS and PS-block-PB-block-PS, 

are the most prevalent block polymers found in academic literature. For brevity, the dash 

will be used to indicate the block sequence throughout this chapter. (e.g.the styrenic 

block polymers are abbreviated as PS–PI–PS and PS–PB–PS)  Styrenic block copolymers 

had a global demand of 1.08 million metric tons in 2004.
21

 While ABA triblocks have the 

most simple architecture, (AB)n multiblocks are commonly found in thermoplastic 

polyolefins and thermoplastic polyurethanes which had a combined global demand of 

826 thousand metric tons in 2004.
21

  

 For the work contained in this thesis ABA triblocks with amorphous poly(D,L-

lactide) (PLA) used as the hard component, and rubbery blocks of poly(6-methyl-ε-

caprolactone), poly(δ-decalactone), and poly(ε-decalactone) were investigated. 

Additionally, (AB)n multiblocks with amorphous poly(D,L-lactide) and poly(ε-

decalactone) blocks are described in Chapter 4.  

 1.2.2 Phase Behavior. Amorphous ABA triblocks have been shown to 

microphase separate into 2-domain microstructures on the length scale of the molecules.
22

 

At equilibrium, AB diblock and ABA triblock polymers are known to self-assemble into 

well-defined long-range ordered morphologies such as those depicted in Figure 1.3.
9
 

Computational modeling using self-consistent mean-field theory has successfully 

predicted the stable morphologies in good quantitative agreement with model polymer 
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systems.
8, 9, 11

 As shown in Figure 1.4 the primary factors determining the selected 

morphology are the composition, expressed as the volume fraction of component A (ƒA), 

and the product of the Flory-Huggins parameter () and the overall degree of 

polymerization (N). As the ƒA increases at fixed N the first sable morphology often 

encountered is spherical A-domains packed on a body-centered cubic lattice (BCC) in a 

matrix of the B-domain. A low molar mass PI–PLA diblock was recently shown to adopt 

this morphology determined by small-angle X-ray scattering.
23

  As ƒA is increased, the A-

domains will form cylinders hexagonally packed (HEX) in a matrix of the B-domain. 

This morphology has been shown with a variety of PLA triblocks where cylinders of 

PLA were dispersed in a matrix of PI,
24

 poly(menthide),
25

 and poly(6-methyl-ε-

caprolactone).
26

 When the composition of the blocks are close to symmetrical alternating 

lamella (LAM) can be anticipated. In the same publications that reported the HEX 

morphology for polylactide triblocks LAM structures were also observed.
24,25,26

 Between 

the HEX and LAM phases is another commonly observed phase, the bicontinuous gyroid 

phase (GYR). Generally, when the hard component of a block copolymer forms a 

bicontinuous phase, GYR or LAM, the material is too rigid to be used as a TPE. 

Spherical and cylindrical hard domains are often targeted for TPEs. 
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Figure 1.3 Representations of equilibrium microphase-separated morphologies of body-

centered cubic spheres (BCC), hexagonally packed cylinders (HEX), bicontinuous gyroid 

(GYR), and alternating lamella (LAM). 

 

Figure 1.4 Simplified equilibrium phase diagram of AB type block polymers taken from 

reference 27 showing the stable morphologies (ƒA ≤ 0.5). The dotted, dashed, and solid 

lines differentiate the stability limits for AB diblock, ABA triblock, and (AB)n multiblock 

polymers, and the colors differentiate the phase boundary; disordered–BCC, black; BCC–

HEX, blue; HEX–GYR, green; GYR–LAM, red. N○ is the degree of polymerization of 

the AB repeat unit. 
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 1.2.3 Order–Disorder Transition. For block polymers where the 

interaction between segments are governed by van der Waals forces, the interaction 

parameter (χ) is inversely proportional to temperature: 

  
 

 
       (1.1) 

where α and ß are empirical constants for the polymer pair and represent the excess 

enthalpic and excess entropic contributions, respectively. The magnitude of χ represents 

the degree of incompatibility, where higher χ values represent a system less compatible 

than one with a low χ value. The difference in the chemical compositions of the repeat 

units determines the magnitude of χ. Together with N the segregation strength of a block 

polymer is represented by the value χN. By heating a block polymer the value of χ and 

the segregation strength decreases. Using the random phase approximation Leibler 

showed that a second-order phase transition occurs for a symmetric AB diblock (ƒA = ƒB 

= ½) at a critical point where χN is 10.5.
28

  

 The order–disorder transition (ODT) is the boundary separating the homogeneous 

disordered state from the ordered microphase-separated state. Mayes and Olvera de la 

Cruz found the ODT for compositionally symmetric ABA triblocks occurs at a value of 

χN equal to 18.
29

 Using the random phase approximation Wu et al. calculated the 

segregation strength at the ODT, (χN○)ODT, for compositionally symmetric (AB)n 

multiblocks for a range of n. 
30

 They found that the exact solution can be represented with 

less than 1% error by the equation. 
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(   )            
     

 
    (1.2) 

Where n is the number of AB repeat units and N○ is the degree of polymerization of the 

AB repeat unit (N = n N○). They also found the (χN○)ODT for (PS–PI)n multiblock 

polymers with n between 1 and 10 agreed with the calculated values.
30

 From eq 1.2, as 

the number of blocks increases the TODT approaches an asymptotic value where the TODT 

becomes independent of the number of blocks.  

 By heating an AB diblock or ABA triblock with a known degree of 

polymerization from the ordered lamellar state through the ODT the value of χ can be 

calculated. The temperature at which this phase transition occurs is the order–disorder 

transition temperature (TODT). Using an array of block polymers with various values of N, 

the temperature dependence of χ can be determined for the polymer pair.
22

 Knowing the 

value of χ allows one to predict the TODT of a block copolymer, a valuable tool that can 

aid in the development of a material that can be easily melt processed. 

 The χ  value for a variety of PLA containing block copolymers have been reported 

with compliment blocks of PS,
26

 PI,
23

 polybutadiene,
31

 poly(ethylene-alt-

propylene)(PEP),
32

 poly(6-methyl-ε-decalacone)(PMCL),
26

 and poly(ε-

decalactone)(PDL). The α, ß, and χ values at 20 and 140 °C of these polymers have been 

listed in Table 1.1, and the chemical structure of the repeat units is shown in Figure 1.5. 

To facilitate comparison of the χ values between systems a standard reference volume of 

118 Å³ was applied where needed.  
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Table 1.1 Selected χ Parameters of Poly(lactide) Containing Block Polymers 

 α (K) β χ (20 °C) χ (140 °C) Reference 

PLA–PMCL 61.2 –0.100 0.109 0.048 
26

 

PLA–PS 57.4 –0.061 0.135 0.078 
33

 

PLA–PDL 113 –0.193 0.193 0.081 this work 

PLA–PB 161.6 –0.223 0.329 0.168 
31

 

PLA–PI 247 –0.41 0.433 0.188 
23 

PLA–PEP 302 –0.434 0.597 0.297 
32 

PS–PI 59.1 –0.071 0.131 0.072 
34 

PS–PB 22.7 –0.021 0.056 0.034 
35 

 

 

Figure 1.5 Chemical structures of polymer repeat units with reported χ values. 

 Generally, as the aliphatic character of the repeat unit increases, so does its 

incompatibility with PLA at 140 °C. Direct comparison of the χ value based on the 

aliphatic character can be made between χPLA-PMCL and χPLA-PDL. Increasing the length of 

the side-chain from a methyl group to a n-butyl group results in a 2-fold increase in χ at 

140 °C. PLA is highly incompatible with diene elastomers, PI and PB, and even less 

compatible with the saturated alkane PEP.  
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 1.2.4 Mechanical Properties. The mechanical properties of styrenic block 

copolymers with ABA triblocks and (AB)n multiblock architectures have been 

extensively studied since their invention almost 50 years ago.
36,37

 This section attempts to 

summarize key developments with these materials as they pertain to the development of 

renewable TPEs contained in this thesis.  

 In general, the dynamic behavior of polymers are viscoelastic meaning they 

behave somewhere between an ideal elastic solid and an ideal viscous liquid. For an ideal 

elastic solid, stress and strain are related by a constant, the elastic modulus, and for an 

ideal liquid the stress is proportional to the strain rate by a constant, the viscosity. In the 

linear regime, which exists at small strain and strain rates, the viscoelastic response of a 

material can be described by the contributions of the elastic and viscous components. The 

linear viscoelastic properties of block polymers at low frequencies are dependent on the 

microstructure of the material, and is one of the most effective techniques for detecting 

order–disorder transitions.
22

 In a small amplitude oscillatory shear experiment a 

sinusoidal strain is applied and the time dependent stress, response, is measured. The 

measured response is often decomposed into the storage modulus, G’, and the loss 

modulus, G”, components. The storage modulus is the component of the response in-

phase with the strain whereas the loss modulus is in-phase with the strain rate. In the 

microphase separated state G’ has been shown to be weakly dependent or independent of 

the oscillation frequency (ω) below the cross-over frequency (ωc). The value of G’ in this 

plateau region (Gn°) has been related to the plateau modulus of an entangled melt by 
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treating the physically crosslinked network as an entangled melt in the presence of an 

inert rigid filler using the Guth–Smallwood equation.
38,39

 

  
  

   

  
(  

 

 
         

 )   (1.3) 

In this expression, ρ is the density, R is the gas constant, T is the temperature, and Me is 

the entanglement molar mass of the rubbery component. The entanglement molar mass of 

the midblock for ABA triblocks was also shown to have a profound effect on the ultimate 

tensile strength of the material.
40

 Tong and Jerôme found the ultimate tensile strength of 

acrylate ABA triblocks increased with decreasing Me of the midblock; they attribute the 

improved tensile strength to a delay in the slippage of entanglements and the force 

transmitted to the hard domains when the midblock had a higher entanglement density.
40

  

 In the terminal regime where a homogeneous polymer melt behaves like a 

viscoelastic fluid, G’ is much smaller than G”, and the moduli show an oscillation 

frequency (ω) dependence where G’ ~ ω² and G” ~ ω. Upon heating amorphous block 

copolymers above their TODT the microstructure transitions to a homogenous disordered 

state and terminal behavior is observed.
36

 One of the most accurate ways of determining 

the TODT of a block copolymer was first shown by Rosedale and Bates, where upon slow 

heating at a low frequency, G’ undergoes a discontinuous drop in magnitude as the TODT 

is crossed.
36,41

  

 While the linear viscoelasticity is dominated by the underlying microstructure, the 

nonlinear viscoelastic response is determined by the connectivity of the network,
42
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orientation of the domains,
43

 and the deformation mechanism of the hard domains.
44,45

 In 

the nonlinear regime the stress is related to the strain as a function of the strain amplitude; 

analogously the stress and strain rate are functionally related in the nonlinear regime. 

Consequently, comparing the response from two different nonlinear experiments is 

difficult. For example, a tensile experiment is uniaxial extension at a constant 

displacement rate, but for the same material tested at two different displacement rates the 

responses can be vastly different.
42

  

 For an ABA triblock, two possible conformations exist, a bridged or loop 

conformation. In the bridged conformation the end blocks reside in different A domains. 

In the looped conformation both A-blocks reside in the same domain. Self-Consistent 

Mean-Field Theory calculations predict that the fraction of bridging chains will be largely 

dependent on the morphology.
46

 For lamellar structures, Matsen and Thompson predict 

that 40–45% of the chains are in a bridging conformation increasing to 60–65% for 

cylindrical and 75–80% for spherical morphologies.
46

 Watanabe experimentally 

measured the bridging fraction of the lamellar morphology using a dielectric relaxation 

experiment, his experimentally determined value for an ordered lamellar structure, 40%, 

was in good agreement with the theoretical prediction.
47

 By blending ABA triblocks with 

matched AB diblocks, the amount of bridging can be decreased; this results in enhanced 

strain softening at intermediate strains.
42

 The large strain behavior of (AB)n multiblocks 

can be partially attributed to increased bridging.
30,31,45,48

   

 Matsumiya et al. studied (PS–PI–PS)n multiblock polymers (n = 1,2,3, and 5) in 

n-tetradecane (C14; 30 wt % (SIS)n).
45

 The molar mass of the PS and PI blocks were 20 
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and 40 kg/mol, respectively. The swollen multiblocks formed PS spheres in a matrix of 

PI/C14 on a BCC lattice. Extensional experiments conducted with co-rotating drums to 

high elongations at low strain rates revealed a positive correlation between the maximum 

stretch ratios and n, λmax≅ 1.7, 2.2, 6.6, and ≥90 for n = 1,2,3, and 5, respectively. Affine 

stretching was observed (n = 5) at elongations less than 3 with minimal hysteresis on 

reverse elongation. At higher elongations, up to 60, the authors reported that some of the 

polystyrene chains pulled out of their domains and transferred to another domain, 

however, full recovery was observed after sufficiently long rest times.  

 The temperature dependent stress relaxation of PS–PI–PS triblocks was studied 

by Hotta et al. by step-strain (25%) experiments with both spherical and cylindrical 

polystyrene microdomains between 5 and 70 °C.
44

 They found the stress relaxation at 

different temperatures could be superimposed using time-temperature superposition. 

Analysis of the stress relaxation revealed two regimes, one between 5 and 30 °C, and the 

other between 39 and 70 °C,  in the former the stress relaxation fits a power law, in the 

later relaxation is more rapid and can be described using a stretched exponential. The 

elongation of the samples after 2 days showed that below 30 °C negligible plastic 

deformation occurs. Between 30 and 50 °C the plastic deformation of both samples 

approached the maximum value (1.25), however, the sample with the spherical domains 

consistently showed higher residual strains than the sample with the cylindrical domains. 

They attributed the stress relaxation to PS chain pullout of the glassy PS-domains, and by 

elongating (25% strain) the relaxed samples concluded the crosslink density had not 

changed.  



18 

 

 The deformation behavior of macroscopically aligned and isotropic cylindrical 

PS–PB–PS triblocks was investigated by Pakula et al.
43

 They conducted in situ 

tensile/SAXS experiments on macroscopically aligned cylinders in the parallel, 

perpendicular, and 45° angle to the axis of extension. They noted the oriented samples 

had a more pronounced yield point at low elongations compared to the isotropic samples. 

The yield stress decreased and the yield strain increased from the parallel, 45°, and 

perpendicular orientations, respectively. At higher elongations the stress required to 

deform the oriented samples increased from the perpendicular, 45°, and parallel 

orientations, respectively. Independent of the initial orientation, at high elongations all of 

the cylindrical microdomains were inclined at a 20° angle to the drawing direction. The 

authors attributed this to fragmented cylinder domains; in this case  orientation is  

controlled by the polybutadiene block with some plastic flow in the polystyrene-domains.  

  



19 

 

 

1.3 Ring-Opening Transesterification Polymerization. 

 While lactones can be generated from a variety of biological sources they can also 

be efficiently polymerized by controlled ring-opening transesterification polymerization 

(ROTEP). Many other polymerization techniques can be used to produce commercial 

polyesters, however, ROTEP offers the best control over the molar mass and the molar 

mass distribution.
49,50

 ROTEP reactions can be carried out by a variety of catalytic 

systems including metal-alkoxides, enzymes, and organocatalyst.
51

 The most widely used 

metal alkoxide catalysts used for ROTEP of lactones and cyclicdiesters is tin(II) octoate 

(Sn(Oct)2).
51

 In this reaction a hydroxyl containing  molecule is added  to the monomer 

and catalyst to initiate the polymerization and control the number average molar mass 

(Mn).
50

 The most widely accepted mechanism for Sn(Oct)2 catalysed ROTEP is known as 

the coordination-insertion mechanism (Scheme 1.1).
52,53

 In this mechanism, initiation 

starts with a reversible exchange reaction of octanoic acid and the hydroxyl group of the 

initiator. After the formation of the tin-alkoxide species, insertion at the carbonyl of the 

lactone forms the first repeat unit; the tin species then migrates to the chain end. The 

chain can then propagate via successive insertion reactions. The chain can continue to 

propagate via successive insertion reactions until the tin-alkoxide species is exchanged 

for a proton forming the dormant, hydroxy terminated chain end. The number of 

hydroxyl groups contained by the initiator determines the functionality and architecture 

of the resulting polymer. If a monofunctional (one hydroxyl group) initiator is used for 

the polymerization, a linear polymer will result where the ω-terminus is comprised of the 

hydroxyl group from the terminal repeat unit. If a difunctional (diol) initiator is used, a 
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linear α,ω-hydroxyl telechelic polymer is formed. If the initiator functionality is greater 

than 2, an n-armed-star polymer is formed; here n represents the number of alcohols on 

the original initiating species. The polymerization kinetics of D,L-lactide with initiator 

functionality of 1,2,3, and 5 was  investigated by Moravek et al. using Sn(Oct)2 as the 

catalyst in tetrahydrofuran at 72 °C.
54

 They found that when the catalyst concentration is 

much less than the concentration of hydroxyl groups, the polymerization was first-order 

in monomer concentration and the pseudo first-order rate constants were independent of 

the initiator functionallity.
54

 

 Although relatively narrow molar mass distributions are routinely obtained by 

ROTEP, the presence of chain transfer to polymer and chain scission can result in 

broader molar mass distributions. Chain transfer occurs by the active chain end inserting 

into a backbone ester. Intramolecular chain transfer results in the formation of an inactive 

cyclic species and an active chain (linear). Intermolecular chain transfer conserves the 

activity of both chains, but reshuffles the number of repeat units per chain 

(disproportionation). The result of intermolecular chain transfer is the increase of the 

weight average molar mass (Mw) with the number average molar mass (Mn) remaining 

unchanged. Due to the extent of chain transfer and polymerization–depolymerization, the 

dispersity (Ð = Mw/Mn) of polymers produced by ROTEP can vary between 1, 

corresponding to an ideal living polymerization, and 2, the most probable distribution.
55,56

 

  



21 

 

 

Scheme 1.1: Coordination insertion mechanism for metal-alkoxide catalyzed ring-

opening transesterification polymerization of a generic lactone. 

 

 

1.4 Properties of Polylactide 

  In addition to being renewable and commercially available, polylactide has 

similar physical properties to polystyrene.
57

 A comparison of polylactide an polystyrene 

characteristics are summarized in Table 1.2. The tacticity of polylactide also has a 

profound effect on the polymer properties.  

 

Figure 1.6 Stereochemistry of L-lactide, D-lactide, and meso-lactide. 
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 Lactide has two chiral centers located at the methine carbons on the ring. The 

absolute stereochemistry of the monomer can be RR (D-Lactide), SS (L-lactide), or RS 

(meso-Lactide). (See Figure 1.6) Baring epimerization of the chiral centers the 

polymerization of L-lactide or D-lactide results in an isotactic polymer, abbreviated as 

PLLA or PDLA, respectively. The copolymerization of a racemic mixture of L-lactide 

and D-lactide produces an atactic polymer, and is commonly referred to as poly(D,L-

lactide) or less frequently as poly(rac-lactide). Atactic poly(D,L-lactide) will be 

abbreviated as PLA throughout this thesis, however, it is occasionally abbreviated as 

PDLLA in other references. Isotactic polylactide, PLLA or PDLA, forms a 

semicrystalline polymer with melting temperatures (Tm) approaching 180 C. The atactic 

form is amorphous with a glass transition temperature (Tg) approaching 60 C. A range of 

entanglement molar mass values of PLA has been reported (3.96 kg/mol,
58

 8.7 kg/mol,
59

 

and 10.5 kg/mol
60

), and is a relatively brittle material at ambient temperatures.
57

 A 

number of strategies have been used to improve the toughness of poly(lactide); these 

include the use of copolymer blends, small molecule plasticizers, oligomeric plasticizers, 

and reactive blending.
57

 Block polymers containing PLA have also been used for 

lithography or membrane applications where the PLA block enables selective etching.
61–

65
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Table 1.2 Glass Transition and Tensile Properties of PLA and Polystyrene
57

 

 PLA PLLA 
PLLA/PDLA 

Stereocomplexed 
Polystyrene 

Tg (°C) 50-60 50-60 65-72 100 

Tm (°C) -- 170-190 220-230 -- 

σt (GPa) 0.04-0.05 0.12-2.3 0.88 0.045 

EY (GPa) 1.5-1.9 7-10 8.6 3.2 

εb (%) 5-10 12-26 30 3 

1.5 Block Polymers Containing Polylactide  

 Block polymers containing polylactide have been prepared from a variety of 

synthetic routes, and in a number of different molecular architectures. One common 

synthetic route is to use a hydroxyl containing polymer to initiate the polymerization of 

lactide thereby ‘growing’ polylactide from the polymer macroinitiators. A variety of 

different hydroxyl terminated polymers have been used as macroinitiators for the 

polymerization of lactide including: polyisobutylene,
66

 poly(dimethylsiloxane),
67

 

polystyrene,
33

 polyisoprene,
24

 poly(ethylene-alt-propylene),
32

 poly(cyclohexyl-

ethylene),
68

 and poly(1,5-cyclooctadiene).
69

 Another approach is to exploit the 

polylactide hydroxyl end-group in post polymerization functionalization reactions. A 

number of different synthetic strategies that rely on reactive hydroxyl chain ends have 

been utilized to make polylactide-containing (AB)n multiblock polymers, for example 

reacting of the alcohol with an acid chloride or isocyanate containing molecule is 

frequently employed.
31,67,70–74

 (AB)n multiblock polymers containing polylactide in 

combination with polybutadiene,
31

 poly(dimethylsiloxane),
71

 poly(butylene succinate),
75
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poly(ε-caprolactone),
70,72,73

 and poly(1,5-dioxepan-2-one)
74

 have all been reported by this 

route. 

 A particularly efficient method to prepare all-polyester block polymers is by 

sequential monomer addition using ring-opening transesterification polymerization. By 

initiating the first polymerization step with a difunctional initiator and allowing the 

reaction to reach high conversion before adding lactide ABA triblocks may be 

synthesized in a two-step, one-pot reaction. Aliphatic polyester block polymers prepared 

by sequential ROTEP scheme include: PLA-poly(ε-caprolactone)-PLA,
70,76–79

 PLA-

poly(1,5-dioxepan-2-one)-PLA,
74,80–82

 PLA-poly(menthide)-PLA,
25,83,84

 PLA-poly(ε-

decalactone)-PLA,
15,16

 and PLA-poly(1,3-trimethylenecarbonate)-PLA.
85–88

  

 

 

Figure 1.7  Chemical structure of polymer repeat units reported in block copolymers 

containing polylactide: poly(ε-caprolactone) PCL, poly(1,5-dioxepan-2-one) PDXO, 

poly(menthide) PM, poly(1,3-trimethylenecarbonate) PTMC, poly(dimethylsiloxane)  

PDMS, poly(cyclohexylethylene) PCHE, poly(1,5-cyclooctadiene) PCOD, 

poly(ethylene glycol) PEG. 
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 1.5.1 Polylactide/Poly(ε-caprolactone) Block Polymers. The most 

widely studied aliphatic polyester block copolymers contain blocks of PLA and PCL. 

Poly(-caprolactone) is a semicrystalline polymer (Tm  ~ 60 C) with a low glass 

transition temperature (Tg ~ –60 C). Without inhibiting the PCL crystallization, 

PLA/PCL block copolymers behave as rigid thermoplastics, thus statistical copolymers of 

CL are often encountered. Cohn and Salomon investigated the mechanical properties of 

PLLA/PCL multiblock copolymers with a low molar mass PCL block.
89

 They studied a 

series of multiblock copolymers with increasing PLLA content keeping the molecular 

weight of PCL fixed at 2000 g/mol. DSC analysis of the multiblocks only showed a PCL 

melting transition for the multiblock with the lowest PLLA content—at higher weight 

fractions of PLA the crystallinity of PCL was absent. Tensile studies reveled that, though 

the ultimate tensile strength (~32 MPa) of these materials was nearly independent of 

PLLA content, other properties were not. With increasing PLLA content the ultimate 

elongation at break decreased from ~1600% to ~150% strain, while Young’s modulus 

increased from 30 MPa to 800 MPa.  

 1.5.2 Poly(l-lactide)/Poly(1,5-dioxepan-2-one) Block Polymers. 

Poly(1,5-dioxepan-2-one) is an amorphous low-Tg (–39 °C) polymer, and a good 

candidate for TPEs. The bulk polymerization of DXO using catalytic aluminum 

isopropoxide was shown to reach nearly quantitative monomer conversion after 1.5 hours 

at 25 °C, and form a high molar mass polymer.
80

 The polymerization of DXO from a 

difunctional initiator and subsequent addition of L-lactide has been used to prepare 
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PLLA–PDXO–PLLA triblock polymers with semicrystalline domains of PLLA.
74,82

 The 

glass transition temperature observed in the triblocks (12–35 mol % PLLA) was near the 

glass transition of PDXO (Tg ~ –32 °C), and the melting temperature of the PLLA 

domains was between 140 and 160 °C (Table 1.3).
74

 Using polarized optical microscopy 

spherulites were observed with mean diameters between 20 and 80 µm.
74

 The triblocks 

showed impressive tensile strength and ultimate elongation as well (Table 1.3).
74

 In a 

related study the midblock consisted of a poly(DXO-co-TMC) statistical copolymers with 

semicrystalline PLLA end blocks.
90

 The PLLA–poly(DXO-co-TMC)–PLLA triblocks 

showed two glass transitions and a melting transition attributed to PLLA. The tensile 

properties (40 wt % PLLA) were compared to PLLA–PDXO–PLLA and PLLA–PTMC–

PLLA triblocks (Table 1.4) 

Table 1.3 Mechanical Properties and Thermal Transitions of PLLA-PDXO-PLLA 

Triblock Copolymers.
74

 

DXO:LA:I
a Mn

Th. 

(kg/mol) 
wPLA 

σB 

(MPa) 
εB (%) Tg (°C) Tm (°C) 

400:200:1 75.2 38.3 23 560 –32.6 162.6 

300:150:1 56.4 38.3 42 430 –32.2 156.1 

200:100:1 37.6 38.3 20 620 –33.3 150.1 

300:100:1 49.2 29.3 33 910 –32.8 139.3 

400:100:1 60.8 23.7 4 460 –33.7 140.3 
a
Mole ratio of DXO and lactide monomers with respect to the initiator (I) 

Table 1.4 Mechanical Properties and Thermal Transitions of PLLA–poly(DXO-co-

TMC)–PLLA Triblock Copolymers.
90

 

DXO:TMC:LLA Mn (kg/mol) wPLA σB (MPa) εB (%) EY (MPa) Tg (°C) Tm (°C) 

0:400:200 680 41.4 35.6 593 62.6 –10.6, 50.0 157.9 

100:300:200 665 40.6 4.5 918 67.6 –21.4, 53.8 156.3 

200:200:200 678 39.8 5.9 1089 65.6 –26.8, 43.6 160.8 

300:100:200 731 39.0 4.9 690 53 –30.4, 44.0 158.2 

400:0:200 686 38.3 9.8 557 48.7 –31.7, 44.8 146.7 
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 1.5.3 Poly(ε-caprolactone)/Poly(1,5-dioxepan-2-one) Block 

Polymers. The copolymerization of CL and DXO was studied in the bulk using 

Sn(Oct)2 as the catalyst at 110 °C.
91

 The reactivity ratios for copolymerization using  this 

catalyst  were found to be rCL = 0.6 and rDXO = 1.6 , thus an  ideal copolymer (r1 r2 = 1).
91

 

The thermal properties of the resulting copolymers depended on composition with 

crystallization observed for copolymer compositions containing less than 40 mol % 

DXO.
91

 Using an aluminum isopropoxide catalyst in toluene and tetrahydrofuran, the 

sequential addition of DXO and CL studied  by varying the order in which monomers 

were added.
92

 It was found that hydroxyl terminated PDXO-OH initiates the 

polymerization of CL to form a PDXO–PCL block copolymer, and that reversing the 

order by initiating the polymerization of DXO with hydroxyl terminated PCL-OH also 

formed a block copolymer.
92

 By the sequential addition of CL followed by DXO 

followed by CL again, the authors were able to prepare a  PCL–PDXO–PCL triblock 

polymer.
92

 In a subsequent report, the sequence length distribution, crystallization, and 

mechanical properties were investigated on a set of PCL–PDXO–PCL triblocks prepared 

by sequential monomer addition.
81

  The sequence length distribution was investigated by 

13
C NMR spectroscopy, and consistent with a “blocklike” structures. Analysis by DSC 

showed a single glass transition temperature and a melting transition. The Tg, Tm, and % 

crystallinity were all found to be linear with DXO content. The tensile properties of 

polymers with 25 and 40 mol % DXO were impressive with tensile strengths and ultimate 

strains up to 38.8 MPa and 1358%, respectively (Table 1.5).
81
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Table 1.5 Mechanical Properties and Thermal Transitions of PCL–PDXO-PCL Triblock 

Copolymers.
81

 

DXO:CL kg/mol DXO (%) Tg (°C) Tm (°C) σB (MPa) εB (%) EY (MPa) 

50:160 77 29 37.2 –56.9 27.5 ± 2.4 917.5 ± 58 192 ± 25 

100:300 108 28 44.3 –57.7 30.1 ± 4.2 1127 ± 105 211 ± 8 

160:500 183 25 47.7 –57.6 38.8 ± 6.7 1251 ± 179 221 ± 17 

150:230 109 41 40.4 –57.1 31.4 ± 3.3 1281 ± 95 150 ± 9 

260:400 151 40 41.7 –56.9 37.8 ± 1.7 1358 ± 96 123 ± 11 

 

 1.5.4 Poly(lactide)/Poly(1,3-trimethylenecarbonate) Block 

Polymers. Amorphous poly(1,3-trimethylene carbonate) (TMC) has also been 

incorporated into PLLA-TMC multiblock
87

 and PLA-TMC-PLA triblock
88

 architectures. 

Zhang et al. studied the mechanical properties of a series of PLA-TMC-PLA triblocks.
88

 

The triblocks were synthesized from the stannous 2-ethylhexanoate catalyzed ROP of 

1,3-trimethylene carbonate in the presence of a difunctional initiator (1,6-hexanediol) 

followed by the addition of L-lactide, D-lactide, or D,L-lactide.
88

 The elastic modulus for 

semicrystalline PLLA-TMC-PLLA triblocks increased with PLLA content from 20.7 

MPa to 408 MPa while the tensile stress decreased from 1.4 MPa to 19.8 MPa for 17.5 

mol-% and 42.3 mol-%, respectively. (Table 1.6) The elongation at break also increased 

from 120% to 330% for the same samples. Amorphous PLA-TMC-PLA triblocks 

exhibited the same PLA content dependence on the mechanical properties as the 

semicrystalline samples. However, for triblocks with comparable PLA content the 

amorphous triblocks exhibited a lower Young’s modulus and tensile strength, and much 

larger ultimate elongation compared to the semicrystalline samples. Solution blended 

isotactic PLLA and PDLA containing triblocks (~16 mol % LA) formed  a PLA stereo-
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complex with a melting temperature of 190 °C. Compared to the tensile properties of the 

triblock components the value of Young’s modulus, yield stress, and yield strain of the 

stereo-complex containing triblock melt approximately doubled, while the ultimate 

elongation increased by ~50%. The strain rate (ė) of a one hour creep test, loaded to 10% 

of the σyield, demonstrated a strong dependence on PLA content; for semicrystalline 

PLLA containing triblocks ė decreased from 2.7 × 10
-6

 to 0.3 × 10
-6

 s
-1 

as the PLLA 

content decreased from 17.5 to 42.3 mole %. A decrease in ė for the stereo-complex 

containing triblock blend was reported, decreasing from 2.7 × 10
-6

 and 2.5 × 10
-6

 s
-1 

for 

the component triblocks to 1.7 × 10
-6

 s
-1

 for the blend. Most impressive, the stereo-

complex containing blend showed no permanent deformation after 3000 cycles in a 

reciprocating tensile test conducted at 10% strain.   

 1.5.5 Polylactide/Poly(menthide) Block Polymers. Wanamaker et al. 

reported the mechanical properties and degradation behavior of ABA polyester TPE from 

amorphous blocks.
25,83,84

 The midblock was derived (-)-Menthol, a from the natural 

product found in  mint plants. Oxidation  of this ketone  affords menthide (3-methyl-6-

isopropyl--caprolactone). ROTEP of this lactone produces poly(menthide) (PM) , an 

amorphous polymer with a low glass transition temperature (Tg  = –25 C).
10

 PLA-PM-

PLA triblocks were  shown to adopt well ordered lamellar and cylindrical 

morphologies.
25

 Three PLA-PM-PLA triblocks, with PLA weight fractions between 31.6 

and 41.9%, demonstrated ultimate elongations at break (580 – 1330%) similar to those 

reported for amorphous PLA-TMC-PLA triblocks.
25,83,88

 Tensile strengths of these 
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triblocks ranged from 1.7 to 4.4 MPa with Young’s modulus of 0.78 to 3.13 MPa.
25,83

 

Semicrystalline variants were found to have higher tensile toughness compared to the 

amorphous PLA–PM–PLA triblocks; the improved toughness was attributed to enhanced 

physical cross-linking (Table 1.7).  

Table 1.6 Mechanical Properties of PLA-TMC-PLA Triblock Copolymers
38

 

Sample ID 
PLA E yield yield max max ė 

(mol %) (MPa) (MPa) (%) (MPa) (%) (10
-5

s
-1

) 

PLA-TMC-PLA 14.4 0.94 0.06 23 0.06 >1800 -- 

PLA-TMC-PLA 35.2 15.7 1.2 130 1.8 880 14 

PLLA-TMC-PLLA 17.5 20.7 1.4 38 1.4 120 0.27 

PLLA-TMC-PLLA 42.3 408 15.3 12 19.8 330 0.03 

PDLA-TMC-PDLA 14.2 34.4 2.1 32 2.1 100 0.25 

PDLA-TMC-PDLA 44.2 467 15 11 21.1 400 0.05 

ST-TMC-ST 16 38.3 3.3 85 -- 170 0.17 

 

Table 1.7 Mechanical Properties and thermal transitions of PLA-PM-PLA Triblock 

Copolymers.
25,83

 

Sample ID
a 

wPLA
b 

σB (MPa) EY (MPa) εB (%) Tg (°C) Tm (°C) 

PLA-PM-PLA (7.6-33-7.6) 31.6 3.8 ± 0.1 0.8 ± 0.1 872±6 –22, 50.0 
 

PLA-PM-PLA (7.8-29-7.8) 35.0 1.7 ± 0.1 1.4 ± 0.3 960 ± 60 –25, 44  

PLA-PM-PLA  (12-32-12) 41.9 3.7± 0.7 2.40±0.2 530±58 –24, 51 
 

PLLA-PM-PLLA (6.9-28-6.9) 33.5 13.6±1.4 1.5±0.1 900±76 –21, 53 143, 150 

PDLA-PM-PDLA (6.8-28-6.8) 33.3 12.6±0.4 1.5±0.3 849±40 –21, 52 149, 154 

PLLA-PM-PLLA (11-33-11) 40.8 15.2±0.2 5.4±0.9 703±111 –21 142, 151 

PDLA-PM-PDLA (11-33-11) 40.3 12.3±0.5 3.9±0.6 667±65 –21 151, 160 

PLLA-PM-PLLA (13-33-13) 43.8 19.5±1.1 26.8±2.1 765±40 –20 162 

PDLA-PM-PDLA (15-33-15) 48.2 18.7±0.6 25.0±3.8 731±98 –21, 59 165 
a 

Sample ID are of the form (x-y-x) where x and y are the molar mass (kg/mol) of the 

polylactide and PM block, respectively. 
b
 Weight percent polylactide. 
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 1.5.6 Polylactide/Poly(ε-decalactone) Block Polymers. Albertsson et 

al. reported the preparation and properties of PLLA–PDL–PLLA triblock copolymers.
16

 

They reported that the polymerization of DL with Sn(Oct)2 in the bulk at 110 and 150 °C 

was controlled,  furthermore,  Mn increased linearly with monomer conversion. The 

apparent rate constant for the homopolymerisation was 15 times greater at 150 °C 

compared to 110 °C. From the conversion of DL at 217 °C (99%), they concluded that 

the ceiling temperature for DL polymerization is immeasurably high.  The sequential 

polymerization of DL then LLA was reported to form a pure triblock architecture 

determined by 
13

C NMR spectroscopy analysis. A PLLA–PDL–PLLA triblock with 40 

mol % PLLA was investigated by tapping mode AFM and reported to form 15 nm wide 

cylinders of PLLA in a matrix of PDL. The random and block copolymers were reported 

to have higher thermal stability compared to PLLA determined by TGA.  

 Lin et al. polymerized DL catalyzed by lanthanum tris(2,6-di-tert-butyl-4-

methylphenolate) in toluene at 30 °C and lanthanum tris-(borohydride) in THF and 

toluene at 30 and 100 °C.
15

 They prepared PLLA–PDL–PEG–PDL–PLLA pentablock 

terpolymers by the sequential polymerization of DL and LLA from PEG diol precursors. 

Multiblock terpolymers were prepared by coupling the PLLA–PDL–PEG–PDL–PLLA 

pentablock terpolymers with a L-lysine derived diisocyanate catalyzed by Sn(Oct)2 in 

toluene at 75 °C for 14 hours. Two glass transitions were observed at –30 °C and 29 °C. 

Multiblock terpolymers with 54 wt % PLLA showed improved tensile properties 
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compared to the pentablock polymers with tensile stresses up to 9.6 MPa and ultimate 

elongations up to 723%.  

 Multiblock copolymers of alternating poly(D,L-lactide) and polybutadiene (34% 

1,4-addition) were prepared by coupling PLA–PB–PLA triblock copolymers with tolune-

2,4-diisocyanate or terephthaloyl chloride.
31

 The polybutadiene molar mass (3.3 kg/mol) 

was kept constant, and 4 sets of triblocks and multiblocks copolymers were studied with 

PLA volume fractions of 0.6, 0.7, 0.8, and 0.9. The average number of triblocks per chain 

in the multiblocks ranged from 1.7 to 4.4. The glass transitions, microstructure, and 

mechanical properties of the multiblocks were independent of the coupling chemistry—

eurethane versus ester linkages. The microstructure of the PLA–PB–PLA triblock 

copolymers formed lamellar (ƒPLA = 0.6) and hexagonal (ƒPLA = 0.7 and 0.8) ordered 

structures, and disordered liquid-like packed spheres (ƒPLA = 0.9) depending on the 

composition. The microstructure of the multiblocks matched the observed microstructure 

of the parent triblocks with a less than 5% deviation in the principal domain spacing. 

Thermoplastic mechanical properties were observed by tensile experiment with enhanced 

mechanical toughness observed for hexagonal and lamellar forming multiblocks 

compared to their parent triblocks. 
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1.6 Thesis Outline 

 The following chapters build on previous works encompasing aliphatic polyester 

block copolymers, with each chapter focusing on chemical variants of alkyl substituted 

lactone monomers as the rubbery componet of polylactide containing block copolymers. 

Chapter 2 investigates the preparation of a 6-methyl-ε-caprolactone prepared by a 

“green” Baeyer–Villiger oxidation, and its polymerization under bulk conditions. The 

synthesis and full characterization of PLA–PMCL–PLA triblock copolymers is also 

described. Chapter 3 focuses on the polymerization thermodynamics of δ-decalactone, a 

renewable monomer with a relatively low ceiling temperature. The rate of intermolecular 

chain transfer is examined for the room temperature bulk polymerization with an 

organocatalyst, and the synthesis of PLA triblocks is described. The preparation of ABA 

triblocks by sequential polymerization of δ-decalactone and D,L-lactide is also described. 

Chapter 4 investigates the bulk physical properties of  PLA–PDL–PLA triblock and 

(PLA–PDL–PLA)n multiblock copolymers prepared by diisocyanate coupling of the 

triblocks. The objective was to lower the order–disorder transition temperature to enable 

the high shear rate melt processing of the material. The tensile properties of various 

molar mass triblocks, and multiblocks with an array of PLA compositions are evaluated. 

The effect of injection molding on a (PLA–PDL–PLA)n multiblock copolymer is 

investigated. The theme throughout this work is to develop sustainable thermoplastic 

elastomers.  
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Chapter 2:  

 

Polylactide–Poly(6-methyl-ε-caprolactone)–Polylactide 

Thermoplastic Elastomers
*
 

 

                                                 
*
 Reproduced in part with permission from Martello, M. T.; Hillmyer, M. A. 

Macromolecules 2011, 44 (21) 8537–8545. Copyright 2011 American Chemical Society. 
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2.1 Introduction 

 The commercial success of synthetic polymers rests partly on the availability of 

inexpensive, nonrenewable petroleum-based feedstocks. However, most of these 

traditional commodity plastics are destined for environmental persistence. Because of 

increasing emphasis on sustainability in the polymer industry, great efforts are being 

made to replace the current polymers with biorenewable and degradable alternatives. 

Polylactide is a sugar-derived polyester with a hydrolytically degradable backbone
1-3

 that 

has been used in the biomedical industry for degradable devices and more recently in the 

packaging and textiles industries.
1,4

 Amorphous polylactide (PLA) is prepared by the 

ROTEP of racemic lactide (D,L-lactide). It is a stiff material with a glass-transition 

temperature (Tg) near 60 °C.
2
 Isotactic polylactide is a semicrystalline polymer with a 

melting temperature (Tm) up to 180 °C. One key to increasing the breadth of PLA 

applicability is through the controlled incorporation of other components, in particular in 

the form of block copolymers.
2
 Particularly attractive targets are ABA triblock 

copolymers that incorporate PLA as the end blocks. With appropriate rubbery midblocks, 

such thermoplastic elastomers (TPEs) can be used in a wide variety of consumer products 

such as footware, asphalt additives, and hot melt and pressure sensitive adhesives.
5
 

Bulk ABA triblocks may adopt well-ordered spherical, cylindrical, gyroid, and 

lamellar structures that depend on the interaction between A and B repeat units embodied 

by the Flory–Huggins χ parameter, the total number of repeat units N, and, most 

importantly, the volume fraction of the components f (fA + fB = 1).
6
 Commercial TPEs 
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such as poly(styrene)-b-poly(isoprene)-b-poly(styrene) (SIS) typically contain a majority 

of the rubbery midblock, resulting in dispersed spheres or cylinders of glassy polystyrene 

that act as physical cross-links for the amorphous, low-Tg matrix.
5
 ABA triblocks 

employing both amorphous PLA and semicrystalline PLLA hard end blocks have been 

investigated as TPEs. Nondegradable midblocks such as polyisobutylene
7
 and 

poly(dimethylsiloxane)
8
 as well as entirely degradable midblocks such as polyisoprene,

9
 

poly(1,3-trimethylene carbonate) (PTMC),
10

 poly(3-hydroxybutyrate),
11

 poly(1,5-

dioxepan-2-one),
12

 and poly(menthide)
13–15

 (PM) have been reported. Exchanging 

amorphous PLA for semicrystalline variants resulted in improved mechanical properties 

for both PLA–PM–PLA
14

 and PLA–PTMC–PLA
10

 triblocks; enhanced physical cross-

linking due to PLLA crystallite formation has been implicated. However, the ultimate 

tensile stress of the amorphous triblocks is somewhat low considering the high tensile 

strength of glassy PLA. Incorporation of crystallizable end blocks in ABA triblocks can 

present additional challenges due to crystallite formation altering the microstructure and 

an increased dependence of properties on thermal history.
16-18

 For example, triblock 

PLLA–PTMC–PLLA films formed spherulites after several weeks due to the slow 

crystallization of the polylactide overriding the initially formed microstructure.
10

 

Similarly, time dependent analysis of PLLA–PCL diblock copolymers revealed a 

microphase-separated lamellar morphology upon cooling from the melt that was 

overwhelmed by PLLA spherulite formation regardless of the composition.
16

 Improving 

the mechanical properties of all amorphous PLA TPEs could significantly improve their 

applicability and thus expand their range of applications. 
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We report the synthesis and properties of amorphous PLA–poly(6-methyl-ε-

caprolactone)–PLA (L–MCL–L) triblocks. We utilized a new Baeyer–Villiger protocol 

for the preparation of MCL from 2-methylcyclohexanone. The polymerization of 6-

methyl-ε-caprolactone (MCL) has been previously reported using tin, aluminum, and 

enzymatic catalysts.
19–25

 This is the first report using poly(6-methyl-ε-caprolactone) 

(PMCL) in a block copolymer. PMCL is an amorphous polymer exhibiting a low Tg (−45 

°C). On the basis of previous works with ε-caprolactone
16

 (CL) and (−)-menthide,
15

 we 

anticipated that MCL and LA would be sufficiently incompatible that microphase 

separation could be achieved at convenient molar masses. Symmetric hydroxyl-

terminated PMCL prepolymers were prepared and subsequently used as macroinitiators 

for the ROTEP of D,L-lactide to form amorphous PLA–PMCL–PLA triblocks. The 

parameters dictating the self-assembly behavior and the microstructure of the triblock 

copolymers were established. In addition, the mechanical properties were analyzed and 

correlated with the overall molar mass of the triblocks. 
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Scheme 2.1 Synthesis of L-MCL-L triblock copolymers by sequential ring-opening 

polymerizations. 
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2.2 Results and Discussion 

 2.2.1 Synthesis of 6-Methyl-ε-caprolactone. We employed the Baeyer–

Villiger (BV) oxidation of 2-methylcyclohexanone for the preparation of MCL. Oxone 

(ca. 2 equiv of KHSO5) was added to a solution of 2-methylcyclohexanone in 

methanol/water (1:1 v/v) containing excess sodium bicarbonate to mitigate the acidity of 

the reaction mixture.
26

 The insoluble salts were filtered, and the resulting solution was 

extracted with dichloromethane to give MCL in quantitative yield. The product was 

purified by fractional distillation and analyzed by 1H and 13C NMR spectroscopies. The 

monomer characterization data were consistent with previous reports
27

 and contained 5% 

of the regioisomer 2-methyl-ε-caprolactone (2-MCL). A representative 1H NMR 

spectrum is given in Figure 2.1. The concentration of 2-MCL did not change upon 

purification, and the mixture of isomers was used in subsequent polymerizations. We 

refer to the mixture of 6-MCL and 2-MCL isomers as MCL. Prior to polymerization, the 

monomer was passed through a column of activated basic alumina to remove any residual 

water or trace impurities. 

 The use of Oxone as a replacement for more hazardous oxidants such as m-

chloroperbenzoic acid and trifluoroperacetic acid has been investigated due to both 

environmental and safety concerns.
28–30

 This powerful oxidant has seen little use for the 

preparation of strained lactones due to (catalyzed) hydrolysis of the desired product.
28,29

 

Oxone has not been widely used in anhydrous organic solvents due to its poor solubility. 

Additionally, 2-methylcyclohexanone is insoluble in water. There has been recent effort 
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on increasing the availability of Oxone under anhydrous conditions by preloading the 

oxidant on a solid support such as silica,
28,29

 although the supported oxidant shows a loss 

of reactivity if it is not stored at 2 °C.
28

 In this work, a solvent mixture of water and 

methanol was employed, but sodium bicarbonate was added to the reaction to moderate 

the acidity of the reaction mixture. Although the limited solubility of sodium bicarbonate 

and Oxone in the methanol/water mixture could potentially limit the efficiency of the 

reaction, the high yields of MCL obtained after extraction indicate that the partial 

solubility of these reagents is sufficient. This simple procedure to prepare MCL offers 

many advantages compared to more conventional BV techniques. 

 

Figure 2.1 
1
H NMR spectrum of purified MCL. The expanded region shows the 

resonances used to quantify the relative compositions of the regioisomers. 
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 2.2.2 Synthesis and Characterization of HO–PMCL–OH. The 

polymerization of MCL was carried out in the bulk at 110 or 130 °C using 1,4-

benzenedimethanol (BDM) as a difunctional initiator and tin(II) ethylhexanoate 

(Sn(Oct)2) as the catalyst (Scheme 2.1). A series of six polymerizations with [MCL] to 

[BDM] ratios ranging from 95 to 780 were investigated (Table 2.1). An aliquot of the 

cooled reaction mixture was analyzed by 
1
H NMR spectroscopy. Proton(s) α to the acyl 

oxygen in the polymer backbone for 6-MCL and 2-MCL repeat units appear at δ = 4.9 

ppm and δ = 4.1 ppm, respectively (Figure 2.2). Monomer conversion calculated from the 

integral ratio of the monomer and repeat units was typically greater than 96% and up to 

99%. The relative integration of the 6-MCL and 2-MCL repeat units in the polymer 

closely matched the ratio in the feed (5% 2-MCL), indicating that both isomers are 

incorporated into the polymer chain. Incorporation of the BDM initiator is supported by 

the quantitative shift of the benzylic protons from δ = 4.7 ppm to δ = 5.1 ppm upon 

conversion of the alcohol to the corresponding ester. After precipitation of the polymer, 

the molar mass characteristics were determined by SEC using polystyrene standards 

(Table 2.1). The Mn determined by SEC was higher than the predicted value based on the 

monomer-to-initiator ratio and the monomer conversion as determined by 
1
H NMR 

spectroscopy. The monomodal molar mass distributions gave low polydispersity indices 

close to 1.2 in all cases. The methine proton corresponding to the hydroxyl chain end was 

observed at δ = 3.8 ppm, and end-group analysis was used to calculate Mn assuming 

exactly one BDM moiety per chain. The measured value of Mn was consistent with the 

theoretical Mn based on monomer conversion and the initial ratio of monomer and BDM 
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(Table 2.1). The integration ratio of these methine end group protons to the benzylic 

methylene resonances from the BDM was close to 2, indicating adventitious initiation 

(e.g., by water) was suppressed. 

Table 2.1 Ring-Opening Polymerization of 6-methyl-ε-caprolactone 

Sample [M]o/[I]o [M]o/[Sn]o 
Time Temp. Conv. Mn (kg/mol) 

PDI 
(h) (°C) (%) Theor.

a 
NMR

b 
SEC 

PMCL–12 95.4 374 7.8 110 99 12.1 11.9 25.2 1.15 

PMCL–16 131 398 7.8 110 98 16.5 16.0 32.2 1.15 

PMCL–20 156 500 16 110 — 20.0
c 

20.2 43.6 1.19 

PMCL–41 318 482 6.0 130 96
 

39.1 41.1 59.7 1.18 

PMCL–73 518 462 8.3 130 100
 

66.4 72.9 146 1.23 

PMCL–98 780 794 8.2 130 85
 

85.0 98.4 153 1.22 

a 
Theoretical Mn was calculated based on the observed monomer conversion () and the 

initial monomer and initiator content,  Mn = Mₒ  [M]ₒ/[I]ₒ  
b
 Molecular weight calculated 

from end group analysis (BDM).
 
Theoretical Mn based on 100% conversion as the 

conversion data was not obtained.  

 Several reaction aliquots from a bulk MCL polymerization at 130 °C were 

analyzed by 
1
H NMR spectroscopy and SEC. Shown in Figure 2.3, the molecular weights 

determined by 
1
H NMR spectroscopy increased linearly with conversion while the PDI 

values showed only modest increases over the same time frame. The rate of 

polymerization was first order in MCL concentration, evident by the linear relationship 

observed in Figure 2.4. Assuming first-order catalyst dependence, we observe a second-

order rate constant of 0.012 M
–1

 s
–1

 at a bulk catalyst concentration of [Sn(Oct)2] = 15.6 × 

10
–3

 mol kg
–1

 (assuming a constant density of 1 kg L
–1

). Storey and Sherman reported the 

bulk polymerization of ε-caprolactone (CL) catalyzed by Sn(Oct)2 ([Sn(Oct)2] = 1.2 × 10
–

3
 mol kg

–1
) at 130 °C reached 95% conversion after 40 min.

31
 At [Sn(Oct)2] = 15.6 × 10

–3
 

mol kg
–1

, MCL reaches 95% conversion after 255 min. The difference in rates is likely 
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due to the steric hindrance around the ester group imposed by the methyl group in 

MCL.
32

 This result is consistent with the work of Vion et al.,
25

 who reported rate 

constants of 4.05 and 0.035 M
–1

 s
–1

 for CL and MCL, respectively, using Al(iPrO)3 in 

toluene at 25 °C ([CL or MCL]0 = 1 M and [Al(iPrO)3] = 5 mM). The high conversion of 

MCL (Table 2.1) at 130 °C suggests that the methyl substitution does not significantly 

decrease the ring-strain when compared to CL. 

 

Figure 2.2 
1
H NMR spectrum of purified PMCL-41 (41.1 kg/mol). See text for chemical 

shifts. Shown in the expansions are the terminal methine proton is at δ = 3.8 ppm, the 2-

MCL methylene repeat unit adjacent to the oxygen at δ = 4.1, the 6-MCL methane proton 

adjacent to the oxygen at δ = 5.0, and the methylene protons from the BDM initiator 

fragment at δ = 5.1. 
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Figure 2.3 Dependence of number average molecular weight determined by 
1
H NMR 

spectroscopy (○) and polydispersity index (●) determined by SEC on MCL conversion. 

The theoretical molar mass is indicated by the solid line. The polymerization was carried 

out at 130 °C in the bulk with a monomer-to-catalyst ratio of 503, and a monomer-to-

initiator ratio of 156. 

 

 

Figure 2.4 MCL consumption as a function of time determined by 
1
H NMR 

spectroscopy. The polymerization was carried out at 130 °C in the bulk with a monomer-

to-catalyst ratio of 503, and a monomer-to-initiator ratio of 156. 
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 2.2.3 Synthesis and Characterization of PLA–PMCL–PLA. L–

MCL–L triblocks were prepared in toluene at 110 °C using α,ω-dihydroxyl telechelic 

PMCLs as macroinitiators and Sn(Oct)2 as the catalyst for the ring-opening 

polymerization of D,L-lactide (Table 2.2). The precipitated polymers were analyzed by 
1
H 

NMR spectroscopy and SEC. The methine proton associated with the PMCL hydroxyl 

terminus was absent upon chain extension and the terminal LA methine proton appeared 

at δ = 4.4 ppm, indicating quantitative initiation efficiency (see Figure 2.5). The relative 

integration of the benzyl protons in the PMCL initiator fragment to the terminal PLA 

methine protons was close to 2, indicating high reinitiation efficiency. A value larger than 

2 would indicate the presence of excess PLA homopolymer as a result of initiating 

impurities being introduced to the reaction. The methine protons of the LA repeat unit (δ 

= 5.2 ppm) was used to calculate the weight fraction of PLA in the triblock. The observed 

triblock composition was in good agreement with the weight fraction of D,L-lactide in the 

feed after accounting for lactide conversion. Comparison of representative PMCL 

prepolymer and L–MCL–L triblock SEC chromatograms is shown in Figure 2.6. The 

observed shift to shorter retention times is consistent with the desired chain extension 

reaction. In agreement with the 
1
H NMR results, these data support the conclusion that 

the triblocks are relatively free of PLA homopolymer (Table 2.2). 
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Figure 2.5 
1
H NMR spectrum of L-MCL-L (9.6-16-9.6).  
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Table 2.2 Characteristics of L–MCL–L Triblock Copolymers 

Sample 
wPLA

a
 

(%) 
ƒPLA

b SEC Tg (MCL) Tg (PLA) Morph 
Mn (kg/mol) PDI (°C) (°C) 

L-MCL-L (4.6–20–4.6) 31 0.26 49 1.18 –43 29 — 

L-MCL-L (6.7–20–6.7) 39 0.33 53 1.16 –43 36 Cylinder 

L-MCL-L (7.1–21–7.1) 41 0.35 52 1.08 –42 38 Cylinder 

L-MCL-L (13–20–13) 58 0.52 52 1.19 –44 42 — 

L-MCL-L (20–20–20) 69 0.63 67 1.40 –55 33 Lamellar 

L-MCL-L (30–20–30) 73 0.72 97 1.35 –44 48 Lamellar 

L-MCL-L (7–12–7) 55 0.49 44 1.11 –41 39 Lamellar 

L-MCL-L (9.6–16–9.6) 55 0.49 49 1.17 –42 43 Lamellar 

L-MCL-L (26–38–26) 58 0.52 110 1.18 –45 50 Lamellar 

L-MCL-L (12–98–12) 20 0.16 172 1.18 –43 50 — 

L-MCL-L (25–98–25) 34 0.29 195 1.22 –43 52 — 

        
a
 Mass percent PLA determined by 

1
H NMR spectroscopy. 

b
 Calculated volume fraction 

PLA assuming 25 °C with pure component densities: ρPLA = 1.25 g cm
–3

 and  ρPMCL = 

0.98 g cm
–3

.
37

  

 

 

 

Figure 2.6 SEC traces of (a) L-MCL-L (12-98-12), (b) PMCL (98), (c) L-MCL-L (7-12-

7), and (d)  PMCL (12). 
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Figure 2.7 
13

C NMR spectra of PLA, PMCL, L-MCL-L triblock, and poly(MCL-s-LA). 

 By employing a sequential ROTEP scheme to prepare an aliphatic polyester block 

copolymer, a chain transfer process can occur whereby the active chain end of a PLA 

block can undergo a transesterification reaction with the PMCL midblock liberating an 

MCL chain end. This process would lead to a randomization of the chain sequence and 

compromise the desired ABA architecture. The absence of the MCL chain ends in the 

triblock 
1
H NMR spectra supports limited or no transesterification during the triblock 

synthesis. The sequence distribution of polyester copolymers can be investigated by 

examining the carbonyl carbon (C═O) region of the 
13

C NMR spectrum, as the carbonyl 

13
C signal is sensitive to the microstructure of the copolymer. In Figure 2.7, the 

13
C NMR 

spectrum in the region of δ = 168–174 ppm is shown for representative PMCL, PLA, L–

MCL–L, and poly(MCL-s-LA). The C═O resonances of homopolymer PLA were 

observed between 168.9 and 169.6 ppm,
33

 and for PMCL a resonance at 172.6 ppm was 
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observed; the small peak near 173.1 ppm corresponds to the 2-MCL repeat unit. The 

statistical copolymer poly(MCL-s-LA) was synthesized by adding both MCL and lactide 

monomers at the start of the polymerization in the molar ratio of 2:1, respectively. 

Notably, the additional resonances observed in poly(MCL-s-LA) are absent in the L–

MCL–L triblock spectrum. These additional peaks are a result of the monomer sequence 

generated from the cross-propagation reactions between lactide and MCL active chain 

ends with both MCL and lactide. On the basis of the LA and CL copolymerization 

behavior,
34

 we would expect the copolymerization of MCL and lactide to form a 

“blocky” structure of alternating PLA and PMCL sequences. Without MCL monomer 

present during the polymerization, transesterification between the PLA and PMCL blocks 

is the only plausible mechanism that could generate alternating sequences. The absence 

of these signals in the L–MCL–L triblock 
13

C NMR spectrum indicates the PLA chain 

end does not react with the PMCL backbone. Our results are consistent with previous 

reports where transesterification between block polyesters is absent for Sn(Oct)2-

catalyzed polymerization of LA initiated by prepolymers of PCL
35

 and poly(menthide)
13

 

even at long reaction times. The minimum LA reaction times needed to reach high 

conversion were used to avoid broadening of the molecular weight distribution in the 

PLA blocks which has been shown to influence the domain spacing and equilibrium 

morphology.
36 
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 2.2.4 Small-Angle X-ray Scattering (SAXS). The morphology of L–

MCL–L triblocks were analyzed by SAXS at room temperature (Figure 2.8). L–MCL–L 

(6.7–20–6.7) and L–MCL–L (7.1–21–7.1) showed well-defined principal reflections with 

higher order reflections allowed by the p6mm space group ( annotation in Figure 2.8).
6
 

Hexagonally packed PLA cylinders within a PMCL matrix is consistent with this 

scattering and compositions of these two samples (39–41 wt %).
6
 Triblocks with 

increased PLA content, 55–69 wt % PLA, showed higher order reflections at integral 

multiples (▼ annotation in Figure 2.8) of q/q*, indicating a lamella microstructure. For 

L–MCL–L (26–38–26) low-intensity reflections at 2q*, 4q*, and 6q* were observed, 

suggesting a symmetric lamellar structure. The high molecular weight triblocks L–MCL–

L (12–98–12) and L–MCL–L (25–98–25) showed a pronounced principal reflection 

followed by broad oscillations in intensity at higher q. The anticipated morphology of L–

MCL–L (12–98–12) is PLA spheres dispersed in a PMCL matrix.
6
 This was investigated 

by comparing the observed scattering profile to the dispersed sphere form factor model 

(Figure 2.9). Using a sphere radius of 21.5 nm, the simulated form factor scattering 

profile is in good agreement with the features observed experimentally. On the basis of 

composition of L–MCL–L (25–98–25), we anticipate a cylindrical morphology where 

PLA cylinders are dispersed in a PMCL matrix (see Figure 2.10). We believe this sample 

adopts microphase-separated structure, but long-range ordering is prevented due to slow 

equilibration kinetics at this molar mass and degree of segregation (see below); thus, the 

scattering is less well-resolved in this case.
38,39 
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Figure 2.8 Small angle X-ray scattering of L-MCL-L triblocks at room temperature. L-

MCL-L (7-12-7) was analyzed at 100 °C. The Bragg reflections for identified lamellar 

(▼) and cylindrical () morphologies are indicated above each trace. The primary peak 

position for L-MCL-L (25-98-25) and L-MCL-L (12-98-12) are indicated with diamonds 

(). 
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Figure 2.9 Scattering profile (—) of L-MCL-L (12-98-12) indexed (▼) to BCC sphere 

reflections. Simulated hard sphere form factor scattering profile (---) for 21.4 nm sphere 

radii is given by equation 2.1. 

 ( )  (
    (   )        (   )

(   ) 
)

 

     (2.1) 
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Figure 2.10 Scattering profile (—) of L-MCL-L (25-98-25) indexed (▼) to hexagonally 

packed cylindrical reflections. 

 2.2.5 PMCL–PLA χ Parameter. Order–disorder transition temperatures 

(TODT) were determined by dynamic mechanical spectroscopy and SAXS for two lamellar 

triblocks: L–MCL–L (7–12–7) and L–MCL–L (9.6–16–9.6). The dynamic mechanical 

moduli were measured at a heating rate of 1 °C/min.
40

 Strain sweep experiments were 

conducted to ensure the temperature ramps were conducted within the linear viscoelastic 

limit (Figure 2.11). TODT values were determined from the midpoint of the discontinuous 

drop in G′. Shown in Figure 2.12, G′ for L–MCL–L (7–12–7) decreases rapidly as the 

sample is heated above 115 °C (TODT). The transition is also thermally reversible upon 

cooling. This value for TODT was corroborated by SAXS data taken at 10 °C intervals that 

revealed a discontinuous drop in intensity and broadening of the principal reflection 

between 110 and 120 °C (see Figure 2.13). Similarly, L–MCL–L (9.6–16–9.6) disorders 

at 155 °C  (see Figure 2.14). 



60 

 

 Mean-field theory calculations give the position of the lamellar/disorder phase 

boundary at χ(TODT) = 18 N
–1

 for ABA triblocks with equal A and B volume fractions. In 

this work we assume χ is dependent on temperature given according to equation 2.2.  

 ( )   
 

 
 –        (2.2) 

 The overall degree of polymerization, N, was calculated based on a standard 

reference volume of 118 Å
3
 using the room temperature densities of the respective 

homopolymers.
41

 Based on the measured order-to-disorder transitions, χ for the PLA–

MCL (χL–MCL) system is given by equation 2.3. 

 ( )   
    

 
 –         (2.3) 

 For comparison, the values of χ at 140 °C and a segment volume of 118 Å
3
 for 

other pairs of polymers common to block copolymers are PS/PI = 0.04,
42

 PMCL/PLA = 

0.05, PS/PLA = 0.08,
43

 and PEP/PLA= 0.29
44

 (PS, PI, and PEP refer to polystyrene, 

polyisoprene, and poly(ethylene-alt-propylene, respectively.) 
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Figure 2.11 Isochronal (frequency = 1 rad s
–1

) strain sweep of L-MCL-L (7-12-7) at 100 

°C. 

 

Figure 2.12 Isochronal temperature sweep of L-MCL-L (7-12-7) upon heating (■) and 

cooling (□), and L-MCL-L (9.6-16-9.6) on heating (●) and cooling (○). 
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Figure 2.13 SAXS of L-MCL-L (7-12-7) upon heating. Vertically from the bottom trace 

the temperatures are 80, 90, 100, 110, 120, 130, and 140 °C. 

 

Figure 2.14 SAXS of L-MCL-L (9.6-16-9.6) upon heating. Vertically from the bottom 

trace the temperatures are 120, 130, 140, 150, 160, 170, and 180 °C. 
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 2.2.6 Thermal Analysis. Analysis of the bulk triblock copolymers by 

differential scanning calorimetry revealed two glass transition temperatures with no 

evidence of crystallization. Representative thermograms are shown in Figure 2.15. We 

attribute the observed glass transitions to PMCL- and PLA-rich domains. The glass 

transition of the MCL block appeared at −45 °C and was relatively invariant over the 

molecular weight and compositions studied. The glass transition temperatures for the 

PLA block, however, showed a strong dependence on the PLA block molecular weight 

and ranged from 17 to 55 °C. The molecular weight dependence between 3.6 and 42 kg 

mol
–1

 for PLA was analyzed according to the Flory–Fox equation 2.4: where Tg
∞
 is the Tg 

of the polymer at infinite molecular weight and K is a constant representing the excess 

free volume of the end groups. As shown in Figure 2.16, the temperature dependence of 

the PLA Tg is well represented by the Flory–Fox equation with Tg
∞
 = 53 °C and K = 1.12 

× 10
5
. 

      
  

 

  
     (2.4) 
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Figure 2.15 DSC traces of triblocks: (a) L-MCL-L (3.6-20-3.6), (b) L-MCL-L (4.6-20-

4.6), (c) L-MCL-L (6.7-20-6.7), (d) L-MCL-L (13-20-13). Heatflow traces collected on 

the second heating cycle at 10 °C min–1 where the endotherm is up. 

 

Figure 2.16 Molar mass dependence of the PLA domain glass transition temperature in 

bulk L-MCL-L triblocks. The ordinate is inverse molecular weight of the PLA block 

length. The solid line is the Flory-Fox fit (equation 2.4) for the L-MCL-L triblocks, and 

the dashed line is Flory-Fox dependence of homopolymer PLA reported by Jamshidi et 

al.
45
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 Partial mixing of PMCL in the PLA domain could lower Tg value compared PLA 

homopolymer of comparable molar mass. To facilitate comparison with homopolymer 

PLA, a line (dashed) generated from the Flory–Fox parameters reported by Jamshidi et 

al.
45

 (Tg
∞
 = 57 °C and K = 7.30 × 10

4
) is included in Figure 2.16. The highest Tg observed 

in L–MCL–L triblocks was 53 °C (41 kg mol
–1

), which is 5 deg lower than comparable 

homopolymer PLA. With decreasing molecular weight the deviation from homopolymer 

PLA increases. Similar behavior has been reported for styrenic block copolymers 

containing poly(dimethylsiloxane)
46–48

 or poly(butadiene),
49

 where the polystyrene Tg in 

the block copolymer is lower than the homopolymer equivalent at low to moderate molar 

masses. The block and homopolymer polystyrene Tgs were found to converge at 

polystyrene block Mn of 1.8 and 70 kg mol
–1

 for poly(dimethylsiloxane) and 

poly(butadiene) block copolymers, respectively. This difference was attributed to the 

relative compatibility of each system. Comparing the two systems, Granger et al. noted 

that the segregation strength (χN) did not quantitatively correlate with the critical molar 

mass observed for the two systems; however, a quantitative agreement was achieved 

using χ
2
N.

49
 Their empirical observation implies an increased χ dependence which could 

also explain why the Tg
∞
 of PLA in the L–MCL–L triblocks is lower than homopolymer 

PLA since χPLA–PMCL is on the order of χPS–PI. 

 2.2.7 Tensile Properties. The tensile properties of two high molecular weight 

triblocks, L–MCL–L (12–98–12) and L–MCL–L (25–98–25), were evaluated (Table 

2.3). Although the samples were tested to their breaking points, the failures occurred at 
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the grips and not in the gage; thus, the ultimate stress and strain values reported are likely 

underestimates. The change in the sample thickness at the high elongations required 

overtightening the grips to avoid the sample slipping in the grips.
50

 Representative 

engineering stress–strain curves for each triblock are given in Figure 2.17. Notably, both 

L–MCL–L triblocks reach strains in excess of 1000% prior to failure. Increasing the PLA 

content from 20 and 34 wt % results in a 17-fold increase in Young’s modulus, a 40% 

increase in the stress at break, and a 25% decrease in the strain at break.
51

 Understanding 

the deformation mechanisms associated with these materials, such as chain pullout
52

 and 

alignment of the microstructure,
9,53–55

 could potentially guide future efforts to maximize 

the toughness of these triblocks. 

 The tensile testing of previously reported amorphous polyester PLA–PM–PLA 

triblocks with 32 and 42 wt % PLA gave tensile strengths of 3.8 and 3.7 MPa and strains 

at break of 872 and 530%, respectively.
14,15

 The L–MCL–L triblocks in this report have 

molecular weights approximately 2–3-fold larger than the PLA–PM–PLA triblocks with 

comparable PLA Tg values ( 50 °C). The improvement in tensile strength and elongation 

for L–MCL–L samples is most likely due to the increased molecular weight of the PLA 

end blocks.
53,54

 Alternatively, the ultimate strength of ABA triblocks has also been 

related to the entanglement molecular weight of the midblock,
55

 which may be 

responsible for the observed differences between PM and PMCL containing samples. 

Compared to commercially available styrenic block copolymers, the molecular weight 

and composition are similar, but the ultimate tensile stresses are notably smaller by 

factors of 2–4.
5 
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Table 2.3 Tensile properties of selected L-MCL-L samples at room temperature. 

Sample 
wPLA 

(%) 

E  

(MPa) 

σb  

(MPa) 

εb  

(%) 

εresidual  

(%) 

L-MCL-L (12-98-12) 20 1.87 ± 0.03 10.2 ± 0.8
 

1880 ± 70 2-4% 

L-MCL-L (25-98-25) 34 31 ± 9 14.2 ± 1.9 1360 ± 120 4-6% 

 

 

Figure 2.17 Representative stress–strain curves of  (a) L-MCL-L (25-98-25) and (b) L-

MCL-L (12-98-12) triblocks. Experiments were conducted at room temperature and 15 

cm min
–1

. The point of failure is indicated by an . 

 

 The same L–MCL–L samples were also subjected to 20 cycles of 50% 

reciprocating strain at a constant rate of displacement of 5 mm/min. Comparison of the 

stress–strain profiles between cycles indicates the level of plastic deformation that 

occurred between cycles. Figure 2.18 shows the stress–strain behavior of L–MCL–L (25–

98–25) for cycles 1, 2, and 20. After the first cycle, there is a modest reduction of the 

extensional engineering stress at constant strain levels for cycle 2; however, for cycles 3–
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20 the stress–strain behavior was nearly identical. L–MCL–L (12–98–12) exhibited a 

higher level of recovery between the first and second cycle and almost no change 

between cycle 2 and 20 (see Figure 2.19). The initial plastic deformation may be 

attributed to the alignment of the microstructure.
9,56–58

 The residual strain (εR) values, 

reported in Table 2.3, indicate these materials have a high level of recovery when subject 

to 50% strain. 

 

 

Figure 2.18 Reciprocating tensile properties of L-MCL-L (25-98-25) from 0 to 50% 

strain at ±5 mm min
–1

 for 20 cycles. The closed symbols represent the sample upon 

extension and the open symbols on retraction for cycles 1 (■), 2 (●), and 20 (). 
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Figure 2.19 Reciprocating tensile properties of L-MCL-L (12-98-12) from 0 to 50% 

strain at ±5 mm min–1 for 20 cycles. The closed symbols represent the sample upon 

extension and the open symbols on retraction for cycles 1 (■), 2 (●), and 20 (). 
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2.3 Conclusion 

 We have demonstrated a simple procedure for the preparation of amorphous L–

MCL–L aliphatic polyester triblocks. Additionally, a Baeyer–Villiger protocol that uses 

non-chlorinated solvents with higher atom economy was developed for the synthesis of 

MCL in high yield. The bulk polymerization of MCL was well controlled, enabling the 

preparation of polymers with targeted molar masses and low polydispersity indices. Well-

defined L–MCL–L triblocks were prepared from a sequential ring-opening 

polymerization scheme using a commercially available Sn(Oct)2 catalyst. The 

composition of the triblocks was in good agreement with the feed composition. The bulk 

triblock properties were investigated using DSC, SAXS, DMA, and tensile experiments. 

An array of L–MCL–L triblocks were microphase separated according to both SAXS, 

DSC, and DMA data. Ordered cylindrical and lamellar morphologies were also observed 

in the one-dimensional SAXS profiles. The Flory–Huggins interaction parameter was 

determined from order-to-disorder transition temperatures for two symmetric L–MCL–L 

triblocks. The glass transition of the PLA domain in the microphase-separated triblocks 

showed Flory–Fox type behavior based on the PLA block molar mass. In the range of 

molar masses studied the PLA Tg appears lower than its homopolymer equivalent. 

Analysis of the L–MCL–L triblocks was concluded with select tensile properties 

demonstrating elastomeric behavior with exceptional elongation and tensile strength. The 

combined properties of the L–MCL–L triblocks are promising for engineering degradable 

thermoplastic elastomers and related materials. 
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2.4 Experimental Section 

 2.4.1 Materials. Tin(II) 2-ethylhexanoate (Sigma-Aldrich) was distilled (3×) 

under reduced pressure and stored under an N2 environment. 1,4-Benzenedimethanol 

(Sigma-Aldrich) was dried under reduced pressure at room temperature for 48 h. Toluene 

was purified by passing though activated alumina columns (Glass Contour, Laguna 

Beach, CA) prior to use. D,L-Lactide (Purac) was recrystallized (2×) from toluene and 

dried under vacuum. Toluene, Sn(Oct)2, BDM, MCL, and LA were stored and handled in 

a nitrogen environment (glovebox). Glass pressure vessels, Teflon caps, and Teflon-

coated magnetic stir bars were stored in a 110 °C oven prior to being transferred to the 

glovebox. All other solvents were used as received without further purification. 

 2.4.2 Characterization. 1H NMR spectra were collected from CDCl3 solution 

on a Varian INOVA-500 spectrometer operating at 500 MHz. 
13

C NMR spectra were 

collected at 126 MHz. Chemical shifts are reported in δ (ppm) relative to the 
1
H signals 

from the protic solvent (7.26 ppm for CHCl3). Size-exclusion chromatography (SEC) was 

conducted on a liquid chromatograph (Agilent 1100 series) equipped with a HP1047A 

refractive index detector. Polymer samples were diluted in CHCl3 (mobile phase) and 

passed through three Varian PLgel Mixed C columns at 35 °C under a constant 

volumetric flow rate (1 mL min
–1

). Molecular weight characteristics of the samples are 

referenced to polystyrene standards (Polymer Laboratories). Small-angle X-ray scattering 

experiments were conducted at Argonne National Laboratories in Sector 5-ID-D 

maintained by the Dow–Northwestern–Dupont Collaborative Access Team (DND-CAT). 
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The X-ray wavelength was 0.73 Å, and the sample-to-detector distance was 6.52 m. The 

detector was a Mar CCD area detector with a 165 mm diameter. Differential scanning 

calorimetry was conducted on a TA Instruments Q-1000 DSC. Samples were analyzed in 

hermetically sealed aluminum pans. The samples were equilibrated at 100 °C and cooled 

to −100 °C at 10 °C min
–1

 followed by heating to 100°C at 10 °C min
–1

. Glass transitions 

are reported upon the second heating cycle. Tensile testing was conducted at room 

temperature on a Rheometrics Scientific MiniMat instrument. Samples were prepared by 

pressing the polymer between Teflon sheets in a thermostated press (140 °C) to form a 

uniform sheet thickness ( 0.18 mm). Dog-bone-shaped samples were cut using a die for a 

gauge length of 10 mm and width of 3.3 mm. Uniaxial extension was conducted at 5 mm 

min
–1

. The order–disorder transition temperatures (TODT) were determined by dynamic 

mechanical analysis was conducted on a Rheometrics Scientific AR-G2 stress controlled 

instrument between 25 mm parallel plates at an angular frequency of 1 rad/s. Dynamic 

strain sweeps were conducted at temperatures near the TODT to ensure the measurements 

were in the linear regime (Figure 2.11). 

 2.4.3 Synthesis of 6-Methyl-ε-Caprolactone (MCL). Synthesis of 6-

methyl-ε-caprolactone was prepared from 2-methylcyclohexanone (Aldrich) using Oxone 

as the oxidant. To a 100 mL round-bottom flask 2-methylcyclohexanone (0.721 g), 

methanol (20 mL), water (20 mL), and sodium bicarbonate (3 g) were added. The vessel 

was vigorously stirred with a Teflon-coated magnetic stir bar. Oxone (4 g) was added in 

two portions—the second added 10 min after the first. After the addition of Oxone (ca. 2 

equiv of KHSO5) vigorous gas evolution occurred over 20 min, abated, and ceased after 
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1 h. The reaction was allowed to stir for 6 h followed by filtration and was then extracted 

with methylene chloride. The organic phase was concentrated under vacuum. A total of 

0.82 g was recovered for a quantitative yield. The monomer was purified by fractional 

vacuum distillation (the distillate temperature was 55 °C at 0.98 Torr) from calcium 

hydride and stored over 3 Å activated molecular sieves. Additional purification of 6-

methyl-ε-caprolactone was needed to produce monomodal high molecular weight PMCL 

by passing the distilled monomer through a column of activated alumina under nitrogen. 

1
H NMR (CDCl3): δ 4.4 (m, 1H), 4.2 (m, 0.07H), 2.58 (m, 2H), 1.85 (m, 3.14H), 1.54 (m, 

3.28H), 1.29 (d, J = 6.4 Hz, 3H), 1.13 (d, J = 6.7 Hz, 0.12H). 
13

C NMR (CDCl3): δ 176, 

76.9, 36.2, 35.1, 28.3, 22.9, 22.7. 

 2.4.4 Synthesis of PMCL-16. The following is a typical procedure for the 

preparation of poly(6-methyl-ε-caprolactone) (PMCL). In the glovebox Sn(Oct)2 (0.0398 

g, 98 μmol), BDM (0.0412 g, 0.30 mmol), and MCL (5 g, 39.1 mmol) were added to a 15 

mL pressure vessel equipped with a Teflon-coated magnetic stirbar. The sealed reaction 

vessel was placed in a 110 °C oil bath and stirred for 8 h. The cooled reaction solution 

was diluted with 10 mL of tetrahydrofuran and precipitated into hexanes. The solvent 

was removed under reduced pressure at room temperature for 3 days. 
1
H NMR (CDCl3): 

δ 7.32 (s, 4H), 5.1 (s, 4H), 4.86 (m, 120H), 4.02 (t, J = 6.1 Hz, 9H), 3.77 (m, 2H), 2.24 (t, 

J = 7.3 Hz, 242H), 1.51–1.67 (br, 398H), 1.4–1.51 (br, 135H), 1.22–1.38 (br, 273H), 1.17 

(d, J = 6.1 Hz, 383H). 
13

C NMR (CDCl3): δ 173, 70.1, 35.2, 34.1, 24.5, 24.4, 19.6. 
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 2.4.5 Synthesis of L–MCL–L (9.6–16–9.6) Triblock Copolymer. In 

the glovebox PMCL-16 (0.8719 g), Sn(Oct)2 (0.006 g, 1.5 μmol), D,L-lactide (1.0623 g), 

and toluene (5 g) were added to a 15 mL pressure vessel equipped with a Teflon-coated 

magnetic stirbar. The sealed reaction vessel was placed in a 110 °C oil bath and stirred 

for 2 h. The reaction solution was cooled to room temperature and precipitated in 

methanol (Sigma-Aldrich). The solvent was removed under reduced pressure at room 

temperature for 3 days. 
1
H NMR (CDCl3): δ 7.35 (s, 4H), 5.12–5.4 (br, 234H), 5.1 (s, 

5H), 4.9 (m, 120H), 3.36 (m, 2.5H), 4.04 (t, J = 6.1 Hz, 9H), 2.27 (t, J = 7.55 Hz, 228H), 

1.53–1.75 (br, 1093H), 1.45–1.53 (br, 152H), 1.26–1.42 (br, 251H), 1.2 (d, J = 6.3 Hz, 

348H). 
13

C NMR (CDCl3): δ 173, 169, 70, 68.6, 35.1, 34.1, 24.6, 24.5, 19.6, 16.3. 

 2.4.6 Kinetics Experiment. MCL polymerization ([MCL]:[BDM]:[Sn(Oct)2] 

= 156:1:0.31 mol) was carried out at 130 °C in the bulk and studied by removing aliquots 

as the reaction progressed. To facilitate sampling of the viscous polymer, a three-neck 

round-bottom flask was equipped with an overhead stirrer, a N2 inlet valve, and a 

removable stopper. Samples were taken periodically by temporarily opening the reactor 

under a high flow of nitrogen and removing an aliquot. Time zero was taken as the time 

the reaction was placed in the oil bath, and the first value of conversion at 5 min is thus 

anomalously low. Reactor headspace was purged with nitrogen and sealed after each 

sample was taken. Reaction aliquots were quickly transfer into sealed scintillation vials 

and temporarily stored over dry ice to prevent any further reaction. For analysis the 

samples were warmed to room temperature, diluted, and analyzed immediately. 
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Monomer conversion and Mn were calculated using 
1
H NMR spectroscopy. Molecular 

weight and PDI were calculated from SEC analysis referenced to polystyrene standards. 

  



76 

 

2.5 References 

[1] Albertsson, A. C.; Varma, I. K. Adv. Polym. Sci. 2002, 157, 1–40 

[2] Anderson, K. S.; Schreck, K. M.; Hillmyer, M. A. Polym. Rev. 2008, 48, 85–108 

[3] Lindblad, M. S.; Liu, Y.; Albertsson, A.-C.; Ranucci, E.; Karlsson, S. Adv. Polym. 

Sci. 2000, 157, 139–161 

[4] Lim, L. T.; Auras, R.; Rubino, M. Prog. Polym. Sci. 2008, 33 (8) 820–852 

[5] Holden, G.; Kricheldorf, H. R.; Quirk, R. P. Thermoplastic Elastomers; Hanser 

Gardner Publications: Cincinnati, OH, 2004; Vol. 3. 

[6] Matsen, M. W.; Thompson, R. B. J. Chem. Phys. 1999, 111 (15) 7139–7146 

[7] Sipos, L.; Zsuga, M.; Deák, G. Macromol. Rapid Commun. 1995, 16 (12) 935–

940 

[8] Zhang, S.; Hou, Z.; Gonsalves, K. E. J. Polym. Sci., Part A: Polym. Chem. 1996, 

34 (13) 2737–2742 

[9] Frick, E. M.; Zalusky, A. S.; Hillmyer, M. A. Biomacromolecules 2003, 4, 216–

223 

[10] Zhang, Z.; Grijpma, D. W.; Feijen, J. Macromol. Chem. Phys. 2004, 205, 867–

875 

[11] Hiki, S.; Miyamoto, M.; Kimura, Y. Polymer 2000, 41 (20) 7369–7379 

[12] Stridsberg, K.; Albertsson, A.-C. J. Polym. Sci., Part A: Polym. Chem. 2000, 38 

(10) 1774–1784 

[13] Shin, J.; Martello, M. T.; Shrestha, M.; Wissinger, J. E.; Tolman, W. B.; 

Hillmyer, M. A. Macromolecules 2011, 44 (1) 87–94 



77 

 

 

[14] Wanamaker, C. L.; Bluemle, M. J.; Pitet, L. M.; O’Leary, L. E.; Tolman, W. B.; 

Hillmyer, M. A. Biomacromolecules 2009, 10 (10) 2904–2911 

[15] Wanamaker, C. L.; O’Leary, L. E.; Lynd, N. A.; Hillmyer, M. A.; Tolman, W. B. 

Biomacromolecules 2007, 8 (11) 3634–3640 

[16] Hamley, I. W.; Parras, P.; Castelletto, V.; Castillo, R. V.; Muller, A. J.; Pollet, E.; 

Dubois, P.; Martin, C. M. Macromol. Chem. Phys. 2006, 207 (11) 941–953 

[17] Muller, A. J.; Balsamo, V.; Arnal, M. L. Adv. Polym. Sci. 2005, 190, 1–63 

[18] Quiram, D. J.; Register, R. A.; Marchand, G. R. Macromolecules 1997, 30 (16) 

4551–4558 

[19] Palmans, A. R. A.; van As, B. A. C.; van Buijtenen, J.; Meijer, E. W. ACS Symp. 

Ser. 2008, 999, 230–244 

[20] Breteler, M. R.; Zhong, Z.; Dijkstra, P. J.; Palmans, A. R. A.; Peeters, J.; Feijen, J. 

J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 429–436 

[21] Goulet, L.; Prudhomme, R. E. J. Polym. Sci., Part C: Polym. Sym. 1990, 28, 

2329–2352 

[22] Seefried, C. G.; Koleske, J. V. J. Polym. Sci., Part B: Polym. Phys. 1975, 13 (4) 

851–856 

[23] van As, B. A. C.; Chan, D.-K.; Kivit, P. J. J.; Palmans, A. R. A.; Meijer, E. W. 

Tetrahedron: Asymmetry 2007, 18 (6) 787–790 

[24] van As, B. A. C.; van Buijtenen, J.; Heise, A.; Broxterman, Q. B.; Verzijl, G. K. 

M.; Palmans, A. R. A.; Meijer, E. W. J. Am. Chem. Soc. 2005, 127 (28) 9964–

9965 



78 

 

[25] Vion, J. M.; Jerome, R.; Teyssie, P.; Aubin, M.; Prudhomme, R. E. 

Macromolecules 1986, 19 (7) 1828–1838 

[26] In a preliminary study, MCL (0.1 mol/L) dissolved in aqueous methanol with 

sodium bicarbonate led to no appreciable degradation products after 10 h by thin-

layer chromatography, indicating the weakly basic solution of sodium bicarbonate 

is not capable of rapidly hydrolyzing MCL. 

[27] Peeters, J.; Palmans, A. R.; Veld, M.; Scheijen, F.; Heise, A.; Meijer, E. W. 

Biomacromolecules 2004, 5 (5) 1862–1868 

[28] González-Núñez, M. E.; Mello, R.; Olmos, A.; Asensio, G. J. Org. Chem. 2005, 

70, 10879–10882 

[29] González-Núñez, M. E.; Mello, R.; Olmos, A.; Asensio, G. J. Org. Chem. 2006, 

71, 6432–6436 

[30] Kennedy, R. J.; Stock, A. M. J. Org. Chem. 1960, 25, 1901–1906 

[31] Storey, R. F.; Sherman, J. W. Macromolecules 2002, 35 (5) 1504–1512 

[32] Zhang, D.; Hillmyer, M. A.; Tolman, W. B. Biomacromolecules 2005, 6, 2091–

2095 

[33] Zell, M. T.; Padden, B. E.; Paterick, A. J.; Thakur, K. A. M.; Kean, R. T.; 

Hillmyer, M. A.; Munson, E. J. Macromolecules 2002, 35 (20) 7700–7707 

[34] Grijpma, D. W.; Pennings, A. J. Polym. Bull. 1991, 25 (3) 335–341 

[35] In’T Veld, P. J. A.; Velner, E. M.; Van de Witte, P.; Hamhuis, J.; Dijkstra, P. J.; 

Feijen, J. J. Polym. Sci., Part A: Polym. Chem. 1997, 35, 219–226 

[36] Lynd, N. A.; Hillmyer, M. A. Macromolecules 2005, 38, 8803–8810 



79 

 

 

[37] Anderson, K. S.; Hillmyer, M. A. Macromolecules 2004, 37 (5) 1857–1862 

[38] Cavicchi, K. A.; Lodge, T. P. J. Polym. Sci., Part B: Polym. Phys. 2003, 41 (7) 

715–724 

[39] Kim, J. K.; Lee, H. H.; Ree, M.; Lee, K. B.; Park, Y. Macromol. Chem. Phys. 

1998, 199 (4) 641–653 

[40] Rosedale, J. H.; Bates, F. S. Macromolecules 1990, 23, 2329–2338 

[41] Maheshwari, S.; Tsapatsis, M.; Bates, F. S. Macromolecules 2007, 40 (18) 6638–

6646 

[42] Hanley, K. J.; Lodge, T. P. J. Polym. Sci., Part B: Polym. Phys. 1998, 36 (17) 

3101–3113 

[43] Zalusky, A. S.; Olayo-Valles, R.; Wolf, J. H.; Hillmyer, M. A. J. Am. Chem. Soc. 

2002, 124 (43) 12761–12773 

[44] Schmidt, S. C.; Hillmyer, M. A. J. Polym. Sci., Part B: Polym. Phys. 2002, 40 

(20) 2364–2376 

[45] Jamshidi, K.; Hyon, S. H.; Ikada, Y. Polymer 1988, 29 (12) 2229–2234 

[46] Krause, S.; Iskandar, M.; Iqbal, M. Macromolecules 1982, 15 (1) 105–111 

[47] Lu, Z.; Krause, S. Macromolecules 1982, 15 (1) 112–114 

[48] Wang, B. Y.; Krause, S. Macromolecules 1987, 20 (9) 2201–2208 

[49] Granger, A. T.; Krause, S.; Fetters, L. J. Macromolecules 1987, 20 (6) 1421–1423 

[50] The ASTM standard test method recommends self-tightening grips were not 

available for testing these materials. 



80 

 

[51] The tensile behavior of the lower molar mass L–MCL–L triblocks having a 

PMCL midblock molar mass of 20 kg mol–1 were also tested. However, the stress 

and strain at failure for these triblocks were much lower even with reducing the 

crosshead velocity and are not reported. 

[52] Baeurle, S. A.; Hotta, A.; Gusev, A. A. Polymer 2005, 46 (12) 4344–4354 

[53] Baeurle, S. A.; Hotta, A.; Gusev, A. A. Polymer 2006, 47 (17) 6243–6253 

[54] Rottler, J. J. Phys.: Condens. Matter 2009, 21 (46) 463101–463101 

[55] Tong, J.-D.; Jerome, R. Macromolecules 2000, 33 (5) 1479–1481 

[56] Honeker, C. C.; Thomas, E. L. Macromolecules 2000, 33 (25) 9407–9417 

[57] Honeker, C. C.; Thomas, E. L.; Albalak, R. J.; Hajduk, D. A.; Gruner, S. M.; 

Capel, M. C. Macromolecules 2000, 33 (25) 9395–9406 

[58] Stasiak, J.; Squires, A. M.; Castelletto, V.; Hamley, I. W.; Moggridge, G. D. 

Macromolecules 2009, 42 (14) 5256–5265 

  



81 

 

 

Chapter 3: 
 

Bulk Ring-Opening Transesterification Polymerization of 

the Renewable δ-Decalactone Using an Organocatalyst* 

  

                                                 
*
 Reproduced in part with permission from Martello, M. T.; Burns, A.; Hillmyer, M. A. 

ACS Macro Lett. 2012, 1, 131–135. Copyright 2012 American Chemical Society 
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3.1 Introduction 

 Polymerization of renewably derived monomers with moderate energy input, 

solvent-free conditions, and innocuous reagents to give high molar mass products in a 

controlled fashion is an important research endeavor given the global emphasis on 

sustainable materials development. The bulk, atom-economic, ring-opening 

transesterification polymerization (ROTEP) of cyclic esters using metal-free 

organocatalysts to give hydrolytically degradable polyesters fits nicely into this paradigm 

with many examples evident.
1

 The importance of developing controlled polymerization 

strategies is realized in the preparation of block polymers, hybrid materials that combine 

disparate properties of two polymers into one macromolecule.
2

 A recent example we 

reported was the preparation and evaluation of poly(lactide)-poly(menthide)-poly(lactide) 

triblock copolymers as thermoplastic elastomers and pressure sensitive adhesives;
3,4

 many 

other examples can be found in the literature.
5–8 

  

 A key consideration in ring-opening polymerization is the ring-strain in monomer 

candidates. While six-membered rings are typically quite stable toward ring-opening, the 

simple δ-valerolactone has appreciable ring-strain due in part to the presence of an sp
2

 

hybridized carbon atom in the ring structure.
9,10

 Because polymerizations are typically 

exothermic, the temperature dependence of this equilibrium leads to a preference for 

polymer formation at low temperatures.
11

 While lower temperatures favor the polymer, 

polymerization rates are slower and thus highly active catalysts are required to achieve 

high conversions in practical reaction times. Finally, the equilibrium monomer 

concentration is a constant for a given temperature, so starting with as high a 



83 

 

 

concentration of monomer as possible (i.e., neat monomer) is desirable for higher 

monomer conversions in addition to other practical concerns.
12,13

   

 With the above considerations in mind and motivated by expanding the pallet of 

renewable monomers, we explored the organocatalytic ROTEP of δ-decalactone, a 

racemic alkyl substituted valerolactone, at low temperature in the bulk. δ-Decalactone, 

among various C8−C12 natural aliphatic γ-, δ-, and ε-lactones, is used in the flavor and 

fragrance industry and is available on a large scale.
14

 δ-Decalactone is a natural product 

of Cryptocarya massoy (the flowering plant Lauraceae).
15

 However, large quantities are 

produced by enzymatic hydroxylation, lactonization, and hydrogenation of fatty acids and 

essential oils.
16,17

 Based on previous experience and reports, we expected the resultant 

aliphatic polyester to be noncrystalline material with a low-glass transition temperature 

and thus desirable as a midblock in technologically relevant polyester triblock 

copolymers.
3,4,18,19

 Targeting high rates at low temperature, we chose to explore one of 

the most active organocatalysts developed to date, 1,5,7-triazabicyclo[4.4.0]dec-5-ene 

(TBD).
20,21 

The overall reaction, including the difunctional initiator 1,4-

benzenedimethanol (BDM) and the catalyst quencher benzoic acid, is depicted in Scheme 

3.1.   
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Scheme 3.1 Ring-Opening Polymerization of δ-Decalactone with TBD Followed by 

Benzoic Acid Quench 

 

3.2 Results and Discussion 

 3.2.1 Polymerization of δ-decalactone. The addition of TBD to neat δ-

decalactone in the presence of 1,4-benzenedimethanol at room temperature leads to rapid 

conversion to the corresponding polymer, as shown in Figure 3.1 (see Experimental 

Section 3.4.4 for experimental details). The conversion of δ-decalactone is approximately 

80% in about 10 h and then reaches a plateau at 88%, consistent with this being the 

equilibrium value at room temperature. Addition of more monomer to a room 

temperature polymerization after 18 days leads to further reaction and reestablishment of 

the same limiting conversion demonstrating that the catalyst is still active and that the 

maximum conversion is dictated by polymerization thermodynamics and not catalyst 

deactivation.
22

 After quenching with benzoic acid and precipitation, the products of 
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similar reactions are polymeric by size-exclusion chromatography and give 
1
H (Figure 

3.2) and 
13

C NMR spectra (Figure 3.3) that are consistent with poly(δ-decalactone) 

containing secondary alcohol end groups as in Scheme 3.1.  

 

 

 

Figure 3.1 Fractional δ-decalactone conversion as a function of time at room 

temperature. As shown in the inset, using an equilibrium monomer concentration [M]eq = 

0.74 M, the apparent first order rate constant kapp = 0.249 ± 0.003 h
–1

. In this particular 

example [δ-decalactone]○ = 5.60 M, [TBD]○ = 29 mM, and [1,4-benzenedimethanol]○ = 

95 mM. 
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Figure 3.2 Representative 
1
H NMR spectrum of poly(δ-decalactone). 

 

 

Figure 3.3 Representative 
13
C NMR spectrum of poly(δ-decalactone). 
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 3.2.2 Polymerization Thermodynamics. We carried out similar 

polymerization reactions at temperatures ranging from 7−110 °C at fixed TBD and BDM 

concentrations. All of the polymerizations reached equilibrium conversions and the 

equilibrium monomer concentrations are plotted as a function of inverse absolute 

temperature in Figure 3.4. As a check of catalyst stability at high temperature, we added 

more monomer to a reaction that had been carried out at 100 °C for 3 h and again 

achieved further conversion of monomer to the equilibrium value with an expected rate 

considering the lower concentration of TBD in the diluted reaction. Thus, we have 

established that TBD is an effective catalyst for the bulk polymerization of δ-decalactone 

at 100 °C and does not suffer from significant deactivation under these conditions.
23,24

  

 From the data in Figure 3.4, we determined ΔHp = −17.1 ± 0.6 kJ mol
−1

 and ΔSp = 

−54 ± 2 J mol
−1

 K
−1

. Interestingly, the exothermicity for the bulk polymerization of δ-

decalactone is 2-fold greater than δ-valerolactone
25

 and 25% larger than both δ-

caprolactone
25

 (methyl-substituted valerolactone) and 1,4-dioxan-2-one.
26

 The entropy of 

polymerization for δ-decalactone is unfavorable, as expected, and follows the trend for 

the valerolactones reported by Save et al.: ΔSp = −15 J mol
−1

 K
−1

 for δ-valerolactone and 

ΔSp = −41 J mol
−1

 K
−1

 for δ-caprolactone.
25

 The difference in ΔSp between δ-caprolactone 

and δ-decalactone (13 J mol
−1

 K
−1

) is smaller than that between δ-valerolactone and δ-

caprolactone (26 J mol
−1

 K
−1

). We have observed this same trend in polymerization 

entropies previously with a doubly substituted seven-membered-ring lactone (i.e., 

menthide) compared to ε-caprolactone.
27

 Practically, at 110 °C the limiting conversion for 
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the bulk polymerization of δ-decalactone is about 35%, and at 7 °C over 90% conversion 

can be achieved.  

 

Figure 3.4 Polymerization thermodynamics for δ-decalactone. All of the reactions were 

carried out with the following conditions [δ-decalactone]○ = 5.60 M, [TBD]○ = 30 ± 3 

mM, and [1,4-benzenedimethanol]○ = 56 ± 3 mM. The [M]eq was calculated based 

monomer conversion, determined by 
1
H NMR spectroscopy, and the room temperature 

monomer and polymer densities of 0.95 and 0.97 g cm
–3

, respectively. 

 3.2.3 Polymerization Kinetics. The linear plot in the inset of Figure 3.1 is 

consistent with pseudo-first-order kinetics for reversible ROTEP of δ-decalactone.
28

 An 

apparent room temperature first-order rate constant kapp = 0.249 ± 0.003 h
−1 

was 

determined using 0.42 wt % TBD. Thus, under these conditions, the time to reach 97% of 

the equilibrium conversion (i.e., ∼5 half-lives or 5 × t1/2 = 5 × ln 2/ kapp = 5 × 2.8 h) is 

approximately 14 h. We also analyzed the polymerization kinetics at 60 °C under 

identical conditions and determined kapp = 0.496 ± 0.006 h
−1

 and, thus, t1/2 = 1.4 h. These 

two pieces of data give an apparent activation energy for kapp of 17.3 kJ mol
−1

. In addition 
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to heating the reaction, our preliminary work suggests that the rate of the reaction can 

also be increased by increasing the catalyst loading.   

 3.2.4 Molecular Weight Control. With the polymerization 

thermodynamics and kinetics established, we turned our attention to control of molar 

mass and evaluation of the polydispersity indices for the product poly(δ-decalactone). In 

Figure 3.5, the Mn values for poly(δ-decalactone)s, as determined by 
1
H NMR 

spectroscopy (assuming exactly two end groups per chain), are plotted as a function of 

the ratio of converted monomer ([M]o − [M]t) to initial concentration of the initiating 

species BDM ([I]o) from polymerizations performed at room temperature. The Mn was 

calculated based on the methylene protons from the initiator, assuming both alcohol 

groups initiated polymerization; the integration ratio of the methine protons at the 

hydroxyl termini to the initiator protons was approximately 2:1 and, thus, consistent with 

this assumption. The Mn determined by 
1
H NMR spectroscopy correlated well with the 

Mn values determined by SEC based on polystyrene standards (see Table 3.1). 

Polymerizations were quenched prior to reaching equilibrium (70−80% monomer 

conversion) in an effort to achieve narrow molecular weight distributions. The linear 

relationship is evidence for a controlled polymerization process. Furthermore, by size 

exclusion chromatography, the molar mass distributions were all monomodal, and the 

polydispersity indices for the polymer products were all below 1.25 (Figure 3.5). In an 

effort to achieve high molar mass samples, we performed a room temperature 

polymerization with [δ-decalactone]o/[BDM]o = 638 and [δ-decalactone]o/[TBD]o = 211 
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and achieved an Mn for the poly(δ-decalactone) product by 
1
H NMR spectroscopy of 83 

kg mol
−1

. By size exclusion chromatography, the Mn for this sample relative to poly- 

(styrene) standards was determined to be 80 kg mol
−1

 with Mw = 100 kg mol
−1

 (PDI = 

1.25). We conclude that achieving high molar mass poly(δ-decalactone) from this bulk 

polymerization is feasible.   

 

 

Figure 3.5 Molar mass control of poly(δ-decalactone). The reactions were carried out at 

room temperature with [δ-decalactone]○ = 5.60 M and [TBD]○ = 16 ± 2 mM. The molar 

mass (○) and PDI (●) were determined by 
1
H NMR spectroscopy and SEC, respectively. 
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Table 3.1 Molecular Characteristics and Reaction Details for the ROP of δ-Decalactone 

[M]
 ○

/[I]
 ○

 
Conversion Mn (kg/mol PDI Yield 

(%) Theory 
1
H NMR SEC SEC (%) 

10 83.4 1.6 1.6 3.4 1.23 63 

10 81.5 1.6 1.6 2.7 1.25 75 

50 82.7 7.2 6.5 10.5 1.13 83 

51 84.3 7.5 7.2 12.3 1.14 89 

99 76.3 13.1 14.3 21.2 1.12 79 

102 80.0 14.0 14.0 21.2 1.15 62 

132 72.8 16.5 17.2 24.8 1.13 77 

149 71.0 18.2 17.5 23.1 1.16 71 

198 68.5 23.3 25.5 33.4 1.14 70 

205 83.0 29.1 29.4 35.3 1.17 87 

250 58.9 25.3 26.1 29.7 1.22 63 

265 66.8 30.3 33.1 40.1 1.13 70 

 

 3.2.5 Chain Transfer. Given the equilibrium nature of this polymerization, 

we can expect the polydispersity index of the poly(δ-decalactone) samples to increase 

with polymerization time at fixed conversion of monomer due to the 

polymerization/depolymerization equilibrium.
29

 To investigate this, we followed a room 

temperature polymerization of δ-decalactone over 32 days, periodically removed (and 

quenched) aliquots, and analyzed the poly(δ-decalactone) products by size exclusion 

chromatography. In a separate experiment, we determined that addition of a chloroform 

solution of benzoic acid (30-fold excess relative TBD) to the polymerization is an 

effective method to quench the polymerization as no further polymerization was observed 

(see Section 3.4.6).   

 Shown in Figure 3.6, the observed PDI initially decreases, reaches a minimum 

near PDI = 1.1, and then increases as the equilibrium conversion is approached. In terms 
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of the reaction time, the minimum PDI (1.12) was observed after 8 h (74% conversion) 

and then broadens to 1.16 after 24 h (85% conversion). The possible reactions 

responsible for broadening of the molecular weight distribution (MWD) are (i) 

intermolecular chain-transfer, where the active chain-end of one polymer chain 

undergoes transesterification with a backbone ester of an another chain redistributing the 

number of repeat units between the two resultant chains, and (ii) 

polymerization/depolymerization, where one repeat unit at a time is redistributed between 

chains in an equilibrium process. To investigate the contribution of these two 

mechanisms on the MWD evolution for our system we employed a computational 

method for determining the relative rate constants of depolymerization (kd) and 

intermolecular chain transfer (ktr) compared to the rate of polymerization (kp), as reported 

by Szymanski and co-workers.
29,30   
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Figure 3.6 Change in the polydispersity index for a room temperature reaction versus 

reaction time (above) and monomer conversion (below). In this reaction [δ-decalactone]○ 

= 5.60 M, [TBD]○ = 29 mM, and [1,4-benzenedimethanol]○ = 95 mM. 

 

 When the numerical method developed by Szymanski is used, a theoretical MWD 

can be simulated based on [M]ₒ/[I]ₒ, ktr/kp, and kd/kp.
29

 See Section 3.4.10 for details of 

the numerical method employed. The dependences of the PDI values on monomer 

conversion for each simulation were compared to the experimental data. The predicted 

PDI versus monomer conversion profile using the experimental monomer-to-initiator 

ratio [M]ₒ/[I]ₒ = 5.6 M/9.5 mM = 58.9 is in good agreement with the experimental results 

using ktr/kp = 5 × 10
−4

 M
–1

 and kd/kp = 0.71 (see Figure 3.7). Based on this, we conclude 

that the rate constant for intermolecular chain transfer is much smaller than that for 
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polymerization. Simulation results revealed that at 60 and 80% conversion only 2.5 and 

8% of polymer chains had undergone intermolecular chain-transfer, respectively. As a 

result, polymers with a narrow MWD can be obtained from these bulk reactions to within 

about 5% of the equilibrium conversion. We note that extended reaction times and 

equilibration of chain lengths can be used to prepare materials with controlled molecular 

weight distributions.
31

 The apparent low levels of chain transfer through 

transesterification facilitates the formation of block copolymers with high block fidelity, 

as we have demonstrated previously.
3,4,18   

 

 

Figure 3.7  Polydispersity index dependence on monomer conversion for a room 

temperature ROP of δ-decalactone. The PDI of reaction aliquots measured by SEC are 

the open circles. The solid line is the simulated PDI ([M]○/[I]○ = 5.6 M / 9.5 mM = 58.9, 

ktr/kp = 5×10
–4 

M
–1

, and kd/kp =0.71), and the broken line includes the estimated SEC 

Gaussian band broadening in the simulated PDI.
32
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 3.2.6 Poly(Lactide)-Poly(δ-Decalactone)-Poly(Lactide) Triblock 

Preparation. The high molar mass sample of poly(δ-decalactone) described above was 

purified by precipitation and analyzed by differential scanning calorimetry (DSC). We 

observed a glass transition temperature at −51 °C and no evidence of melting up to 200 

°C. We determined a room temperature density of poly(δ-decalactone) of 0.97 g cm
−3

 

using a density gradient column. To demonstrate the utility of this new polymerization 

for the preparation of block copolymers, we simply added a solution of D,L-lactide (35 wt 

%) in methylene chloride to a TBD-catalyzed room temperature polymerization of δ-

decalactone after reaching equilibrium conversion (∼90%). The Mn and PDI determined 

by SEC prior to lactide addition were 84 kg mol
−1

 and 1.27, respectively. After 1 h, the 

lactide polymerization was quenched with excess benzoic acid. The conversion of δ-

decalactone did not change after the addition of lactide, however, 98% of the lactide had 

reacted. Prior to purification, SEC analysis showed an increase in Mn and PDI to 100 kg 

mol
−1

 and 1.4, respectively. Although the reaction was diluted upon the addition of 

lactide, the potential depolymerization of δ-decalactone was not observed, indicating 

lactide effectively end-capped the poly(δ-decalactone) chain. Furthermore, the unreacted 

δ-decalactone monomer did not participate in the lactide polymerization reaction 

consistent with clean formation of the triblock architecture as discussed below.   

 Size exclusion chromatography analysis of the poly(δ-decalactone) prior to the 

addition of lactide and the reaction product after quenching was consistent with the 

formation of a triblock copolymer (see Figure 3.8). Isolated and purified triblock was 
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analyzed by 
1
H and 

13
C NMR spectroscopy and DSC. The 

1
H NMR spectrum is 

consistent with two lactide end groups per chain and block molecular weights of 90 and 

20 kg mol
−1

 for poly(δ-decalactone) and poly(lactide), respectively. Analysis of the 

polymer products by 
13

C NMR spectroscopy did not show additional signals compared to 

the respective homopolymers (see Figure 3.9), further supporting the triblock architecture 

and the absence of significant transesterification between the two blocks (i.e., the lactide 

propagating species does not “bite into” the previously formed poly(δ-decalactone) 

midblock). By DSC, the copolymer showed two glass transitions at −51 and 54 °C, 

corresponding to domains of poly(δ-decalactone) and PLA, respectively (see Figure 

3.10). Taken together, these data support the formation of a microphase separated 

poly(lactide)-poly(δ-decalactone)-poly(lactide) triblock copolymer.   

 

Figure 3.8 SEC chromatograms of poly(δ-decalactone) prepolymer (---) and poly(D,L-

lactide-b-δ-decalactone-b-D,L-lactide) (—) crude products. 
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Figure 3.9 
13

C NMR spectra of poly(δ-decalactone) (A); poly(D,L-lactide) (B); and 

poly(D,L-lactide-b-δ-decalactone-b-D,L-lactide) (C). 
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Figure 3.10 DSC thermograms (endo up) on the second heating cycle at 10 °C min
–1

 of 

poly(δ-decalactone) (A); and poly(D,L-lactide-b-δ-decalactone-b-D,L-lactide) (B).  
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3.3 Conclusion  

 In summary, we have demonstrated the controlled ROTEP of δ-decalactone, a 

monomer biologically produced from biooils that is available in large scale, in the 

absence of solvents, at moderate temperatures using a commercially available 

organocatalyst. We established kinetic and thermodynamic parameters for this 

polymerization and demonstrated control of the molar mass and polydispersity index of 

the product polymers. By sequential addition of monomers, we prepared poly(lactide)-

poly(δ-decalactone)-poly(lactide) triblock copolymers that were apparently microphase 

separated by DSC analysis. The low glass transition temperature of poly(δ-decalactone) 

makes it an attractive component for renewable triblock polymers with potential broad-

based utility. We are actively exploring the selfassembly and mechanical properties of 

block copolymers that incorporate poly(δ-decalactone).  
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3.4 Experimental Section 

 3.4.1 Materials. All chemicals used to synthesize poly(δ-decalactone) were 

stored and handled under nitrogen atmosphere in a glovebox. All glassware and Teflon 

components used for the polymerizations were stored in a 105 °C oven for a minimum of 

about 4 h immediately prior to use. 1,4-Benzenedimethanol (Alpha Aesar) was dried at 

room temperature under vacuum (30 mTorr) for 2 days. 1,5,7-Triazabicyclo[4.4.0]dec-5-

ene (Sigma Aldrich), benzoic acid, methanol, and chloroform were used as received. 

Fractional vacuum distillation (620 mTorr) was conducted to purify δ-decalactone and 

the distillate at a temperature of 85 °C was collected. The distillate was then percolated 

through a column of activated basic aluminum oxide. The purified δ-decalactone was 

transferred and stored in the glovebox. D,L-Lactide (Purac) was recrystallized from ethyl 

acetate and stored in the glovebox. Dichloromethane for triblock synthesis was purified 

by passing through an MBraun solvent purification column and then stored in the 

glovebox. 

 3.4.2 Characterization. 1
H NMR spectra were collected using CDCl3 

solutions on a Varian INOVA-500 spectrometer operating at 500 MHz. 
13

C NMR spectra 

were collected at 126 MHz. Chemical shifts are reported in δ (ppm) relative to the 
1
H and 

13
C signals from the protic solvent (7.26 and 77.36 ppm, respectively, for CHCl3). Size-

exclusion chromatography (SEC) was conducted on a liquid chromatograph (Agilent 

1100 series) equipped with an HP1047A refractive index detector. Polymer samples were 

diluted in CHCl3 (mobile phase) and passed through three Varian PLgel Mixed C 
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columns at 35 °C under a constant volumetric flow rate (1 mL min
–1

). Molecular weight 

characteristics of the samples were referenced to polystyrene standards (Polymer 

Laboratories). Differential scanning calorimetry was conducted on a TA Instruments 

Discovery Series DSC. Samples were analyzed in hermetically sealed aluminum pans. 

The samples were equilibrated at 100 °C, cooled to –90 °C at 10 °C min
–1

 followed by 

heating to 200 °C at 10 °C min
–1

. Glass transitions are reported upon the second heating 

cycle.  

 3.4.3 Poly(δ-decalactone) Density Measurements. The density of the 

polymer was measured in two ways. First, the density was measured using a density 

gradient column prepared from isopropanol and diethylene glycol. The column was 

calibrated using floats of known density and the temperature was regulated at 23 °C using 

a water bath. Small, dense polymer samples were introduced to the column and allowed 

to equilibrate for 24 h. The height of each sample was recorded and the density was 

calculated based on the calibration standards. Samples containing air bubbles were 

discarded. Six samples were used to calculate the average polymer density. In addition, a 

1 mL volumetric flask was filled with polymer and heated (70 °C) under vacuum (100 

mTorr) for 2–3 h to remove air bubbles. After cooling to room temperature, the flask 

containing the polymer was weighed and the density was calculated. This measurement 

was repeated to obtain an average. The density from the density gradient column was = 

0.973 ± 0.002 g cm
–3

 and the density from the volumetric flask approach was = 0.975 ± 

0.002 g cm
–3

.  
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 3.4.4 General Procedure for the Preparation of Poly(δ-

Decalactone). The following is a specific example of the general procedure we used to 

prepare poly(δ-decalactone). In a glovebox, 1,4-benzenedimethanol (0.0272 g, 0.197 

mmol) and δ-decalactone (5.00 g, 29.4 mmol) were combined in a 15 mL glass pressure 

vessel equipped with a magnetic stir bar. The mixture was stirred until the initiator was 

dissolved. TBD (0.0102 g, 0.0733 mmol) was then added to the reaction mixture, the 

vessel was sealed, removed from the glovebox, and placed on a magnetic stir plate as 

quickly as possible. (If heating was required an oil bath was used.) To quench the 

reaction, an approximately equal volume of the quench solution (1 M benzoic acid in 

chloroform) to the initial monomer volume was added. Additional chloroform was then 

added to dissolve the polymer. The dissolved polymer was then precipitated in methanol. 

The residual solvent was removed under vacuum (30 mTorr) at 50 °C. Conversion by 
1
H 

NMR spectroscopy of the crude solution and gravimetric yield after precipitation were 

both 71%. Mn of the precipitated polymer was found to be 17.5 kg mol
–1

 by 
1
H NMR 

spectroscopy and 23.1 kg mol
–1

 by SEC with a PDI of 1.16. 
1
H NMR (CDCl3) δ 0.88 (t, 

J=6.84 Hz, 293 H), 1.07–1.37 (br, 617 H), 1.37–1.77 (br, 633 H), 2.19–2.39 (m, 216 H), 

3.49 (s, 1 H), 3.54–3.64 (m, 2.6 H), 3.68 (s, 1 H), 3.98–4.10 (m, 1.4 H), 4.87 (quin, J = 

5.80 Hz, 103 H), 5.11 (s, 4 H), 7.35 (s, 4 H); 
13

C{
1
H} NMR (CDCl3) δ 173.1, 73.7, 34.2, 

34.0, 33.5, 31.7, 25.0, 22.6, 20.8, 14.0. 

 3.4.5 Preparation of Poly(Lactide)-Poly(δ-Decalactone)-

Poly(Lactide). The midblock was prepared using the standard protocol given above; δ-
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decalactone (5.10 g, 30.0 mmol), 1,4- benzenedimethanol (6.50 mg, 47.0 μmol), and 

TBD (19.8 mg, 142 μmol) were allowed to react at room temperature in a sealed pressure 

vessel for 6 days. The conversion of δ-decalactone was 90 % after 6 days. Before adding 

the lactide 4 g of the reaction was transferred in the glovebox to a 3-neck round bottomed 

flask (100 mL) equipped with an overhead stir assembly to facilitate mixing of the 

viscous solution. A solution of D,L-lactide (2.15 g) in dichloromethane (14 g) was 

injected into the reaction and allowed to stir at room temperature for 1 hour, upon which 

time the reaction was quenched. The conversion of δ-decalactone was the same (90%) 

and the conversion of lactide was 98%. After precipitation in methanol the molar mass of 

the midblock poly(δ- decalactone was 93.0 kg mol
–1

 and the combined molecular molar 

mass of the PLA was 41.5 kg mol
–1

 by 1H NMR spectroscopy. 
1
H NMR (CDCl3) δ 7.33 

(s, 4H), 5.4-5.1 (br, 581H), 5.08 (s, 5.4H), 4.95-4.75 (br, 547H), 4.34 (q, 2.06H), 4.0 (br, 

11.88H), 3.8-3.5(1.56H), 2.5-2.0 (t, 1105H), 2.0-1.73 (br, 62.8H), 1.7-1.4 (m, J = 7.05 

Hz, 5119H), 1.34-1.04 (br, 3343H), 0.9-0.8 (t, J = 6.9 Hz, 1677H) ; 
13

C{
1
H} NMR 

(CDCl3) δ 173.1, 169.7–169.1, 73.7, 69.0, 34.2, 34.0, 33.5, 31.7, 25.0, 22.5, 20.8, 16.7, 

14.0.  

 3.4.6 Quenching Experiments. To demonstrate that benzoic acid is an 

effective quench for TBD a standard polymerization was performed at room temperature. 

After 4 h, in the glovebox an aliquot of the reaction was removed and quenched with 1 M 

benzoic acid in chloroform (1 mL/g). Both the quenched aliquot and the remaining bulk 

reaction were sealed, removed from the glovebox, and allowed to react for an additional 
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42 h before adding the quench solution (1 mL/g) to the original reaction. At a total 

reaction time of 46 h the bulk reaction reached 88.9% conversion with Mn = 15.1 kg mol
–

1
 (SEC), while the aliquot quenched after 4 h reached only 48.9% conversion with Mn = 

8.4 kg mol
–1

 (SEC). To show that the conversion is not limited by the dilution from the 

chloroform, the equilibrium conversion (xeq) for a room temperature reaction with an 

initial monomer concentration of half the bulk concentration ([M]○ = ½ [M]bulk) was 

calculated using equation 3.1. Since the equilibrium monomer concentration is fixed at a 

fixed temperature, the equilibrium conversion was calculated to be 77.8%. Since the 

equilibrium conversion for a hypothetical reaction of similar dilution is significantly 

higher than that the conversion of the quenched aliquot, we conclude that the conversion 

was not limited by dilution. This result verifies that benzoic acid is an effective quench 

for TBD.  

      (
[ ]  

[ ] 
)     (3.1) 

 3.4.7 Catalyst Activity Experiments. We preformed the following 

experiment to check the long-term activity of the TBD in the room temperature kinetics 

experiment (control). A fraction (test reaction) of the ongoing reaction was transferred to 

a separate reaction vessel 18 days after the beginning of the experiment (pressure vessel 

equipped with a stir bar). Additionally, δ-Decalactone (1.1 mass equivalents) was added 

to the test reaction and this vessel was sealed. The test reaction was removed from the 

glovebox and stirred at room temperature for 48 h before quenching. After 48 h, the 

conversion of the test reaction was 82.4% and the molar mass increased (Mn = 17.4 kg 
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mol
–1

) compared to the control (Mn = 9.4 kg mol
–1

) that did not receive a second 

monomer addition. By SEC, Mn increased from 17.8 to 26.9 kg mol
–1

 while the PDI 

decreased from 1.42 to 1.23. After adding monomer to an 18-day-old polymerization 

reaction, the reaction again reached high monomer conversion and an increase in Mn was 

observed. In conjunction with the observed broadening in PDI over 32 days, this 

indicates that TBD remains active for over these time periods. 

 3.4.8 Polymerization Thermodynamics. Polymerization reactions were 

prepared in the glovebox according to the standard procedure ([M]○/[C]○ = 200; [M]○/[I]○ 

= 100). The reactions were either heated (oil bath) or cooled (refrigerator) to maintain a 

constant temperature. The reactions were quenched at the temperature of the 

polymerization. Conversion was determined by 
1
H NMR spectroscopy and used to 

calculate the equilibrium monomer concentration by equation 3.2, where dm (0.95 g cm
–

3
) and dp (0.97 g cm

–3
) are the monomer and polymer densities, respectively. The 

standard enthalpy (ΔHp°) and entropy (ΔSp°) for the polymerization of δ-decalactone 

were determined by applying a linear fit to equation 3.3 using [M]ss = 1 M. 

[ ]   
     

  (
     

  
 

   

  
)
     (3.2) 

  
[ ]  

[ ]  
 

   
 

  
 

   
 

 
     (3.3) 

 To test that the conversion obtained is due to equilibrium, a polymerization 

reaction was set up according to the standard procedure and run to equilibrium (monomer 
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conversion = 88.3%) at room temperature before being split into two separate vessels. 

One vessel was heated to 50 °C and the other was cooled to 7 °C. As expected, the 

conversion of the reaction at 7 °C increased to 92.4% while the conversion of the reaction 

at 50 °C dropped to 79.9%. This result is consistent with an equilibrium-limited 

polymerization. 

 To demonstrate the stability of TBD at high temperatures, a reaction was prepared 

according to the standard procedure and polymerized at 100 °C for 3 h. δ-Decalactone 

(1.0 w/w) was added to a portion of this polymerization in the glovebox. Both reactions 

were stirred at 100°C and quenched after 17 h. The original reaction showed a conversion 

and molecular weight of 44.6% and 9.4 kg mol
–1

, respectively, by 1H NMR 

spectroscopy. The reaction containing additional monomer reached 40.9% conversion 

with Mn = 17.0 kg mol
–1

 by 
1
H NMR spectroscopy. The SEC traces showed the reaction 

with additional monomer had higher molecular weight (25.8 compared to 16.1 kg mol
–1

) 

and lower PDI (1.39 compared to 1.50). The experiment demonstrates that TBD is active 

at up to at least 100 °C and that low conversion at high temperatures is caused by 

thermodynamic limitations and not catalyst deactivation. 

 3.4.9 Polymerization Kinetics. The polymerization reactions were set up 

according to the standard procedure and allowed to stir in the glovebox at room 

temperature. After approximately 4 h, the stirring stopped due to the increase in viscosity. 

Aliquots of the reaction mixture were periodically sampled in the glovebox up to 32 days. 

Each aliquot was promptly removed from the glovebox and quenched. The quenched 

aliquots were analyzed by 
1
H NMR spectroscopy and SEC. For the kinetics experiment at 
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60 °C, the monomer and initiator were added to the reaction vessel in the glovebox. After 

allowing the reaction mixture to equilibrate TBD was added (ti). The sealed reaction 

vessel was promptly placed in a 60 °C oil bath after removing it from the glovebox. The 

reaction apparatus was a three-neck round bottom flask fitted with an overhead stirring 

assembly containing a gas inlet valve, an additional gas inlet valve, and a silicone septa 

for sampling the reaction. The reaction flask was kept under a positive pressure of 

nitrogen. Aliquots were removed through the septum using a needle and syringe—special 

care was taken to ensure CO2 or other contaminants were not introduced into the 

reaction—and quenched immediately. The quenched aliquots were analyzed by 
1
H NMR 

spectroscopy and SEC. Conversion and monomer concentration were calculated as 

described above. The 1
st
 order rate constant (kapp) was determined by applying a linear fit 

to equation 3.4 using data from the first two half lives. 

  (
[ ]  [ ] 

[ ] [ ] 
)           (3.4) 

 3.4.10 Numerical Methods. The ratio of ktr/kp was determined based on the 

numerical integration method reported by Szymanski.
29

 The differential equations used 

for this work are equations 3.5–3.10. The total number of growing species x (x = ∑xi) 

does not change throughout the simulation (equation 3.5). The concentration of the 

growing i-mer Xi is xi (xi =[Xi]). The total concentration of monomer units in all polymer 

chains is Px where Px =∑i xi. (Sx =∑i
2
 xi; Tx =∑i

3
 xi ) The populations of polymer chains 

that have not and have undergone reshuffling are indicated as y and z, respectively. (z = x 

– y) With each integration step Tx and Ty were computed assuming a Polya population 
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distribution for y and z. See reference 29 for the computation method. Differential 

equations 3.5–3.10 were integrated according to the Backwards Differentiation Formula 

method for stiff systems in Igor Pro. The integrated variables x, y, Px, Py, Sx, and Sy were 

evaluated in “Free-Run Mode”; in this mode the increments of dt were determined during 

the calculation to maintain accuracy and allows for a higher density of points when the 

solution changes rapidly. During integration the parameters described in equations 16–24, 

32, 33 were evaluated. 
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 The instrumental SEC band broadening for the equipment used in this work was 

approximated based on the polystyrene standards used for calibration. The unbroadened 

polystyrene standards were assumed to have chain length distributions that can be 
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described by a Poisson probablity distribution function equation 3.11. Where i is the 

number of repeat units for a given i-mer, xi is the mole fraction of i-mer species, and is 

the kinetic chain length. A Gaussian band broadening function (BBF) was numerically 

applied to the Poisson chain length distribution to simulate a broadened distribution and 

compared to the converted SEC chromatogram according to the calibrated retention 

volume (VR = A + B log10(MN). The methodology used here follows the work of Wolpers 

et al. without the exponential decay modification; a more detailed description of the 

methodology can be found in their publication.
32

 For each polystyrene standard the 

standard deviation (σGB) of the normalized Gaussian BBF was obtained from the 

resulting best fit. The σGB was found to increase with decreasing DP, but this could be 

captured as a continuous linear function—equation 3.12. The effect of SEC band 

broadening was applied to the simulation results (unbroadened PDIUB) using equation 

3.13 and 3.14 to determine if SEC band broadened can account for the difference 

between the simulation and experimental results.  
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The effect of SEC band broadening is a systematic increase in the experimentally 

measured PDI. We conclude that the small difference magnitude between the 

experimentally measured PDI values and the PDI predicted from numerically integrated 

simulation are well within the resolution of the measurements. 
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Chapter 4: 

 

Poly(ε-decalactone)-block-Poly(D,L-lactide) Multiblock 

Polymers as Sustainable Thermoplastic Elastomers 
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4.1 Introduction 

 In recent years increased concerns over the environmental impact of petroleum-

derived plastics have provided the impetus for the development of sustainable 

alternatives including polymers derived from renewable resources.
1–3

 Sustainable 

polymeric materials research and development have focused on improving the 

economics, developing new renewable monomers, lowering the energy of production, 

and new polymerization strategies to make high performance materials. In addition to 

material performance melt processability of sustainable polymers with conventional 

techniques is of importance. Among numerous methods used to produce renewable 

polymers, sequential ring-opening transesterification polymerization (ROTEP) of 

renewable lactones and cyclic diesters to form block polymers is particularly attractive 

due to ease of synthesis, versatility in monomer structure, and outstanding control over 

polymer molar mass and composition.
3,4

 

 Many renewable lactone monomers have been successfully subjected to ROTEP 

to produce a variety of molecular architectures such homopolymers, statistical 

copolymers, and block copolymer with a wide range of physical properties; notable 

renewable lactones include lactide, 1,5-dioxepan-2-one, δ-decalactone, ε-decalactone, 

menthide, and dihydrocarvide.
3,5–11

 Specifically, lactide, a cyclic diester with two stereo 

centers can be produced from the dimerization of the fermentation product lactic acid; the 

properties of poly(lactide) are greatly influenced by tacticity, atactic poly(lactide) (PLA) 

is an amorphous polymer with a glass transition temperature (Tg) up to 60 °C, isotactic 
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poly(L-lactide) (PLLA) is semi-crystalline with a melting temperature (Tm) as high as 180 

°C. ε-Decalactione (DL) is produced in its racemic form from the oxidation of a 

bioderived fatty acid; poly(ε-decalactone) (PDL) is amorphous with a low glass transition 

temperature (Tg ≈ –51 °C).
10,12

  

 Pitt et al. were the first to report the polymerization and degradation of poly(ε-

decalactone-co-caprolactone) copolymers.
9
 More recently, block copolymers of poly(ε-

decalactone) and semi-crystalline PLLA have been described.
10,11

 Olsén et al. explored 

the controlled ring-opening transesterification polymerization of ε-decalactone with 

tin(II) 2-ethylhexanoate [Sn(Oct)2] in the bulk at 110 and 150 °C.
10

 The polymerization 

of DL in the presence of a diol initiator followed by addition of L-lactide was reported to 

form PLLA-block-PDL-block-PLLA triblock copolymers. Lin et al. polymerized DL over 

a range of temperatures using lanthanum catalysts in THF or toluene.
11

 They were able to 

prepare PLLA-block-PDL-block-PEG-block-PDL-block-PLLA pentablock terpolymers 

by utilizing a sequential polymerization strategy to grow of DL and LLA from PEG diol 

precursors; these pentablocks were subsequently coupled using L-lysine derived 

diisocyanate to obtain multiblock terpolymers. Notably the authors report improved 

tensile properties in the majority PLA multiblock terpolymers compared to the 

pentablock precursors with tensile stresses and ultimate elongation up to 9.6 MPa and 

723%, respectively.
11

 Based on these results and related work with other amorphous, 

low-Tg, polyesters, PDL is an attractive candidate to be used as a rubbery block in 

thermoplastic elastomers.
13,14
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 Thermoplastic elastomers (TPEs) are an interesting class of soft materials that 

form an elastic network at low temperatures but can be easily melt processed at elevated 

temperatures. Classic examples of TPEs include styrenic ABA triblock copolymers such 

as poly(styrene)-block-poly(isoprene)-block-poly(styrene) and poly(styrene)-block-

poly(butadiene)-block-poly(styrene) triblocks where the polystyrene blocks are the 

minority component. Amorphous ABA triblocks have been shown to microphase 

separate into 2-domain microstructures on the length scale of the molecules. At 

equilibrium well defined long-range ordered morphologies relevant to TPEs form 

spherical (BCC) and cylindrical (HEX) domains of the minority “hard’ component in a 

matrix of the rubbery component. Numerous examples of analogous poly(lactide) based 

TPEs have been studied over the past decade. The majority of these have been ABA 

triblocks with poly(lactide) as the hard ‘A’ endblocks and one of the following as the 

rubbery ‘B’ midblock: poly(isoprene),
15

 poly(isobutylene),
16

 polydimethylsiloxane,
17

 

poly(1,3-trimethylene carbonate)
18

 (PTMC), poly(1,5-dioxepan-2-one),
19

 

poly(menthide),
14

 or poly(6-methyl-ε-caprolactone)
13

 (PMCL). At low temperatures these 

triblocks microphase separate into domains of poly(lactide) dispersed in a matrix of the 

midblock. In the bridging conformation, the poly(lactide) end blocks associate with 

adjacent poly(lactide)-domains resulting in a network of physically cross-linked 

midblock strands. While either amorphous glassy or semicrystalline end blocks may be 

employed successfully, the equilibrium microstructure, and thermal properties may be 

dramatically altered by crystallization. For melt processing concerns amorphous PLA can 

be advantageous due to the relatively high melting temperature of PLLA which sets the 
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minimum processing temperatures to above 180 °C; however, if the polymer contains 

urethane linkages the inherent bond stability requires temperatures below 150 °C or 

significant degradation will occur.
20

 Inherent limitations to the ABA triblock TPE 

strategy have motivated some researchers to investigate alternative architectures 

including (AB)n multiblocks.
11,21–23

 In this design the increased number of alternating 

blocks has been shown to improve the mechanical toughness of several block copolymer 

systems; an effect that has been largely attributed to an increase in the connectivity of the 

elastomeric network through an increase in the fraction of rubbery chains that bridge 

numerous glassy domains.
21–23,27

 

 Beyond the mechanical advantages of such a design, the multiblock architecture 

has the potential to address challenges associated with the processing high molar mass 

triblocks. The flow behavior of block copolymers above the Tg or Tm, but in the ordered 

state is non-Newtonian with higher viscosities compared to the disordered state. Above 

the order-disorder transition temperature (TODT), the network structure weakens as the 

blocks become mixed and the viscosity rapidly decreases, greatly enhancing the melt 

processability.
24

 When the block polymer is cooled the TPEs reverts to an elastomeric 

network. For ABA triblock polymers the mechanical strength is directly related to the 

glassy block content and inversely proportional to the entanglement molar mass of the 

midblock.
25,26

 The TODT scales with the triblock molar mass restricting the maximum 

practical molar mass to a region with accessible TODT values. The TODT of linear (AB)n 

multiblock polymers, however, is entirely dependent on repeating block length and is 
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independent of total molar mass as shown by Wu et al. for the case of well-defined 

[poly(styrene)-block-poly(isoprene)]n (n = 1–10) multiblocks.
27

  

  While the results of Pitt et al. and Olsén et al. suggest poly(ε-decalactone) is an 

attractive midblock component for the synthesis of degradable lactide-based triblock 

thermoplastic elastomers, one might predict from the differences in the chemical structure 

of poly(ε-decalactone) compared to poly(lactide) that the TODT of an ABA triblock will be 

prohibitively high at only moderate molar masses (Mn<30 kg mol
-1

).
13,14

 In this chapter 

we report the preparation of linear [poly(lactide)-block-poly(ε-decalactone)]n multiblock 

polymers from the coupling of telechelic poly(lactide)-block-poly(ε-decalactone)-block-

poly(lactide) triblocks with diisocyantes (Scheme 4.1). We show that both polymerization 

and coupling can be conducted using Sn(Oct)2 as a catalyst and that it is not necessary to 

isolating intermediate during the process. We compare the properties of the multiblocks 

produced using this strategy with low molar mass, melt processable, triblocks and to high 

molar mass, ABA triblocks that cannot be disordered prior to degradation. We 

demonstrate using injection molding that linear [poly(lactide)-block-poly(ε-

decalactone)]n multiblock polymers can be easily melt processed; this, coupled with the 

economical melt polymerization, facile coupling strategy, and improved mechanical 

properties of the multiblock relative to its parent triblocks make linear [poly(lactide)-

block-poly(ε-decalactone)]n attractive new thermoplastic elastomers.  
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4.2 Results and Discussion  

 4.2.1 Polymerization of ε-decalactone. The bulk polymerization of ε-

decalactone (DL) catalyzed by tin(II) octoate [Sn(Oct)2] was investigated at 130 °C; to 

reduce the reaction time and catalyst content, polymerization at 180 °C was also 

explored. At either temperature the polymerization is well controlled by the initial 

monomer-to-initiator mole ratio and can be adjusted easily to control the molar mass of 

the resulting PDL. Additionally it is possible to obtain dihydroxy terminated PDL by 

utilizing benzendimethanol (BDM) as a difunctional initiator.  

 We first investigated the impact of temperature as well as initiator and catalyst 

concentration on the reaction time using 
1
H NMR spectroscopy. ε-Decalactone 

conversion was calculated from the integral ratio of the methine protons for the residual 

monomer and polymer repeat units, (4.2 and 4.8 ppm, respectively) in crude 

polymerization aliquots (Table 4.1). As anticipated, increased temperature decreased the 

reaction time required to reach high conversion. For polymerizations at 130 °C, reactions 

with modest catalyst loadings ([DL]ₒ/[Sn(Oct)2]ₒ = 500), typically reached ~95% 

conversion after 22 hours. When the polymerization was conducted at 180 °C with much 

lower catalyst loadings ([DL]ₒ/[Sn(Oct)2]ₒ = 1000), monomer conversions above 96%, 

and up to 99% were attained in only a few hours (Table 4.1). 
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Scheme 4.2. Synthesis of poly(ε-decalactone)–poly(D,L-lactide) multiblock 

copolymers. 

 

Table 4.1 Synthetic details for the preparation of dihydroxy poly(ε-decalactone). 

Entry 
temp time [DL]○  [DL]○ Conv. Mn

calc
 Mn

NMR
 Mn

SEC
 

Ð 
(°C) (h) [BDM]○  [Sn]○ 

 
 (kg/mol)  

1 130 22 70  510 0.95 11 12 19 1.17 

2 130 22 95  476 0.96 16 16 25 1.19 

3 130 22 146  500 0.96 24 24 64 1.10 

4 130 22 294  495 0.95 48 43 120 1.10 

5 130 22 587  499 0.76 76 67 140 1.12 

6 130 70 590  590 0.97 97 99 190 1.25 

7 180 2 56  986 0.96 9.1 9.6 17 1.26 

8 180 2 56  992 0.99 9.5 9.5 21 1.28 

9 180 2 55  1008 0.98 9.1 9.3 14 1.13 

10 180 2 85  464 0.97 14 14 30 1.23 

11 180 4 24  360 0.98 4.0 3.8 8.7 1.37 

12 180 4 47  339 0.97 7.7 7.8 15 1.39 
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 The molar mass control was assessed by both 
1
H NMR spectroscopy and size 

exclusion chromatography (SEC). To determine the number average molar mass (Mn) of 

the purified polymers, the benzenedimethanol initiator methylene protons (5.1 ppm) were 

used to calculate the degree of polymerization and molar mass by
 1

H NMR spectroscopy 

assuming one BDM moiety per chain. The Mn determined by 
1
H NMR spectroscopy and 

the calculated theoretical Mn were in excellent agreement. In addition, the ratio of the 

initiator methylene protons (5.1 ppm) to the hydroxyl end group methine protons (3.6 

ppm) was close to 2. Taken together these data indicate essentially quantitative initiation 

with BDM and the absence of adventitious initiators. 

 The relative Mn and dispersity (Ð) were determined by SEC relative to 

polystyrene standards. The relative Mn values determined by SEC are systematically 

larger than Mn determined by 
1
H NMR spectroscopy by a factor of 2.0 ± 0.4. This 

systematic difference is attributed to a larger poly(ε-decalactone) hydrodynamic volume 

in chloroform compared to a polystyrene molecule of identical mass. Over a range of 

PDL molar masses the molar mass distribution was narrow, further indicating the bulk 

polymerization proceeds by a well-controlled chain growth mechanism. For 

polymerizations carried out at 130 °C ([DL]ₒ/[Sn(Oct)2]ₒ = 500) the dispersity was 

typically between 1.10 and 1.19 after 22 hours; at 180 °C the molar mass distributions 

were broadened slightly (1.13 < Ɖ < 1.26). ROTEP conducted at high temperatures with 

long reaction times and high catalyst loadings are anticipated to have broad molar mass 

distributions due to polymerization–depolymerization equilibria and intermolecular chain 

transfer reactions; this was observed to a limited extent in the bulk polymerization of ε-
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decalactone (180 °C, 4 hours, [DL]ₒ/[Sn(Oct)2]ₒ = 350, Đ = 1.4). From The SEC and 
1
H 

NMR results we conclude that renewable poly(ε-decalactone) can be efficiently prepared 

in the bulk with controlled molar mass and narrow molar mass distributions using 

commercially available reagents, this is in good agreement with the findings of Olsén et 

al.
10

  

 4.2.2 Synthesis of poly(D,L-lactide)-block-poly(ε-decalactone)-

block-poly(D,L-lactide) triblock polymers. ABA triblock copolymers were 

prepared by the addition of D,L-lactide (LA) to α,ω-dihydroxyl telechelic poly(ε-

decalactone) macroinitiators in the presence of Sn(Oct)2 at 110 °C. The compositions of 

the triblocks were controlled by adjusting the weight fraction of LA to difunctional PDL. 

Although this chain extension could be successfully conducted in the melt, we found that 

the addition of one mass equivalent of toluene to the combined mass of LA and PDL 

facilitated mixing by lowering the viscosity of the mixture and rapidly dissolving the 

solid LA. After four hours at 110 °C or two hours at 130 °C, the triblocks were diluted 

with chloroform and purified by precipitation in methanol. The triblocks were 

characterized using SEC and 
1
NMR spectroscopy. Compared to the PDL macroinitatior, 

the SEC chromatograms for the triblock show an obvious shift to higher molar mass. The 

molar mass distribution of the triblocks remains relatively narrow (Đ = 1.1–1.3) with no 

evidence of uninitiated PDL or PLA homopolymer (Figure 4.1). In agreement with these 

results, NMR spectroscopy revealed that all of the PDL hydroxyl end-groups (3.6 ppm) 

had been replaced by PLA end-groups (4.4 ppm), indicating near quantitative reinitiation. 
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The characteristics of several LDL triblocks are summarized in Table 4.2. LDL triblocks 

in this study are annotated as LDL(x,y) where x is the overall Mn of the triblock (kg/mol), 

and y is the volume fraction of PLA.  

 

Figure 4.1 A representative sequence of size-exclusion chromatograms for PDL (10 

kg/mol), the macroinitiator used to prepare LDL(15.3, 0.30), and the multiblock 

(LDL)n(15.3, 0.30) produced following coupling with MDI. The LDL and (LDL)n 

chromatograms are shown for the purified polymers. The value of ‹n› for (LDL)n(15.3, 

0.30) is 4.6. 
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Table 4.2 Characteristics of the poly(lactide)-block-poly(ε-decalactone)-block-

poly(lactide) triblock and multiblock copolymers. 

Triblock
a
 

Block 

Mn
NMR 

(kg/mol) 

Mn
SEC

 
Ð N

tot
d ƒ

PLA
d 

D
e
 T

g
 
PDL

 T
g
 
PLA

 T
ODT

f 

PLA
b 

PDL (kg/mol)
c
 (nm) (°C) (°C) (°C) 

LDL(10.0, 0.46) 2.6 4.8 14.3 1.18 128 0.46 12.2 –44 32 51 

LDL(11.3, 0.51) 3.2 4.9 17.9 1.19 143 0.51 14.4 –44 31 80 

LDL(11.8, 0.46) 3.1 5.6 18.5 1.17 151 0.46 13.6 –44 33 93 

LDL(12.8, 0.46) 3.3 6.1 20.9 1.17 164 0.46 14.4 –45 36 102 

LDL(15.3, 0.30) 2.7 9.9 25.6 1.18 190 0.30 15.1 –46 35 65 

LDL(18.9, 0.51) 5.4 8.2 32.0 1.30 239 0.51 21.5 –47 44 n.d. 

LDL(136, 0.21) 18 100 170 1.33 1910 0.21 33.8 –49 55  

LDL(148, 0.27) 24 100 206 1.28 1990 0.27 43.2 –49 54  

Multiblock
a
 

Block 

Mn
NMR 

(kg/mol) 

Mn
SEC

 
Ð ‹n›

g
 ƒ

PLA
d 

D T
g
 
PDL

 T
g
 
PLA

 T
ODT

f 

PLA
b
 PDL (kg/mol)

c
 (nm) (°C) (°C) (°C) 

(LDL)n(10.0, 0.46) 2.6 4.8 71 1.68 5.0 0.46 12.1 –38 33 70 

(LDL)n(13.4, 0.27)
g
 2.2 9.1 151 2.13 4.9 0.27 13.4 –46 56 110 

(LDL)n(15.3, 0.30) 2.7 9.9 117 1.80 4.6 0.30 14.9 –46 54 108 

(LDL)n(16.0, 0.23)
g
 2.2 11.6 173 2.08 5.6 0.23 15.3 –46 41 112 

(LDL)n(18.4, 0.19)
g
 2.1 14.2 219 2.45 6.0 0.19 18.9 –47 47 140 

a 
PLA-b-PDL-b-PLA triblock copolymers are abbreviated as LDL(x,y) where x is the 

total Mn of the triblock in kg/mol, and y is the volume fraction of PLA (ƒ
PLA

). (PLA-b-

PDL-b-PLA)n multiblock copolymers abbreviated similarly as (LDL)n(x,y) where x is the 

Mn of the triblock repeat unit, and y is the volume fraction of PLA (ƒ
PLA

). 
b
 Molar mass 

reported for PLA block, or ½ the total molar mass of PLA per chain
  c 

Relative molar 

mass based on polystyrene standards. 
d 

NTOT and ƒ
PLA

 are calculated based on the room 

temperature densities of PLA
50

 (1.24 g/cm
3
) and PDL

51
 (0.97 g/cm

3
) where NTOT 

corresponds to a 118 Å
3
 standard reference volume. 

e 
Principal domain spacing of the 

bulk sample determined by SAXS at room temperature.
 f 

TODT values determined by 

rheology. 
f
 Average triblock number determined by SEC relative to the precursor 

triblock. 
g
 Precursor triblocks were not isolated. A small aliquot was taken for SEC 

analysis prior to the coupling reaction.  
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 4.2.3 Synthesis of poly(D,L-lactide)–poly(ε-decalactone) multiblock 

polymers. The multiblock polymers were prepared by linking α,ω-hydroxyl telechelic 

LDL triblock copolymers using the diisocyanate coupling agent 4,4’-methylene 

bis(phenylisocyante) (MDI), in the presence of catalytic Sn(Oct)2. Using the same 

catalyst for all three reactions (two polymerizations and the coupling) greatly simplifies 

the process because the multiblock can easily be prepared without isolating intermediate 

products. At the end of the lactide polymerization the reaction mixture was diluted with 

toluene and cooled to 100 °C followed by the addition of solid MDI to the reaction. The 

amount of MDI added to the reaction was calculated based on the BDM initiator 

concentration. The number of hydroxyl groups is independent of monomer conversion in 

ROTEP reactions, thus, the moles of PLA hydroxyl end-groups is equivalent to two times 

the moles of BDM added to the DL polymerization reaction. The addition of MDI to the 

preheated reaction mixture was followed by a rapid increase in viscosity, indicative of an 

increase in Mn and a successful coupling. After 15 min the reaction was cooled to room 

temperature, diluted with chloroform, and the multiblock was isolated by precipitation in 

methanol.  

 Analysis of the purified multiblocks by SEC showed a large increase in Mn and Đ 

upon coupling compared to the starting triblocks (Table 4.2). The multiblock dispersity 

approaches the most probable distribution (Đ ~ 2) which supports a step-growth reaction 

mechanism anticipated for this type of coupling reaction. The average number of triblock 

copolymers per multiblock chain, ‹n›, was calculated from the ratio of the Mn
SEC

 of 

multiblock to Mn
SEC

 of the triblock.
22

 The values of ‹n› in this study corresponds to an 
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average undecablock architecture (4.6 ≤ ‹n› ≤ 6). The value of ‹n› is consistent with a 

stoichiometrically balanced step growth reaction that proceeded to about 80% 

conversion. For coupling reactions (100 °C, 15 min) with a range of MDI/BDM molar 

ratios, 0.78–1.3, the value of ‹n› was independent of the molar ratio. A number of 

multiblock samples prepared using the strategy are summarized in Table 4.2. 

 4.2.4 Thermal Analysis. Differential scanning calorimetry (DSC) was used 

to determine the glass transition temperatures of PDL homopolymers, LDL triblocks, and 

(LDL)n multiblock polymers; representative thermograms are shown in Figure 4.2. The 

Tg values are reported as the inflection point of the transition on the second heating cycle. 

Each of the LDL and (LDL)n block polymers studied exhibit two glass transition—one 

below –38 °C, the other above 31 °C—which we attribute to microphase separation into 

PDL- and PLA-rich domains, respectively. The LDL thermograms often exhibited weak, 

broad glass transitions for the minority PLA-domains, this effect is exacerbated in 

triblocks with the lowest poly(lactide) contents. 

  In Figure 4.3, the glass transition temperature of the PLA- and PDL-rich domains 

are plotted as the reciprocal of their individual block molar masses determined by 
1
H 

NMR spectroscopy. The molar mass dependence of the glass transitions of the PDL- and 

PLA-rich domains in the LDL are compared to the predicted values of their respective 

homopolymers using the Flory–Fox equation:  

      
  

 

  
     (4.1) 
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Here Tg
∞
 is the Tg of the polymer of infinite molar mass and K is a constant associated 

with the excess free volume of the end groups. The dotted line represents the theoretical 

molar mass dependence of the PLA glass transition based on the Flory–Fox parameters 

reported by Jamshidi et al.
28

 The dashed line was generated using the Flory–Fox 

parameters for PDL we determined independently from the Tg of 5 PDL samples with 

molar masses between 3.85 and 98.8 kg mol
–1

. (Tg
∞
 = –51.4 ± 0.3 °C and K = 3.4 × 10

3
 ± 

2.2 × 10
3
) [Data included in Figure 4.3] 

 The Tg of the PDL-domain deviates positively (∆Tg ≈ 6 °C) from pure PDL as the 

molar mass of the PDL block is decreased; this deviation is indicative of increased 

concentration of PLA block segments in the PDL-domain as the molar mass of the PDL 

blocks is decreased and is consistent with many previously reported block copolymer 

systems.
13,22,23,29–32

 The glass transitions of the PLA-domains show a molar mass 

dependence similar to homopolymer PLA indicating domains relatively free of PDL.
33
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Figure 4.2 Representative DSC heating curves for LDL triblock and (LDL)n multiblock 

polymers. 

 

 When the LDL triblocks are coupled to make (LDL)n multiblocks the internal 

PLA segments have double the molar mass of terminal ones in the precursor triblocks. In 

most cases this increase in molar mass is accompanied by a significant increase in the 

glass transition temperature of the PLA blocks by the reduction of free PLA chain ends. 

Notably the PLA domains in the lowest molar mass multiblock prepared, (LDL)n(10.0, 

0.46), do not exhibit an increase in glass transition relative to the parent triblock. In this 

case we believe there is still significant PDL mixed within the PLA domains as a result of 

the relatively weak segregation between the component blocks. 
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Figure 4.3 Glass transition dependence on molar mass for PLA-rich domains (○) and 

PDL-rich domains (□) in bulk LDL triblocks. The ordinate is inverse number average 

molar mass of the block. The dotted line is the predicted Flory–Fox dependence of 

homopolymer PDLLA determined by Jamshidi et al.
30

 The dashed line is the Flory–Fox 

fit to homopolymer PDL determined in this study based on the Tg of homopolymer PDL 

samples (▲). 

 

 4.2.5 Morphological Characteristics. The microstructures of LDL and 

(LDL)n block polymers were investigated using small-angle X-ray scattering (SAXS) at 

room temperature with a synchrotron source and a 2-D area detector. The 2-D scattering 

patterns were azimuthally integrated to give the scattering intensity with respect to the 

scattering vector (q); this is shown in Figure 4.4 for select LDL and (LDL)n block 

polymers. As indicated by the solid triangles in Figure 4.4, both LDL and (LDL)n 
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samples exhibited strong principal peaks (q*) at low q; these correspond to domain 

spacings of 12.2–43.2 nm and 12.1–18.9 nm for the triblocks and multiblocks, 

respectively.  

 

Figure 4.4 Room Temperature SAXS patterns for select LDL triblocks and (LDL)n 

multiblocks. The principal peaks at low q are indicated with the solid triangles (▼), and 

the open triangles indicate the position of the allowed higher order reflections. LDL(136, 

0.21) and LDL(148, 0.27) are indexed for hexagonally packed cylinders, and LDL(18.9, 

0.51) is indexed for alternating lamella. 
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 To determine the morphology of the LDL triblocks, the locations of observed 

higher order peaks in the scattering patterns were compared to positions calculated for 

allowed reflections for the space groups. As a specific example, it has been established 

that triblocks with nearly symmetric compositions, ƒA ≃ 0.5, adopt lamellar 

microstructures; for this morphology the allowed reflections are at integral multiples of 

q* (q/q* = 1, 2, 3, 4…n). In Figure 4.4 the allowed lamellar reflections for LDL(18.9, 

0.51) are indicated by the open triangles. Consistent with systematic structure factor 

extinctions anticipated for symmetric lamellae, peaks in intensity are notably absent at 

2q* and 4q*. Although other LDL triblocks with similar composition (LDL(11.3, 0.51), 

LDL(11.8, 0.46), and LDL(12.8, 0.46)) also showed higher order reflections consistent 

with alternating lamella of PLA- and PDL-rich domains (Figure 4.5), the lowest molar 

mass symmetric triblock studied, LDL(10.0, 0.46), has a pronounced principal peak, but 

higher order reflections were not observed within the q-range of the experiment. The 

predicted 2q* reflection is with the experimental q-range, but its absence is likely due to a 

structure factor extinction. 

 Based on the composition of relatively high molar mass triblocks with minority 

PLA content, LDL(136, 0.21) and LDL(148, 0.27), these triblocks are anticipated to form 

hexagonally packed cylinders of PLA in a matrix of PDL at equilibrium.
34

 For these 

samples the predicted peak positions of the hexagonal morphology (q/q* = 1
½
, 3

½
, 4

½
, 7

½
, 

9
½
, 12

½
, 13

½
) are indicated on Figure 4.4 with open triangles with reasonable agreement 

with local maxima in intensity. Variation in cylinder diameters and spacing due to slow 

equilibration kinetics are attributed to the weak intensities of the higher order reflections. 
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A PLA-block-PDL diblock with a PLA volume fraction of 32% showed well-defined 

higher order reflections consistent with hexagonally packed PLA cylinders (Figure 4.5).  

 The (LDL)n multiblock SAXS patterns exhibit strong principal reflections are 

consistent with microphase separated structure. The principal domain spacings (D = 

2π/q*) of the (LDL)n multiblocks were found to increase systematically with the molar 

mass of the LDL precursors. As the number of blocks per chain increases the ability of 

the system to equilibrate into a long-range ordered system becomes increasingly 

difficult.
35

 For all of the (LDL)n multiblocks shown in Figure 4.4, definitive assignment 

of ordered microstructures by SAXS analysis alone was inconclusive. (Surprisingly, a 

multiblock, (LDL)n(26.1, 0.28), with an inaccessable TODT showed higher order 

reflections consistent with hexagonally packed cylinders of PLA (Figure 4.5).) 
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Figure 4.5 Room Temperature SAXS patterns for symmetric (ƒPLA ≈ 0.5) LDL triblocks, 

LDL(11.3, 0.51), LDL(11.8, 0.46), and LDL(12.8, 0.46); and the SAXS patterns for an 

asymmetric LD diblock, LD(15.7, 0.32), and (LDL)n multiblock, (LDL)n(26.1, 0.28). The 

principal peaks at low q are indicated with the solid triangles (▼), and the open triangles 

indicate the position of the allowed higher order reflections for the lamellar structure 

(q/q* = 1, 2, 3), and the open diamonds indicate the peak positions of higher order 

reflections of hexagonal structure (q/q* = 1
½
, 3

½
, 4

½
, 7

½
, 9

½
, 12

½
, 13

½
). 
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 4.2.6 PLA–PDL χ Parameter. In block polymers the bulk microphase 

separation of disparate components to form ordered morphologies is governed by the 

total number of repeat units (N), the volume fraction of each component (ƒ), and the 

interaction between the blocks, and the segment–segment interaction parameter (χ). 

Among these parameters the number of repeat units and volume fraction can be 

controlled synthetically, however, the interaction between the block repeat units is 

inherent to the choice of polymers used. The χ parameter therefore represents a 

convenient metric for comparing the relative incompatibility of a specific combination of 

polymer blocks. Random phase approximation calculation predict the position of the 

lamellar/disorder phase boundary at (N)ODT = 17.996 for compositionally symmetric 

ABA triblocks. In this case  can be experimentally determined at the order–disorder 

temperature (TODT) for a symmetric ABA triblock with N repeat units. In this work we 

assume the temperature dependence of  can be described with 

 ( )  
 

 
        (4.2) 

where α and β represents the excess enthalpic and entropic contributions to the energy of 

mixing the blocks, respectively. We determined the order–disorder transition 

temperatures (TODT) of symmetric LDL triblocks using dynamic mechanical spectroscopy 

analysis at low strain; the transition temperature was taken as the onset of the 

discontinuous drop in the storage modulus (G’) upon isochronal (ω = 1 rad/s) heating at a 

rate of 0.8 °C/min. (See Figure 4.6). For each sample, G’ was restored upon subsequent 

cooling of the sample, this confirms that the transition is reversible rather than thermal 
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degradation. The order–disorder transition temperatures determined using this method are 

indicated on Figure 4.7 and listed in Table 4.2 for four symmetric LDL triblocks. DSC 

thermograms of LDL triblocks LDL(11.3, 0.51), and LDL(11.8, 0.46), and LDL(12.8, 

0.46) also showed weak endothermic transitions at temperatures consistent with the TODT 

values measured by rheology
36

 (Figure 4.8). Based on the measured order–disorder 

transitions,  for the PLA–PDL system is given by equation 3. 

    –    
(        )

 
 (             )    (4.3) 

For this work the overall degree of polymerization, N, is calculated based on a standard 

reference volume of 118 Å
3
 using the room temperature densities of the respective 

homopolymers.
37

 For comparison, the χ values for other reported PLA-containing block 

copolymers were calculated at 140 °C (adjusted to segment volume of 118 Å³ if 

necessary): χPLA-PMCL = 0.05,
13

 χPLA-PS = 0.08,
38

 χPLA-PDL = 0.095, χPLA-PB = 0.17,
22

 χPLA-PI 

= 0.19,
36 

χPLA-PEP = 0.29.
39

 (PMCL, PS, PB, PI, and PEP refer to poly(6-methyl-ε-

caprolactone), polystyrene, polybutadiene, polyisoprene, and poly(ethylene-alt-

propylene), respectively.) Direct comparison of the χ value based on the aliphatic 

character and monomer structure can be made between χPLA-PMCL and χPLA-PDL; 

exchanging the methyl group of PMCL for a n-butyl group on PDL results in a 2-fold 

increase in χ at 140 °C. This result directly implies that at this temperature the minimum 

degree of polymerization required for PLA–PDL block copolymers to phase separate is 

half that required for a PLA–PMCL block copolymer with the same architecture and 

composition. 



137 

 

 

 

Figure 4.6 Temperature dependence of G’ upon heating for LDL(10.0, 0.46), ￭; and 

LDL(11.3, 0.51), ￮; LDL(11.8, 0.46), ●; and LDL(12.8, 0.46), △. The TODT values are 

indicated by the arrows. 

 

 

Figure 4.7 Temperature dependence of χ for PLA–PDL block polymers. 
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Figure 4.8 DSC thermograms of LDL(11.3, 0.51), top; LDL(11.8, 0.46), middle; and 

LDL (12.8, 0.46), bottom. 

 4.2.7 Mechanical Properties. Room temperature uniaxial extension 

experiments were conducted to evaluate the nonlinear mechanical properties of LDL 

triblock and (LDL)n multiblock polymers. Dog-bone shaped tensile samples with a gauge 

length of 10 mm were die cut from a uniform flat sheet prepared by compression molding 

the polymers. The samples were elongated at constant crosshead velocity of 50 mm/min 

until failure of the sample. The data for a minimum of 10 specimens is given in Table 

4.3; representative engineering stress–strain curves are shown in Figure 4.9. To prepare 

the samples they were compression molded at temperatures above the Tg of the PLA-

domain and below the TODT of the sample at very small strain rates. The ability to form a 

uniform sheet without fracturing the sample is dependent on very slow stress relaxation 

or creep.
40

 By trial and error the compression rate was slowed until a uniform sheet free 

of cracks could be produced.  
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Figure 4.9 Representative stress–strain traces for LDL triblock (black) and (LDL)n 

multiblock copolymers (color). The samples were prepared by compression molding a 

uniform sheet at the temperatures listed in Table 4.3. 

 

Table 4.3 Tensile Properties of Select LDL and (LDL)n Block Polymers. 

Sample 
σt EY εb Process 

MPa MPa % Temp (°C) 

LDL(15.3, 0.30) 0.24 ± 0.01 4.46 ± 0.19 218 ± 9 30 

LDL(136, 0.21) 4.5 ± 0.26 1.02 ± 0.05 1590 ± 160 150 

LDL(148, 0.27) 9.4 ± 0.70 1.09 ± 0.06 1310 ± 44 150 

(LDL)n(18.4, 0.19) 4.25 ± 0.18 0.64 ± 0.05 1470 ± 140 100 

(LDL)n(16.4, 0.23) 5.09 ± 0.32 0.88 ± 0.04 1170 ± 97 100 

(LDL)n(13.4, 0.27)
 

5.60 ± 0.17 1.80 ± 0.11 1307 ± 37 100 

(LDL)n(15.3, 0.30)
 

4.58 ± 0.08 2.15 ± 0.05 1124 ± 37 100 

(LDL)n(15.3, 0.30) 4.06 ± 0.07 2.00 ± 0.05 1035 ± 85 150 

(LDL)n(15.3, 0.30)
 a
 6.67 ± 0.37 3.4 ± 1.2 1020 ± 124 150 

a
 Tested samples were prepared by injection molding from a melt above TODT.  
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 The triblock copolymers with relatively high molar masses, LDL(136, 0.21) and 

LDL(148, 0.27), both demonstrate stains at break (εb) greater than 1300% with tensile 

strengths (σt) of 4.5 and 9.4 MPa, respectively. At low strain both samples triblocks have 

similar behavior; for each sample the Young’s Modulus (EY) was found to be close to 1 

MPa. The effect of PLA content on the tensile properties is more apparent at large strain 

(< 400%) where the degree of strain hardening and the tensile strength both increase with 

PLA content. The tensile properties of these triblocks are characteristic of soft but tough 

elastomers, and have similar properties to previously reported all amorphous 

poly(lactide)-block-poly(6-methyl-ε-caprolactone)-block-poly(lactide) triblocks, 

however, several previously reported semicrystalline PLLA-containing ABA triblock 

exhibit higher toughness values.
19

  

  Compared to these higher molar mass samples of similar composition, LDL(15.3, 

0.30) is characterized by a relatively poor tensile strength of 0.24 MPa and a relatively 

low strain at break of 218%. One major difference between these LDL triblocks is the 

degree of entanglement. While the molar mass of each block in LDL (148, 0.27) is 

sufficient to allow entanglement, the molar mass of the PLA blocks in LDL(15.3, 0.30) 

are 2.7 kg/mol; much lower than the reported entanglement molar mass of amorphous 

PLA (3.96 kg/mol,
41

 8.7 kg/mol,
42

 10.5 kg/mol
43

). Additionally, the entanglement of the 

PDL-domain is expected to contribute to the strength of the material by distributing the 

stress transmitted to the glassy domain. Our measurement found the entanglement molar 

mass of homopolymer PDL to be 5.9 kg/mol. (Details of the Me measurement are given 

in section 4.4.3) In LDL(136, 0.21) and LDL(148, 0.27) the PDL block is 100 kg/mol 
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corresponding to approximately 17 entanglements per block; the midblock of LDL(15.3, 

0.30) is less than 2Me. The dramatic difference in mechanical properties is likely due to 

the failure of the PLA-domains to effectively act as “hard” physical crosslinks in lower 

molar mass triblocks; both the low molar mass of the PLA blocks, and the proximity of 

the PLA glass transition to the testing temperature (35 °C and 20 °C, respectively) 

support chain pullout as a probable failure mechanism. This is in agreement with the 

recent work of Watanabe et al. regarding chain pullout and transfer of polystyrene blocks 

in strained multiblock copolymers with plasticized polystyrene domains having a glass 

transition temperature (Tg PS = 38 °C) close to the experimental temperature (20 °C).
21

 

Additionally, Hotta et al. showed that styrenic triblock TPEs stress relaxation by chain 

pullout occurs significantly at temperatures well below the Tg of the polystyrene 

domain.
42

  

 Comparing LDL(15.3, 0.30) to (LDL)n(15.3, 0.30), the mechanical properties are 

vastly improved in the multiblock; upon coupling, σt increases an order of magnitude and 

εb by a factor of five. The significantly improved mechanical properties in the multiblocks 

can be attributed to the increased number of alternating hard glassy PLA and rubbery 

PDL blocks.
11,21–23,27

 The increased block number allows for a single chain to bridge 

multiple domains enhancing the connectivity of the physically cross-linking PLA-

domains. The internal PLA blocks have double the molar mass of terminal ones allowing 

the internal PLA blocks to span the entire width of the PLA-domain and reduce the 

amount of dangling chain ends. Although the molar mass of the PLA blocks within the 

multiblock are still below the critical entanglement molar mass, the increased glass 
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transition temperature of the PLA-domain from 35 °C in the LDL(15.3, 0.30) triblock to 

54 °C in the multiblock enhances the strength of the physical cross links at room 

temperature.  

 From the behavior of four (LDL)n multiblock polymers with ƒPLA between 19 and 

30%, it appears Young’s Modulus increases (0.64–2.15 MPa) and strain at break 

decreases (1470–1035%) with PLA content. In addition, the tensile strength of the 

multiblock samples steadily increased with ƒPLA for (LDL)n(18.4, 0.19), (LDL)n(16.4, 

0.23), and (LDL)n(13.4, 0.27). Unlike these lower lactide content multiblocks, 

(LDL)n(15.3, 0.30) exhibits a yield point at approximately 600% strain, where the stress 

monotonically decreases with increasing strain until failure at 1124% strain. The σt of 

(LDL)n(15.3, 0.30) thus also represents the yield stress for this multiblock while the stress 

at break is 3.47 ± 0.21 MPa. 

 4.2.8 Melt Processing. Due to the promising mechanical properties of the 

(LDL)n multiblocks, the TODT and melt processability of elastomeric (LDL)n multiblocks 

were investigated. As previously reported by Wu et al. for compositionally symmetric 

[poly(styrene)-block-poly(isoprene)]n multiblocks with an array of n (n = 1–10), with 

increasing block number TODT approaches an asymptotic maximum value.
27

 This result is 

consistent with theoretical predictions by random phase approximation and self-

consistent mean field theory where the maximum TODT can be predicted based on χ and 

the degree of polymerization of the repeating AB unit.
27,36

 The effect of coupling LDL 

triblocks on TODT was investigated by dynamic mechanical analysis of LDL(15.3, 0.30) 

and (LDL)n(15.3, 0.30); as indicated on Figure 4.10, the order–disorder transition 
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temperature for these samples were found to be 65 °C and 108 °C, respectively. The TODT 

of other (LDL)n multiblocks are shown in Figure 4.11 and the transition temperatures are 

listed in Table 4.2.  

 

Figure 4.10 Temperature dependence of G’ upon heating LDL(15.3, 0.30) and 

(LDL)n(15.3, 0.30). The TODT are indicated by the arrows and correspond to 65 °C, and 

108 °C, respectively. 

 

Figure 4.11 Temperature dependence of G’ upon heating for (LDL)n(10.0, 0.46), ●; 

(LDL)n(15.3, 0.30), ○; (LDL)n(13.4, 0.27), ■; (LDL)n(16.0, 0.23), □; and (LDL)n(18.4, 

0.19), ▲. The TODT values are indicated by the arrows. 
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  The triblock and multiblock polymers differ not only in the transition temperature 

but also the breadth of this transition and the magnitude of G’ before the TODT. At 55 °C, 

G’ of the multiblock (2.8 × 10
5
 Pa) is an order-of-magnitude larger than the triblock. At 

this temperature both samples are above the PLA Tg but below the TODT. The value of G’ 

provides insight into the nature and density of long-lived crosslinks in these materials. 

The inferred molar mass between crosslinks (Mx = ρRT/Gn = 10.1 kg/mol) for 

(LDL)n(15.3, 0.30) is surprisingly close to the molar mass of the PDL midblock (9.9 

kg/mol). Physically this implies that the interface is acting as a long-lived temporary 

crosslink with negligible trapped entanglements in the PDL network. Using the modulus 

at 55 °C, three other (LDL)n multiblocks with PDL midblock molar masses of 9.1, 11.6, 

and 14.2 kg/mol also showed a similar correlation with calculated Mx values of 7.6, 12.7, 

and 18.9 kg/mol, respectively. This behavior is different from high molecular weight 

triblocks where the modulus is dominated by the entanglement of the midblock where the 

hard domains act like rigid filler (Me
PDL 

= ρRT/Gn(1+2.5ƒPLA+10ƒPLA²).
44

 Using this the 

calculated entanglement molar mass of the PDL midblock was 6.7 and 5.3 kg/mol for 

LDL(136, 0.21) and LDL(148, 0.27), respectively. This is in good agreement with the 

measured entanglement molar mass of homopolymer PDL (Me = 5.9 kg/mol).  

 In the LDL(15.3, 0.30) triblock the molar masses of the blocks are insufficient for 

entanglement to occur. The much smaller storage modulus of the triblock LDL(15.3, 

0.30) at 55 °C suggests that the PLA blocks are not rigorously pinned to the interface; as 

a result the PLA blocks can be reversibly pulled out of the PLA-domain; due to the 

proximity to the TODT the enthalpic penalty of PLA chain pullout is weaker, contributing 
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to the stress relaxation. Upon heating through the order-disorder transition temperature 

the modulus of the LDL(15.3, 0.30) drops almost a decade within 10 °C; over this 

temperature range the modulus of the multiblock is much less sensitive to temperature. 

The (LDL)n(15.3, 0.30) multiblock also exhibits a rapid drop in G’ above the TODT, 

however, it occurs over a broader range of temperature; similar broad transitions have 

previously been observed for other multiblock systems.
27

 (Decreasing the experimental 

oscillation frequency (ω) and heating rate did not have a large impact on the breadth of 

the multiblock order-disorder transitions observed using this method.) The breadth of the 

multiblock TODT is likely due to the broad molar mass distribution, specifically the 

presence of high molar mass species resulting from coupling reaction. The extremely 

long relaxation times for these species
27

 would require experimental frequencies below 

the limits of the instrument to allow these large chains to relax. 

 A frequency sweep of (LDL)n(15.3, 0.30) was conducted at 135 °C to determine 

the frequency dependent behavior of the storage and loss modulus (G’ ~ ω
1.5
, G” ~ ω

0.95
). 

At 135 °C the viscoelastic response approaches terminal behavior; in the microphase 

separated state G’ and G” scale as ω
½
. By comparison, for a triblock with comparable 

molar mass to (LDL)n(15.3, 0.30) the calculated TODT using eq 3 would be approximately 

390 °C.  

 Due to the relatively low TODT of (LDL)n(15.3, 0.30) this sample was processed 

by injection molding dog-bone shaped tensile bars. The injection molded parts were 

analyzed by SEC, 2-D SAXS, polarized optical imaging, and tensile tested to failure. The 
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laboratory scale injection molding instrument used for this work is a ram and barrel type 

instrument. Prior to molding the precipitated multiblock was preprocessed to remove air 

bubbles prior to injection molding. (LDL)n(15.3, 0.30) was compression molded at 75 °C 

into a flat sheet, chopped, and re-sheeted until the compacted material was free of 

bubbles. Following compaction at 75 °C, the samples did not show evidence of 

degradation by SEC (Figure 4.12). During injection molding, the barrel temperature was 

increased from 115 °C at the start of the run to 150 °C at the end. As the melt is injected 

the flow front travels through the sprue and runner sections and enters the mold cavity 

through a single gate at one end of the mold cavity. The flow front then travels the length 

of the mold cavity parallel to the long axis of the tensile bar. The flow direction and 

geometry is best represented by the image of a molded part shown in Figure 4.13 with the 

sprue and runner sections still attached. After the parts were ejected from the mold the 

sprue and runner section was separated from the tensile bar and recycled back into the 

barrel (Figure 4.13). Despite this recycling SEC comparison of the molded parts to the 

pristine material revealed minimal degradation occurs due to the injection molding 

process (Figure 4.12).  
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Figure 4.12 SEC chromatograms of LDL(15.3, 0.30) (A) prior to coupling and 

multiblock (LDL)n(15.3, 0.30) following precipitation (B), sheeting at 75 °C (C), and the 

injection molded parts: part 15(D), part 25 (E), part 45 (F).   
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Figure 4.13 The upper right image shows the shape of a molded part after ejection from 

the mold. The sprue and runner sections were cut from the tensile bar at the gate where 

indicated, and recycled back into the barrel. The axis key shows the direction of flow 

front through the mold cavity. Images of the gauge sections of select molded parts are 

shown under cross-polarized light, and are labeled A–D. Parts A and C had barrel and 

mold temperatures of 124 and 44 °C, respectively. Parts B and D had barrel and mold 

temperatures of 149 and 36 °C, respectively. The 2-D scattering patterns taken from the 

from the center of the gauge for parts C and D in the xy-plane yz-plane are shown. 

Anisotropic scattering patterns are observed for both samples in both orientations. The 2-

D scattering pattern D(yz) shows anisotropic lattice deformation believed to be residual 

thermal stresses corresponding to the parallel dark bands in the cross-polarized image. 

The light regions of the cross-polarized image are attributed to birefringence due to 

chain/domain alignment in the direction of flow also supported by the anisotropic 

scattering.  
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Figure 4.14 Representative stress versus strain curves for multiblock (LDL)n(15.3, 0.30) 

processed under various conditions: injection molded, ○; compression molded at 100 °C, 

□; and compression molded at 150 °C, . The samples prepared by compression molding 

were die-cut at room temperature from a uniform sheet to form dog-bone shaped samples. 

Both injection molded and compression molded dog-bones had a 10 mm gauge length, 

and the cross-head velocity was 50 mm/min. 

 

 Injection molded parts of (LDL)n(15.3, 0.30) were subjected to uniaxial extension 

at a constant crosshead velocity of 50 mm/min until failure of the sample. The injection 

molded parts showed a 45% improvement in the tensile strength with comparable 

ultimate strains when compared to the compression molded samples: the tensile strength 

of the injection molded sample is 6.67 ± 0.37 MPa, the strain at break is 1020 ± 124%, 

the tensile set at break is 40 ± 14%, and Young’s Modulus is 3.4 ± 1.2 MPa. In Figure 

4.14 a representative stress–strain curve for (LDL)n(15.3, 0.30) prepared by injection 

molding is compared to representative curves for samples prepared by compression 

molding either above (150 °C) or below (100 °C) the TODT. At small strain the injection 
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molded material had a higher modulus than either of the compression molded materials. 

(The modulus at 100% and 300% strain are 2.07 ± 0.37 and 3.86 ± 0.43 MPa, 

respectively) The injection molded material also showed a 46% increase in the tensile 

strength with similar ultimate elongation compared to the compression molded materials.  

 Cylinder forming SBS triblocks have been shown to undergo flow induced 

microstructural alignment in elongational flows to form near single crystals with the 

cylinder axis coincident with the direction of flow.
45,46

 Cylindrical microstructures in 

pentablock polymers have also been reported with the cylinder axis transverse to the flow 

direction.
47

 We anticipated from the mold geometry that flow-induced alignment should 

occur. The injection molded parts were imaged under cross polarized light with 

representative images of the gauge section of the tensile bar shown in Figure 4.13. All of 

the injection molded parts showed bright white regions indicative of birefringence due to 

chain alignment. The intensity along the gauge section with some attenuation at the grip 

section is consistent with elongational flow and the fountain effect where the melt behind 

the flow front runs down the center of the of the cavity towards the flow front and fills 

outwards to the wall with the highest shear rates in the center of the cavity.
48

 Some parts 

also showed parallel dark bands extending the length of the gauge. These dark regions 

were more prevalent in the parts injected with the highest melt temperature and the 

lowest mold temperature. Residual thermal stresses due to rapid cooling can explain the 

presence of the dark bands. Two of the injection molded parts, one with the dark bands, 

and one without were sectioned from the center of the gauge along each axis and 

analyzed by 2-D SAXS (Figure 4.13); a specimen of the same material prepared using 
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compression molding at 150 °C was also analyzed. While the compression molded 

sample was isotropic, both injection molded parts showed anisotropic scattering patterns 

characteristic of domain orientation consistent with the birefringence observed in the 

polarized optical images. Furthermore, the 2-D SAXS pattern of the sample with the dark 

bands, also showed anisotropic lattice deformation consistent with residual thermal 

stresses. By comparing the tensile run-to-run variation with the polarized images, the 

presence of residual thermal stresses did not appear to significantly alter the tensile 

behavior. The difference in the stress–strain behavior at high strain between the injection 

molded and compression molded samples is attributed to domain alignment; Pakula et al. 

reported that at large elongations the deformation behavior was dominated by molecular 

orientation for oriented polystyrene–polybutadiene–polystyrene triblock copolymers.
49 
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4.3 Conclusions 

 We have demonstrated the preparation of LDL triblock and (LDL)n multiblocks 

using a one-pot one-catalyst method. The preparation of LDL triblock copolymers with 

targeted molar masses and compositions was accomplished. The coupling of LDL 

triblocks with MDI consistently generated (LDL)n multiblock polymers with ‹n› close to 

5 (undecablock), and Ð close to 2. The bulk properties of the block polymers were 

analyzed by DSC, SAXS, DMA, and tensile experiments. Microphase separated 

microstructures were observed for both LDL and (LDL)n block copolymers by DSC and 

SAXS. Compositionally symmetric LDL triblocks were found to form alternating lamella 

structures by SAXS. The order-disorder transition temperatures of four LDL triblocks 

were used to report the segment-segment interaction parameter between PLA and PDL. 

High molar mass LDL triblocks (ƒPLA ~ 0.24) showed impressive tensile toughness, 

however, these highly segregated samples have inaccessible TODT values. (LDL)n 

multiblocks with similar composition and total molar mass were found to have accessible 

TODT values below 150 °C. Due to the accessible TODT, a (LDL)n multiblock polymer was 

injection molded to form dog-bone shaped parts. The injection molded parts were 

analyzed by SEC, polarized optical imaging, 2-D SAXS, and tensile tested to failure. 

Domain orientation of the injection molded samples is attributed to the increased 

mechanical toughness compared to compression molded material. The combined 

properties of the (LDL)n multiblock polymers render them promising materials for 

renewable TPEs and related materials. The mechanical properties of the injection molded 

multiblock compares favorably to commercially available TPEs. (Appendix 1) 
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4.4 Experimental Section 

 4.4.1 Materials. ε-Decalactone (Sigma-Aldrich) was distilled under reduced 

pressure over calcium hydride followed and passed through a column of activated basic 

alumina (Sigma-Aldrich) without exposing it to air. Tin(II) 2-ethylhexanoate (Sigma-

Aldrich) was distilled (3×) under reduced pressure and stored under an N2 environment. 

1,4-Benzenedimethanol (Sigma-Aldrich) was dried under reduced pressure at room 

temperature for 48 h. Toluene was purified by passing though activated alumina columns 

(Glass Contour, Laguna Beach, CA) prior to use. D,L-Lactide generously provided by 

Ortec Inc (Easely, SC) was used as received. All of the reagents mentioned above were 

stored in a nitrogen filled glovebox. Glass pressure vessels, Teflon caps, and Teflon-

coated magnetic stir bars were stored in a 110 °C oven prior to being transferred to the 

glovebox. The reaction vessels were all charged and sealed in the glovebox and then 

quickly removed and placed in a heating bath. All other solvents were used as received 

without further purification. 

 4.4.2 Characterization. 1H NMR spectra were collected from CDCl3 solution 

on a Varian INOVA-500 spectrometer operating at 500 MHz. 
13

C NMR spectra were 

collected at 126 MHz. Chemical shifts are reported in δ (ppm) relative to the 
1
H signals 

from residual protic solvent (7.26 ppm for CHCl3). Size-exclusion chromatography 

(SEC) was conducted on a liquid chromatograph (Agilent 1100 series) equipped with a 

HP1047A refractive index detector. Polymer samples were diluted in CHCl3 (mobile 

phase) and passed through three Varian PLgel Mixed C columns at 35 °C under a 
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constant volumetric flow rate (1 mL min
–1

). Molar mass characteristics of the samples are 

referenced to polystyrene standards (Polymer Laboratories). Small-angle X-ray scattering 

experiments were conducted at Argonne National Laboratories in Sector 5-ID-D 

maintained by the Dow–Northwestern–DuPont Collaborative Access Team (DND-CAT). 

The X-ray wavelength was 0.73 Å, and the sample-to-detector distance was 6.52 m. The 

detector was a Mar CCD area detector with a 165 mm diameter. Differential scanning 

calorimetry was conducted on a TA Instruments Q-1000 DSC. Samples were analyzed in 

hermetically sealed aluminum pans. The samples were equilibrated at 100 °C and cooled 

to −100 at 10 °C min
–1

 followed by heating to 100 at 10 °C min
–1

. Glass transitions are 

reported upon the second heating cycle. Uniaxial extension was conducted at 50 mm min
–

1
. The order–disorder transition temperatures (TODT) were determined by dynamic 

mechanical analysis was conducted on a Rheometrics Scientific AR-G2 stress controlled 

instrument between 25 mm parallel plates at an angular frequency of 1 rad/s. Dynamic 

strain sweeps were conducted at temperatures near the TODT to ensure the measurements 

were in the linear regime. 

 4.4.3 Entanglement Molar Mass Determination. A high molar mass 

PDL sample (66 kg/mol) was used to determine the entanglement molar mass of PDL by 

rheology. Small amplitude oscillatory shear frequency sweeps were conducted at multiple 

temperatures. Using time-temperature-superposition a master curve was generated at a 

reference temperature of 0 °C (Figure 4.15). Using the plateau modulus (GN°) was used 

to calculate Me using the following relationship:  Me = ρRT/ GN° where ρ, R, and T are 

the density, gas constant, and temperature, respectively.   
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Figure 4.15 Master curve of a 66 kg/mol poly(ε-decalactone) sample showing the linear 

viscoelastic response, and rubbery plateau characteristic of an entangled melt. The 

reference temperature for the time-temperature superposition was 0 °C. The plateau 

modulus corresponds to G’ at the local minimum in tan(δ).   

 

 4.4.4 Injection Molding. Injection molding was carried out using a Morgan 

Press G-55T injection molder equipped with an ASTM D638 Type D mold, and an anti-

drool nozzle which allows for compacting the melt in the barrel. Prior to loading the 

multiblock the instrument was purged with a Dow Engage 8150. The instrument barrel 

was loaded with 55 g of multiblock; the loaded barrel holds 55 g and each injection 

consumes ~ 5 g of material. The runner and sprue sections of the part (3.5 g) were 

separated from the molded part and recycled. The instrument barrel was refilled after 
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each injection and compacted to remove any air bubbles. The purge material from the 

first 4 injections was discarded, not recycled. The barrel temperature was initially 120 °C 

when the material was first loaded into the instrument and was decreased to 115 °C after 

part 8 were injected. The nozzle temperature was kept +5 °C above the barrel 

temperature. Throughout the run the barrel temperature was increased in 5 steps to a 

maximum of 150 °C with each step comprising of 5 to 10 injections. The clamp, pilot, 

and ram pressure were 11 × 10
3
, 6 × 10

3
, and 5.5 × 10

3
 psi, respectively. The ram 

pressure was held for 30 s from the start of the injection—the packing stage. After the 

ram was disengaged, the part was allowed to set for an additional 60 s prior to opening 

the mold and ejecting the part. Shortening the packing time resulted in the parts shrinking 

and the ejector pins deforming the sample. A thin layer of silicon oil was used to keep the 

parts from sticking to the mold.  

 4.4.5 Representative Synthesis of LDL(11.8, 0.46) Triblock 

Copolymer. In the glovebox ε-decalactone (11.03 g, 64.7 mmol), Sn(Oct)2 (23.5 mg, 

58 μmol), and 1,4-benzenedimethanol (276.5 mg, 2.0 mmol) were added to a 48 mL 

pressure vessel equipped with a Teflon-coated magnetic stir bar. The sealed reaction 

vessel was placed in a 180 °C oil bath and stirred for 2 h before cooling to room 

temperature. The reaction vessel was returned to the glovebox to add D,L-lactide (12.5 g, 

86.8 mmol), and toluene (16.62 g). The reaction was heated to 110 °C for 4 hours after 

removal from the glovebox. The reaction solution was cooled to room temperature, 

diluted with dichloromethane, and precipitated in methanol (Sigma-Aldrich). The 

precipitate was devolatilized under reduced pressure at room temperature for 3 days. 
1
H 
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NMR (500 MHz, CHLOROFORM-d) d ppm 0.88 (t, J=6.96 Hz, 86 H) 1.19 - 1.43 (m, 

177 H) 1.45 - 1.69 (m, 200 H) 2.27 (t, J=7.57 Hz, 49 H) 2.34 (t, J=7.57 Hz, 8 H) 3.98 - 

4.08 (m, 1 H) 4.31 - 4.43 (m, 2 H) 4.85 (quin, J=6.16 Hz, 28 H) 5.10 (s, 4 H) 5.11 - 5.34 

(m, 87 H) 7.34 (s, 4 H) 

 4.4.6 Representative large scale preparation: (LDL)n (15.3, 0.24). 

In a nitrogen filled glove box, ε-decalactone (356.7 g, 2.09 mol), Sn(Oct)2 (857.3 mg, 

2.12 mmol), and 1,4-benzenedimethanol (5.19 g, 37.5 mmol) were added to a 420 mL 

pressure vessel. The sealed reaction vessel was removed from the glove box and placed 

in a 180 °C oil bath for 2 hours. The vessel was then removed from the oil bath and 

allowed to cool to room temperature. To allow for mechanical stirring the reaction 

mixture (352.5 g) was transferred to a 500 mL reaction kettle equipped with a mechanical 

stir rod and gas inlet. Following the addition of D,L-lactide (195.3 g, 1.36 mol) the vessel 

was purged with nitrogen for 30 min via a fixed balloon of nitrogen. The reaction was 

heated to 130 °C for 2 hours and cooled to room temperature. An aliquot (74.8 g) was 

removed, dissolved in chloroform, and precipitated in methanol to afford LDL(15.3, 0.30). 

Toluene (250 mL) was added, heated to 100 ° C, and stirred for 4 h to dissolve the 

prepolymer. 4,4′-Methylenebis(phenyl isocyanate) (10.0 g, 39.96 mmol) was quickly 

added to the reactor under a stream of argon with vigorous mixing. After approximately 

one min the stir rate was turned down and after 20 min the reaction was cooled to room 

temperature. The reaction mixture were diluted in chloroform and precipitated in 

methanol to afford (LDL)n(15.3, 0.30)n. The spectra of LDL(15.3, 0.30): 
1
H NMR (500 



158 

 

MHz, CHLOROFORM-d)  ppm 0.88 (t, J=6.79 Hz, 179 H) 1.17 - 1.41 (m, 104 H) 1.44 

- 1.68 (m, 33 H) 2.27 (t, J=7.48 Hz, 112 H) 2.34 (t, J=7.40 Hz, 7 H) 4.03 (t, J=6.33 Hz, 2 

H) 4.30 - 4.44 (m, 2 H) 4.86 (quin, J=6.03 Hz, 58 H) 5.10 (s, 5 H) 5.11 - 5.34 (m, 56 H) 

7.34 (s, 4 H). The spectra of (LDL)n(15.3, 0.30)n: 
1
H NMR (500 MHz, CHLOROFORM-d) 

 ppm 0.88 (t, J=6.79 Hz, 156 H) 1.16 - 1.40 (m, 57 H) 1.43 - 1.67 (m, 42 H) 2.27 (t, 

J=7.55 Hz, 96 H) 2.34 (t, J=7.48 Hz, 6 H) 3.69 - 3.80 (m, 1 H) 3.88 (s, 2 H) 3.98 - 4.09 

(m, 2 H) 4.85 (quin, J=6.14 Hz, 50 H) 5.10 (s, 4 H) 5.12 - 5.35 (m, 66 H) 7.09 (d, J=5.95 

Hz, 4 H) 7.34 (s, 4 H) 
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Appendix  

Properties of commercial TPEs. 

  
σT σ@300% εB SetB Shore A Density 

  
(MPa) (MPa) (%) (%) 

 
(g/cm³) 

 
(LDL)n (15.3, 0.30) 6.67 3.86 1020 40 

  

TPO 

80:20 EPDM-PP 8.3 
 

220 28 
  

70:30 EPDM-PP 10.5 
 

150 30 
  

60:40 EPDM-PP 13.9 
 

80 30 
  

80:20 EPDM-LDPE 5.8 
 

290 35 
  

60:40 EPDM-LDPE 8 
 

190 30 
  

80:20 EPDM-HDPE 8.5 
 

210 25 
  

60:40 EPDM-HDPE 10.2 
 

130 33 
  

SBC 

Kraton® D4141K SBS/SB 

31/69, 17% SB 
19.0 1.72 1300 20 50 0.93 

Kraton® D4150K SBS/SB 

31/69, 17% SB 
19.3 1.10 1400 25 45 0.92 

Kraton® D4158K (SB)n/SB 

31/69, 16% SB 
9.2 1.59 1110 10 41 0.92 

Kraton® D4422P  SBS/SB 

22/78, 20% SB 
6.2 1.03 1450 24 29 0.92 

Kraton® D1111K  SIS/SI 

22/78, 18% SI 
20.0 1.38 1200 10 45 0.93 

Kraton® D1113P  SIS/SI 

16/84, 56% SI 
4.1 0.34 1500 20 23 0.92 

Kraton® D1114P  SIS 

19/81, 
31.7 1.90 1300 

 
42 0.92 

Kraton® D1117P  SIS/SI 

17/83, 33% SI 
8.3 0.41 1300 15 33 0.92 

Kraton® D1119P  SIS/SI 

22/78, 66% SI 
2.4 1.10 1000 20 30 0.93 

Kraton® D1124K  (SI)n/SI 

30/70, 30% SI 
14.5 2.96 1100 26 54 0.94 
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σT σ@100% εB SetB Shore A Density 

  
(MPa) (MPa) (%) (%) 

 
(g/cm³) 

TPU 

Estane® 58680 43.4 
 

660 5 74 1.21 

Estane® 58213 38.6 
 

780 12 75 1.18 

Estane® 58224 24.8 
 

800 18 75 1.18 

Estane® 58238 48.3 
 

680 3 75 1.17 

Estane® 5701 49.0 
 

460 11 85 1.21 

Estane® 58206 44.8 
 

550 10 85 1.2 

Estane® 58271 41.4 
 

550 11 85 1.21 

Estane® 58226 54.5 
 

500 16 92 1.22 

Estane® 5707 49.0 
 

460 11 93 1.22 

Estane® 58092 31.7 
 

450 17 93 1.22 

Estane® 58277 55.2 
 

450 17 93 1.21 

Estane® 75AT3 19.3 
 

660 6 74 1.08 

Estane® 58245 27.6 
 

800 10 80 1.21 

Estane® 58370 29.6 
 

690 15 80 1.18 

Estane® 58881 23.4 
 

710 10 80 1.1 

Estane® 5714 31.0 
 

530 15 82 1.11 

Estane® 583000 31.0 
 

700 15 82 1.13 

Estane® 58630 34.5 
 

670 14 82 1.14 

Estane® 58202 27.6 
 

650 17 85 1.25 

Estane® 58284 48.3 
 

550 8 85 1.1 

Pellethane® 2102-55D 49.5 16.2 415 30 
 

1.21 

Pellethane® 2102-65D 44.1 2.00 390 110 
 

1.22 

Pellethane® 2102-75A 37.2 4.69 535 30 77 1.17 

Pellethane® 2102-85A 40.3 7.24 525 50 86 1.18 

Pellethane® 2102-90AR 49.0 11.0 440 30 94 1.2 

Pellethane® 2102-90AE 42.1 10.0 540 60 94 1.2 

Pellethane® 2103-55D 44.1 16.5 425 30 96 1.15 

Pellethane® 2103-65D 39.6 19.3 360 80 64 1.17 

Pellethane® 2103-70A 24.7 3.03 730 50 72 1.06 

Pellethane® 2103-80PF 26.2 5.17 660 50 84 1.1 

Pellethane® 2103-80AEN 29.0 6.00 650 40 83 1.13 

Pellethane® 2103-90A 44.8 11.2 450 30 92 1.14 

Pellethane® 2355-55D 41.4 12.1 500 80 
 

1.19 

Pellethane® 2355-75A 35.4 4.90 525 30 83 1.19 

Pellethane® 2355-80AE 39.3 6.21 550 60 85 1.18 

Pellethane® 2355-95AE 39.0 9.65 450 60 94 1.22 
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σT εB SetB Shore A Density 

  
(MPa) (%) (%) 

 
(g/cm³) 

TPV 

TPSiv
TM

 3010-50A 7.1 470 24 52 1.12 

TPSiv
TM

 3010-60A 16.0 500 24 65 1.2 

TPSiv
TM

 3011-50A 11.0 680 60 58 1.14 

TPSiv
TM

 3011-60A 12.0 720 68 65 1.2 

TPSiv
TM

 3011-70A 16.0 600 24 71 1.2 

 

Drobny, J. G. Handbook of Thermoplastic Elastomers; Plastics Design Library; Elsevier 

Science, 2007. 
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The End 


