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Abstract 

 

Series of monodispersed linear and star-shaped polyhydroxybutyrate (PHB)s were synthesized 

using controlled indium and zinc based complexes through immortal ring opening polymerization 

of -butyrolactone (BBL) in the presence of benzyl alcohol, tris(hydroxymethyl)benzene, and 

dipentaerythritol chain transfer agents. The topologies of the prepared PHBs of various molecular 

weights were investigated using solution and melt rheological characterizations. The powerlaw 

relationship between the radius of gyration and hydrodynamic radii of the linear and star PHBs 

with the molecular weight confirmed that the molecules are self-similar. Reduced values of 

compactness factor relative to that of linear counterparts and exponential scalling of the zero-shear 

viscosity of the stars with span molecular weight confirmed the presence of branching on the PHB 

backbone.  

A series of racemic and enantiopure zinc complexes were synthesized and fully characterized 

for the polymerization of BBL to form high molecular weight syndiotactic PHBs (Pr up to 75%). 

Complex (±)-[(NNHOtBu)ZnOBn]2 (9) showed unprecedented reactivity and control towards the 

polymerization of up to 20000 equivalents of BBL in the presence of 5000 equivalents of benzyl 

alcohol. Isothermal time sweep tests at temperatures above the melting point of the syndio-rich 

PHBs showed thermally stable behavior of these polymers at temperatures below 140 oC. The 

zero-shear viscosity of the syndio-riched PHBs was higher than their atactic counterparts and 

showed a power-law relationship with the molecular weight confirming the linear microstructure 

and the absence of cyclic or branched species in the melt. The extensional rheometry revealed high 

melt strength in a range of strain rates as a result of flow induced crystallization. 
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Easy to make, indium-salan complexes were reported for the polymerization of as-received 

lactide. The solution state characterization of these polymers showed narrow molecular weight 

distributions with molecular weights closely matching the theoretical molecular weight as an 

indication of a robust catalytic system. These complexes are capable of polymerizing impure 

lactide isomers in the melt state under ambient atmospheric conditions to form high molecular 

weight symmetric star shaped multi-block PLAs with high melting points, up to 197 C. This 

catalytic system can also be used for the formation of star-shaped PHB-PLA copolymers in inert 

atmosphere.   
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Lay Summary 

 

The environmental concerns associated with the accumulation of plastic wastes in the 

environment, has raised great interest in the development of biodegradable polymers. 

Polyhydroxybutyrate (PHB) and polylactide (PLA) are two of the most important biodegradable and 

biocompatible polyesters, with a wide range of potential applications in commodity products and 

pharmaceutics. The main focus of this interdisciplinary PhD thesis is to explore the effect of different 

topologies and microstructures of PHB on its physical and processing properties. To this end, new 

catalytic systems will be reported and fully characterized and their performance during the 

polymerization will be investigated. Also it is shown that multiblock copolymers of PLA with star-

shaped topologies can be made under facile fume-hood conditions using a newly developed catalyst.  
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Chapter 1: Introduction 

 

The ever growing desire for a more convenient lifestyle in the past decades has increased the 

demand for more versatile and advanced polymeric products with new properties and 

functionalities. The production of this category of materials has shown profound progress, due to 

the recent advances in science and technology. Nowadays, polymeric materials can be found in a 

wide range of applications from electronics and packaging, all the way through to medical and 

pharmaceutical appliances. Although polymers are playing an important role to advance our daily 

life, mass production and accumulation of over 290 million tons of biostable plastics per year has 

caused serious environmental issues (e.g. Ingestion of plastic waste and exposure to chemicals 

within plastics (plasticizers, thermal/UV stabilizers, pigments and etc.) has affected the marine 

animals and living organisms through interruptions in their biological functions. Humans are also 

affected by plastic pollution through exposure to toxic chemicals leached by plastics in the water 

that, can enter the food chain, and threaten their health). In addition, most of the synthetic polymers 

are produced from petroleum resources, which increases the annual consumption of oil. 1-5 

Biodegradable polymers have been therefore proposed as a solution.6 These materials undergo 

degradation and decomposition in the presence of microorganisms to form water, CO2, and 

biomass. Biodegradable polymers are divided into three main categories of polysaccharides, 

naturally occurring polyhydroxyalkanoates (PHAs), and synthetic aliphatic polyesters (e.g. 

polylactic acid (PLA), poly (-caprolactone) (PCL), and poly (β-hydroxybutyrates) (PHB)) or ester 

containing polymers such as poly(ester amide)s, poly(ester carbonate)s, poly(ester urethane)s and 

poly(ester urea)s. 
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One of the most important members of the family of biodegradable and biocompatible polymers 

is poly (β-hydroxybutyrates) (PHB), an aliphatic polyester, with a wide range of potential 

applications from commodity products to medical devices. This polymer can be produced from 

bacterial fermentation techniques, however, the product is highly isotactic and crystalline with a 

broad molecular weight distribution. As a result, due to the low melt strength and highly brittle 

nature, melt processing and applications of this polymer is limited.2,7,8 In order to overcome these 

shortcomings, chemical synthetic routes such as metal-catalyzed ring opening polymerization 

(ROP) of strained cyclic ester, 𝛽-butyrolactone (BBL), have been developed to control the 

molecular weight, molecular weight distribution, and microstructure of the resulting polymer. This 

system provides the only way to have stereocontrol during the polymerization, to form isotactic 

(stereogenic centers attain same configuration), syndiotactic (chiral centers have alternating 

configuration), and atactic (chiral centers distributed in a random fashion) PHBs.2,9  

To minimize metallic contamination and increase catalyst productivity, immortal ROP has 

been considered as a solution, in which a protic source, like an alcohol, will act as a chain transfer 

agent (CTA). In this technique much lower catalyst concentration is required and by using 

functionalized alcohols, functionalized polymers can be synthesized (e.g. star-shaped polymers 

can be formed by using polyols as chain transfer agents).10  

Star-shaped polymers exhibit interesting properties compared to their linear counterparts, 

owing to their specific topology.11,12 These materials possess lower hydrodynamic radii, enhanced 

melt viscosity, and higher concentration of end groups, to tailor their properties for specific 

applications. Owing to this exclusive structure, biodegradable star polymers are established as a 

technologically important class of nanomaterials with a broad range of applications in life sciences 
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and nanotechnologies. Star shaped biodegradable polymers, including polylactic acid (PLA) and 

poly(-caprolactone)(PCL), with different numbers of arms and molecular weights have been 

synthesized widely through the ROP of lactide13-21 and -caprolactone13,22-28 in the presence of 

appropriate catalysts and co-catalysts. However, due to the presence of a limited number of active 

complexes that stay robust in the presence of high loadings of CTA and BBL, there are no synthetic 

reports on the preparation of well-defined star shaped PHBs.  

 In addition to topology, control of polymers microstructure and morphology is a key tool to 

tailor their properties for specific applications.  In developing organometallic complexes for the 

polymerization of BBL, the emphasis is mostly on designing systems that reach the highest 

stereoselectivity. For instance, landmark yttrium29 and chromium30,31 based catalysts are reported  

for the formation of highly syndiotactic (up to 95%) and isotactic (up to 80%) PHBs, however with 

either low molecular weights, or broad molecular weight distributions. Although stereoregularity 

is an important parameter in the design of mechanically strong materials, for thermally susceptible 

polymers, such as PHB, other parameters including a low degree of crystallinity, high density of 

entanglements, and melt strength must be taken into consideration. To this end, highly robust 

catalysts to form high molecular weight monodisperse PHBs, with moderate levels of 

stereoselectivity are required. 

One of the ultimate goals of polymer science, is to develop new polymeric materials that can 

be used as commodity products. These product are usually being produced through plastic 

processing techniques, including extrusion, injection molding, blow molding, film blowing, fiber 

spinning, and several other methods.  In order to optimize the processing conditions, rheological 

studies have to be conducted. Rheology is important in investigating and evaluating bulk properties 
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of polymers in melt state and their performance under common plastic processing conditions. Subtle 

changes in polymer topologies and microstructures will readily affect their viscoelastic properties in 

both linear and non-linear regions. Rheology is a strong and facile technique that can also be used to 

characterize polymers with high sensitivity and can predict their physical properties after melt 

processing. Although there is interest in developing processable PHBs, there exist no 

comprehensive studies in the literature on the effect of PHB topology and microstructure on its 

rheological properties.    

A wide range of biodegradable polymers including polylactic acid (PLA), have been 

synthesized in the presence of well-explored organocatalytic,32,33 as well as main group and 

transition metal-based catalysts.9,10,34-48 However, despite these concentrated efforts in catalyst 

development, tin octanoate, (Sn(Oct)2) remains the most common catalyst used for ring opening 

polymerization (ROP) of lactide in industrial plants. Sn(Oct)2 allows the ROP of lactide in the melt 

without the use of inert atmosphere; however, Sn(Oct)2 has poor control over the polymerization 

due to extensive transesterification reactions. 1,6,48-55 In addition, this catalyst is not active for the 

polymerization of many other cyclic esters, including BBL. 

Although the development of catalysts for the polymerization of cyclic esters such as lactide 

and BBL has been the subject of intense research for the past two decades, most catalytic studies 

focus either on catalyst performance or its stereoselectivity. While these properties are important, 

most studies neglect the fact that other aspects are often of greater importance in an industrial 

setting, e.g. catalyst air/moisture stability, tolerance against unpurified monomer, and the 

possibility to perform the polymerization in the melt state. Thus, PLA is still being produced using 

Sn(Oct)2 rather than any of the more active and better performing catalysts.  
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The main goal of this interdisciplinary thesis is to form star-shaped and processable PHBs 

through bridging catalysis to polymer engineering. To this end, star-shaped PHB homopolymers 

and block copolymers (PLA-PHB) are made using a newly developed catalytic system. The 

synthesized stars are highly symmetric with well-defined structures based on melt rheological and 

solution viscometric results.  New zinc based catalysts to form thermorheologically stable, and 

processable PHBs are also reported for the first time.  Based on isothermal time sweep tests and 

extensional rheometeric results, it has been shown that these polymers are actually processable 

with potential to be used in the fabrication of plastic bags and fibers. Also, a surprisingly active 

and controlled catalyst for homo- and co-polymerization of cyclic esters, including lactide, is 

reported to form symmetric star block copolymers under ambient atmospheric conditions for the 

first time. 

 

1.1 Polyhydroxyalkanoates (PHA) 

Polyhydroxyalkanoates (PHAs) are a family of aliphatic polyesters synthesized through 

bacterial fermentation technique as carbon and energy storage granules. Natural PHAs are strictly 

isotactic, with (R)-configuration at chiral centers throughout the backbone. The fact that these 

polymers have plastic behavior and are biodegradable, makes them potential replacements for 

biostable conventional polymers such as polyethylene and polypropylene. 2,56 

Microbial fermentation of natural hydrocarbons including sugar, starch, and wood has been 

used to prepare PHAs in large scale.  Commercialization of PHAs including poly (-

hydroxybutyrate) (PHB) and poly((R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate) (PHBV) 

took place in 1980 and 1990 by ICI (UK) and Chemie Linz (Austria) in the scale of 20-300 tons 

per year.54,56 These materials were mainly used in packaging and drug delivery applications. 



6 

 

Imperial Chemical Industries then followed by developing different types of PHAs under the 

commercial name of ‘Biopol’ which was distributed in the U.S. by Monsanto and later by 

Metabolix. Currently different types of PHAs under commercial names of Biomer, Biogreen, 

Biocycle, and Metabolix are produced by Biomer Biotechnology Co. (Germany), Mitsubishi Gas 

Chemical (Japan), PHA Industrials (Brazil), Tianan Biologic Material (USA), and  Telles (USA). 

Recently, up to 10,000 tons/year of PHAs under the commercial name of Ecogen are produced by 

Tianjin Green Bio-Science in China.57-59 In the meantime, the global production of high density 

polyethylene reached over 40 million tons/year in 2016, and the global demand for polyethylene 

resins including HDPE, LLDPE and LDPE is expected to increase to up to  99.6 million tons/year 

in 2018.57 

The cost of carbon source, small scale production, costly fermentation, and purification 

processes of PHAs, are the main causes of the insignificant production of these materials compared 

to conventional polyolefines, as in 2006, PHAs were sold at 10-12 €/kg. Current research will 

result in the cost reduction of carbon sources, which constitutes almost 50% of the whole cost of 

the production. The savings will be realized through using alternative crude carbon sources such 

as potatoes, sugarcane, and non-edible agricultural residues.60,61 

PHB, as the most commonly found member of PHAs, was isolated and discovered from 

bacteria for the first time in 1925 by a French microbiologist, Maurice Lemoigne.62  Natural PHB 

has a fully isotactic microstructure and as a result its molecules arrange in a double axis right-

handed helix. Due to this highly ordered microstructure, naturally occurring PHB is highly 

crystalline (55–80%). PHB crystallites melt down at 175-185 C depending on the molecular 

weight of the polymer. Importantly this temperature is very close to its thermal degradation 

temperature which is about 180 C.2,63 Although PHB has comparable mechanical properties such 

https://en.wikipedia.org/wiki/Microbiologist
https://en.wikipedia.org/w/index.php?title=Maurice_Lemoigne&action=edit&redlink=1
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as Young’s modulus, tensile, and impact strength to that of isotactic Polypropylene (Table 1.1), it 

suffers from very low extensibility due to the presence of large spherolites and continuous in-situ 

crystallization after melt processing. Naturally occurring PHB has high oxygen impermeability 

and UV resistance which makes it a good candidate for food packaging applications, however, 

intensive thermal degradation due to ester bond pyrolysis at common plastic processing 

temperatures, reduces its thermal stability and processing window.2 Furthermore, PHB suffers 

from very low melt strength which prohibits its processing under high extensional stresses. 2,56,58 

  

Table 1.1 Physical and thermal properties of PHB and other similar materials2 

Polymer 
Melting 

point (oC) 

Glass 

transition (oC) 

Young’s 

Modulus (MPa) 

Strain 

(%) 

Tensile 

strength (MPa) 

PHB 1750-183 -4 3.5-4.0 3.0-8.0 43 

i-PP 170-176 -10 1.0-1.7 500-900 34 

PET 250-256 75 2.2-2.9 100-7300 70 

Nylon-6,6 265 70 2.8 60 83 

 

Production of derivatives based on PHB via the biosynthesis of copolyesters containing PHB 

units with other 3-hydroxyalkanoate units,64 such as PHBV65 and poly (3-hydroxybutyrate-co-3-

hydroxyhexanoate) (PHBHH), has been considered to enhance the mechanical and processing 

properties of PHB.66,67 Also, blends with other biodegradable polymers and addition of bio-based 

fillers such as starch and cellulose, plasticizers, and nucleating agents have been attempted to 

enhance the mechanical properties and reduce the melting point of PHB through formation of 

numerous, small, and imperfect crystallites.6,68-70   
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1.2 Polylactic acid (PLA) 

Although naturally occurring PHAs have shown extensive potential to be used in place of 

biostable plastics, synthetic biodegradable polymers are much more versatile and tunable to have 

properties and functions suitable for individual purposes. These polymers are also adaptable for 

mass production.6 The most important category of synthetic biodegradable polymers belongs to 

aliphatic polyesters including PCL, PHB, and PLA.  

PLA, is the leading thermoplastic amongst biodegradable polymers, due to its availability and 

low cost production. PLA can be produced from 100% renewable resources, such as corn and 

sugar beets.57 PLA is a rigid polymer with mechanical properties close to that of polystyrene (PS) 

and poly(ethylene terephthalate) (PET).71 PLA has applications in several fields, including flexible 

and rigid packaging, cutleries, bottles, drink cups and biomedical applications such as sutures and 

bone implants.50 PLA can be produced through polycondensation polymerization of lactic acid, 

prepared from the fermentation of sugars from different carbohydrate sources such as corn. 

However, this technique is limited to the production of low molecular weight PLA (6500 Da) due 

to the difficulties associated with the removal of trace water in the late stages of polymerization. 

Techniques such as azeotropic removal of water can relatively increase the final product molecular 

weight, however the required vacuum facilities and the high amounts of impurities in the final 

product will still be a challenge.1 Alternatively, ring opening polymerization of cyclic diester 

lactide (LA) using organometallic initiators will result in efficient large scale production of PLAs 

with high molecular weights and low molecular weight distributions, under mild conditions.41 

Lactide monomer is produced from depolymerization of PLA oligomers prepared from the 

polycondensation reaction, in the presence of SnII-carboxylate or alkoxide.  L-lactic acid is the 

naturally occurring isomer of lactic acid. Therefore, the major product of the depolymerization of 
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the oligomers is L-LA. However, some side reactions including racemization during the 

production of LA causes formation of other isomers, D-LA and meso-LA, in lower extent. 

Purification steps, including recrystallization or distillation removes meso-LA from the product, 

resulting typically in a product composed of 98-99% L-LA contaminated with 1-2% D-LA.58 

Industrial production of PLA is through ROP of lactide in the presence of homoleptic 

complexes such as Tin (II) octanoate (Sn(Oct)2) or aluminum(III) isopropoxide (Al (Oi-pr)3. These 

complexes can produce high molecular weight PLA, however, they suffer from the lack of control 

over polymerization, which usually results in broad molecular weight distributions.  

Polymerization of pure L-LA using Sn(Oct)2 forms crystalline isotactic PLA without any 

epimerization. However, these complexes are only capable of forming atactic PLA from a racemic 

mixture of L- and D-LA.  

Currently, NatureWorks  is the largest producer of PLA, with a capacity of over 150,000 

ton/year in its US manufacturing facility (in Blair, Nebraska).72,73 

 

1.3 Microstructures of poly (hydroxybutyrate) (PHB) 

The PHB repeating unit contains a stereogenic center that leads to the formation of different 

microstructures. The microstructure of PHB is related to its tacticity which is defined by the 

relative stereochemistry of each neighboring stereogenic center along the polymer chain.43 If the 

chiral centers are randomly arranged throughout the polymer chain, it produces atactic PHB. 

Alternating enchainment of opposite stereogenic centers along the polymer chain results in a 

syndiotactic microstructure. And, if the chiral centers attain similar configurations, the resulting 

PHB will be isotactic.   



10 

 

 

Figure 1.1 Representation of possible PHB microstructures 

 

To determine the tacticity of PHB, carbonyl and methylene carbons are studied using inverse 

gated 13C{1H} NMR spectroscopy. Figure 1.2, shows a schematic of 13C{1H} NMR spectrum of 

PHB.  In the carbonyl region, the upfield (~169.0 ppm) and downfield (~169.2 ppm) signals 

correspond to the meso (m) diad sequences (two adjacent stereocenters have the same 

configuration) and the racemic (r) diad sequences (two adjacent stereocenters have opposite 

configuration) respectively, also in the methylene region (40.5 ppm - 41.0 ppm), triad sensitivity 

has been observed. The Pr and Pm values which are the probability of racemic-linkages and meso-

linkages can be calculated from the ratio of the integration of (r) diad and (m) diad sequences in 

the carbonyl region to the total integration of the carbonyl region ((m) + (r)).29,74-76  
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Figure 1.2 Schematic representation of inverse gated 13C{1H} NMR spectrum of PHB at (a) carbonyl 

region, and (b) methylene region 

 

The tacticity of the chains directly influences polymer physical and mechanical properties. 

Atactic PHB is amorphous and has elastomeric properties with potential applications in food 

packaging, and soft-tissue engineering, where the mechanical properties of the polymer scaffold 

should match those of the tissue to be grown.77 The completely isotactic synthetic PHB shows an 

excessively crystalline microstructure and a high melting point, very close to its bacterial based 

counterparts. Based on the results reported by Doi and coworkers, 70–80% isotactic PHB is ideal 

in terms of lower melting point and crystallinity.78  

Although isotactic PHBs can be produced through fermentation and synthetic routes, 

syndiotactic PHB is not naturally occurring. This polymer was first synthesized by Kricheldorf 

and coworkers in 1990 with 62% and 70% syndiotacticity. The prepared polymers showed 

Young’s modulus values of 9.5 MPa and 13.4 MPa with 450–500% extensibility.79 Highly 

crystalline PHBs of 94% syndiotactic bias show high melting points of 183 C, close to that of 

pure isotactic PHB.29 

PHB’s stereoregularity affects its enzymatic degradation as well as other parameters including 

backbone composition, molecular weight, crystallinity, and glass transition temperature.  With 
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depolymerases, highly crystalline (R)-PHB can readily undergo hydrolysis. Atactic PHB degrades 

more slowly than (R)-PHB.80  

PHB depolymerase has an affinity towards the complete (R)-configuration of the PHB side 

chains and hence naturally occurring PHBs readily undergo enzymatic degradations. In contrast to 

natural PHB, syndiotactic and atactic PHB consist of a mixture of (R)- and (S)-stereocenters which 

results in slower enzymatic degradation compared to isotactic PHB.81,82 

According to the crystalline-induced biodegradation process, proposed by Scandola et al.83, 

atactic segments of PHB undergo quick enzymatic degradation when it is in physical blends with, 

or di-block copolymerized with crystalline PHAs.84 

It has been reported that biodegradation of atactic PHB improves in binary blends with 

naturally occurring poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),85 poly(-

caprolactone) (PCL), and poly(L-lactic acid) (PLLA).86 Abe et al. related this phenomenon to the 

disfavored bonding of PHB depolymerase to the mobile amorphous PHB chains in rubbery state 

at temperatures well above the glass transition temperature. In blends of atactic PHB with 

crystalline PHAs, the depolymerase is readily absorbed on the surfaces where enzyme’s substrate-

binding domain can be provided by the crystalline PHB segments and then, the hydrolysis of 

atactic PHB component will occur.8  

1.4  Microstructures of poly (lactic acid) (PLA)  

Lactide (LA) has three different isomers including L-LA and D-LA and meso-LA due to the 

presence of two stereogenic centers. These monomers along with the racemate mixture are 

commercially available and formation of different microstructures is possible through 

stereocontrolled polymerization of LA. 
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Polymerization of any of the pure lactide isomers forms isotactic PLA featuring all 

stereocenters along the polymer chain having the same configuration. Isotactic PLA can be in the 

form of stereoblock, stereogradient, stereocomplex, and multiblock PLA.  

Unlike the polymerization of enantiopure lactide, rac-lactide can form different 

microstructures including heterotactic and atactic PLA.  Heterotactic PLA forms from alternating 

incorporation of D- and L- configured monomers of rac-lactide in the backbone as a result of 

which chiral centers along the polymer chain doubly alternate. Atactic PLA in which stereocenters 

are distributed along the chain in a random fashion can be produced from non-selective systems. 

Polymerization of meso-lactide can potentially form either syndiotactic (stereocenters alternate 

along the polymer chain) or heterotactic PLA (Figure 1.3).  

 

 

Figure 1.3 Representation of possible PLA microstructures 
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Tacticity of PLA also affects its melting (Tm) and glass transition temperature (Tg). For 

instance, isotactic PLA is crystalline with melting point reaching 180 C and a Tg of about of 50 

C. Stereoblock PLA has a melting point of 210 C with the same range of glass transition 

temperatures. Blending the macromolecular isomers of D- and L-PLAs forms higher order 

supramolecular assembly with considerable crystalline morphology through stereocomplex 

formation. These materials exhibit a substantially higher Tm (ca. 230 C) compared to the 

homochiral crystals of each individual component. Atactic and heterotactic PLA are mostly 

reported as amorphous with Tg of 50 C. 87,88 

PLA tacticity can be obtained by homonuclear decoupled 1HNMR (1H{1H} NMR) analysis of 

tetrad sequences (it provides better resolution of the tetrads and is easier to quantify than 13CNMR 

spectroscopy).89 Tetrad is a unit of four adjacent stereogenic centers which can be expressed by 

the three different linkages present, either m or r. In the absence of any side reactions like 

epimerization or transesterification, ROP of lactide monomers results in well-defined possible 

tetrad sequences and each tetrad sequence corresponds to a unique chemical shift in the (1H{1H} 

NMR) spectrum of the polymer.89,90  

 

Figure 1.4 Homonuclear decoupled 1H NMR of PLA from rac-lactide 
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The characteristic signals in the 1H{1H} NMR spectrum of PLA are the methine protons (5.15-

5.25 ppm region), which decouple from the neighboring methyl groups (~1.6 ppm) in order to 

simplify the spectrum into a series of singlets (Figure 1.4). There exists five tetrad sequences of 

PLA according to Bernoullian statistics, which include mmm, mmr, rmm, rmr, and mrm, however 

the rmm and mmr tetrads are not distinguishable. With the application of Bernoullian statistics, the 

probability of racemic and meso linkages can be determined using the integration of rmr tetrad (x) 

as 1, and the relative integral values of rmm/mmr (y) and mmr/rmm, mmm, and mrm as (z). 

Summation of x, y, and z results in the total integration value, ε.  Hence, [rmr] = Pr
2/2 = 1/ ε and 

Pr = (2/ ε)1/2. [mmr/rmm] = y/ ε = PrPm/2 and Pm  = 2y/ εPr. 
89 A fully heterotactic PLA has a Pr = 

1, and a fully isotactic PLA attains a Pm = 1, and atactic PLA is being described by Pr = Pm = 0.5. 

 

1.5 Synthesis of PLA and PHB through ring-opening polymerization (ROP) 

 ROP of -butyrolactone 

In addition to the bacterial fermentation technique, PHB can be synthesized from alternating 

copolymerization of propylene oxide and carbon monoxide, and through metal-mediated ROP of 

-butyrolactone (BBL).  

The limited access to high molecular weight PHBs and relatively low yields of alternating 

copolymerization of propylene oxide and carbon monoxide91,92, has left the ROP of BBL through 

metal-mediated coordination-insertion mechanism as the most promising technique to form PHBs 

of different tacticities and microstructures.  BBL, along with other functionalized -lactones can 

be prepared from epoxide carbonylation in the presence of [(salph)Al(THF)2][Co(CO)4] 

complexes.93,94  
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Metal-mediated complexes are in the form of LnMR , in which Ln = is the ancillary ligand, M, 

is the electropositive metal, and R represents the initiator, typically alkoxide, alkyl, or amide 

groups. 

Dittrich and Schulz reported the first mechanistic studies on the coordination-insertion ROP. 

This mechanism starts with monomer coordination to the metal center through the carbonyl 

oxygen, followed by the nucleophilic attack of the alkoxide initiator to the carbonyl carbon (Figure 

1.5). Acyl-oxygen bond cleavage results in the ring opening of the monomer and the formation of 

new metal-alkoxide initiator. The newly formed metal-alkoxide will now act as the initiator to ring 

open the upcoming monomer and the propagation of the polymer chain. ROP can potentially 

proceed through a living polymerization with no transfer and/or termination reactions until 

monomer depletion. As a result, this system is high yielding and forms polymers with narrow 

molecular weight distribution.41,95-97  

 

 

Figure 1.5 Coordination-insertion mechanism for the ROP of BBL by metal catalysts. 
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Stereoselectivity in the polymerization can proceed through two mechanisms, chain-end 

control (CEC) and enantiomorphic site control (ESC). In the CEC, which is more dominant in 

achiral systems, the stereochemistry of the last inserted monomer dictates the stereochemistry of 

the incoming monomer. Whereas in ESC the ancillary ligand determines which monomer to be 

enchained. This mechanism is usually more dominant in complexes with chiral ligands, however, 

these two mechanisms may combine depending on the system.41  

Transesterification in ROP is the major side reaction and it occurs through two possible 

mechanisms of intramolecular and/or intermolecular transesterification (Figure 1.6). In case of 

intramolecular transesterification, back biting happens and as a result, oligomers and macrocycles 

will form. The absence of the chain end is a sign of this mechanism. Intermolecular 

transesterification takes place between two neighboring polymer chains resulting in chain 

redistribution. These side reactions increase the molecular weight distribution of the final product, 

and as a continuous mechanism may cause molecular weight reduction. This results in 

irreproducible polymerization.48   
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Figure 1.6 Intramolecular (left) and intermolecular (right) transesterification side reactions. 

 

 

ROP of BBL using metal catalysts including Mg and Zn98-107 Al,108-111 In,100,112-117 Sn,95,118,119, 

rare earth, 74,75,120-126 and transition metals30,109,127-129 as well as organocatalysts 130-135 has emerged 

as a pathway to access PHBs with more varied microstructures and properties.9,45,87    Some 

examples are listed in Figure 1.7. 

 



19 

 

 

Figure 1.7 Landmark catalysts for the living and immortal polymerization of BBL. 

 

Despite some promising early works79,95,136-138 in metal-catalyzed polymerization of BBL, a 

breakthrough in the field came in 2002 when Coates et al. introduced (A) 107 as the first 

organometallic complexes to polymerize rac-BBL in a living manner to yield atactic PHB with 

molecular weights of more than 100 kgmol-1and low polydispersity (~1.1).   

Following this, Carpentier et al. reported a highly active alkoxy-amino-bisphenolate yttrium 

initiator (B) to form highly syndiotactic PHB (Pr up to 0.94) from rac-BBL; however with the 

highest reachable molecular weight of 60 kgmol-1.29,139  

Achiral chromium(III) salophen complexes (C) were introduced by Rieger et al. in 2008 to 

polymerize BBL to isotactically enriched high molecular weight PHBs with very broad molecular 
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weight distributions (Đ ~ 5-10). Mass transfer problems due to very high viscosities of the resulted 

polymers have been reported as the reason for this observation. Polymers showed multiple melting 

points (116-149 °C) with the highest molecular weights of 250 kgmol-1.30   

A series of tin complexes were reported to afford low molecular weight (2.5-84 kgmol-1), 

moderately syndiotactic PHB (Pr > 0.7).95,119,137,140,141 Salan- and Salen-supported yttrium 

complexes have been reported to form syndiorich PHB with a range of melting temperatures (E, 

F).142-144  

We have reported the dinuclear indium complex (D) as an excellent initiator for the living ring 

opening polymerization of rac- BBL to form atactic PHB with great control over molecular 

weight.112  It is worth noting that this catalyst produces highest molecular weights of PHB (314 

kgmol-1) with lowest dispersities, among the synthesized PHBs that have been reported so far.100,145 

Among the catalysts mentioned above, some are capable of proceeding the polymerization in 

a living manner where the initiation is faster than the propagation and as a result all chains will 

grow at the same time producing narrow molecular weight distribution. A shortcoming of this 

system is that to grow each polymer chain, one molecule of the catalyst is required leading to high 

catalyst residues and potential health problems associated with the toxicity of the metal-based 

species in medical applications of the polymer.  

Due to concerns associated with the presence of metallic contaminations, immortal ROP of 

cyclic esters, first introduced by Inoue, has been considered as a solution to this problem.146 In 

immortal ROP, a metallic complex will act as the initiator and a protic source, like an alcohol, will 

act as a chain transfer agent. Rapid and reversible transfer reaction between the growing chain and 

the alcohol molecules renders formation of monodisperse polymers. Therefore, only a very low 

initiator concentration is required and the number of the polymer chains will be equal to the sum 
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of the number of initiator and co-initiator molecules (Figure 1.8 shows a simplified schematic of 

this reaction).   

 

Figure 1.8 Representation of immortal ring opening polymerizations 

 

An example of this, comes from Carpentier et al. whose amino-alkoxy-bis(phenolate)yttrium 

complexes (B) are active in the presence of 3 equivalents of isopropanol to polymerize 800 

equivalents of BBL within 5 min to form syndiotactic PHBs (Pr ~ 0.9, Mn = 21.9 kgmol-1, Đ = 

1.17). In 2008, a lanthanide alkoxide complex was reported capable of immortal ROP of BBL in 

the presence of 1 equivalent of iPrOH to produce syndiotactic PHBs (Pr ~ 0.8), however, the 

molecular weights were low and reaction rates were slow. 75 In 2009, Carpentier et al. reported 

that complex (A) stays active in the presence of up to 50 equivalence of isopropyl alcohol or benzyl 

alcohol for both solution and bulk polymerization of BBL. 10,139,147-150 

In 2012, we reported that dinuclear indium complex (D) is also an active catalyst for immortal 

ROP of BBL.112,114  It is a remarkably active initiator for the highly controlled immortal ROP of 

BBL in the presence of high loadings of ethanol and monomethylated poly(ethylene glycol)112.  
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 ROP of lactide 

ROP can proceed through different mechanisms, however the metal-mediated route through 

coordination-insertion ring opening polymerization has by far received more attention due to its 

better control over the polymerization and better selectivity towards the backbone microstructure.   

First generation of metal based coordination-insertion catalysts for the ROP of lactide, were 

mainly homoleptic complexes including Sn(Oct)2 , zinc(II) lactate, and Al (OiPr)3. As mentioned 

above, Sn(Oct)2 is the most widely established precatalyst to produce high molecular weight PLA 

in large scales in the presence of  protic reagents such as alcohols as co-initiators. 151,152 

However, the presence of extensive intra- and intermolecular transesterifications in these 

systems results in the very broad molecular weight distribution and unpredictable molecular 

weights. Importantly, homoleptic metal complexes are non-selective towards the polymerization 

of rac-LA.  

Consequently, well-defined single site complexes with various sets of ligands, have been 

developed to enhance control over molecular weight, its distribution, and stereoselectivity. Some 

of the landmark highly selective catalysts introduced for the polymerization of lactide are shown 

in Figure 1.9.68,79,95,141,153-158 

Highly isoselective Aluminum salen ((R)-SalBinap Al(OR)) catalyst (G) was introduced by 

Spassky to form crystalline PLA from the polymerization of rac-LA in solution state.155  

Importantly D-isomer of lactide predominately enchained until about 50% while L-lactide 

remained in the solution. The kinetic studies revealed that the rate of polymerization towards D-

LA is almost 20 times faster than that of the L-LA, highlighting the site selective character of the 

catalyst which results in the formation of stereoblock PLA. However, this system suffers from 
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extensive transesterifications and causes broad molecular weight distribution. The melting 

temperature of the polymers were reported to reach up to 187 °C.  

 

Figure 1.9 Representative catalysts for the polymerization of lactide. 

 

Followed by this in 2002, Feijen et al. reported an enantiopure salen aluminum isopropoxide 

complex bearing the Jacobsen ligand. This catalyst is convenient to prepare and preferentially 

polymerizes L-LA over D-LA with a rate 14 times faster. Although this system forms highly 

crystalline stereoblock PLA, it is only capable of formation of low molecular weight PLA.159 

An aluminium based complex (H) was reported afterwards by Nomura et al. to form highly 

isotacic stereoblock PLA with Pm = 0.98 and Tm = 207 °C. So far this complex is by far the most 

isoselective catalyst to form  stereoblock PLA from the ROP of rac-lactide by an achiral system.160 
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In 2008, we reported complex (D) as an exceptionally active and controlled catalyst toward the 

living polymerization of lactide. Polymerization of 200 equivalents of lactide using this complex 

reaches over 90% conversion in 30 min, at 25 °C in dichloromethane. Furthermore, sequential 

addition of monomer increased the molecular weight systematically without any changes in the 

rate of the polymerization or increase in the dispersity parameter. This catalyst favors the 

polymerization of L-LA and forms moderately isotactic PLA from the polymerization of rac-LA. 

Using this system the molecular weight of PLA could reach to 350 kgmol-1, which is exceptional.  

Mechanistic investigations indicated that the complex remains dinuclear during the 

polymerization.161-165 

The first chiral indium salen catalyst was reported by our group in 2012. Unlike chiral 

aluminum salen complexes, this catalyst displayed a combination of high activity and 

isoselectivity. Mechanistic studies revealed that the complex isoselectivity follows an 

enantiomorphic site control mechanism. Catalyst preference for the polymerization of L-LA over 

D-LA formed stereoblock PLLA-b-PDLA, however with no significant crystallinity, which was 

assigned to the presence of transesterification reactions.166,167    

Despite the limited isoselective catalysts, heterotactic PLA is more accessible with a wider 

range of metal centers and ligand sets. Zinc alkoxide complex (A) is among the most 

heteroselective catalysts for the polymerization of lactide (Pr = 0.94). This catalyst is highly 

reactive and 97% conversion of lactide is reachable in 2 h at 0 °C. 154 

Group 3 metal complexes based on lanthanum, neodymium, and yttrium bearing achiral 

aminobisphenolate ligands were prepared for the first time by Carpentier et al. in 2004 to form 

highly heterotactic PLA (Pr = 0.81 to 0.92).168 This group showed that alcoholysis of this 
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complexes in the presence of isopropanol forms yttrium-alkoxide complexes with which higher 

reactivity and productivity would be attained. 169 

Zinc ethoxide catalyst bearing a tridentate diamino-phenoxy ligand (I) the dizinc-

monoalkoxide complex (J) were reported by Hillmyer and Tolman as highly active catalysts for 

the polymerization of lactide.  Polymerization results with (I) showed molecular weights lower 

than expected which was linked to the presence of impurities. Polymerization of rac-LA initiated 

by (J) was rapid (90% conversion within 30 min) at room temperature with good molecular weight 

control and narrow molecular weight distribution. Both complexes form atactic PLA, however 

with no significant epimerization over the polymerization of L-LA resulting in the formation of 

isotactic PLA.157,170  

 

1.6 Thermorheological characterization of polymers 

Viscosity of Newtonian fluids, such as water, do not change by applying shear or strain forces. 

However, most of the existing fluids are not categorized as Newtonian fluids as their viscosity is 

a function of applied stress, and in some cases duration of the applied stress. Non-Newtonian fluids 

are generally divided into Bingham plastics, pseudoplastics, dilatants, thixotropics and 

rheopectics.  
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Figure 1.10 Shear dependent behavior of common non-Newtonian fluids 

Bingham plastics require an initial yield stress to flow, such as toothpaste, mayonnaise, and 

mustard. Pseudoplastics, also known as shear thinning fluids, undergo structural destructions under 

shear fields and as a result, their viscosity decreases by applying shear rates. This behavior is 

mostly reported in suspensions such as ketchup, blood, paint, etc. In dilatants fluids, however, the 

viscosity increases upon application of shear forces. These materials are mostly known as shear 

thickening fluids, with examples including concentrated corn starch suspensions (Figure 1.10). 

Thixotropics and rheopectics are basically pseudoplastics and dilatants fluids respectively, 

however their viscosity is also a function of the duration of applied stress. Examples of thixotropics 

and rheopectic fluids includes yogurt and egg white respectively.171 

Unlike simple fluids, polymeric materials are known as viscoelastic fluids. The term visco, 

comes after their potential fluid-like behavior (dissipation of applied energy). The term elastic 

comes after their potential solid-like behavior (energy storage) upon application of external 

forces.172 

Shear stress 

Shear rate 

Dilatant 

Newtonian 

Pseudoplastics 

Yield Pseudoplastics 

Bingham plastics 
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Rheology is the science of studying the relationship between the applied stress and the resulted 

deformation in non-Newtonian and viscoelastic materials in forms of mathematical constitutive 

equations. Polymer melt-processing involves a combination of complex shear and strain fields that 

causes formation of homogeneous polymeric melts and mixtures. Rheological studies of polymer 

melt helps us predict the processing properties of polymers through measuring important material 

functions such as shear viscosity and dynamic moduli. Rotational and extensional rheometers are 

commonly used to investigate polymer viscoelastic behaviors.172,173  

 Rotational rheometery 

Shear dependent viscoelastic properties of polymers are mostly studied using rotational 

rheometers. Simplest geometries of rotational rheometers are parallel plates and cone-plates 

(Figure 1.11). In both cases, the sample will be subjected to shear forces while it is being squeezed 

between two plates, one stationary, and the other rotating at a specified angular velocity. Parallel 

plates are more popular for linear-viscoelastic measurements (e.g. small-amplitude oscillatory 

shear. Not suitable for non-linear measurements as the shear rate varies with height and radii at 

different location between the gaps: 𝛾 ̇ = Ωr/ℎ, where Ω is the angular velocity (rad/s), ℎ is the 

sample gap height, and r is the radii). Cone-plate geometry, however, provides nearly uniform 

shear rates throughout the sample (Shear Rate: 𝛾 ̇ = Ω/𝜃0, where Ω is the angular velocity (rad/s) 

and 𝜃0 is the cone angle) at higher shear rates, which makes it a suitable rheometer for non-linear 

measurements (e.g. large-strain stress relaxation and start-up of shear flow).172  
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Figure 1.11 Representation of parallel-plate and cone-plate rotational rheometers174 

One of the most applied rheological measurements suitable for polymer characterization is 

small amplitude oscillatory shear. In this test, sample will be subjected to a sinusoidal displacement 

of the upper plate, which causes oscillatory shear deformation: 

 (t) = 0 sin (t) 

where 𝛾0 represents the strain amplitude and 𝜔 is the angular frequency. The periodic applied 

stress (𝜎(𝑡)) can then be measured using the equation below in the linear viscoelastic region (small 

strain amplitudes), where 𝜎0 is the stress amplitude and 𝛿 represents the phase shift or loss angle: 

(t) = sint +  

By means of trigonometric identities, the above equation may be written as: 

 (t) = 0 G'( sint) + G”( cost 

In this equation, the first term relates to the in-phase response to the applied strain which, also 

is known as storage or elastic modulus (G’). The second term corresponds to the out-of-phase 

response to the applied strain, which is known as loss or viscous modulus (G”). It is also suggested 

to consider G’ and G” as real and imaginary parts of complex modulus, G*, which can be 

quantified as: 

𝜔(𝑡) 𝜔(𝑡) 

Fluid sample 

h 

r r 

𝜃0 

Cone-plate  Parallel-plate 
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|𝐺∗| =  √𝐺′2 + 𝐺"2 

The complex viscosity can then be estimated using the complex modulus, with the absolute 

value of: |𝜂∗| =  |𝐺∗|/𝜔. 

In plastic processing, wide range of deformation rates are applied to the specimen, however, 

not all of them can be simulated using conventional oscillatory rheometers. Hence, in order to 

expand the range of deformation rates (frequencies), which represents expanded time frame of 

experiment, rheological data measured at different temperatures can be brought together on a 

single master curve using the "time-Temperature superposition" principle. This concept can only 

be applied to thermo-rheologically simple materials in the linear viscoelastic region.  Thermo-

rheological simplicity means that the sample does not undergo any structural changes in the 

considered temperature range. Using this technique, the master curve (showing materials 

parameters such as G’, G”, 𝜂∗, or G*), represents an ‘extension’ to the operating time, or frequency 

scale of the rheometer. 

Master curves can be obtained by plotting the multiplication of the materials parameters, 

including storage and loss moduli by a vertical shift factor (bT), versus the multiplication result of 

quantities with time units (such as frequency or shear rate) with horizontal shift factor aT.  

bT usually is temperature independent, and hence can be considered as unity. aT, however, can 

be obtained from the amount of horizontal shift required to bring the data corresponding to a 

specific temperature T onto the same curve obtained at another temperature or Tref.  

The amount of aT can be measured using the Williams, Landel, and Ferry (WLF) 

equation:11,172,173 

 𝑙𝑜𝑔(𝑎𝑇) =  −𝐶1(𝑇 − 𝑇𝑟𝑒𝑓)/(𝐶2 + 𝑇 − 𝑇𝑟𝑒𝑓), 



30 

 

where C1 and C2 are materials constants determined at Tref. This equation is valid at 

temperatures close to the glass transition temperature, Tg. At temperatures higher than Tg + 100 K 

horizontal shift factor can be obtained using an empirical relationship, the Arrhenius equation, 

(Dealy and Wissbrun, 1999), where Ea is the flow activation energy, R is the gas constant, and Tref 

is the reference temperature. 

𝑎𝑇 = 𝑒𝑥𝑝[−𝐸𝑎/𝑅(
1

𝑇
−

1

𝑇𝑟
)] 

It is worth noting that flow activation energy provides insight on the molecular structure of 

polymers, for instance the presence of long-chain branching increases the Ea compared to their 

linear counterparts.172,173 

 

 Extensional rheometery 

Extensional deformation exists in most of the common plastic processing techniques and it 

plays an important role specifically in dies and molds at the diverging and converging areas. Many 

products including plastic bags and fibers, form outside of the die in melt state, in which case the 

sample experiences large extensional flows.   

Simple extensional flow, also known as uniaxial extension, is a very well-known standard 

rheological procedure to measure polymers extensional rheological properties under certain 

extensional rates. Hencky strain is the logarithmic change of sample length, L(t), over time as 

follows: 

휀𝐻(𝑡) = ln (𝐿(𝑡) 𝐿0⁄ ) 

In this equation L0 is the initial length of the sample, and 휀𝐻 is the Hencky strain. Derivative 

of the above equation results in Hencky strain rate that is: 
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휀�̇� = (𝑑𝐿 𝑑𝑡⁄ )/𝐿0 

The amount of tensile stress required to stretch the sample (𝜎𝐸(𝑡, 휀�̇�)) is proportional to 휀�̇�, 

and the proportionality constant is the tensile stress growth coefficient defined as: 

𝜂𝐸
+(𝑡, 휀�̇�)  = 𝜎𝐸(𝑡, 휀�̇�)/휀�̇� 

At sufficiently small strain rates, the tensile stress growth coefficient is three times the zero-

shear viscosity (𝜂𝐸
+ = 3𝜂0).  

Different devices based on stretching samples in melt state exists, however, the Sentmanat 

Extensional Rheometer (SER) is the most easy-to-use. This simple system comes as a detachable 

fixture for commercially available rotational rheometers, which fits inside regular oven systems to 

investigate materials extensional behavior at different temperatures.175,176 

 

 

Figure 1.12 Schematic illustration of a Sentmanat extensional fixture177 

 

In this test, a sample strip is placed between two counter-rotating drums (master and slave 

windup drums) and is subjected to different Hencky strains, which can be calculated from constant 

drive shaft rotation rate, ω, as follows: 
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휀�̇� =  2𝑅Ω 𝐿0⁄  

In this expression R and Lo represent the radius of the windup drums, and length of the sample 

in between the drums (centerline distance between the master and slave drums). The applied torque 

can be measured from the applied force as T = 2FR.176  

Due to application of tensile force, the cross sectional area of the sample undergoes changes 

while the test is being ran, and it can be measured from 𝐴(𝑡) =  𝐴0exp (−휀�̇�𝑡).   Based on the 

aforementioned definition of the stress growth coefficient, it can be measured by:          

𝜂𝐸
+(𝑡) =  𝐹(𝑡) 휀�̇� 𝐴(𝑡)⁄  

and the time dependent amount of force, F(t), will then be measured by the machine from the 

torque signal.172,173 

 

1.7 Star shaped (sparsely branched) PLA and PHB 

Star (sparsely branched) polymers exhibit interesting properties compared to their linear 

counterparts. The presence of several arms radiating from a central core causes lower solution 

viscosity, lower hydrodynamic radii, and lower glass transition temperature compared to the linear 

analogue of the same molecular weight. In addition, the presence of branch points contributes to 

melting point reduction and increase in melt viscosity/strength. Importantly due to the presence of 

multiple branch tips and increased concentration of end groups, functionalization of these 

polymers to tailor their properties for specific applications is possible.178,179   

Two methods have been introduced to synthesize star-shaped polymers a core-first method, 

and arm-first method. In the core first method, the polymerization is initiated from a multi-

functional initiator, and polymer propagation will proceed directly from the active core.  In the 
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arm first method, monofunctional living chains are used as the initiators to react with an 

appropriately reactive multifunctional polymer core. 21 

The core first method has been extensively employed for the ROP of lactide,21,180,181 

caprolactone, glycolide, 21, 203 and trimethylene carbonate182 to form star-shaped biodegradable 

polymers. These polymers are mainly synthesized using a multifunctional alcohol and a metal 

based catalyst making an active metal-alkoxide initiator, following monomer ROP through the 

coordination-insertion mechanism.21,181  

The field of metal based or organic catalyzed ROP of various types of cyclic esters and 

carbonates has been extensively reviewed in the literature.21,181,183  Herein, only a brief overview 

of the reports on the preparation of star shaped PLA and PHB will be discussed.  

Sn(Oct)2, is one of the most widely used catalysts for the preparation of star shaped PLA with 

various architectures in the presence of discrete, miktoarm and dendritic/ hyperbranched cores.   

Discrete cores or polyols, have widely been used in order to form PLA stars with different number 

of arms. A series of 3-armed star PLA is made using trimethylolpropane (TMP) as the chain 

transfer agent.184-189 diTMP and erythritol have been used to form 4-arm star PLAs.19,185 5-arm 

stars are reported using xylitol. Dipentaerythritol (DPET) and tripentaerythritol (TPE) have been 

used to make 6 and 8 armed star PLAs, respectively. 185 

In 2010, Shaver, et al. investigated the effect of rigid and flexible star cores on the thermal and 

physical properties of PLA with three and six armed star topologies, utilizing Sn(Oct)2. Based on 

their results, high catalyst loadings up to one catalyst unit per chain transfer agent hydroxyl group 

renders bimodal molecular weight distributions due to either self-initiation behavior of the catalyst 

or the presence of impurities. This will increase the transesterification reactions and hence 

decreases the molecular weight of the stars in long reaction periods. Rigid aromatic cores, elongate 
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initiation, and hence causes an increase in molecular weight distribution. 21,190 Although many of 

the multi-armed PLA stars have been synthesized using Sn(Oct)2 , it should be noted that this 

catalyst is a strong transesterification agent, which, as mentioned before,  is one of the major 

shortcomings of tin in ROP of cyclic esters. Furthermore this catalyst suffers from the lack of 

stereocontrol over the PLA backbone microstructure.  

Aluminum complexes bearing salan and salen ligands were used by Cameron and Shaver to 

form heterotactic, and isotactic PLAs using rac-lactide and DPET as the co-initiator. Based on 

their results, an increase in isotacticity, increase of Tg and degradation temperatures of the resulting 

polymers. Additionally they showed that to enhance hydrolysis resistance, higher isotacticity bias 

(>70%) was required. Profound differences were also reported in the crystallite size and d-spacing 

from powder-XRD results.190  

Wei et al. (2010) reported the preparation of heterotactic symmetric 3-arm star PLAs in the 

presence of triethanolamine as a triol using an yttrium alkyl complex bearing salan ligand. The 

prepared polymers showed high molecular weights with narrow molecular weight distributions (Đ 

= 1.02-1.09). 

Synthesis of an array of symmetric and asymmetric stereo-miktoarm star-shaped PLAs made 

of PLLA and PDLA arms has been recently reported by Satoh et al.191 Click coupling reaction of 

azide functionalized PDLAs and ethynyl-functionalized PLLAs having one, two or three initiating 

sites, formed linear stereoblock and stereo-miktoarm star PLAs. Using WXRD and DSC results, 

the formation of stereocomplex crystals in the linear stereoblock and stereo-miktoarm star PLAs 

in the absence of any homochiral crystallization was confirmed. As expected, the increased number 

of arms in the stereo-miktoarm star PLAs reduced the melting point as well as the crystallinity of 
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the stereocomplex crystals. Importantly, symmetric stereo-miktoarm star PLAs exhibited higher 

crystallinity compare to the asymmetric counterparts.  

Stimuli-responsive, luminescent 3-arm PLA suitable for drug delivery and imaging purposes 

were formed recently using discrete transition metal complexes. These metalloinitiator were iron 

based with hydroxyl functionalized dibenzoylmethane (dbm) ligands Fe(dbmOH)3. Fe(dbmOH)3-

mediated polymerization of LA was fast and highly efficient, with no significant 

transesterification. The presence of Fe(dbm)3 complex as a pH-responsive and luminescent core, 

and biocompatible/biodegradable PLA arms makes this system a potential agent for imaging and 

cancer therapy.192 

New luminescent, biocompatible and biodegradable 4-armed star polymers with aggregation-

induced emission (AIE) characteristics were recently reported by Zhao et al. 193 Various functional 

four-arm star polymers were synthesized via ROPs of LA, among other cyclic monomers including  

propargylfunctionalized trimethylene carbonates in the presence of tetrahydroxyl-functionalized 

tetraphenylethene (TPE) as the chain transfer agent and  salan lutetium complex as the catalyst. 

The authors showed that the presence of polyester/polycarbonate arms attached to TPE, with 

excellent AIE properties, enhances its solubility and significantly improves its processability. For 

example, while small AIE molecules require costly vacuum sublimation and vapor deposition 

processes for the fabrication of luminescent films, the AIE functionalized polymer solutions can 

easily be casted to form thin photoluminescent films to be used in medical imaging and electronic 

materials.  

Knauss et al. used glycidol as a chain transfer agent for immortal polymerization of lactide to 

form glycidol end-capped linear PLAs in solution state at 80 C. However, the polymerization 

results at melt state at high temperatures 130C and formed high molecular weight PLA in the 
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presence of same amount of glycidol. Solution viscometric measurements confirmed the formation 

of hyperbranched PLA architectures due to the in-situ ROP of glycidol molecules. Polymerization 

of glycidol, forms multiple hydroxyl sites along the chain to initiate ROP of lactide monomer. As 

a result, PLA branches grow in dendritic structure.194 

Although there exist so many examples of star shaped PLA along with other types of 

polyesters, due to the lack of appropriate catalysts for the polymerization of BBL in the presence 

of protic groups, reports on PHB star polymers are very limited. For instance, 4-arm star PHBs 

have been synthesized through ring-opening polymerization of BBL in the presence of ethoxylated 

pentaerythritols and Sn195 and Lu196 based catalysts; however, due to the prevalence of extensive 

transesterification reactions and lack of catalyst reactivity, the resulting polymers showed broad 

dispersities and/or low molecular weights. 

 

 Rheological studies on star-shaped PLA 

Linear rheological measurements can be used to study the effect of branching on polymer 

processing. Immobile branch points of the star polymers hinders the curvilinear/reptational motion 

of the linear chains and as a result, the rheology of stars is quite different from that of linear 

polymers. Star polymers relax mainly through a combination of arm-retraction (also known as 

contour-length fluctuations, primitive path fluctuation) and constraint release (dynamic 

dilation).197 Since in star polymers, reptation is prohibited because of the presence of branch points, 

their relaxation is strongly dependent on the molecular weight of the arms and is independent of 

the number of arms for slightly branched stars (number of arms < 30).178,198-200  

 Early models based on linear polymers suggested that for high molecular weight star 

polymers, 𝜂0 (zero-shear viscosity) scales exponentially with molecular weight for star polymers 
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compared to its power-law growth in linear polymers. 201,202 Distinctively different shapes of the 

dynamic frequency sweep test results of the star polymers versus the linear polymers have been 

reported by Fetters, et al.178 They showed that the frequency (ωc) at which G'(𝜔) crosses G"( 𝜔) 

is approximately the reciprocal of the longest relaxation time (disentanglement relaxation 

time), 𝜏𝑑. At frequencies higher than ωc, the value of G" decreases for linear polymers, while it 

increases for stars, and finally reaches a maximum at  𝜔𝑚𝑎𝑥, which is the reciprocal of the arm 

retraction relaxation time, 𝜏𝑅. Since, 𝜔𝑚𝑎𝑥 (or 𝜏𝑅
−1) has a power law relationship with the arm 

molecular weight, and 𝜔𝑐 (or 𝜏𝑑
−1) scales exponentially with the arm molecular weight, the region 

between 𝜔𝑚𝑎𝑥 and 𝜔𝑐, increases upon increasing arm molecular weight, representing a broader 

relaxation time spectrum.203 Snijkers, et al. have reported the rheological investigation of well-

defined symmetric entangled polyisoprene stars with four and eight arms and different molar 

masses of the arms (ranging from 56 kgmol-1to 103 kgmol-1). Based on non-linear viscoelastic 

measurements, they proposed that during steady shear, star shaped samples tend to orient in the 

flow direction rather than stretch. Similar results have also been reported by previous research 

groups.204-206 

Although the viscoelastic properties of polyolefinic star shaped polymers has a rich history and 

has been extensively reviewed in common textbooks, and there is a considerable interest on the 

synthesis of star-branched biodegradable aliphatic polyesters, studies on the melt rheological 

properties of these category of materials are quite rare.  

One of the landmark papers on the rheological properties of PLA star polymers has been 

published by Dorgan, et al.207  The authors prepared linear, four and six armed star PLAs using Sn 

(Oct)2 as the catalyst and multifunctional alcohols as the chain transfer agents. Based on their 

rheological measurements, they reported enhanced zero-shear viscosity and more shear-thinning 
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behavior in star PLA compare to the linear counterparts. The authors noted, however, that there 

were some difficulties in drawing a precise perspective about the rheological properties of the 

samples because of relatively high dispersities (Đ ~ 2) and thermorheologically complex behavior 

of crystalline PLA.  

Preparation of star-shaped and comb-like poly(L-Lactic acid) (PLLA), was reported by Nouri 

et al. through employing multifunctional initiators. Hyperbranched PLLA was also prepared using 

glycidol as initiator/co-monomer. In a melt state polymerization (T = 130 C), simultaneous ring 

opening and incorporation of glycidol and L-LA into the polymer backbone resulted in the 

formation of hyperbranched architectures. Formation of desired structures were confirmed using 

FTIR, size exclusion chromatography, and 1H NMR techniques. DSC and optical microscopy 

showed a profound improvement in PLA crystallization due to the presence of branch points that 

can act as nucleating sites. Extensional rheometery (SER) revealed a significant difference in the 

extensional viscosity of linear and branched polymers. While commercial linear PLA, did not show 

any significant strain hardening, the branched analogues revealed a pronounced strain hardening 

behavior after the plateau region. Based on these results, they concluded that branching can be 

considered as a practical tool to improve the crystallization and rheological properties of 

polylactide.194,208 

 

 Rheological studies on PHB 

Rheological characterization of pure bacterial based PHB was first reported by Arakawa et al. 

in 2006.209 The homopolymer was obtained from Industrial S/A, and samples suitable for 

rheological measurements were prepared through compression molding at 180 C for 3 min. 

Oscillatory shear modulus and capillary extrusion were used to investigate the rheological and 
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thermal degradation at the processing temperature of 180 C.  It was found that the oscillatory 

shear moduli and the steady-state shear stress decreased extensively during isothermal 

measurements at the melting point. Based on the GPC results, the molecular weight of the sample 

decreased from 250 kgmol-1 to 100 kgmol-1 after 10 minutes residence time in the rheometer at 

180 C. Importantly, the reduction of molecular weight during isothermal measurements, 

diminishes the melt elasticity and the onset of gross, chaotic melt fracture, which caused extensive 

surface roughness on the extrudates surface during capillary extrusion. Based on these results, the 

authors mentioned that the residence time during injection-molding or extrusion of PHB has to be 

seriously taken into account as the molecular weight reduction and loss of melt strength is almost 

inevitable.  

In order to enlarge the processing window of PHB, the addition of phenol-based compounds 

have been investigated as it decreases the polymer melting point. Yu et al. reported the addition of 

4,4-dihydroxydiphenylpropane (DOH2) to PHB to decrease its melting point from 176 to 113  C 

upon addition of 50% of DOH2. The presence of intermolecular hydrogen bonds between the 

carbonyl groups of PHB and the hydroxyl groups of DOH2 was confirmed by FTIR. Due to the 

presence of hydrogen bonding, chain mobility of PHB was limited after blending with DOH2 

molecules, resulting in an increase in the glass transition temperature from 1.2 to 7.3  C, indicating 

miscibility of PHB with DOH2. Based on TGA results, although the presence of DOH2 decreased 

the melting point, the existence of it decreased the thermal decomposition temperature of PHB. 

This is due to the fact that DOH2 molecules are dihydroxy phenols bearing proton donors with 

acidic properties which at high temperatures can cause extended chain scissioning.210  

Feng et al. demonstrated that grafting maleic anhydride (MA) onto PHB chains interferes with 

the random chain scission of the polyester and decreases the thermal decomposition temperature 
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of PHB-g-MA. However, the presence of the grafting did not affect the melting point and 

processability of PHB.211 

In 2010, Mousavioun et al. reported that the presence of intermolecular interactions due to 

hydrogen bonding between the reactive functional groups of soda lignin and the carbonyl groups 

of PHB decreases the thermal decomposition of PHB, however high loading of additives, up to 

40%, will be required.212   

More recently, Santagata et al. used pomace extract (EP), from the bio-waste of winery 

industry, as thermal and processing stabilizer for PHB. While isothermal annealing of high 

molecular weight Biomer PHB (Mw = 840 kgmol-1) at 190 C causes two orders of magnitudes 

reduction of the complex viscosity over 10 minutes, the presence of 5 and 15% EP in the blends 

resulted in an enhancement in the thermal stability of the product, with stable rheological 

properties at 120 C, for 100 seconds. The presence of EP, also increased the terminal viscosity by 

2 fold.  Importantly, EP maintained molecular weight of PHB to some exten after processing (Mw 

after processing without Ep = 134 kgmol-1, with Ep = 540 kgmol-1). Dynamic mechanical and 

tensile tests showed that EP slightly improved the polymer ductility.213  

Thermal degradation of PHB during melt mixing is due to random chain scission forming 

shorter polymer chains with crotonic and carboxyl end groups as a consequence of the -

elimination reaction. One of the proposed strategies to control the chain scission, is to incorporate 

chemicals that react with at least one of the newly generated end groups. For instance, 

polymerization of the crotonyl moieties bearing unsaturated bonds, have been attempted by 

employing free radical initiators along with multifunctional unsaturated compounds;214 however, 

no improvement was observed. Also, the addition of free radical initiators caused an acceleration 

in thermal degradation of PHB. In other attempts, the addition of epoxide containing chemicals 
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such as poly (methyl methacrylateco- glycidyl methacrylate) (PGMA) with pendant epoxide 

groups was used to improve the thermal stability of PHB. In this strategy, carboxyl end groups 

may participate in crosslinking reactions with epoxide moieties. GPC and TGA results showed an 

increase in the molecular weight of PHB due to crosslinking, and slight improvement in thermal 

stability of the blends.215  

In 2014 Maurer et al. suggested that the presence of metal ion contaminants and other 

impurities in as-received PHB may accelerate the polymer degradation process. Therefore they 

purified high molar mass PHB obtained from Biomer (Mw = 620 kgmol-1), and studied its thermal 

stability using isothermal frequency sweep tests, in  the presence of a series of commercially 

available additives known to react with carboxylic acid groups. These additives include: bis(3,4-

epoxycyclohexylmethyl) adipate (BECMA), 2,2’-bis(2-oxazoline) (BOX), trimethylolpropane 

tris(2-methyl-1-aziridinepropionate) (PETAP), triphenyl phosphate (TPP), tris(nonylphenyl) 

phosphate (TNPP), polycarbodiimide (PCDI), and poly(methyl metharylate-co-glycidyl 

methacrylate) (GMA.MMA).  

Their rheological measurements and the GPC results after the tests, revealed that PCDI and 

GMA.MMA have a minor impact on the thermal stability of PHB. While, TPP and TNPP did not 

affect the thermal stability of PHB. The presence of BECMA, BOX, and PETAP resulted in a 

strong decrease of the dynamic modulus (Figure 1.13).216 

Although addition of PCDI and GMA.MMA showed improvement on the thermal stability, 

the presence of these low molecular weight polymers in the blend, caused plasticization effect and 

as a result (more profoundly for GMA.MMA containing system), the complex modulus of the 

blend decreased significantly at concentrations above 5 wt% (Figure 1.13).216 
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Figure 1.13 Dynamic shear modulus of pure PHB and PHB containing BOX , GMA.MMA, and PETAP 

as a function of time, at 180oC and at 𝝎 = 62.8 rad/s. 216 
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1.8 Thesis objectives 

The ultimate goal of this interdisciplinary PhD thesis is to synthesize and thoroughly 

characterize the rheological and physical behavior of a series of controlled topology and microstructure 

poly(hydroxybutyrate) (PHB) as a function of molecular weight, degree of branching, and 

stereoregularity. We will suggest a new approach towards the design of catalysts suitable for the 

formation of truly processable PHBs with potential applications in commodity products. New catalysts 

are also being introduced with potential industrial applications for the preparation of star-shaped 

multiblock copolyesters under facile fume hood conditions.  

The particular objectives can be summarized as follows: 

1.  Synthesis and rheological characterization of star-shaped PHBs: To this end, monodisperse 

linear and three armed star-shaped poly(hydroxybutyrates) (PHBs) using dinuclear indium 

complex, [(NNOtBu)InCl]2(μ-Cl)(μ-OTHMB) will be prepared. Preparation of structurally well-

defined 6-armed star PHBs using the recently developed mononuclear ethyl zinc complex 

(NNOtBu)Zn(CH2CH3) and a hexol (dipentaerythritol (DPET)) as co-initiator will be discussed. 

The solution and melt rheological properties of the prepared well defined star PHBs along with 

their linear analogues will thoroughly be investigated. 

2. Preparation of processable PHBs without any need for thermal stabilizers or processing aids: 

zinc based dinuclear complexes will be prepared and used for the immortal polymerization of gram 

scale BBL to form high molecular weight monodispersed syndio-enriched PHBs. 

Thermorheological characterization of the polymers in both rotational and extensional modes, 

along with the tensile test results will be used to investigate the melt and solid state behavior of 

the prepared polymers.  
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3. Development of new easy-to-prepare indium based catalysts for the preparation of star 

polymers in ambient atmospheric conditions: Dinuclear indium salan complexes will be introduced 

as an exceptionally tolerant and stable catalyst in moist air. Importantly, this catalyst possesses 

unprecedented activity in melt-state for the polymerization of different isomers of lactide in open 

air to form stereo-triblock copolymers.  

 

1.9 Thesis organization 

This thesis is organized as follows: Chapter 1 provided an introduction to clarify the 

motivations of the current thesis along with a comprehensive literature review on 

polyhdroxybutyrate and polylactic acid microstructures, synthetic routs and rheology. Chapter 2 

will present the materials, methodologies, catalysts synthesis, and representative polymerization 

set-ups used for the development of this thesis. In chapter 3, the synthesis of 3-arm and 6-arm star 

PHBs will be described using indium and zinc based complexes in the solution state to afford 

symmetric model materials. A complete investigation on solution viscometric properties of the 

polymers is provided along with their frequency and shear dependent melt-viscoelastic behavior. 

The structure-property relationships for these polymers will also be represented. In chapter 4, a 

modified version of the zinc complex studied in chapter 2, will be used and developed to form high 

molecular weight syndio-enriched PHBs with stable isothermal frequency-sweep tests results at 

high temperatures. Detailed extesional rhemetric results will be obtained as a proof of 

processability of these polymers. In chapter 5, polymerization of high loadings of enantiopure 

lactide in air using newly developed salan-indium catalyst will be discussed. Finally, chapter 6 

will summarize the results and conclusions and provide suggestions for future work.  
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Chapter 2: Materials and methodologies 

 

2.1 Materials purifications 

Diethy ether (Et2O), hexane, and toluene were degassed and dried using activated alumina in a 

Solvent Purification System from Innovation Technology, Inc. Deuterium-labelled NMR solvents 

were purchased from Sigma Aldrich and Cambridge Isotope Laboratory. Tetrahydrofuran (THF) 

was purchased from Sigma-Aldrich and further dried over Na/benzophenone and vacuum-

transferred to a Strauss flask and then degassed through a series of freeze-pump-thaw cycles. 

CH2Cl2, CDCl3, C6D6, BBL, and pyridin-2-ylmethanol were dried over CaH2 and vacuum-

transferred to a Strauss flask and then degassed through a series of freeze-pump-thaw cycles. 

Racemic and enantiopure lactide was obtained from PURAC America Inc. and recrystallized from 

hot toluene three times then dried under vacuum before use. Other chemicals and solvents were 

purchased from Sigma-Aldrich, Fisher, Alfa Aesar, or STREM and were used without further 

purification. Chiral diaminoaryloxy ligands, H(NRNOR) were synthesized according to literature 

procedures.163,217 Bacterial based highly Isotactic PHB (iPHB) was provided from Biomer 

corporations. All the air and moisture sensitive operations were done in an MBraun glove box or 

using a standard Schlenk line. 

 

2.2 Gel Permeation Chromatography (GPC)  

 Average molar mass (Mn), dispersity (Đ), radius of gyration (Rg), hydrodynamic radii (Rh), and 

intrinsic viscosity [𝜂] values were determined by a triple detection GPC-MALS-viscometer using 

an Agilent liquid chromatograph equipped with an Agilant 1200 series pump and autosampler, 

three Phenogel 5 μm Narrow Bore columns (4.6 × 300 mm with 500 Å, 103 Å and 104 Å pore 
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size), a Wyatt Optilab differential refractometer, Wyatt miniDAWN TREOS (multi-angle laser 

light scattering detector), and a Wyatt ViscoStar viscometer.  The column temperature was 40°C.  

A flow rate of 0.5 mL/min was used and samples were prepared in THF (ca. 1 mg/mL). The 

refractive index increment dn/dc of linear and star PHB samples were measured separately off-

line by an Optilab rEX refractive index detector (λ = 658 nm) using a series of different 

concentration solutions. The operating temperature was 25 °C. Data were processed by ASTRA 

software (Wyatt Technology). The dn/dc values for PLA were collected from literature.  

Rh was also measured using a DynaPro-99-E50 dynamic light scattering module (Rh detection 

range from 0.18 nm - 2500 nm) with a GaAs laser (658 nm) at 25 oC. The instrument was equipped 

with a temperature-controlled microsampler (MSXTC-12). Sample concentration was the same as 

that of the GPC measurements in THF (ca. 1 mg/mL). Intrinsic viscosities of dilute solutions (1-5 

mg/mL) of linear and star PHBs were also measured using a Cannon-Fenske viscometer in THF.  

 

2.3 MALDI-TOF mass spectrometry 

 Mass spectra were recorded on a Bruker Autoflex MALDI-TOF (time-of-flight mass (TOF) 

spectrometer equipped with MALDI ion source) operated in either linear or reflection mode. For 

MALDI-TOF measurement, the sample was dissolved in dichloromethane (0.6 mg/μL); 2,5-

dihydroxybenzoic acid (DHB) (0.02 mg/μL) was used as the matrix (10:1) and 1 μL of sodium 

trifluoroacetate (100 mM) was added as the cation source. 

 

2.4 Differential scanning calorimetery (DSC) 

DSC measurements were performed to detect the melting and glass transition temperatures of 

the polymers using a TA Instruments-Q1000.  Experiments were carried out under nitrogen 
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atmosphere with ~3 mg of the samples sealed in an aluminum pan.  Starting from room 

temperature, syndio enriched samples were heated to 100 °C with a 10 °C /min heating rate, 

followed by cooling to room temperature at a 5 °C /min rate, and heated to 100 °C with a 10 °C 

/min heating rate. Since no considerable crystalizations were observed during the cooling ramp, 

Tm values were determined using the first heating ramp. Highly syndiotactic and isotactic samples 

were heated to 200 °C with 10 °C /min heating ramp and cooled to room temperature with 5 °C 

/min cooling rate. Tm values reported are extracted from the second heating ramp. 

DSC measurements for atactic PHBs were also performed on a TA Instruments – Q1000.  

Experiments were carried out under nitrogen atmosphere with ~4 mg of the samples sealed in an 

aluminum pan.  After cooling down the samples to the low temperature of -20°C, they were heated 

from -20°C to 80 °C with a 10 °C /min heating rate, followed by cooling to -20°C at a 5 °C /min 

rate, and heated to 80 °C with a 10 °C /min heating rate. The glass transition temperature Tg was 

determined using the second heating ramp. 

 

2.5 Thermogravimetric analysis 

Duplicated thermal decomposition results were obtained using a thermogravimetric analysis 

Shimadzu TGA-50 at a heating rate of 20°C/min from 30 to 600 °C under an inert atmosphere of 

nitrogen. 

 

2.6 Rheological measurements 

All the rheological measurements were performed under a nitrogen atmosphere to minimize 

degradation of the polymer samples during testing.  The linear viscoelastic properties of the 
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samples were determined by a rotational rheometer (Anton-Paar, MCR 501/502) equipped with 

parallel plate geometry (diameter of 8 mm).  Gaps of 0.3–0.6 mm were set to minimize edge effects 

and ensure a reasonable aspect ratio of plate radius and gap. Dynamic time sweep measurements 

were carried out at an angular frequency of 1 rad/s at different temperatures for crystalline and 

semi- crystalline samples to examine the thermal stability of the samples. Small amplitude 

frequency sweep tests were performed at frequencies in the range of 0.01 to 100 1/s, with a strain 

of 1% and temperatures ranging from 25-100 °C for amorphous samples and above melting point 

for the crystalline ones. 

Start-up of shear flow tests were performed using a cone and plate geometry with 25mm 

diameter and angle of 1°. The steady state shear viscosity versus time curves were generated for 

all samples for shear rates in the range from 0.01 to 0.5 1/s. Also step shear strain tests were carried 

out to investigate the relaxation modulus and damping function over a range of strains. The 

damping functions were used to model the rheological behavior of the samples using Wagner 

model.  

Uniaxial extensional flow measurements were conducted using the Sentmanat Extensional 

Rheometer (SER-2) which is a fixture to the MCR 502 (Anton-Paar) rheometer. Samples were 

prepared by hot press at temperature above melting points. For syndio enriched PHBs the 

extensional stress growth coefficients were measured at 80°C, which is well above the melting 

point. Measurements were carried out at different Hencky strain rates ranging from 0.1 to 20 s−1. 

All measurements were done under a nitrogen atmosphere to avoid degradation. 
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2.7 Tensile Measurements  

COM-TEN 95 series tensile testing equipment was used for the tests at ambient temperature. 

Samples were cut from the center of the hot-pressed sheets to minimize edge imperfections. For 

the tests, crosshead speed was adjusted at 25mm/min using a 40 mm gage length and 178 N 

capacity load cell. Each test was repeated 3 time per sample and the average values of the tensile 

Young’s modulus and elongation at break were reported.  

2.8 NMR spectroscopy 

Bruker Avance 400dir MHz spectrometer, Bruker Avance 400inv MHz spectrometer and Bruker 

Avance 600 MHz spectrometer were used to record the 1H NMR, 13C{1H} NMR, and homonuclear 

decoupled 1H NMR (1H{1H}NMR) experiments.  1H NMR chemical shifts are given in ppm versus 

residual protons in deuterated solvents as follows:  1.73 and 3.58 for CDCl3. 
13C{1H} NMR 

chemical shifts are given in ppm versus residual 13C in solvents as follows:  77.23 for CDCl3.  

2.9 X-ray crystallography 

Diffraction measurements for X-ray crystallography were made on a Bruker DUO diffraction 

with graphite monchromated Mo-Kα radiation. The structure was solved by direct methods and 

refined by full-matrix least-squares using the SHELXL crystallographic software of the Bruker-

AXS.   

2.10 Elemental analysis 

Unless specified, all non-hydrogen were refined with anisotropic displacement parameters. EA 

CHN analysis was performed using a Carlo Erba EA1108 elemental analyzer.   
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2.11 Synthesis of complexes 1-19 

Synthesis of complex (±)-(1). A suspension of KOBn (26 mg, 0.18 mmol) in toluene (1.5 mL) 

was added dropwise to a stirring suspension of (NNOtBu)InCl2 (195 mg, 0.34 mmol) in toluene (3 

mL) at room temperature.  The reaction mixture was stirred for 2 h. The resulting white precipitate 

was filtered through Celite to yield a colorless filtrate. All volatiles were removed in vacuo, and 

hexane (3 mL) was added to the residue to precipitate a white solid.  The clear supernatant was 

decanted off of the white solid. The product was dried in vacuo for few hours (132 mg, 64%). 1H 

NMR (CDCl3, 600MHz) δ 7.64 (2H, d, 3JH-H = 7.3 Hz, ortho-H of benzyl alkoxide), 7.21 (2H, d, 

4JH-H = 2.4 Hz, Ar H), 6.94 (1H, t, 3JH-H = 7.3 Hz, para-H of benzyl alkoxide), 6.87 (2H, t, 3JH-H = 

7.5 Hz, meta-H of benzyl alkoxide), 6.55 (2H, d, 4JH-H = 2.3 Hz, Ar H), 5.79 (1H, d, 2JH-H = 11.7 

Hz, -O-CH2- of benzyl alkoxide), 5.03 (1H, d, 2JH-H = 11.8 Hz, -O-CH2- of benzyl alkoxide), 4.20 

(2H, d, 2JH-H = 13.5 Hz, -NH-CH2-Ar), 3.38 (2H, d, 2JH-H = 13.5 Hz, -NH-CH2-Ar), 2.87 – 2.78 

(4H, m, -NH- and -CH- of DACH), 2.69 (6H, s, -N(CH3)2), 2.51 (2H, dq, 3JH-H = 3.9 Hz, 10.9 Hz, 

-CH- of DACH), 2.40 (2H, br. d, 3JH-H = 12.3 Hz,  -CH2- of DACH), 2.02 (6H, s, -N(CH3)2), 1.94 

– 1.87 (2H, m, -CH2- of DACH), 1.82 (4H, t, 3JH-H = 14.5 Hz, -CH2- of DACH), 1.48 (18H, s, Ar-

C(CH3)3), 1.31 – 1.20 (20H, m,  -CH2- of DACH and Ar-C(CH3)3), 1.20 – 1.14 (2H, m, -CH2- of 

DACH), 1.07 –  0.97 (2H, m, -CH2- of DACH); 13C{1H} NMR (CDCl3,  151MHz) δ 162.3 (Ar C), 

142.3 (Ar C), 138.8 (Ar C), 136.7 (Ar C), 130.4 (Ar C-H), 127.2 (Ar C-H), 126.5 (Ar C-H), 126.3 

(Ar C-H), 119.6 (Ar C), 69.1 (-O-CH2-C6H5), 64.8 (-CH- of DACH), 53.0 (-CH- of DACH), 50.5 

(-HN-CH2-Ar), 44.4 (-N(CH3)2), 38.3 (-N(CH3)2), 35.6 (Ar-C(CH3)3), 34.1 (Ar-C(CH3)3), 32.0 

(Ar-C(CH3)3), 30.9 (-CH2- of DACH), 30.5 (Ar-C(CH3)3), 25.0 (-CH2- of DACH), 24.9 (-CH2- of 

DACH), 22.0 (-CH2- of DACH). Anal. Calcd. For C53H85Cl3In2N4O3: C 54.77; H 7.37; N 4.82. 

Found: C 54.67; H 7.22; N 4.79. 
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Synthesis of complex (±)-(2). A suspension of 1,3,5-tris(hydroxymethyl)benzene (11 mg, 0.065 

mmol) in toluene (1.5 mL) was added dropwise to a solution of complex 1 (71 mg, 0.064 mmol) 

in toluene (3 mL). The reaction mixture was stirred at room temperature or 70 °C for 16 h. After 

removal of the solvent in vacuo a white solid of complex 2 was collected and washed with hexane 

(3 × 5 mL). The collected white solid 2 was dried in vacuo at least for a few hours. (63 mg, 81%) 

X-ray quality colorless crystals of complex 2 were grown in toluene at 25 °C. 1H NMR (CDCl3, 

600MHz) δ 7.71 (2H, br. s., 3JH-H = 7.3 Hz, ortho-H of THMB), 7.28 (2H, d, 4JH-H = 2.2 Hz, Ar 

H), 6.97 (1H, br. s., para-H of THMB), 6.63 (2H, br. s., Ar H), 5.80 (1H, d, 2JH-H = 11.4 Hz, -O-

CH2- of THMB), 5.08 (1H, d, 2JH-H = 11.5 Hz, -O-CH2- of THMB), 4.40 (2H, dd, 3JH-H = 5.6 Hz, 

2JH-H = 12.9 Hz, HO-CH2- of THMB), 4.26 (2H, dd, 3JH-H = 7.9 Hz, 2JH-H = 12.8 Hz, HO-CH2- of 

THMB), 4.03(2H, br. s., -NH-CH2-Ar), 3.38 (2H, d, 2JH-H = 12.7 Hz, -NH-CH2-Ar), 2.91 – 2.80 

(2H, m, -CH- of DACH), 2.75 (2H, br. s., -NH-), 2.68 (6H, s, -N(CH3)2), 2.50 – 2.39 (2H, m, -CH- 

of DACH), 2.38 (2H, br. s., -CH2- of DACH), 1.99 (6H, s, -N(CH3)2), 1.94 – 1.86 (2H, m, -CH2- 

of DACH), 1.82 (4H, br. t., 3JH-H = 11.8 Hz, -CH2- of DACH), 1.58 – 1.46 (20H, s, -CH2- of DACH 

and Ar-C(CH3)3), 1.39 (4H, br. s., HO- of THMB), 1.27 (18H, s, Ar-C(CH3)3), 1.21 – 1.12 (2H, 

m, -CH2- of DACH), 1.12 –  0.93 (4H, m, -CH2- of DACH); 13C{1H} NMR (CDCl3,  151MHz) δ 

162.2 (Ar C), 143.1 (Ar C), 140.7 (Ar C), 139.0 (Ar C), 137.0 (Ar C), 128.5 (Ar C-H), 126.3 (Ar 

C-H), 124.5 (Ar C-H), 124.1 (Ar C-H), 119.9 (Ar C), 68.5 (-O-CH2-Ar of TMB), 65.4 (HO-CH2-

Ar of TMB), 64.6 (-CH- of DACH), 53.1 (-CH- of DACH), 50.1 (-HN-CH2-Ar), 44.4 (-N(CH3)2), 

38.2 (-N(CH3)2), 35.6 (Ar-C(CH3)3), 34.0 (Ar-C(CH3)3), 31.9 (Ar-C(CH3)3), 30.9 (-CH2- of 

DACH), 30.4 (Ar-C(CH3)3), 24.9 (-CH2- of DACH), 24.9 (-CH2- of DACH), 22.0 (-CH2- of 

DACH). Anal. Calcd. For C55H89Cl3In2N4O5: C 54.04; H 7.34; N 4.58. Found: C 54.12; H 7.30; N 

4.68. 
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Synthesis of complex (±)-4. This complex was made based on previously reported procedure.218  

Synthesis of complex (±)-6.  A solution of (±)-H(NNHOCm) proligand (200 mg, 0.415 mmol) and 

Zn(CH2CH3)2 (0.0480 mL, 0.415 mmol) in Et2O (5 mL) was stirred at room temperature for 30 

min. The solvent was removed in vacuo to dryness. The desired product was isolated as a white 

solid without further purification.  Yield 180 mg 90%. 1H NMR (CDCl3, 600MHz): δ 7.48 (1H, d, 

4JH-H = 2.7 Hz, Ar H), 7.46-7.02 (10H, overlapping m, C(CH2)Ph), 6.53 (1H, d, 4JH-H = 2.7 Hz, Ar 

H), 4.20 (1H, dd, 3JH-H = 12.3 Hz, 2JH-H = 2.2 Hz, -HN-CH2-Ar), 3.43 (1H, dd, 3JH-H = 12.4 Hz, 2JH-

H = 2.26 Hz, -HN-CH2-Ar), 2.21-2.5 (1H, td, 3JH-H = 4.4 Hz, 10.9 Hz, -CH- of DACH), 2.02 (3H, 

s, -N(CH3)2), 1.96 (3H, s, -N(CH3)2), 1.91 (1H, m, DACH),  1.75 – 1.50 (12H, m, -CH- of DACH 

and Ar-C(CH3)2Ph), 1.25 (3H, m, -CH3- of ethyl), 1.10 – 0.80 (2H, m, -CH2- of  DACH), 0.66 

(3H, s, Ar-C(CH3)2Ph), 0.02 (2H, m, -CH2- of ethyl); 13C{1H} NMR (CDCl3, 151MHz): 

δ165.12,152.79, 150.61, 136.16, 133.16, 128.79, 127.57, 127.51, 126.73, 125.18, 124.93, 124.18, 

121.11, 68.02, 53.53, 49.80, 44.59, 42.09, 35.63, 31.94, 31.02, 26.19, 24.70, 20.83, 13.39. Anal. 

Calcd. For C35H47N2OZn: C, 72.84; H, 8.21; N, 4.85. Found: C 71.85; H 7.89; N 4.45. 

Synthesis of complex (R,R)-6. A solution of (R,R)-H(NNHOCm) proligand (300 mg, 0.618 mmol) 

and Zn(CH2CH3)2 (0.0700 mL, 0.618 mmol) in Et2O (5 mL) was stirred at room temperature for 

30 min  The solvent was removed in vacuo to dryness. The desired product was isolated as a white 

solid without further purification.  Yield 285 mg 95%. 1H NMR (CD2Cl2, 600MHz): δ 7.48 (1H, 

d, 4JH-H = 2.7 Hz, Ar H), 7.46-7.02 (10H, overlapping m, C(CH2)Ph), 6.53 (1H, d, 4JH-H = 2.7 Hz, 

Ar H), 4.20 (1H, dd, 3JH-H = 12.3 Hz, 2JH-H = 2.2 Hz, -HN-CH2-Ar), 3.43 (1H, dd, 3JH-H = 12.4 Hz, 

2JH-H = 2.26 Hz, -HN-CH2-Ar), 2.21-2.5 (1H, td, 3JH-H = 4.4 Hz, 10.9 Hz, -CH- of DACH), 2.02 

(3H, s, -N(CH3)2), 1.96 (3H, s, -N(CH3)2), 1.91 (1H, m, DACH),  1.75 – 1.50 (12H, m, -CH- of 

DACH and Ar-C(CH3)2Ph), 1.25 (3H, m, -CH3- of ethyl), 1.10 – 0.80 (2H, m, -CH2- of DACH), 
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0.66 (3H, s, Ar-C(CH3)2Ph), 0.02 (2H, m, -CH2- of ethyl); 13C{1H} NMR (CDCl3, 151MHz): δ 

165.13, 152.81, 150.63, 136.18, 133.17, 128.8, 127.58, 127.51, 126.9, 124.93, 124.18, 121.11, 

60.04, 53.54, 49.82, 44.60, 41.85, 35.64, 31.95, 30.95, 26.20, 24.80, 24.59, 20.84, 13.39. Anal. 

Calcd. For C35H47N2OZn: C, 72.84; H, 8.21; N, 4.85. Found: C 72.55; H 8.11; N 4.65. 

Synthesis of complex (±)-7. A solution of (±)-H(NNHOAd) proligand (300 mg, 0.564 mmol) and 

Zn(CH2CH3)2 (0.0650 mL, 0.564 mmol) in Et2O (5 mL) was stirred at room temperature for 30 

min  The solvent was removed in vacuo to dryness. The desired product was isolated as a white 

solid without further purification.  Yield 246 mg 82%.1H NMR (CD2Cl2, 600MHz): δ 7.10 (1H, d, 

4JH-H = 2.7 Hz, -Ar H), 6.74 (1H, d, 4JH-H = 2.7 Hz, -Ar H), 4.32 (1H, d, 2JH-H = 11.9 Hz, -HN-CH2-

Ar), 3.59 (1H, d, 2JH-H = 10.3 Hz, -HN-CH2-Ar), 2.44 (1H, m, NCH), 2.39 (3H, s, N(CH3)2), 2.56 

(1H, m, DACH), 2.05 (1H, m, NH), 2.29 (3H, m, Ad), 2.19 (3H, m, Ad), 2.03 (3H, m, Ad), 1.56 

(3H, s, N(CH3)2), 1.22 (3H, m, -CH3- of ethyl), 1.27 (9H, s, C(CH3)
3), 1.86 (2H, m, DACH), 1.82 

(3H, m, Ad), 1.73 (3H, m, Ad), 1.32 (1.5H, t, 3JHH = 6 Hz, –OCH2CH3), 1.28 (9H, s, C(CH3)3), 

1.25 (2H, m, DACH), 1.13 (1H, m, DACH), 1.03 (1H,m, DACH), 0.13 (2H, m, -CH2- of ethyl); 

13C{1H} NMR (CDCl3, 151MHz): δ165.33, 137.08, 134.03, 125.8, 123.77, 120.94, 63.82, 59.94, 

56.50, 46.02, 44.83, 38.98, 38.17, 35.32, 31.91, 29.90, 24.54, 22.46, 21.68, 13.39.Anal. Calcd. For 

C31H49N2OZn: C, 70.10; H, 9.30; N, 5.27. Found: C 69.78; H 9.57; N 5.45. 

Synthesis of complex (R,R)-8. A solution of (R,R)-H(NNHOSiPh3) proligand (250 mg, 0.407 

mmol) and Zn(CH2CH3)2 (0.0460 mL, 0.407 mmol) in Et2O (5 mL) was stirred at room 

temperature for 30 min  The solvent was removed in vacuo to dryness. The desired product was 

isolated as a light yellow solid without further purification.  Yield 220 mg 88%. 1H NMR (CD2Cl2, 

600MHz): δ 7.68 (6H, m, SiPh3), 7.32 (9H, m, SiPh3), 7.24 (1H, m, ArH), 6.79 (1H, m, ArH), 4.33 
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(1H, d, 2JH-H = 12 Hz, -HN-CH2-Ar), 3.63 (1H, m, -HN-CH2-Ar), 2.38 (1H, m, NH), 2.16 (3H, s, 

NCH3), 1.97 (1H, m, CHN), 1.93 (3H, s, NCH3)1.76 (2H, m, CHN + DACH), 1.19 (3H, m, -CH3- 

of ethyl), 1.11 (3H, m, DACH), 0.94 (3H, s, Ar–CH3), 0.95 (4H, m, DACH), 0.04 (2H, m, -CH2- 

of ethyl); 13C{1H} NMR (CDCl3, 151MHz): δ 139.36, 134.65, 128.43, 127.19, 68.45, 67.97, 53.49, 

49.45, 44.57, 36.46, 31.98, 25.60, 24.69, 24.59, 20.87, 20.52, 13.54. Anal. Calcd. For 

C36H44N2OSiZn: C, 70.40; H, 7.22; N, 4.56. Found: C 69.85; H 7.00; N 4.53. Same procedure was 

used to form the (±)-5 complex using (±)-H(NNHOSiPh3) as the proligand with 70% yield. The 1H 

NMR and 13C{1H} NMR of the racemic complex is similar to that of the enantiopure one. 

Synthesis of complex (±)-9. This complex was made based on a previously reported 

procedure.219 

Synthesis of complex (±)-10. To a solution of complex 5 (250 mg, 0.523 mmol) in cold pentane 

(−30 °C, 5 mL) equimolar amount of benzyl alcohol (0.0550 ml, 0.532 mmol) was added at room 

temperature.  The reaction mixture was stirred for 4 h, and a white sticky solid was collected after 

several wash with cold pentane. The solvent was removed in vacuo to dryness. Yield 150 mg 60%. 

1H NMR (600 MHz, CDCl3): 7.47-7.33 (overlapping m, Ar-H), 4.78 (2H, sh. s., -CH2- of benzyl 

alkoxide), 4.08 (1H, d, 2JH-H = 11.9 Hz, -HN-CH2-Ar), 3.31 (1H, d, 2JH-H = 10.3 Hz, -HN-CH2-

Ar), 2.74-2.31(3H, m, -CH- of DACH), 2.42 (6H, s, -N(CH3)2), 1.76 (3H, s, -N(CH3)), 1.45 (6H, 

s, -ArC(CH3)2Ph), 1.27 (6H, s, -ArC(CH3)2Ph), 1.86 – 1.00 (8H, m, -CH2- of DACH); 13C{1H} 

NMR (CDCl3, 151MHz): δ 164.12, 137.69, 135.13, 128.22, 125.96, 124.22, 120.13, 64.25, 60.13, 

56.59, 45.58, 38.72, 37.85, 35.38, 33.77, 31.83, 29.77, 24.45, 24.32, 21.84, 14.04. Anal. Calcd. 

For C31H48N2O2Zn: C, 68.18; H, 8.86; N, 5.13. Found: C 68.35; H 8.53; N 5.10. 
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Synthesis of complex (±)-11.  To a solution of complex (±)-6 (100 mg, 0.172 mmol) in toluene 

(5 mL) an equimolar amount of benzyl alcohol (0.0170 ml, 0.172 mmol) in toluene (0.5 mL) was 

added at room temperature.  The reaction mixture was stirred for 4 h, and a white solid was 

precipitated and washed with cold hexanes. The solvent was removed in vacuo to dryness. Yield 

78 mg 80%. 1H NMR (600 MHz, CDCl3): 7.47-6.96 (15H, overlapping m, -C(CH2)Ph and -CH2-

Ph), δ 7.19 (1H, d, 4JH-H = 2.7 Hz, -Ar H), 6.47 (1H, d, 4JH-H = 2.7 Hz, -Ar H), 4.71 (2H, s., -CH2- 

of benzyl alkoxide), 4.06 (1H, d, 2JH-H = 11.9 Hz, -HN-CH2-Ar), 3.18 (1H, d, 2JH-H = 10.3 Hz, -

HN-CH2-Ar), 2.25 – 2.01 (1H, NH), 2.01 – 1.94 (2H, m, -CH- of DACH), 1.75 (3H, s, -N(CH3)2), 

1.65 (6H, s, -ArC(CH3)2Ph), 1.57 (3H, s, -N(CH3)2), 1.26 – 0.87 (8H, m, -CH2- of DACH);  

13C{1H} NMR (CDCl3, 151MHz): δ164.24, 152.69, 136.18, 128.34, 127.51, 127.07, 126.76, 

124.91, 123.99, 120.15, 68.41, 68.03, 67.20, 49.03, 42.38, 42.01, 31.96, 31.54, 31.19, 30.95, 24.72, 

24.45, 21.27. Anal. Calcd. For C80H100N4O4Zn2: C, 73.21; H, 7.68; N, 4.27. Found: C 72.15; H 

7.61; N 4.25. 

Synthesis of complex (R,R)-11. To a solution of complex (R,R)-6 (160 mg, 0.276 mmol) in 

toluene (5 mL) equimolar amount of benzyl alcohol (0.0290 ml, 0.276 mmol) in toluene (0.5 mL) 

was added at room temperature.  The reaction mixture was stirred for 4 h, and a white solid was 

precipitated and washed with cold hexanes. The solvent was removed in vacuo to dryness. Yield 

125 mg 78%. 1H NMR (600 MHz, CDCl3): 7.47-6.95 (15H, overlapping m, -C(CH2)Ph and -CH2-

Ph), δ 7.05 (1H, d, 4JH-H = 2.7 Hz, -Ar H), 6.50 (1H, d, 4JH-H = 2.7 Hz, -Ar H), 4.75 (2H, br. s., -

CH2- of benzyl alkoxide), 4.05 (1H, d, 2JH-H = 11.9 Hz, -HN-CH2-Ar), 3.20 (1H, d, 2JH-H = 10.3 

Hz, -HN-CH2-Ar), 2.69 (3H, s, -N(CH3)2), 2.01 – 1.56 (3H, m, -CH- of DACH), 1.78 (6H, s, -

ArC(CH3)2Ph), 1.76 (6H, s, -ArC(CH3)2Ph), 1.28 (3H, s, -N(CH3)2), 1.26 – 0.87 (8H, m, -CH2- of 
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DACH);  13C{1H} NMR (CDCl3, 151MHz): δ 164.31,152.91, 136.71, 136.52, 131.65, 128.3, 

127.49, 126.79, 124.87, 124.10, 76.17, 50.53, 48.94, 42.66, 42.01, 32.40, 31.21, 30.96, 29.93, 

27.75, 24.68, 24.18, 21.42. Anal. Calcd. For C80H100N4O4Zn2: C, 73.21; H, 7.68; N, 4.27. Found: 

C 70.15; H 7.17; N 4.29. 

  Synthesis of complex (±)-12. To a solution of complex (±)-7 (200 mg, 0.376 mmol) in toluene 

(5 mL) an equimolar amount of benzyl alcohol (0.0380 ml, 0.376 mmol) in toluene (0.5 mL) was 

added at room temperature.  The reaction mixture was stirred for 4 h, and a light yellow solid was 

precipitated and washed with cold hexanes. The solvent was removed in vacuo to dryness. Yield 

136 mg 68%. 1H NMR (600 MHz, CDCl3): 7.85-7.63 (7H, overlapping m, Ar-H), 5.15 (1H, d, -

CH2- of benzyl alkoxide), 4.98 (1H, s, -CH2- of benzyl alkoxide), 4.35 (1H, d, 2JH-H = 10.1 Hz, -

HN-CH2-Ar), 3.39 (1H, d, 2JH-H = 10.3 Hz, -HN-CH2-Ar), 2.57 (3H, s, -N(CH3)2), 2.49 (1H, m, 

DACH), 2.33 (1H, m, NH), 2.31 (3H, m, Ad), 2.24 (3H, m, Ad), 2.07 (3H, s, Ad), 1.98 (1H, m, 

DACH), 1.86 (3H, s, N(CH3)2), 1.78 ( 8H, s, Ad, DACH), 1.22 (9H, s, C(CH3)3), 0.96 (2H, m, 

DACH), 0.73 (2H, m, DACH); 13C{1H} NMR (CDCl3, 151MHz) δ 163.41, 137.92, 129.21, 

128.19, 126.11, 123.83, 120.87, 70.59, 68.22, 49.50, 44.98, 40.75, 37.42, 37..27, 34.64, 33.82, 

31.77, 29.27, 29.04, 25.26, 24.48, 21.53, 20.68.  Anal. Calcd. For C72H104N4O4Zn2: C, 70.86; H, 

8.59; N, 4.59. Found: C 69.66; H 8.36; N 5.34. 

Synthesis of complex (R,R)-13. To a solution of complex (R,R)-8 (80 mg, 0.116 mmol) in toluene 

(5 mL) equimolar amount of benzyl alcohol (0.0120 ml, 0. 0.116 mmol) in toluene (0.5 mL) was 

added at room temperature.  The reaction mixture was stirred for 4 h, and a white solid was 

precipitated and washed with cold hexanes. The solvent was removed in vacuo to dryness. Yield 

65 mg 81%. 1H NMR (600 MHz, CDCl3):  δ 8.19 (6H, m, SiPh3), 7.33 (9H, m, SiPh3),8.09-7.02 
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(7H, overlapping s, Ar-H), 4.73 (1H, d, 2JH-H = 10.6 Hz ,-CH2- of benzyl alkoxide), 4.43 (1H, d, 

2JH-H = 10.6 Hz, -CH2- of benzyl alkoxide),  4.41 (1H, d, 2JH-H = 11.9 Hz, -HN-CH2-Ar), 3.35 (1H, 

d, 2JH-H = 10.3 Hz, -HN-CH2-Ar), 2.34 (6H, s, -N(CH3)2), 2.18 (1H, m, -CH- of DACH), 1.98 (1H, 

d, 2JH-H = 10.3 Hz, -CH- of DACH), 1.66 (1H, s, -CH- of DACH), , 1.63 (3H, s, -Ar-CH3), 1.31 – 

0.45 (8H, m, -CH2- of DACH);  13C{1H} NMR (CDCl3, 151MHz) δ 171.79, 139.56, 136.91, 

136.74, 134.41, 128.57, 128.20, 127.02, 126.44, 119.81, 67.59, 48.90, 44.82,37.33, 31.58, 30.10, 

29.69, 24.71, 21.14, 20.45. Anal. Calcd. For C80H92N2O2Si2Zn2: C, 71.13; H, 6.70; N, 4.05. Found: 

C 70.90; H 6.71; N 4.16. 

  Synthesis of complex (±)-14. To a solution of complex (±)-4 (200 mg, 0.440 mmol) in toluene 

(5 mL) equimolar amount of pyridin-2-ylmethanol (0.0430 ml, 0. 0.440 mmol) in toluene (0.5 mL) 

was added at room temperature.  The reaction mixture was stirred for 4 h, and a white solid was 

precipitated and washed with cold hexanes. The solvent was removed in vacuo to dryness. Yield 

150 mg 75 %. 1H NMR (600 MHz, CDCl3):  δ 8.96 (1H, s, ArH(pyr)), 7.72 (1H, t, 3JH-H = 10.2 

Hz, ArH(pyr)), 7.30 (1H, t, 3JH-H = 10.2 Hz, ArH(pyr)), 7.20 (1H, s, Ar H), 6.77 (1H, s, Ar H), 

5.17 (2H, s , -CH2- of Zn-CH2-Pyr), 4.57 (1H, d, 2JH-H = 10.1 Hz, -HN-CH2-Ar),  3.75 (1H, d, 2JH-

H = 10.2 Hz, -HN-CH2-Ar), 2.07 (6H, s, -N(CH3)2), 1.84-1.76 (3H, m, -CH2- of DACH and -NH-

), 1.52 (9H, s, Ar-C(CH3)3), 1.28 (9H, s, Ar-C(CH3)3), 1.26 (2H, m, -CH2- of DACH), 1.22 (2H, 

m, , -CH2- of DACH), 1.19 (2H, m, , -CH2- of DACH); 13C{1H} NMR (CDCl3, 151MHz): δ 

164.46, 147.28, 137.22, 136.75, 133.38, 128.19, 125.74, 123.31, 121.77, 121.10, 120.83, 67.23, 

66.54, 51.97,50.02, 49.90, 44.31, 38.66, 35.32, 33.70, 31.90, 29.89, 29.62, 24.79, 24.69, 21.34. 

Anal. Calcd. C29H45N3O2Zn: C, 65.34; H, 8.51; N, 7.88. Found: C 65.79; H 8.48; N 7.67. 

Synthesis of complex complex (±)-15. To a solution of complex (±)-7 (150 mg, 0.282 mmol) in 

toluene (5 mL) equimolar amount of pyridin-2-ylmethanol (0.0270 ml, 0. 0.282 mmol) in toluene 
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(0.5 mL) was added at room temperature.  The reaction mixture was stirred for 4 h, and a white 

solid was precipitated and washed with cold hexanes. The solvent was removed in vacuo to 

dryness. Yield 136 mg 68%. 1H NMR (600 MHz, CDCl3): δ 8.96 (1H, s, ArH(pyr)), 7.72 (1H, t, 

3JH-H = 10.2 Hz, ArH(pyr)), 7.30 (1H, t, 3JH-H = 10.2 Hz, ArH(pyr)), 7.20 (1H, s, Ar H), 6.77 (1H, 

s, Ar H), 5.17 (2H, s , -CH2- of Zn-CH2-Pyr), 4.55 (1H, d, 2JH-H = 10.2 Hz, -HN-CH2-Ar),  3.71 

(1H, d, 2JH-H = 10.1 Hz, -HN-CH2-Ar), 2.07 (6H, s, -N(CH3)2),  2.43 (2H, m, -CH- of DACH), 

2.38 (3H, m, Ad), 2.26 (3H, m, Ad and -NH-), 2.05 (6H, s, N(CH3)2), 2.03 (3H, s, Ad), 1.77 (8H, 

m, Ad and –CH2- of DACH), 1.24 ( 2H, m, -CH2- of DACH), 1.07 (2H, m, -CH2- of DACH); 

13C{1H} NMR (CDCl3, 151MHz): δ164.83, 147.12, 137.4, 137.23, 133.71, 129.01, 128.19, 

125.68, 123.14, 121.70, 121.31, 67.57, 52.01, 51.91, 49.94, 49.82, 44.35, 40.44, 38.39, 37.38, 

37.22, 33.76, 31.9, 29.38, 29.2, 24.80, 21.28. Anal. Calcd. For C35H51N3O2Zn: C, 68.78; H, 8.41; 

N, 6.88. Found: C 70.45; H 8.07; N 6.35. 

  Synthesis of complex (±)-16. To a solution of complex (±)-8 (90 mg, 0.146 mmol) in toluene (5 

mL) an equimolar amount of pyridin-2-ylmethanol (0.0140 ml, 0.146 mmol) in toluene (0.5 mL) 

was added at room temperature.  The reaction mixture was stirred for 4 h, and a white solid was 

precipitated and washed with cold hexanes. The solvent was removed in vacuo to dryness. Yield 

65 mg 81%. 1H NMR (600 MHz, CDCl3):  δ 7.66 (6H, m, SiPh3), δ 7.53 (1H, s, ArH(pyr)), 7.18 

(9H, m, SiPh3), 7.16 (1H, s, Ar H), 7.08 (1H, t, 3JH-H = 10.2 Hz, ArH(pyr)), 6.83 (1H, s, Ar H),  

6.51 (1H, t, 3JH-H = 10.2 Hz, ArH(pyr)), 5.03 (2H, m , -CH2- of Zn-CH2-Pyr), 4.66 (1H, d, 2JH-H = 

10.1 Hz, -HN-CH2-Ar),  3.82 (1H, d, 2JH-H = 10.1 Hz, -HN-CH2-Ar), 2.51 (2H, m, -CH- of DACH), 

2.35 (1H, s, -NH-), 2.09 (3H, Ar-CH3), 1.88 (3H, s, N-CH3), 1.76 (2H, m,–CH2- of DACH), 1.43 

(3H, s, N-CH3)1.19-1.04 ( 8H, m, -CH2- of DACH); 13C{1H} NMR (CDCl3, 151MHz): δ 172.21, 

148.16, 139.67, 137.35, 136.79, 134.74, 128.34, 126.98, 121.67, 120.30, 119.85, 67.24, 51.73, 
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49.34, 43.75, 37.83, 30.54, 24.74, 24.43, 21.41, 20.35. Anal. Calcd. For C40H44N3O2SiZn: C, 

69.40; H, 6.41; N, 6.07. Found: C 69.49; H 6.69; N 5.87. 

Synthesis of complex (RR/RR) and (±)- (17). A suspension of KOtBu (100 mg, 0.91 mmol) in 

2.5 mL of THF was added dropwise to a suspension of H2(ONHNHO) (260 mg, 0.47 mmol) in THF 

(2.5 mL).  After stirring the reaction mixture for 12 h at room temperature, salt formation was 

observed.  The resulting off-white solid (K2(ONHNHO)) was isolated by vacuum filtration, and 

dried under high vacuum for approximately 1 h. The K2(ONHNHO) (100 mg; 0.16 mmol) was 

further reacted with InCl3 (74 mg; 0.33 mmol) in 5 ml of THF. The mixture was stirred at room 

temperature for a further 16 h. The mixture was vacuum filtered through a Celite plug to generate 

“(ONHNHO)InCl” which was not isolated and used in the subsequent step without further 

purification. 100 mg (0.14 mmol) of the formed (ONHNHO)InCl was dissolved in Toluene and 

slurry of NaOEt (22mg, 0.33 mmol) was added to the solution and stirred for a few hours until full 

conversion achieved. After filtration and solvent removal, an off white solid was isolated and dried 

under high vacuum for 2 hours. Complex 17 was isolated as a white powder without further 

purification (55%). 1H NMR (CDCl3, 600MHz) δ 7.30 (2H, d, 4JH-H = 2.2 Hz, Ar H), 6.75 (2H, d, 

Ar H), 5.06 (1H, d, 2JH-H = 11.5 Hz, NH-CH2-Ar), 4.68 (1H, m, O-CH2- of ethoxide), 4.46 (1H, t., 

3JH-H = 7.9 Hz, NH-CH2- Ar), 3.73(1H, d., 2JH-H = 12.7 Hz, -NH-CH2-Ar), 3.63 (1H, d, 2JH-H = 

12.7 Hz, -NH-CH2-Ar), 3.23 (1H, m, -CH- of DACH), 2.65 (1H, m, -NH-), 2.46 (1H, d, -CH- of 

DACH), 2.25 (2H, m, -CH- of DACH), 1.84 (2H, br. s., -CH2- of DACH), 1.47– 1.21 (2H, m, -

CH2- of DACH), 1.62 – 1.49 (9H, s, -CH2- of DACH and Ar-C(CH3)3), 1.27 (21H, s, -CH2- of 

DACH and Ar-C(CH3)3), 1.04 (9H, s, Ar-C(CH3)3), 1.21 – 1.12 (2H, m, -CH2- of DACH), 1.12 –  

0.93 (4H, m, -CH2- of DACH); 13C{1H NMR (CDCl3,  151MHz) δ162.82, 161.04, 139.85, 138.67, 

137.23, 136.38, 129.03, 128.23, 126.62, 124.6, 124.45, 124.17, 122.15, 120.18, 64.28, 57.32, 56.71, 
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51.7, 49.77, 35.43, 35.14, 33.87, 31.8, 31.70, 30.27, 28.99, 24.98, 24.8, 20.38 Anal. Calcd. For 

C74H117ClIn2N4O5: C 63.1; H 8.38; N 3.98. Found: C 62.12; H 9.10; N 3.85. 

Single crystals of (RR/RR)-17 suitable for X-ray crystallography where grown from slow 

evaporation of a saturated solution in Toluene. 

Synthesis of complexes (RR/RR) and (±)-(18). Compound 17 (racemic or enantiopure) was 

removed from an inert atmosphere and dissolved in wet DCM (~22.4 ppm water) for 48 h to yield 

the air and moisture stable compound 2 as an off white solid (95%). 1H NMR (CDCl3, 600MHz) δ 

7.28 (2H, d, 4JH-H = 2.2 Hz, Ar H), 6.74 (2H, d, Ar H), 4.99 (1H, d, 2JH-H = 11.5 Hz, NH-CH2-Ar), 

4.46 (1H, t., 3JH-H = 7.9 Hz, NH-CH2- Ar), 3.74(1H, d., 2JH-H = 12.7 Hz, -NH-CH2-Ar), 3.67 (1H, 

d, 2JH-H = 12.7 Hz, -NH-CH2-Ar), 3.27 (1H, m, -CH- of DACH), 2.77 (1H, m, -NH-), 2.46 (1H, d, 

-CH- of DACH), 2.28 (2H, m, -CH- of DACH), 1.80 (2H, br. s., -CH2- of DACH), 1.60– 1.21 (2H, 

m, -CH2- of DACH), 1.59 – 1.43 (9H, s, -CH2- of DACH and Ar-C(CH3)3), 1.25 (21H, s, -CH2- 

of DACH and Ar-C(CH3)3), 0.99 (9H, s, Ar-C(CH3)3), 1.21 – 1.12 (2H, m, -CH2- of DACH), 1.19 

–  0.9 (4H, m, -CH2- of DACH); 13C{1H NMR (CDCl3,  151MHz) δ162.82, 162.04, 139.83, 139.67, 

137.53, 136.75,137.52, 136.38,128.22, 126.67, 124.6, 124.45, 124.57, 122.16, 120.67, 120.18, 

57.73, 56.50, 51.7, 51.19, 49.82, 35.42, 35.91, 31.75, 31.70, 29.99, 28.94, 24.93, 24.76, 20.38 Anal. 

Calcd. For C60H92Cl2In2N4O3: C 58.4; H 7.52; N 4.54. Found: C 58.43; H 7.44; N 4.49. 

Single crystals of (RR/RR)-18 suitable for X-ray crystallography where grown from slow 

evaporation of a saturated solution in Toluene. 

Synthesis of complex (RR/RR) (19). A sample of (ONHNHO)InCl (100 mg, 0.143 mmol) 

generated in situ (see above) was dissolved in toluene and a slurry of NaOH (13.16 mg, 1.33 mmol) 

was added to the solution and stirred for 24 h. After filtration and solvent removal, an off white 

solid was isolated and dried under high vacuum for 2 h. After washing with hexanes complex 19 
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was yielded as a white powder (55%). 1H NMR (CDCl3, 600MHz) δ 7.28 (2H, d, 4JH-H = 2.2 Hz, 

Ar H), 6.74 (2H, d, Ar H), 4.99 (1H, d, 2JH-H = 11.5 Hz, NH-CH2-Ar), 4.43 (1H, t., 3JH-H = 7.9 Hz, 

NH-CH2- Ar), 3.37(1H, d., 2JH-H = 12.7 Hz, -NH-CH2-Ar), 3.67 (1H, d, 2JH-H = 12.7 Hz, -NH-CH2-

Ar), 3.23 (1H, m, -CH- of DACH), 2.77 (1H, m, -NH-), 2.26 (1H, d, -CH- of DACH), 2.25 (2H, 

m, -CH- of DACH), 1.84 (2H, br. s., -CH2- of DACH), 1.47– 1.21 (2H, m, -CH2- of DACH), 1.62 

– 1.49 (9H, s, -CH2- of DACH and Ar-C(CH3)3), 1.27 (21H, s, -CH2- of DACH and Ar-C(CH3)3), 

1.04 (9H, s, Ar-C(CH3)3), 1.21 – 1.12 (2H, m, -CH2- of DACH), 1.12 –  0.93 (4H, m, -CH2- of 

DACH); 13C{1H NMR (CDCl3,  151MHz) δ162.82, 161.04, 139.85, 138.67, 137.23, 136.38, 

129.03, 128.23, 126.62, 124.6, 124.45, 124.17, 122.15, 120.18, 64.28, 57.32, 56.71, 51.7, 49.77, 

35.43, 35.14, 33.87, 31.8, 31.70, 30.27, 28.99, 24.98, 24.8, 20.38 Anal. Calcd. For C,63.52; H, 

8.44; N, 4.12; Found: C 63.12; H 8.90; N 3.95.   

Single crystals of (RR/RR)-19 suitable for X-ray crystallography where grown from slow 

evaporation of a saturated solution in Toluene. 

 

2.12  Representative polymerization setups 

In situ preparation of complex 1 and representative large-scale immortal polymerization of 

BBL with complex (1) in the presence of BnOH.  A 20 ml scintillation vial was charged with 

1.34 mL of stock solution of [(NNOtBu)InCl]2(μ-Cl)(μ-OEt) in THF (0.0027 M, 0.0037 mmol). A 

1.5 ml stock solution of BnOH in THF (0.097 M, 0.146 mmol) was added to the catalyst solution 

and stirred for 1 h and then dried under vacuum for a few hours to remove resulted ethanol and all 

the solvent and generate complex 1 as a white powder.  The white powder, used without further 

purification, was dissolved in 2 ml THF and BBL (1.50 mL, 18.3 mmol) was added dropwise to 

the stirring solution. The reaction mixture was stirred overnight and then quenched with 0.5 ml of 
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HCl (1.5 M in Et2O).  A sample of the mixture was dissolved in wet CDCl3 to be analyzed by 1H 

NMR spectroscopy to determine conversion.  The residue was quenched in cold methanol (0 °C), 

the precipitated polymer was frozen by immersing the vial in liquid nitrogen, and subsequently the 

supernatant was decanted off.  To remove the trace amounts of the catalyst, the last three steps 

were repeated three times and the isolated polymer was dried under high vacuum overnight prior 

to analysis. 

In situ preparation of complex (2) and representative large-scale immortal polymerization 

of BBL with 2 in the presence of tris(hydroxymethyl)benzene (THMB). In a 20 ml scintillation 

vial 1.34 ml stock solution of (1) in THF (0.0027 M, 0.0037 mmol) was added. THMB (25 mg) 

was dissolved in 2 ml of THF (0.072 M, 0.146 mmol) and added to the catalyst solution, stirred 

for 1 h and then dried under vacuum for a few hours to remove resulted ethanol and all the solvent 

and generate complex 2 as a white powder.  The white powder, used without further purification, 

was dissolved in 2 ml THF and BBL (1.50 mL, 18.3 mmol) was added dropwise to the stirring 

solution. The reaction mixture was stirred overnight and then quenched with 0.5 ml of HCl (1.5 M 

HCl in Et2O).  A sample of the mixture was dissolved in wet CDCl3 to be analyzed by 1H NMR 

spectroscopy to determine conversion. The residue was quenched in cold methanol (0 °C) and the 

precipitated polymer was solidified by immersing the vial in liquid nitrogen and subsequently, the 

supernatant was decanted off. To remove the trace amounts of the catalyst, the last three steps were 

repeated three times and the isolated polymer was dried under high vacuum for overnight prior to 

analysis. 

Large-scale immortal polymerization of BBL with complex (3) in the presence of DPET. A 

solution of DPET (2.0 mg, 0.0078 mmol) in CH2Cl2 (0.5 mL) was added to a 20 ml scintillation 

vial of (NNOtBu)Zn(CH2CH3) (3) (2.0 mg, 0.0044 mmol) and stirred over 30 min at room 
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temperature just prior to the addition of a solution of BBL (1.00 ml, 11.7 mmol) in CH2Cl2 (2 mL). 

The reaction mixture was then stirred for 16 h at room temperature. A sample of the reaction 

mixture (ca. 0.02 mL) was dissolved in CDCl3 to be analyzed by 1H NMR spectroscopy to 

determine conversion. The resulting mixture was concentrated under vacuum and quenched by the 

addition of cold wet methanol. The polymer precipitated from solution and quickly solidified in 

liquid N2. The supernatant was decanted off and the polymer was dried under vacuum. To remove 

the trace amount of the catalyst, the last three steps were repeated three times and the isolated 

polymer was dried under high vacuum for overnight prior to analysis. 

Large-scale immortal polymerization of BBL with complex (±)-9 in the presence of BnOH. 

A solution of BnOH (0.24 ml, 2.35 mmol) in CH2Cl2 (0.50 mL) was added to a 20 ml scintillation 

vial which was charged with 0.50 ml of (±)-6 standard solution in CH2Cl2 (0.50 mg, 0.00047 

mmol) and stirred over 30 min at room temperature just prior to the addition of a solution of BBL 

(0.76 ml, 9.20 mmol) in CH2Cl2 (2 mL). The reaction mixture was then stirred for 8 h at room 

temperature. A sample of the reaction mixture was dissolved in CDCl3 to measure the conversion 

by 1H NMR spectroscopy. The resulting mixture was concentrated under vacuum and quenched 

by the addition of cold wet methanol. The polymer precipitated from solution and quickly 

solidified in liquid N2. The supernatant was decanted off and the polymer was dried under vacuum. 

To remove the trace amount of the catalyst, the last three steps were repeated three times and the 

isolated polymer was dried under high vacuum for overnight prior to analysis. 

NMR scale polymerization of BBL with (±)-9. A Teflonsealed NMR tube was charged with a 

0.25 mL solution of a catalyst stock solution in (0.25 mL, 0.0022 mmol) and frozen in glovebox 

using a liquid N2 cold wall (–90 °C). 0.25 mL of pure CD2Cl2 was then added and frozen on top 

of the catalyst layer using the same procedure. A 0.5 mL stock solution of BBL (0.5 mL, 0.88 



64 

 

mmol) in CD2Cl2, containing an internal standard 1,3,5-trimethoxybenzene (2.5 mg, 0.02 mmol), 

was added to the frozen solutions and frozen again to form a trilayer. The NMR tube was sealed 

and quickly evacuated by vacuum to remove N2 gas from the NMR tube. Solutions were thawed 

and quickly mixed before the NMR tube was loaded into the NMR spectrometer (400MHz Avance 

Bruker Spectrometer). Polymerizations were very quick and exothermic and first scans were 

recorded at above 40% conversion of monomer.  The polymerization was monitored to > 90% 

conversion. 

NMR scale polymerization of rac-lactide with (RR/RR)-17. In a teflon sealed NMR tube, 0.50 

mL of 1 in CD2Cl2 (0.0048 M, 0.0024 mmol) was added to a solution of rac-lactide (66 mg; 0.47 

mmol) and an internal standard 1,3,5-trimethoxybenzene (5mg; 0.03mmol,) in 0.48mL of CD2Cl2. 

This mixture was immediately cooled in liquid nitrogen. The NMR tube was warmed to room 

temperature before it was inserted into the instrument (400 MHz Avance Bruker Spectrometer). 

The polymerization was monitored to ca. 95% conversion. 

Large-scale polymerization of rac-lactide using (RR/RR)-17. Racemic lactide (129.3 mg, 

0.92mmol) was dissolved in 6 mL of CD2Cl2 in a vial and stirred using a magnetic stir bar. To this 

solution 1mL of a stock solution of (17) in CD2Cl2 was added (0.0046 M; 0.0046 mmol). The 

reaction was allowed to proceed for 16 h and then concentrated to dryness. The resulting polymeric 

material was dissolved in a minimum amount of CD2Cl2 and added to cold wet methanol (0 ºC, 7 

mL). The polymer crashed out of solution, and was isolated by centrifugation. The supernatant 

was decanted off and the polymer was dried under high vacuum for 2 h. 

Large-scale immortal polymerization of rac-Lactide and rac-BBL with (RR/RR)-17 in the 

presence of 1,3,5-tris (hydroxymethyl)benzene (THMB). Two parallel reactions were set up in 

two different 20 ml scintillation vials which were both charged with equal amounts of the reagents 
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in order to check the conversions before addition of the second monomer. Each of the scintillation 

vial were first charged with 0.15 ml stock solution of (17) in THF (0.007 M, 0.00106 mmol) was 

added. 0.32 ml of THMB solution in THF (0.044 M, 0.014 mmol) was also added to the catalyst 

solution, stirred for 2 h and then dried under vacuum for a few hours to remove resulted ethanol 

and all the solvent. The white powder then was dissolved in 2.5 ml THF and while stirring, a 

solution of LA in THF (0.32 g, 0.88 M, 2.22 mmol) was added. The mixture was allowed to stir 

overnight and a 1H NMR spectrum was obtained to determine the monomer conversion and then 

a solution of the second monomer BBL (0.15 ml, 0.75 M, 1.87 mmol) in THF was added to the 

reaction. The polymerization was allowed to stir overnight and then quenched with acidic Et2O 

(0.5 ml of 1.5 M HCl in Et2O). A few drops of the mixture were removed to check conversion and 

the remaining mixture was quenched in cold methanol (0 °C). The precipitated polymer was 

solidified by immersing the vial in liquid nitrogen. Then, the supernatant was decanted off. The 

resulting polymer was washed with cold methanol (1 × 3 ml) with the same procedure and then 

dried under vacuum overnight. 

Large-scale block-copolymerization of lactide using (RR/RR)-18 in Air. Calculated amounts 

of (RR/RR) -18 and THMB were added in to a flask outside the N2 box followed by addition of L-

LA. The reaction started by immersing the flask in oil bath at 130 °C. After specified amount of 

time (full conversion in 1 h), due to increased viscosity, temperature raised to 155 °C and few 

drops of Toluene and D-LA was added. The conversion was measured after 2hrs followed by the 

addition of L-LA to form tri-block copolymers after stirring for another 2 h. 
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Chapter 3: Synthesis and rheological characterization of star-shaped and 

linear poly(hydroxybutyrate)  

 

In this chapter monodisperse linear, three-armed and six-armed star-shaped PHBs were 

prepared using indium and zinc based catalysts.  Viscometric results confirmed the presence of 

symmetric well-defined star PHBs in solution state. Melt rheological behavior of these materials 

was also compared to investigate the effect of the different PHB architectures on its properties and 

to understand the relationship between PHBs topologies and its rheological behavior. The shear 

dependent non-linear rheological behavior of these polymers is also reported along with the 

modeling that resulted from the K-BKZ Wagner constitutive equation.  

3.1 Introduction 

Recent advances in biodegradable polymer synthesis, such as poly (lactic acid) (PLA) and 

poly(hydroxyalkanoates) (PHAs), have focused on the custom design and synthesis of polymers 

with tailored properties for use in biomedical applications.181,220-222 In particular, poly(-

hydroxybutyrate) (PHB), generated through ring opening polymerization of -butyrolactone 

(BBL), is an important biocompatible polymer that has not been studied to the same extent as other 

polyesters such as PLA.223-225 Despite its high ring strain,226 rapid and highly controlled 

polymerization of BBL to produce high molecular weight PHB is rare due to the low activity of 

most catalysts towards -lactones, and the high prevalence of chain termination events with this 

monomer.9,30,74-76,126,134,142,147,148,227,228  These side reactions limit the possibilities for expanding 

PHB polymer architecture through forming branch points or block copolymers.229 230 
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Immortal ring opening polymerization of lactide (LA) in the presence of linear or branched 

chain transfer agents such as alcohols is a promising route towards reducing metal and ligand 

contamination and has produced an array of end-functionalized polymers with various 

architectures.181,220,231,232  In particular, star-shaped PLAs, which can be synthesized through 

immortal polymerization with multidentate alcohols, have smaller hydrodynamic radii, lower 

viscosities, and higher functional group concentration than their linear counterparts and have found 

applications in drug delivery among other fields.21  In contrast, immortal polymerization of BBL 

is difficult due to a paucity of compatible catalytic systems.10,107,125,149,150  Reports of star-shaped 

PHB are rare.233-235  

We have reported that dinuclear indium complex, [(NNOtBu)InCl]2( -Cl)(-OEt) (D),236 is 

a highly active and controlled catalyst for the living polymerization of LA and is capable of 

immortal ring opening polymerization of BBL in the presence of up to 100 equivalents of added 

alcohol such as ethanol and monomethylated poly(ethylene glycol).112  In addition to 

unprecedented stability in the presence of alcohols and the high rate of reactivity with BBL, 

catalyst D is also able to form PLA-PHB-PLA triblock polymers through simple sequential 

addition.114  Our work in this area has shown that the dinuclear nature of (D) is essential in 

controlling polymer micro- and macrostructure in lactide polymerization.162-165,237,238   

Here in this chapter, the first example of a one-component precursor to star-shaped polyesters, 

[(NNOtBu)InCl]2(μ-Cl)(μ-OTHMB) (2) ([OTHMB] = 3,5-bis(hydroxymethyl)phenyl)methoxide), 

and its utilization in the synthesis of previously unknown 3-armed star-shaped PHB and PLLA-

PHB block copolymers will be reported.  We have reported zinc complexes with the same ligand 
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framework218 and have expanded work to imine analogues (±) (NNiOtBu)ZnEt (3). This complex 

will be used for the formation of 6-armed star PHBs in the presence of hexols.  

3.2 Results and discussion 

 Preparation of active indium and zinc based catalysts for the polymerization 

of BBL 

Dinuclear indium complex [(NNOtBu)InCl]2(μ-Cl)(μ-OEt) (D) is prepared according to the 

literature procedures.162-165,236 Reaction of (D) with excess benzyl alcohol in THF for 1 hour 

followed by the removal of solvent and unreacted benzyl alcohol affords formation of benzyl 

alkoxy bridged complex (1) ([(NNOtBu)InCl]2(μ-Cl)(μ-OBn)) (Figure A1-2) (Scheme1). Likewise, 

the reaction of excess 1,3,5-tris(hydroxymethyl)benzene (THMB) with complex D in THF at room 

temperature or in the presence of 1 equivalents of THMB in toluene at 70 °C, forms an OTHMB-

bridged complex, [(NNOtBu)InCl](-Cl)(-OTHMB) 2 (Scheme 1).  The solution structure of (2) 

is also confirmed by proton and carbon NMR spectroscopies (Figure A3-4).   The 1H NMR 

spectrum (CDCl3, 25 °C) of complex 2 shows two AB doublets at 5.08 and 5.80 ppm belonging to 

the In-O-CH2-C6H3(CH2OH)2 protons immediately coordinated to the indium centers and two AB 

doublets at 4.26 and 4.40 ppm assigned to the distal In-O-CH2-C6H3(CH2OH)2 protons.  The 

presence of excess THMB does not form a bis-alkoxy bridged complex and there is no evidence 

of THMB bridged between multiple indium centers. Crystals of complex 2 suitable for single 

crystal X-ray structural determination can be obtained from a toluene solution at room temperature. 

Complex 2 is dinuclear with two octahedral indium centers asymmetrically bridged by chloride 

and (3,5-bis(hydroxymethyl)phenyl)methoxide, -OTHMB, ligands (Figure A5).  The bond lengths 

and angles for homochiral (SS/SS)-5 are similar to those for previously reported asymmetrically-
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bridged homochiral dimers in the series.162-165,237,238  Ethyl zinc complex (3) (±) (NNiOtBu)ZnEt 

was prepared according to our previously reported procedure through ethane elimination of diethyl 

zinc (ZnEt2) in the presence of proligand in diethylether for 1 hour (Scheme 1).239  

  

Scheme 1. Synthesis of complexes 1-3  
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 Immortal ROP of BBL with complexes 1 and 2 in the presence of BnOH and 

THMB 

Catalysts 1 and 2 can be used to polymerize up to 20000 equivalents of BBL in the presence 

of high loadings of BnOH and THMB to form linear and star shaped poly(hydroxybutyrate) (Table 

3.1).  The resulting polymers show narrow dispersities (Đ = 1.01-1.08) with good agreement 

between calculated and experimental molecular weights (Figure 3.1 (a), (b)).  In particular, this 

system forms highly controlled star-shaped polymers in the presence of a wide range of monomers: 

a THMB:2 ratio of 590 can be used to generate well-controlled star-shaped oligomers (Table 3.1, 

entry 9), while with a ratio of 4:1 star shaped polymers with molecular weights as high as 220 

kgmol-1 can be obtained.  All PHBs generated with the indium catalysts are atactic.112 
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Table 3.1. Polymerization of BBL in the presence of BnOH and THMB. 

 

 ROH [M]:[ROH]:[I] Conv.a 

(%) 

Mn,theo
b 

gmol-1 

Mn,GPC
c 

gmol-1 

Mw,GPC
c 

gmol-1 
Đc 

Tg 

°C  

1 BnOH 5000/190/1 >99 2433 2370d - - -  

2 BnOH 5000/40/1 >98 10714 12320 12800 1.04 -  

3 BnOH 5000/20/1 >98 21260 22560 23010 1.02 -  

4 BnOH 5000/10/1 >98 42352 48090 49050 1.02 0.5 

5 BnOH 5000/5/1 >99 83258 89100 91770 1.03 1.1 

6 BnOH 5000/2.7/1 >98 156342 121360 143200 1.17 2.3 

7 BnOH 5000/1.66/1 >99 256823 157380 162100 1.03 1.5 

8 BnOH 5000/1.25/1 >99 341024 222790 225020 1.03 2.1 

9 THMB 7400/590/1 >87 1107 1250d - - -  

10 THMB 5000/300/1 >97 1560 1695d - - -  

11e THMB 5000/40/1 >99 10822 9820 10507 1.07 -  

12e THMB 5000/20/1 96 20830 23200 23660 1.02 -  

13 THMB 5000/10/1 95 41061 44490 44930 1.01 0.5 

14 THMB 5000/5/1 >99 85397 77200 83380 1.08 1.0 

15 THMB 5000/4/1 >99 106704 111010 116020 1.04 1.5 

16 THMB 10000/4/1 >96 206782 138030 146280 1.06 0.5 

17 THMB 20000/4/1 >90 387573 219600 223300 1.02 1.5 

For entries 1-8, initiator [I] is 1, for entries 9-17 [I] is 2. a Monomer conversion, determined by 1H NMR 

spectroscopy. b Calculated from ([BBL]o/([ROH]/[I]) × monomer conversion × MBBL) + MROH (MBBL = 

86.09 gmol-1, MBnOH = 108.14 gmol-1, MTHMB = 168.19 gmol-1).c, determined by GPC-LLS using dn/dc = 

0.068 for PHB in THF, Đ = Dispersity index. d 1H NMR molecular weight. e Reference (113).  
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Figure 3.1 a)Plots of observed PHB Mn and dispersity (●) as functions [BBL]:[initiator] for a) left, (♦) 

BnOH + catalyst 1 and b) right, (■) THMB + catalyst 2.  The line indicates calculated Mn values based on 

the BBL:initiator ratio. All reactions were carried out at room temperature in THF and polymer samples 

were obtained at >98% conversion.  

 

Figure 3.2(a) shows the 1H NMR spectrum of the oligomers obtained from the polymerization 

of [BBL]/[THMB]/[2] 7400:590:1, which was quenched at 87% conversion and the unreacted 

monomer removed in vacuo.  The spectrum shows diagnostic chain end PHB(CH3)-CH-OH 

methine protons at 4.2 ppm (peak g) and the core aryl protons at 7.3 ppm (peak a), which confirms 

the presence of THMB as the polymer core.  The integral ratio of the PHB methine protons (peaks 

e+g) to peak a is ~ 4.  This value corresponds to the expected number of repeat units per arm of 

the star (7400/590*0.87/3 = 3.63).  These results are also confirmed by the MALDI-TOF mass 

spectrum (Figure 3.2(b)). 
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Figure 3.2 (a) 1H NMR spectrum (CDCl3, 25 °C) and (b) MALDI-TOF spectrum of 3-arm star PHB 

isolated from polymerization of [BBL]:[THMB]:[2] ratios of 7400:590:1 (Table 3.1, entry 9). Reaction 

stopped after 87% conversion and the monomer left overs where removed under high vacuum overnight. 

 

A unique ability of this system is the immortal block-copolymerization of BBL and LA, 

regardless of the sequence of addition. Sequential addition of BBL followed by L-LA, or vice 

versa, to catalyst 2 (prepared in situ with complex (D) and 5 equiv THMB) forms star block 

copolymers PHB-PLLA or PLLA-PHB, respectively (Table 3.2).  For example, the first addition 

a 

b 
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of 625 equiv BBL yields 3-arm star PHB homopolymer with Mn value (46 kgmol-1) close to the 

calculated value (53 kgmol-1) (Figure 3.3. (a) dashed line).  Monomer conversion can be 

determined by 1H NMR spectroscopy.  Next, the addition of 373 equiv L-LA to the reaction 

mixture containing the 3-arm star PHB forms 3-arm star copolymer PHB-PLLA with Mn 

corresponding to 625 BBL and 373 L-LA enchained units (Figure 3.3. (a) solid line).  Reversing 

the order of addition also yields a star-shaped block copolymer (Figure 3.3. (b)). This acceptable 

agreement between experimental and theoretical molecular weights of the resulting block 

copolymers, along with very narrow molecular weight distributions, implies that no matter the 

monomer addition sequence, there is good control in block copolymerization of BBL and LA.  

 

Table 3.2. Block copolymerization of BBL and L-LA using in-situ formed complex 2 in the presence of 

THMB as chain transfer agent in THF at room temperature. 

 

 

 

 

 
 
 
 

 

 M1(M2) ROH 
[M1+M2]: 

[ROH]:[I] 

Mn,theo
c/ 

gmol-1 

Mn,GPC
d 

gmol-1 
Đd 

1a,e BBL (L-LA) THMB 3125 + 1865/5/1 103433 103000 1.01 

2b,e L-LA (BBL) THMB 1865 + 3125/5/1 98052 96277 1.01 

Unless otherwise state, all reaction carried out in THF at 25 °C over 16h to >95% conversion. aOrder 

of monomer BBL followed by L-LA, conversion BBL:L-LA 99 : 93.  bOrder of monomer L-LA followed 

by BBL, conversion L-LA:BBL 96 : 86.  Monomer conversion determined by 1H NMR spectroscopy. c 

Calculated from ([M1]o/([ROH]/[I]) × monomer conversion × MM1) + ([M2]o/([ROH]/[I]) ×  monomer 

conversion × MM2)  + MROH (MBBL = 86.09 gmol-1, ML-LA = 144.13 gmol-1, MBnOH = 108.14 gmol-1, MTHMB 

= 168.19 gmol-1). d Determined by GPC-MALS in THF using dn/dc = 0.068 for PHB. e Block copolymers 
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are not soluble in THF so CHCl3 is used as the GPC solvent (dn/dc = 0.034 for PHB and dn/dc = 0.029 for 

PLLA). 

 

 

Figure 3.3 Overlaid GPC traces of 3 arm star block copolymers produced by consecutive additions of 

(a) 625 equiv. of [BBL]:[THMB] and 373 equiv. of [L-LA]:[THMB] and (b) 373 equiv. of [L-LA]:[THMB] 

and 625 equiv. of [BBL]:[THMB] (bottom) with complex 2 in THF at 25 °C. (a) 1st addition, dashed line 

(Mn = 49 kgmol-1, Đ =1.01) for BBL; 2nd addition, solid line (Mn = 103 kgmol-1, Đ = 1.01) for PHB-b-

PLLA (Table 3.2. entry 1). (b) right, 1st addition, dashed line (Mn = 43 kgmol-1, Đ =1.01) for L-LA; 2nd 

addition, solid line (Mn = 96 kgmol-1, Đ =1.01 for PLLA-PHB (Table 3.2. entry 2). 

 

 

 Immortal ROP of BBL with complex 3 in the presence of dipentaerythritol 

(DPET) 

 

 In order to synthesize multi-branched star PHBs, dipentaerythritol (DPET) can be used as the 

chain transfer agent.190  However, attempts to prepare star polymers with indium catalysts were 

unsuccessful; attempts to generate macroinitiators through reacting [(NNOtBu)InCl]2(μ-Cl)(μ-

OEt), with DPET prior to monomer addition failed due to insolubility of DPET in various organic 

solvents.  Polymerization of BBL in the presence of DPET and complex (D) at room temperature 

formed a mixture of linear and star shaped polymers, indicating that the rate of propagation is 

higher than alcoholysis under these reaction conditions.  Reactions at higher temperatures in the 
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presence of catalysts are not controlled.  Indeed, the reaction of DPET and neat BBL at 120 °C 

without added catalyst, results in uncontrolled BBL oligomerization with broad molecular weight 

distribution, with a side reaction that forms crotonate end groups (Figure A.10).   

Alternatively, we can use zinc alkyl complex 3, which itself is not a reactive initiator for BBL 

polymerization in the absence of a nucleophile, to generate high molecular weight star PHBs 

(Table 3.3).  Ring opening polymerization of BBL with 3 and DPET forms moderately syndiotactic 

PHB with Pr values ranging around 0.55 to 0.62.  DSC thermograms of this set of polymers show 

a broad melting range from 50 °C to 62 °C with low melting enthalpies of 2.3 to 3.5 J/g, which 

shows that the samples are mainly amorphous (Figure A.12).  The dispersities of the resulting 

polymers are ~1.2 and as the monomer to catalyst ratio increases, the molecular weight does not 

increase proportionally due to transesterification reactions; the maximum accessible molecular 

weight using this catalytic system is ~100 kgmol-1 (Table 3.3 and Figure 3.4).107   
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Table 3.3. Polymerization of high equivalents of BBL by complex 2 in the presence of DPET.  

 

Entry [M]:[ROH]:[I] 
Conv.a 

(%) 

Mn,theo
b 

gmol-1 

Mn,GPC
c 

gmol-1 

Mw,GPC
c  

gmol-1 
Đc Pr

e 

Tg 

(°C) 

 

Tm  

(°C) 

 

1 294/1/1 98 25538 
26120 

(25796 d) 
27950 1.07 0.54 -  g - g 

2 670/1/1 89 51589 43190 51390 1.20 0.55 1.2 - g 

3 822/1/1 88 60358 48200 61700 1.30 0.54 1.5 48.2 

4 940/1/1 90 70086 67840 76660 1.13 0.58 0.8 52.1 

5 1200/1/1 86 89099 79200 82360 1.04 0.60 0.2 50.9 f 

6 1300/1/1 85 95383 85860 96160 1.12 0.55 2.0 49.3 f 

7 2050/1/1 80 141441 101300 115900 1.14 0.62 2.5 62.3 f 

All reactions were carried out at room temperature in CH2Cl2.  ROH = DPET, I = complex 3.  a 

Monomer conversion, determined by 1H NMR spectroscopy. b Calculated from ([BBL]o/([ROH]/[I]) × 

monomer conversion × MBBL) + MROH (MBBL = 86.09 gmol-1, MDPET = 254.28 gmol-1).c Determined by GPC-

LLS using dn/dc = 0.060 for 6armed star PHBs in THF. d 1H NMR molecular weight. e Pr is the probability 

of racemic linkages between monomer units and is determined by methane region of invers gated 13C{1H} 

NMR spectra. f DSC thermograms are presented in Figure A.12. g Not determined. 
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Figure 3.4 Plots of observed PHB Mn (▲) and dispersity () as functions [BBL]:[DPET] for catalyst 

3.  The line indicates calculated Mn values based on the (BBL:initiator ratio)x90%conversion.  All reactions 

were carried out at room temperature in CH2Cl2 and polymer samples were obtained at >85% conversion. 

 

Chain end analysis of a representative sample (BBL/DPET/3 : 294/1/1) using 1H NMR 

spectroscopy reveals the absence of DPET alcohol resonances at 0.44 and 3.59 ppm and the 

presence of a broad resonance at 4.14 ppm corresponding to the polyol core, which confirms 

activation of all six alcohol functionalities for each catalyst (Figure 3.5).  The presence of the 

DPET core is also confirmed by MALDI-TOF (Figure 3.6) and 13C DEPT results (Figure A.11).  
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Figure 3.5 1H NMR (CDCl3, 25 °C) spectrum of the isolated star PHB [BBL]:[DPET]:[3] ratios of  

294:1:1(Table 3.3, entry 1). 

 
Figure 3.6 MALDI-TOF spectrum the isolated star PHB [BBL]:[DPET]:[3] ratios of  294:1:1(Table 

3.3, entry 1). 
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 Solution Viscometery 

Star-shaped PHB homopolymers, and their rheology, are unexplored.  We studied the solution 

and melt rheological properties of the synthesized polymers to characterize their topology and bulk 

properties. 

Plots of molecular weight dependence of intrinsic viscosities of linear and star-shaped PHBs 

are shown in Figure 3.7. These values are consistent with the results obtained from Cannon-Fenske 

viscometer in THF (Figure A.16 (a-d)). It is apparent that at a given molecular weight, [η] 

decreases for both sets of star polymers, and more significantly for 6-armed star PHBs compared 

to their linear counterparts.  Using the power law Mark-Houwink equation, the following values 

of the parameters were determined for the three classes of PHB polymers : [𝜂]𝑙𝑖𝑛𝑒𝑎𝑟 =

 0.019 𝑀𝑤,𝐿𝑆
0.74 ,   [𝜂]3𝑎𝑟𝑚𝑒𝑑−𝑠𝑡𝑎𝑟 =   0.013 𝑀𝑤,𝐿𝑆

0.76 ,   [𝜂]6𝑎𝑟𝑚𝑒𝑑−𝑠𝑡𝑎𝑟 = 0.008 𝑀𝑤,𝐿𝑆
0.79 .  The Mark 

Houwink exponent is between 0.74 and 0.79.  This exponent is 0.5 in poor solvent, such as Hexanes 

and 0.8 in good solvent, such as THF, conditions. These results show that THF is a good solvent 

for linear and branched PHBs and the polymers possess random coil conformation in this solvent. 
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Figure 3.7 The intrinsic viscosities of PHBs of different architecture versus weight average molecular 

weight (Mw) at 25 °C . The slope of the straight lines (Mark-Houwink exponents) are 0.74 for linear, 0.76 

for 3-armed, and 0.79 for 6-armed samples implying good-solvent conditions. 

 

The measured values of the hydrodynamic radii, Rh, the radius of gyration, Rg, and their ratio  

(Rg/Rh) are depicted in Figure 3.8  and Figures 3.9 (a) and (b) for the linear, 3-armed and 6-armed 

star series as a function of MW.  The power-low relationship of Rh and Rg with Mw of the samples 

indicated that the molecules are highly self-similar.  The compactness factor, Rg/Rh, is 0.78 for a 

hard sphere, while for a linear polymer chain the value is 1.86.  For self-similar structures, the ratio 

is constant and as the ratio of Rg/Rh decreases, the intramolecular crowding increases, which 

indicates enhanced packing of segments within a molecule.  For the present materials, the range is 

very narrow (1.78 <Rg/Rh< 2) for linear PHBs (Figures 3.8), thereby implying that the molecules 

are monodispersed; this ratio is 1.35 <Rg/Rh< 1.4 for the 3-armed-PHBs and 1.2 <Rg/Rh< 1.25 

for the 6-armed samples.  The constant values of the compactness factor and the fact that increasing 
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the branching number reduces the Rg/Rh demonstrates that the branching is structurally well-

defined, regular, and compact for both sets of star polymers (Figures 3.9 (a), (b)). 
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Figure 3.8 Measured radii of gyrations, hydrodynamic radii and Rg/Rh vs. weight-averaged molecular 

weight in a series of linear PHBs. 
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Figure 3.9 Measured radii of gyrations and hydrodynamic radii vs. weight-averaged molecular weight 

in a series of (a) 3-armed and (b) 6-armed star polymers. Errors reported are based on multiple 

measurements made with different batches of solutions. 
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 Melt viscoelastic properties 

3.2.5.1 Dynamic frequency sweep tests 

Figure 3.10 shows representative master curves of the viscoelastic moduli of linear, 3-armed, 

and 6-armed star polymers of high molecular weights. The master curves were obtained by 

superposing the isothermal linear frequency sweep test results of the polymers measured from 25 

°C to 70 °C.  The various curves were shifted by means of applying the time-temperature 

superposition (tTS) principle in order to generate the master curves at the reference temperature of 

Tref = 50 °C.  In order to produce smooth master curves, both horizontal aT and vertical shift factors 

bT, which were close to 1, were used. aT values versus temperature obey the Arrhenius equation, 

𝑎𝑇 = 𝑒𝑥𝑝[−𝐸𝑎/𝑅(
1

𝑇
−

1

𝑇𝑟
)] , where 𝐸𝑎 is the activation energy of flow, 𝑅  is the universal gas 

constant, and Tr is the reference temperature.  Straight line fitting of the data results in an average 

activation energy of 129.1 kJ/mol for the linear, 135.8 kJ/mol for the 3-armed, and 155.4 kJ/mol 

for 6-armed star PHBs, respectively.  Increased flow activation energies of the star polymers 

indicates the influence of the presence of branches on the viscoelastic properties of the polymers.  

Also using the WLF equation, 𝑙𝑜𝑔(𝑎𝑇) =  −𝐶1(𝑇 − 𝑇𝑟)/(𝐶2 + 𝑇 − 𝑇𝑟), the following parameters 

were obtained: C1= 7.2 K−1, C2 = 110.1 K for linear polymer and 6.7 K−1, 103.1 K for 3-armed and 

7.5 K−1 and 100.8 K, for 6-armed samples (Figure 3.11).   
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Figure 3.10 Master curves of the dynamic moduli G' and G″ as a function of angular frequency ω for the 

PHB melts at 50 °C (a) entry 7 in Table 3.1 (Linear PHB, Mw = 162  kgmol-1, Đ = 1.03), (b) entry 16 in 

Table 3.1 (3-armed star PHB, Mw = 146 kgmol-1, Đ = 1.06), (c) entry 7 in Table 3.3 (6-armed star PHB, 

Mw = 115 kgmol-1, Đ = 1.14). Continuous lines represent the fitting of the parsimonious relaxation 

spectrum (Equations A.1 and A.2, Figure A.14 (a-c)). (Molecular weight dependence of G' and G″ of linear, 

3-armed, and 6-armed stars are presented in Figure A.13 (a-f)). 
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𝜔c = 𝜔𝑚𝑎𝑥 
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Figure 3.11 Horizontal time-Temperature superposition shift factors and the WLF fit as a function of 

temperature. 

 

Applicability of the tTS principle and the WLF equation indicated that the samples in the 

measuring temperature window are all thermorheologically simple fluids. Similar plots to those 

depicted in Figure 3.10 were also prepared for a range of molecular weights of the linear and star 

polymers (Figure A.13).  All the curves converged at very high frequencies in the transition to the 

glassy zone.  The rubbery region was also clearly observed within the intermediate frequency zone, 

which is an indicator of the monodispersity of the polymers.  Finally, the terminal zone was 

reached at very low frequencies, where the characteristic slopes G'  𝜔 2 and G" 𝜔 were obtained.   

Comparing the LVE plots of Figure 3.10, it is apparent that the frequency dependence of the 

elastic and loss moduli of linear and star PHBs are different.  In the case of linear PHBs, the 

crossover frequency, ωc, (G'=G") in the terminal region, coincides with 𝜔𝑚𝑎𝑥 , revealing an 

isolated band of relaxation times of a narrow molecular weight distributed polymer.  Meanwhile 
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for the star PHB samples, the 𝜔𝑐 values are lower than the corresponding 𝜔𝑚𝑎𝑥.  This is due to the 

presence of a different relaxation mechanism, the "arm retraction (breathing mode)" relaxation, 

significantly different from the reptation mechanism of linear polymers.178  Although the shape of 

G" of entry 16 of Table 3.1 (Figure 3.10 (b)) follows the characteristic fingerprint of the breathing 

mode relaxation of the star branched polymers, the
"

maxG  of the 6-armed polymers (Figure 3.10 (c)), 

is not as significant as that of the 3-armed polymer, which can be assigned to their lower 

entanglement density. Entanglement molecular weight of the polymers can be estimated from 

 𝑀𝑒 = 𝜌0𝑅𝑇 𝐺𝑁
0⁄ , where 0 is the density, R is the gas constant, T is the measurement temperature, 

and 𝐺𝑁
0  is the plateau modulus. 

In order to estimate the plateau modulus, Van-Gurp Palman plots (Loss-angle(𝛿) Vs. Complex 

modulus G*) were used240 (Figure 3.12).  The obtained 𝐺𝑁
0  for linear, 3-armed, and six-armed 

star samples are 0.5 MPa, 0.45 MPa, and 0.55 MPa, which are in agreement with the results 

obtained from the Parsimonious relaxation spectrum (Figure A.14). 
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Figure 3.12 Van Gurp-Palmen plots of entry 7 of Table 3.1 (Linear PHB, Mw = 162 kgmol-1, Đ = 1.03) 

(filled circles), entry 16 of Table 3.1  (3-armed star PHB, Mw =146 kgmol-1, Đ = 1.06) (filled triangles), 

entry 7 of Table 3.3 (6-armed star PHB, Mw = 114 kgmol-1, Đ = 1.14) (filled stars). 

 

The entanglements molecular weight of linear PHBs, Me, is calculated from the plateau 

modulus using 𝑀𝑒 = 𝜌0𝑅𝑇 𝐺𝑁
0⁄  assuming a density of 0.90 g/cm3, at T = 323 K which results in 

Me = 4833 gmol-1.  In order to obtain a precise estimation of the entanglement molecular weight 

of the stars, the McLeish-Milner equation was used.199  Based on their theory, there is an 

exponential relationship between the zero-shear viscosity (0) and arms molecular weight (Marm) 

as  𝜂0 = 𝐴𝑒𝑥𝑝(𝛾
𝑀𝑎𝑟𝑚

𝑀𝑒
), where A is a constant and 𝛾 has the universal value of 0.48.241  The 

Newtonian zero-shear viscosities were obtained in the low frequency region using 

𝐺"(𝜔)/𝜔 =  𝜂0𝜔→0
𝑙𝑖𝑚 .  The results are plotted in Figure 3.13 for linear and star-shaped PHBs versus 

the molecular weight of the longest linear span in the molecule (twice the arm molecular weight 

of a star).  The viscosity of the linear polymers follows the power law relationship  𝜂0 = 5 ×
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10−12𝑀𝑤
3.42 .  Meanwhile, 0

 for symmetric stars scales exponentially with the arm molecular 

weight. 
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Figure 3.13 Scaling of the zero shear viscosity on the molecular weight of the series of linear, and star-

shaped polymers 

 

The exponential dependence of zero-shear viscosity on the molecular weight of star-branched 

polyisoprenes and other branched polymers such as polyglycerols has been also reported.178,242,243  

The entanglement molecular weight of the stars estimated from the McLeish-Milner relationship, 

results in Me value of 5052 and 4800 gmol-1 for the 3-armed and the 6-armed star PHBs 

respectively.  Considering the linear samples as a 2-amed star polymer, for the high molecular 

weight linear sample examined (entry 7 of Table 3.1), the branch entanglement number, Z = Ma / 
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Me, is 16, while this number is 9.5 and 4.02 for the 3-armed and the 6-armed star samples shown 

in Figure 3.10 (b-c).  Hence, the absence of a distinct arm retraction relaxation mode in the dynamic 

frequency sweep tests results can be attributed to the lower entanglement density of the 6-armed 

star PHBs.  Additionally, the broader molecular weight distribution of this sample (1.14) might be 

another factor affecting its viscoelastic properties, as broader molecular weight distributions eases 

relaxation through dynamic dilation.  Nevertheless, arm retraction is still an activated process as it 

was shown by the exponential dependence of the viscosity of the 6-armed stars on the arm length. 

As a universal plot (Figure 3.13), the zero-shear viscosity versus the span molecular weight 

should be independent of the number of arms.  However, the zero-shear viscosity of 6-arm stars is 

higher than that of the 3-arms for comparable span molecular weights. Dorgan et al. have also 

reported the same non-universality in zero shear viscosity of the 4-armed and 6-armed star shaped 

poly (lactic acids) PLAs.207  They assigned this lack of universality to several parameters, such as 

thermal degradation and relatively high molecular weight distributions (Đ ~ 2) of the star 

polymers, which directly affects the symmetry of the star molecules.  The rheological 

measurements of the current work have been performed at relatively low temperatures and the 

dispersity of the polymers are all less than 1.2.  Hence, this disparity is attributed to the different 

chain conformation of moderately syndiotactic microstructure of the 6-armed star PHBs.  This 

observation is consistent with the results have been reported by Wang et al. on the effect of tacticity 

on viscoelastic properties of polystyrenes. 244 

3.2.5.2 Start-up of shear flow test results 

To examine further the flow properties of PHB melts, startup of steady shear tests were 

performed at various shear rates to compare the behavior of the various architectures of the PHB 
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polymers (Figure 3.14).  As the shear rate increases, the time dependent shear growth coefficient 

reaches an overshoot, followed by a decrease of the steady-state viscosity.  The observed viscosity 

overshoot, or the yield stress is due to chain alignments and arm disentanglement,206,245 the extent 

of which is less pronounced for six armed PHBs, possibly due to its broader molecular weight 

distribution.  Strain hardening due to chain stretching was not observed for the linear and star-

shaped PHB samples at the shear rates studied, which is known for monodisperse linear and 

sparsely branched polymers. 
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Figure 3.14 The shear stress growth coefficient of linear and star-shaped samples at different levels of shear 

rate, at 50°C (a) From Table 3.1 entry 7 (Linear PHB, Mw = 160 kgmol-1, Đ = 1.03), (b) From Table 3.1 

entry 16 (3-armed star PHB, Mw =146 kgmol-1, Đ = 1.06), (c) From Table 3.2 entry 7 (6-armed star PHB, 

Mw = 115 kgmol-1, Đ = 1.14). The continuous lines represent the predictions of the K-BKZ model using 

Osaki damping functions.  

 

One key observation in Figure 3.14 is the progressive reduction of transient viscosity with 

shear rate increase, which is more profound for star shaped PHBs.  This higher degree of shear 



92 

 

thinning observed for the stars versus the linear PHBs is consistent with the previously reported 

results on stars-shaped polyisoprenes242 and polylactides.181,207,246  The lower entanglement 

density, and the presence of branch tips in the star polymer melts, are the reasons for the observed 

decreased viscosity at higher shear rates.  However, at lower shear rates or in the linear viscoelastic 

region, the branch points enhance the viscosity due to imposing more constrain against molecular 

dynamics.  

In an attempt to predict the start-up of shear flow results Wagner model was used.172  This 

model is the simplified version of the K-BKZ as a popular constitutive equation to predict the non-

linear viscoelastic behavior of the polymeric melts, which can be written as follows: 

 𝝈 =  ∫ (∑
𝑔𝑖

𝜆𝑖𝑖 exp (−(𝑡 − 𝑡′))/𝜆𝑖)ℎ(𝛾)
𝑡

−∞
𝑩(𝑡, 𝑡′)𝑑𝑡′  (1) 

where 𝝈 and 𝑩 are the stress and Finger strain tensors (representing the material strain history) 

and h represents the damping function.  The damping function can be determined using 

experimental data, if the time-strain separability principle applies to the material.  As a result, 

ℎ(𝛾) =  𝐺(𝑡, 𝛾) 𝐺(𝑡)⁄ , which can be determined as a vertical shift factor of the stress relaxation 

modulus curves, 𝐺(𝑡, 𝛾),  (Figure A.15 (a) to (f)) that best superimpose to the liner relaxation 

modulus 𝐺(𝑡).  Data points are finally fitted to the double-exponential Osaki function (Eqn. 2), 

 ℎ(𝛾) = 𝑎𝑒𝑥𝑝(−𝑚𝛾) + (1 − 𝑎)exp (−𝑛𝛾) (2) 

in which a, n, and m are fitting parameters.  The Wagner model predictions are shown in 

(Figure 3.14) as solid lines. As it can be seen, the calculated viscosities can satisfactorily predict 

the viscosity overshoot and more shear thin behavior of the stars compared to the linear PHBs, 

which shows that the non-Newtonian feature of the star PHBs is predominantly influenced by their 

relaxation mechanisms under large strains. 
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3.3 Summary 

High molecular weight symmetric star shaped poly(hydroxybutyrate) were synthesized via 

immortal ROP of BBL using indium and zinc catalysts [(NNOtBu)InCl]2(μ-Cl)(μ-OTHMB) (2) and 

(NNiOtBu)Zn(CH2CH3) (3) in the presence of a triol (THMB) and a hexol (DPET) as the chain 

transfer agents.  The chain end analysis using 1H NMR and MALDI-TOF revealed the presence 

of the CTAs as the star core.  The indium catalyst 2 showed highly controlled living and immortal 

polymerization of BBL, with each catalyst molecule generating up to 590 macromolecules to 

afford hydroxyl-functionalized, star-shaped PHBs.  Zinc catalyst 3 generates moderately 

syndiotactic PHBs with maximum molecular weights of ~100 kgmol-1, however the presence of 

side reactions hinders access to higher molecular weights.   

The solution and melt viscoelastic properties of the various molecular weight linear and star-

shaped PHBs were also investigated.  Power law relationships of the Rg and Rh with molecular 

weights, and lower amounts of the intrinsic viscosity and compactness factors of the stars 

compared to that of the linear PHBs indicated the self-similar and symmetric topology of the star 

PHBs.  From melt rheology, the entanglement molecular weights of the linear and star shaped PHB 

homopolymers are estimated.  The zero-shear viscosity of the linear PHBs has shown a scaling of 

 𝜂0 ∝ 𝑀𝑤
3.42 to be consistent with those reported for linear monodisperse polymers, while 0 for 

symmetric stars scales exponentially with the arm molecular weight. Furthermore, transient shear 

viscosity growth of the samples indicates more shear thinning behavior of the stars compare to the 

linear PHBs due to the dynamic dilution effect of arm tips and lower entanglement densities of the 

stars, which eases the shear alignment of the chains.  We hope to develop our insights into the 

rheology and synthesis of hydroxyl functionalized star-shaped PHBs to generate new families of 

biodegradable materials.  
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Chapter 4: Synthesis of syndioenriched polyhydroxybutyate using chiral 

zinc complexes and thermorheological characterization of it as a processable 

PHB  

This chapter makes two major contributions to the formation of PHB with better processability.  

First, we report the formation of semicrystalline syndiotacticly enriched PHB from racemic BBL 

catalyzed by chiral zinc complexes.  These systems display remarkably high protic group tolerance 

in the presence of up to 5000 equivalents of alcohol, by far surpassing any literature report on 

immortal polymerization of BBL. Second, we show for the first time that moderately syndiotactic 

PHBs are processable in the absence of additional processing aids, making it possible to study their 

viscoelastic and extensional rheological and mechanical properties for the first time.

4.1 Introduction 

As mentioned in chapter 1, one of the challenges in the use of bacterial based PHB as a 

biodegradable plastic, is its limited processing window due to its high melting point and high 

entanglement molecular weight. The thermal degradation temperature of PHB is close to the 

processing temperature, as a result, PHB undergoes extensive thermal degradation during the melt 

processing. In addition, high entanglement molecular weight and hence, low melt strength limits 

processing under high shear/strain forces, such as film blowing and filament winding. 209,247,248 In 

order to improve the processability of PHB, several techniques including blending with other 

polymers,249-251 addition of thermal stabilizers, cross-linking agents, nucleating agents,248,252-254and 

even block copolymerization with other PHAs through microbial synthetic routes,8,255 have been 

attempted, however, with very limited success.  



95 

 

For this reason, in order to make PHB processable, “backbone engineering” can be the only 

solution. In this technique, using synthetic routes, such as ROP of BBL, and only by having a well-

behaved catalytic system, we can control the backbone microstructure, and the crystallinity of 

PHB. Also, having a robust system, we can increase the molecular weight, and reduce the 

molecular weight distribution of the polymer to enhance its melt strength.   

In catalyst design, in order to increase catalytic productivity and reduce metal contamination 

of the final product, immortal ROP in the presence of chain transfer agents may be considered; 

however there exists a limited number of catalysts that stay active in the presence of chain transfer 

agents.10 Zinc as a non-toxic metal with high functional group tolerance has been considered as a 

suitable candidate for immortal polymerization. 

Single site zinc(II) complexes bearing β-diiminate ligand framework ([(BDI-Zn(𝜇-OiPr)]2) are 

known as highly active and selective catalysts for rac- and meso-lactide polymerization.154,156 

These complexes were also found to be active to polymerize high equivalents of rac-BBL under 

mild conditions, however, without stereoselectivity.256 The same catalytic system was successfully 

used for immortal polymerization of rac-BBL with high loadings of isopropanol up to 50 

equivalents to produce PHBs with controlled molecular weights.257  Multidentate amino-ether 

phenolate ligands were used to form a series of zinc complexes by Sarazin and coworkers. 

Although these complexes showed a unique ability to polymerize 50000 equivalence of lactide in 

the presence of 1000 equivalents of CTA, immortal polymerization of 500 equivalence of BBL in 

the presence of 10 equivalents of isopropanol could reach full conversion in 3 hrs at high 

temperatures. 258,259  

Although zinc ethyl complexes bearing chiral diaminophenoxy proligands are very stable 

complexes,218 in chapter 3 we showed that the imine backbone analogue allowed formation of 6-
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armed star PHBs in the presence of DPET. However, polymerizations were not well-controlled 

and showed moderate reactivity and selectivity, nonetheless, the prepared star polymers were 

relatively symmetric and showed enhanced melt viscosity compare to their linear and 3 armed 

analogues.100 

In this chapter, aimed at increasing the catalytic reactivity and selectivity of complex (3), its 

analogues with alkoxy initiators and different substituents on the ligand will be reported.  The 

functional group tolerance of these complexes will be examined through setting up immortal 

polymerizations with high loadings of benzyl alcohol (BnOH). After determining the optimized 

system for large scale polymerization of BBL, up to 2 grams of controlled microstructure PHBs 

will be prepared and detailed thermorheological characterizations will be reported.   

 

4.2 Results and Discussion 

 Synthesis and characterization of zinc complexes  

Racemic and (R,R) 2,6-di-t-butyl-(((2(dimethylamino)cyclohexyl)amino)methyl)phenol with 

various substituents H(NNR2OR1) (R1 = t-Bu, Cm, SiPh3, Ad; R2 = H, Me) can be prepared 

according to previously published procedures.165,260  Alkane elimination reaction of the proligands 

with one equivalent of ZnEt2 forms the corresponding known218 (±)-(NNMeOtBu)ZnEt (4) and (±)-

(NNHOtBu)ZnEt (5) and newly synthesized (±)/(R,R)-(NNHOCm)ZnEt (6), (±)-(NNHOAd)ZnEt (7), 

and (±)/(R,R)-(NNHOSiPh3)ZnEt (8) alkyl zinc complexes (Scheme 4.1).  The 1H NMR spectra 

(CDCl3, 25 °C) of complexes 6-8 are similar to those of previously reported complexes 4 and 5 

with two signals for the N(CH3)2 appear between 1.75 to 2.50 ppm as two separate singlets, 

suggesting that the terminal amine does not dissociate from the zinc center (Figure B.1-4).218  This 

is in contrast to analogous zinc ethyl complexes bearing achiral diaminophenolate ligands which 
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show exchange between the two N(CH3)2 signals.170  The molecular structure of complex 6, 

analyzed by single-crystal X-ray diffraction, is similar to that of 5 and confirms the κ3-coordination 

mode of the ligand in the solid state (Figure B.14).218,261 

Alkoxy zinc complexes (±)-10, (±)/(R,R)-11, (±)-12, and (R,R)-13 were prepared through the 

alcoholysis of alkyl zinc complexes 5-8 with one equiv. of benzyl alcohol in toluene at room 

temperature for 4 h (Scheme 4.1). Complex 10 was highly soluble in most organic solvents 

which complicates its purification process and led to low yield (60%). The racemic version of 

the bulkier substituted complex 13 was however insoluble in most organic solvents due to 

aggregation which inhibits its further characterization. Therefore the enantiopure version of it was 

prepared. Complexes (11-13) were isolated as off-white solids in >80% yields. Complexes (±)-10 

and (±)/(R,R)-11 show a distinctive singlet for the (-CH2-) protons of the benzyl alkoxy group at 

4.75 ppm (Figure B.5-7). This observation infers fluxional behavior and the free rotation of the 

alkoxide bridge around the O-C bond in these complexes. However in (±)-12 and (R,R)-13  the 

methylene protons appear as multiplets due to possible hindered rotation (Figure B.8,9). The 

solution state structures of these complexes confirm the rigidity of the ancillary ligands for (±)-10, 

(±)/(R,R)-11 and 12 as protons of the terminal amine represent two distinct and sharp singlets. 

While (R,R)-13 is more labile as the -N(CH3)2 protons appear as one sharp singlet which is due to 

terminal amine dissociation and κ2 coordination of the ligand in solution. 
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Scheme 4.1 Formation of alkyl and alkoxy zinc complexes 

 

 

Single crystals of complexes (±)-11 and (R,R)-13 were isolated from a solution of toluene and 

ether at room temperature (Figures 4.1, Figure B. 16, 17, Table B.1). In the solid state (±)-11 forms 

a heterochiral (RR/SS) dimer with an inversion center and distorted trigonal bipyramidal zinc 

centers bridged by benzyl alkoxy ligands. The molecular structure of complex (±)-11 retains the 

κ3-coordination mode of the (NNHOcm) ligands which is in accordance to its solution structure. 

Complex 13 crystalizes as a homo-chiral (RR/RR) dimer in the non-centrosymmetric monoclinic 

space group and also retains the κ3-coordination mode.  



99 

 

 

 Figure 4.1 Molecular structures of complex (±)-11 (a, left) and (R,R)-13 (b, right) (depicted with 

thermal ellipsoids at 50% probability and H atoms as well as solvent molecules omitted for clarity). 

 

X-ray quality single crystals of complex (±)-10 were grown from a saturated solution in cold 

pentane.  In stark contrast to aggregation behaviour observed in zinc alkoxide catalysts 170,262 as 

well as related systems,263,264 complex 10 is monomeric in the solid state (Figure 4.2, Figure B.15).  

The solid state structure of 10 shows two mononuclear (SS)-10 complexes in the unit cell.  This 

complex crystalizes in a centrosymmetric triclinic space group, implying that both SS- and RR- 

enantiomers exist in the unit cell.  

 

 

Figure 4.2 Molecular structure of complex (±)-10 (depicted with thermal ellipsoids at 50% probability 

and most H atoms as well as solvent molecules omitted for clarity). 
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We have previously shown that alcoholysis of complex (±)-5 with one equivalent of phenol 

forms (NNMeOtBu)Zn(O-Ph).218  (NNMeOtBu)Zn(O-Ph) is mononuclear in the solid state and it was 

attributed to the presence of hydrogen bonding phenol in the crystal lattice. 218  This is not the case 

for 10.  A comparison of the solid state structures of half of (±)-9 and (±)-10 shows that in 9 the 

benzyl alkoxy group is pointing towards the central N-H while for 10 the presence of the N–CH3 

group forces the benzyl group towards the zinc center (Figure 4.3).  This difference between the 

two complexes is most pronounced in the Ncentral-Zn1-OBenzyl angles, which is significantly larger 

for 10 (96 vs 112°).  This observation suggests that the zinc center is more crowded in the latter 

system.  

 

Figure 4.3 Structural comparison of (a, left) complex 9 (only one side of the dimer is shown) and (b, 

right) complex 10. 

 

In an attempt to hinder aggregation in solution, the benzyl alkoxide group was replaced with a 

coordinating pyridin-2-ylmethoxide in a strategy that was successful for related indium alkoxide 

complexes.166  The alkyl elimination reaction of racemic complexes (±)-4, (±)-7, and (±)-8, with 

pyridin-2-ylmethanol forms the corresponding alkoxide complexes (±)-(NNHOtBu)ZnOCH2Pyr 

(14), (±)-(NNHOAd)ZnOCH2Pyr (15), and (±)-(NNHOSiPh3)ZnOCH2Pyr (16) (Scheme 4.2).  
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Scheme 4.2. Synthesis of (±)-(NNHOR1)ZnOCH2Pyr complexes 

 

 

Figure 4.4 Molecular structure of complex (±)-14 (depicted with thermal ellipsoids at 50% probability 

and most H atoms as well as solvent molecules omitted for clarity (Figure S16)). 

 

Single crystals suitable for X-ray crystallography of (±)-14 were obtained from a mixture of 

toluene and hexane.  Complex (±)-14 has a dimeric structure, with the pyridin-2-ylmethoxide 

moieties with both κ2-O,N and -O chelating motifs.  The two zinc centres are supported by κ2-

coordinated (NNHOR1) ligands, with the -N(CH3)2 groups no longer coordinated to the metal 

centres (Figure 4.4, Figure B.18).   
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The 1H NMR spectrum of (±)-14 shows a singlet corresponding to the methylene resonances 

of pyridin-2-ylmethoxide at 5.17 ppm, while for complexes (±)-15 and (±)-16 the methylene 

protons appear as multiplets at 5.15–5.23 and 4.99–5.13 ppm (Figures B.10-12).  This suggests 

fluxional behavior for the pyridine moiety and greater lability for (±)-14 in solution compared to 

its bulkier analogues.   

To investigate the nuclearity of the complexes in solution, pulsed field-gradient spin echo 

(PGSE) 1H NMR experiments can be carried out for complexes 9-16 to determine their diffusion 

coefficients (Dt) and their hydrodynamic radii (rH) (Table 4.1, Figure B.13).  The Dt values of 

adamantyl substituted (±)-12 is similar to that of complex (±)-9, with values 20–30% smaller than 

those for the proligands,162,265-267 suggesting that the major species for (±)-9 and (±)-12 is dinuclear 

in solution (Table 4.1, entries 4, and 6).  Complex (rac)-10 with tertiary central amine has Dt value 

similar to those of the proligand which indicates the mononuclear structure of the complex in 

solution state in accordance to its solid state structure. The diffusion coefficients of complexes 14-

16 show a difference of only 10-15% from the corresponding proligands, suggesting that the major 

species are mononuclear in solution (Table 4.1, entries 8-10). Notably, (R,R)-13 with bulky ortho 

substituents possess Dt value of 8.61 which is very close to its mononuclear analogue, (±)-16, in 

solution.  This observation indicates that although 13 is dinuclear in the solid state, it dissociates 

in the solution state into mononuclear species due to the presence of bulky SiPh3 substituents.162,166   
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Table 4.1 Diffusion coefficients and hydrodynamic radii 

 Compound Dt
a

 (×10–10 m2s–1) rH
b(Å) rX-ray

c(Å) 

1 (±)-H(NNHOtBu) 165 12.0 5.2 … 

2 (±)-H(NNHOAd) 162 10.2 6.0 … 

3 (±)-H(NNHOSiPh3) 162 9.1 6.3 … 

4 (±)-9 261  7.7(3) 7.5 6.9 

5 (±)-10 9.82(9) 5.9(5) 5.64 

6 (±)-12 7.2(2) 7.8 …. 

7 (R,R)-13 8.6(5) 6.6 7.8 

8 (±)-14 9.9(5) 5.9 5.5 

9 (±)-15 9.3(5) 6.2 …. 

10 (±)-16  8.7(2) 6.6 …. 

aDetermined using PGSE NMR spectroscopy with tetrakis(trimethylsilyl)silane (TMSS) as an internal 

standard. [Compound] = 4.5 mM; samples were prepared in 0.94 mM TMSS solution in CD2Cl2. Dt is 

calculated from slopes of plots of In(I/I0) vs. γ2δ2G2[Δ−(δ/3)]×10−10 (m2 s). bCalculated from Dt values using 

a modified Stokes-Einstein equation (see Appendix B). cCalculated, where solid-state data is available, 

from the crystal structure unit cell volume (V) as well as the number of the compound of interest (n) 

occupying the unit cell assuming spherical shape (3V/4πn)1/3.  

 

 Living polymerization of BBL in the presence of complexes 9-16   

Large scale polymerizations of BBL with complexes 9-16 were conducted in dichloromethane 

at room temperature (Table 4.2).  Polymerization of BBL with complex 9 proceeds rapidly under 

mild conditions allowing full conversion of 400-3000 equivalents of BBL in less than five 268 to 

30 minutes to form high molecular weight PHB ([BBL] = 3.5-4.5 mol·L−1).  Polymers generated 

with this catalyst have predictable Mn values and low dispersity (Đ), which is indicative of living 

polymerization (Table 4.2, entries 1-6).   
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Table 4.2 Living polymerization of BBL using complexes 9-16. a  

 Catalyst 
[BBL]o : 

[initiator] 

Time 

(min)c 

Conv. b 

(%) 

TOF 

(h−1) 

Mn,theo
d 

(g mol−1) 

Mn,GPC
e 

(g mol−1) 
Đ e Pr

 f 

1 (±)-9 400 ~1 >99 23760 34540 34900 1.27 0.71 

2g (±)-9 400 16 h 75 18 25930 21200 1.34 0.75 

3 (±)-9 645 10 >99 3483 55640 75500 1.20 0.70 

4 (±)-9 1000 10 >99 5940 86090 88000 1.33 0.67 

5 (±)-9 2000 30 >99 3960 172290 120000 1.19 0.68 

6 (±)-9 3000 30 62 3720 160230 140000 1.17 0.66 

7 (±)-10 400 16 h > 99 24 34544 25200 1.38 - 

8 (±)-11 413 60 95 392 33880 15800 1.40 0.57 

9 (±)-12 400 60 >99 396 34500 30300 1.17 0.65 

10 (±)-12 1200 60 91 1080 84120 90400 1.05 0.63 

11 (±)-12 1600 60 80 1280 110300 103500 1.04 0.61 

12 (±)-12 4000 60 71 2800 244600 213300 1.02 0.60 

13 (R,R)-13 200 240 >99 50 17310 12600 1.31 - 

14 (R,R)-13 600 240 92 138 47630 43100 1.30 - 

15 (R,R)-13 800 240 93 186 64160 60100 1.30 - 

16 (R,R)-13 2000 240 95 475 163680 96000 1.21 - 

17 (±)-14 400 10 >99 2376 34540 30400 1.04 0.67 

18 (±)-15 400 10 >99 2376 34540 35800 1.12 0.61 

19 (±)-16 400 60 >99 396 34540 32100 1.20 0.55 

a All reaction carried out in CH2Cl2 at 25 °C. b Monomer conversion, determined by 1H NMR 

spectroscopy. cNon-optimized reaction time. d Calculated from [M]o/[initiator] × monomer conversion × 

MM + MBnOH (MBBL = 86.09 g/mol, MBnOH = 108.14 g/mol).  e Determined by GPC-MLLS (gel permeation 

chromatography Multi-angle laser light scattering) to the polystyrene standard calibration via the Mark–

Houwink equation in CH2Cl2 at 25 °C ([η] = KMa while [η] = intrinsic viscosity, M = molecular weight, 

and K and a are Mark–Houwink parameters, K = 1.832 × 10-4 dl/g and a = 0.69; dn/dc = 0.067 mL/g for 

PHB in THF). f Pr is the probability of racemic linkages between monomer units and is determined by 

carbonyl region of inverse gated 13C{1H} NMR spectra (Figure S18).165,236 g Carried out at −30 °C. 
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High turnover frequencies can be obtained; for example, Table 4.2, entry 1 we estimate a TOF 

of ≥ 23000 h−1.  Polymerization of 200 equivalents of BBL in CD2Cl2 monitored by in situ 1H 

NMR spectroscopy at room temperature shows an observed rate of BBL polymerization with 9 

(kobs = 4.3 × 10 −3 s−1, Table 4.3 entry 1) which is two orders of magnitude faster than complex D 

(kobs = 3.3 × 10−5 s−1) (Figure B.19).113 

Table 4.3 Polymerization of BBL with catalysts 9-16 

 Catalyst 
kobs  

(10–3 s–1) a 

Pr 

1 (±)-9 4.3(1)a 0.71 

2  (±)-10 0.20 (0.10) 0.52 

3 (±)-11 2.3(2)  0.57 

4 (R,R)-11 1.1(2) 0.53 

5 (±)-12 2.7(3) 0.67 

6 (R,R)-13 0.80(5) 0.55 

7 (±)-14 3.8(1) 0.66 

8 (±)-15 2.1(3) 0.60 

9 (±)-16 1.2(2) 0.58 

All the reaction carried out in an NMR tube in CD2Cl2 at 25 °C and followed to 98% conversion.  [BBL] 

= 0.16 M. [catalyst] = 0.40 mM in CD2Cl2.  1,3,5-trimethoxybenzene (TMB) used as internal standard. kobs 

determined from the slope of the plots of ln([BBL]/[TMB]) vs. time. a Due to the high reaction rates, 

polymerizations were monitored after ~ 30% conversion (Figure B.19). 

 

The steric environment of the complexes with different substituents on the phenolate ring has 

an impact on the rates of propagation in these systems.  Complexes with bulkier ortho substituents, 

cumyl (±)-11, adamantyl (±)-12, and triphenyl silyl (R,R)-13, show somewhat reduced activity 

(Table 4.2 entries 8-16).  In situ 1H NMR studies confirm the reduced rates of polymerization for 

(±)-11 (kobs = 2.3 × 10 −3 s−1) and (±)-12 (kobs = 2.7 × 10 −3 s−1) compared to the t-Bu substituted 

complex (±)-9 under the same reaction conditions.  The decrease in rate is more pronounced for 
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the enantiopure complexes: the rates for (R,R)-13 (kobs = 0.8 × 10 −3 s−1) and (R,R)-11 (kobs = 1.1 × 

10 −3 s−1) are similar while those of the enantiopure and racemic 11 differ by a factor of two (Table 

4.3).165  

The rates of polymerization for the methoxy pyridyl adducts (±)-14, (±)-15, and (±)-16 are 

essentially the same as the respective benzyl oxide adducts (Table 4.3, entries 7-9), which suggests 

that complexes (±)-9 and (±)-12, similar to (R,R)-13, are also mainly monomeric during the 

polymerization. 

 Importantly, ROP of BBL catalyzed by complex (±)-9 forms syndiotactically-enriched PHBs, 

as an indicative of chain end control mechanism,2,10,29,74,75 with the probability of racemic linkages 

(Pr) in the range 0.66-0.75 (Table 4.2, Figure B.20). Chain end analysis of the polymerization of 

50 equivalents of BBL with MALDI-TOF mass spectroscopy and 1H NMR spectroscopy showed 

methoxy chain ends after quenching in methanol with no evidence of elimination reactions due to 

the absence of crotonate species (Figure B.21, 22).  Larger loadings of BBL as well as 

polymerizations that are not quenched after full conversion immediately undergo 

depolymerization that results in polymers with lower molecular weights and syndiotacticity (Table 

B.2).  Interestingly, aside from the reduced reactivity, bulkier complexes (±)-11 and (R,R)-13 show 

reduced syndioselectivity.  In particular, (R,R)-13 yields essentially atactic PHB (Table 4.2, entries 

8 and 13-16).  This suggests the effect of catalyst site selectivity and its interference with the chain-

end control mechanism, however, drawing a solid conclusion on the mechanism of selectivity 

requires more in detailed studies which is not in the scope of this study. 

Despite high reactivity and syndioselectivity of complex 9, its analogue with central tertiary 

amine and more crowded zin center (complex 10) enables the polymerization of 400 equivalents 

of BBL to full conversion overnight and it loses the selectivity as it only offers atactic PHBs (Table 
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4.2, entry 7 and Table 4.3, entry 2).  We have previously shown that there is a profound difference 

between dinuclear indium complexes bearing the same ligand sets with secondary vs. tertiary 

central amines in catalyst reactivity towards rac-lactide polymerization due to the absence of 

hydrogen bonding between halide ligand and the tertiary central amine which led to catalyst 

dissociation during polymerization. This leads us to conclude that in these ligand series, the 

presence of tertiary amine donor results in dramatic reduction in the catalytic reactivity and 

selectivity of the complexes of different metal centers such as indium and zinc.  

 

 Immortal ring opening polymerization of BBL using complex 9 in the 

presence of benzyl alcohol (BnOH)  

Polymerizations of 40000 equivalents of BBL in the presence of 100 equivalents of benzyl 

alcohol (BnOH) catalyzed by (±)-9 forms syndio-rich PHB with narrow dispersity (Table 4.4, entry 

1).  We found that this catalytic system exhibits good reproducibility and high conversions with 

up to 5000 equivalents of BnOH to form PHBs with controlled molecular weights (Table 4.4, entry 

7).  The 1H NMR spectra of this sample reveals characteristic resonance signals at 4.23 ppm 

corresponding to the α-hydroxyl methine proton and a sharp multiplet at 7.35 ppm assigned to 

aromatic protons of the chain end (Figure B.23). Additionally, chain-end analyses of the PHB 

oligomers by MALDI-TOF mass spectroscopy (Figure B.24) show good agreement between 

theoretical and experimental molecular weights, indicative of the controlled and immortal nature 

of the catalytic process with complex 9 in the presence of benzyl alcohol.  The bulkier analogues 

behave similarly (Table 4.4 entries 8-9).  To our knowledge, complex 9 is the first example of a 

catalyst that tolerates such high loadings of alcohol while maintaining its high catalytic reactivity 

and stereo control over the polymerization of BBL.  



108 

 

Table 4.4 Immortal polymerization of BBL using complexes 9-11 and benzyl alcohol as the chain 

transfer agent. 

 Catalyst 
[BBL]o: [ROH]: 

[initiator] 

Time 

(h) e 

Conv. a 

(%) 

Mn,theo
b  

(gmol−1) 

Mn,GPC
c 

(gmol−1) 

Mn,NMR
d 

(gmol−1) 
Đ c Pr

f 

1 (±)-9 40000/100/1 8 63 20950 20100 21300 1.02 0.71 

2 (±)-9 10000/100/1 8 90 7700 7280 7500 1.04 0.69 

3 (±)-9 10000/250/1 8 87 3080 2880 2900 1.03 - 

4 (±)-9 10000/500/1 8 86 1580 1440 1400 1.05 - 

5 (±)-9 10000/1000/1 8 86 850 890 860 1.03 - 

6 (±)-9 10000/2500/1 8 94 430 - 530 - - 

7 (±)-9 20000/5000/1 8 90 430 - 370 - - 

8 (±)-10 1000/100/1 1 98 960 - 960 - - 

9 (±)-11 1000/100/1 1 >99 960 - 930 - - 

All reaction carried out in CH2Cl2 at 25 °C. a Monomer conversion, determined by 1H NMR 

spectroscopy. b Calculated from [M]o/[initiator] × monomer conversion × MM + MBnOH (MBBL = 86.09 g/mol, 

MBnOH = 108.14 g/mol). c Determined by GPC-MLLS (gel permeation chromatography Multi-angle laser 

light scattering) to the polystyrene standard calibration via the Mark–Houwink equation in CH2Cl2 at 25 °C 

([η] = KMa while [η] = intrinsic viscosity, M = molecular weight, and K and a are Mark–Houwink 

parameters, K = 1.832 × 10-4 dl/g and a = 0.69; dn/dc = 0.067 mL/g for PHB in THF). d NMR molecular 

weight. e Reaction times are not optimized. f Pr is the probability of racemic linkages between monomer 

units and is determined by methane region of invers gated 13C{1H} NMR spectra. 

 

 Melt rheological and mechanical characterization of syndiotactic PHB  

The thermorheological and mechanical bulk properties of high molecular weight syndio-rich 

PHBs, were investigated for the first time.  A series of large scale (2 g) polymerizations were set 

up using complex (±)-6 as the initiator and all the reactions were carried out at room temperature 

using dichloromethane as the solvent.  Differential scanning calorimetry (DSC) was used to 

measure the thermal characteristics of the polymers.  Representative values of melting point and 

the enthalpy of melting are reported in Table 4.5 (Figure B26-31).  Since the maximum reachable 

Pr value for the large scale synthesis of PHBs using this system was 0.7, previously reported 

complex (B) with cumyl substituents on the phenolate rings was synthesized126 and used to form 
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highly syndiotactic PHB (Pr = 0.83) with the maximum reachable molecular weight of 65.7 kgmol-

1 (Table 4.5, entry 1).  Based on the DSC results, all of the syndio-rich PHBs (e.g. Pr = 0.64, Table 

4.5 entry 6) are semicrystalline with melting points ranging from 45 to 84 °C (due to the presence 

of various microcrystalline regions) and the syndiotactic polymer (Pr = 0.83) is crystalline with a 

high melting point of 155 °C.  

 

Table 4.5 Large scale PHB synthesis for thermorheological and mechanical characterizations. 

Entry Catalyst 
MW,GPC 

g mol−1 
Đ a Pr

 b 
Tm1  

(°C) c 

Hm1  

(J g−1) c 

Tm2  

(°C) c 

Hm2  

(J g−1) c 

1 B 126 65690d - 0.83 155 35 - - 

2 (±)-6 57500 1.27 0.70 48.3 1.13 61.2 2.1 

3 (±)-6 126000 1.23 0.68 48.6 1.1 64.8 2.5 

4 (±)-6 134000 1.30 0.64 50.1 7.3 78.2 5.1 

5 (±)-6 190800 1.21 0.65 49.4 1.4 69.2 7.5 

6 (±)-6 225000 1.14 0.64 45.5 (54.1) e 1.0 (2.9) e 66.4 (85.7) e 5.5 (1.1) e 

7 (±)-6 285000 1.12 0.68 45.2 2.2 62.0 4.5 

8 (±)-6 385000 1.14 0.64 48.9 7.4 84.4 1.5 

All reactions carried out in CH2Cl2 at 25 °C. a Determined by GPC-MLLS to the polystyrene standard 

calibration via the Mark–Houwink equation in CH2Cl2 at 25 °C ([η] = KMa while [η] = intrinsic viscosity, 

M = molecular weight, and K and a are Mark–Houwink parameters, K = 1.832 × 10-4 dl/g and a = 0.69; 

dn/dc = 0.067 mL/g for PHB in THF). b Pr is the probability of racemic linkages between monomer units 

and is determined by methane region of inverse gated 13C{1H} NMR spectra. c Measured using DSC 

scanned from 25 to 100 °C with the rate of 10 °C/min (Figure S24 –S29). d Determined using MALDI-TOF 

mass spectroscopy (Figure S23). e Measured after Sentmanat Extensional Rheometer (SER) experiment at 

80 °C (Figure S34). 

 

Thermal stability of the PHBs was investigated using rotational parallel-plate rheometer.  

Dynamic time sweeps were carried out at different temperatures at the fixed frequency of 1 rad/s. 

Representative results for the polymer of entry 6 listed Table 4.5 are plotted in Figure 4.5 (a).  The 

consistency of storage and loss moduli during the test up to 2000 s indicate that sample degradation 
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had not occurred at temperatures below 140 °C.  However, these viscoelastic properties and the 

complex viscosity (a function of the viscoelastic moduli) drop at temperatures above 140 °C, which 

is due to random chain scissioning.247  These results demonstrate that syndiotactically enriched 

PHBs of high molecular weight possess enough thermal stabilities for melt processing below 140 

°C.  However, as seen in Figure 4.5 (b) highly syndiotactic PHB suffers from dramatic thermal 

degradation at temperatures above melting point and undergoes isothermal crystallization at 

temperatures below the melting point (note the increase in G’ and G’’ at 150 and 157 °C).  This 

behavior has been reported frequently in literature for highly isotactic bacterial based PHBs209 as 

well and is the reason for the nearly impossible melt processing of these polymers.  Therefore, the 

very limited processing window of the syndiotactic PHB prevents any further rheological studies. 
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Figure 4.5 Dynamic time sweep test results at different temperatures of (a) top, Syndio-rich PHB Table 5 

entry 6; (b) bottom, Syndiotactic PHB Table 5 entry 1. 

 

Figure 4.6 shows the effect of molecular weight on the complex viscosity of the sydioenriched 

PHBs (Table 4.5 entries 2-8), and the values of the zero-shear viscosities versus molecular weights 

of syndio-rich PHBs are depicted in Figure 4.7 at the reference temperature of 80 °C.  Syndio-rich 

PHBs reveal higher melt viscosity compared to their atactic counterparts and follow the power law 
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relationship with the power of around 3.4, an indication of a linear monodispersed polymer.  This 

is consistent with our previously reported results in chapter 3, showing the effect of PHB 

microstructure on the melt viscosity of moderately syndiotactic star PHBs.  Similar observations 

have been reported for other syndiotactic polymers including poly(methylmethacrylate), 

poly(styrene), and poly(propylene).244,269,270 
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Figure 4.6 Molecular weight dependence of zero shear viscosity of Syndio-rich PHBs of different 

molecular weights synthesized using (±)-6 as the catalyst in CH2Cl2 at RT (Table 4.5, entries 2-8). 

 

For a polymer melt to exhibit strong rubberlike behavior and high melt strength, high 

entanglement density is crucial.  To determine this value, the entanglement molecular weight can 

be calculated from Me =  𝜌𝑅𝑇 𝐺𝑁
0⁄   in which 𝜌 is the density (0.90 g/cm3), R is the gas constant, 

T is the reference temperature, and 𝐺𝑁
0  is the plateau modulus. 
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Figure 4.7 Molecular weight dependence of zero-shear viscosity for both series of atactic and syndio-rich 

PHBs at Tref = 80 °C. 

 

We showed the importance of entanglement molecular weight on melt viscoelastic behavior of 

moderately syndiotactic star PHBs in chapter 3.  Herein this chapter, the entanglement molecular 

weights of PHBs of different microstructures including highly isotactic bacterial based will also 

be measured. Isotactic bacterial based PHB, with the weight average molecular weight of 225 

kgmol-1 and melting point of 185 °C, was provided by Biomer Corporation.  Isothermal dynamic 

frequency sweeps were collected at the temperature range of 185-200 °C and the corresponding 

master curve produced at 195 °C as the reference temperature (Figure 4.8). The calculated values 

for isotactic PHBs and also moderately syndiotactic PHB (Table 4.5, entry 6) are listed in Table 

4.6.  



114 

 

aT (rad/s)

10-1 100 101 102 103 104

S
to

ra
g

e 
an

d
 L

o
ss

 M
o

d
u

li
 (

P
a)

102

103

104

105

106

C
o
m

p
le

x
 V

is
co

si
ty

, 
|


|

 (
P

a.
s)

102

103

104

105

106


G' 

G"

 

Figure 4.8 Master curve of bacterial based isotactic PHB (iPHB, provided from Biomer Corporation) 

at Tref = 195 °C. 

 

The data in Table 4.6 show that syndiotactically enriched PHBs have higher entanglement 

molecular weights (5179 gmol-1) compared to the atactic counterpart (4833 gmol-1).  The 

entanglement molecular weight of highly isotactic PHB (14600 gmol-1), however, is 3 times higher 

than that of atactic PHB.  This result reveals that isotactic PHB has an entanglement density of 15 

(225000/14600), while this value is 43 (225000/5179) for syndio-rich PHB (Table 4.6, entries 1 

and 3 respectively).  This suggests that the low melt strength of isotactic PHB homopolymer is due 

to very low entanglement densities and to extensive thermal degradations at high temperatures.  

Similar results have been reported by Frank et al. for poly (hydroxybutyrate-co-3-

hydroxyhexanoate).271 As mentioned above, since the highly syndiotactic PHB has very low melt 

strength and is highly crystalline, it is expected that it possesses high entanglement molecular 
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weights (stiffer polymer segments) and therefore suffers from lack of entanglements necessary for 

enhanced mechanical properties.  

 

Table 4.6 Rheological characteristics of PHBs of different microstructures. 

 Sample Tm (°C) Tref (°C) 𝑮𝑵
𝟎  (MPa) Me (g mol−1) c

 

1 Isotactic PHB 182.7 195 0.24 a 14600 

2 
Syndiotactic PHB 

Table 5, entry 1 
155 - n.d. d n.d. d 

3 
Syndio-rich PHB 

Table 5, entry 6 
45.5, 66.4 80 0.51 b 5179 

4 Atactic PHB - 50 0.50100 4833100 

a Determined using 𝐺𝑁
0 =

2

𝜋
∫ 𝐺"(𝜔)𝑑𝑙𝑛𝜔

∞

−∞
. b Determined from molecular weight independent G’. c 

Calculated using Me =  𝜌𝑅𝑇 𝐺𝑁
0⁄  d Not determined due to instabilities in rheological measurements. 

 

In various industrial polymer processing operations such as film blowing and blow molding, 

products form outside the die. For a stable operation, high melt strength is required to avoid 

instabilities such as sagging and curtaining.172  Uniaxial extensional rheometry is the simplest 

rheological experiment that can be used to assess the melt strength of polymers under extensional 

deformations. The Sentmanat Extensional Rheometer (SER) is a dual wind-up fixture that can be 

used in conjunction with the rotational rheometer to generate uniform extensional deformation at 

high Hencky strain rates up to 20 s−1 under isothermal conditions.   

Figure 4.9 plots the tensile stress growth coefficient of syndio-rich PHB (Table 4.5, entry 6) at 

several Hencky strain rates from 0.01 to 20 s−1 at 80 °C.  At Hencky strain rates as low as 0.1 s−1 

a clear strain hardening effect can be observed and at longer times the tensile stress growth 

coefficient clearly deviates from the linear viscoselastic behavior. Extensive strain hardening was 

also observed at higher strain rates up to 20 s−1. Since the temperature used was well above the 
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melting point of the sample, the hardening effect is solely due to the dynamics of the polymer 

chains, indicating high melt strength of these polymers.  

To understand the origin of strain hardening behavior, DSC was used to determine 

crystallization effects. DSC results of the stretched samples after performing SER at 1 s−1 are listed 

in Table 4.5 (Figure B.34). These values show that Tm1 and Tm2 are increased by 8.6 and 19.3 °C 

after the imposition of extensional flow. The increased melting points and slightly enhanced 

melting enthalpy of the crystalline regions of syndio-rich PHBs after SER experiment clearly show 

the presence of flow induced crystallization due to chain orientation under uniaxial extension.272,273  

Several attempts were made to run SER of bacterial based isotactic PHB and syndiotactic PHB at 

near their melting points. However due to dramatically low melt strength and sagging no reportable 

results were obtained.  Extensional experiments were also run for high molecular weight atactic 

PHB at 80 °C and no recordable results were obtained.  These observations reveal that to synthesize 

melt processable PHBs, a high density of entanglement and moderate stereoregularities are 

required to increase the entanglement density and thus the melt strength of polymers. 
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Figure 4.9 Tensile stress growth coefficient as a function of time measured at various Hencky strain 

rates for Table 5, entry 6 at 80 °C. 

 

 To further demonstrate the usefulness of these newly synthesized PHBs in terms of their 

semicrystalline microstructure and entanglement density, the mechanical behavior of PHBs with 

different microstructures were investigated using tensile testing (Figure 4.10). The relevant tensile 

test parameters for Isotactic, syndio-rich, and atactic PHB (Table 4.6 entries 1, 3-4) including 

tensile strength, elastic modulus, and elongation at break are presented in Table 4.7. 
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Figure 4.10 Tensile test results of Table 6 entry1 (dashed line), entry 3(dotted line), and entry 4(solid 

line). 

 

As reported in literature,58 isotactic PHB shows high tensile modulus, however with very low 

drawability and low strength, indicative of a brittle weak material.  In contrast, atactic PHB shows 

very low tensile strength but good extensibility, which are characteristics of soft, weak, ductile 

material.  The data in Table 4.7 shows that the syndio-rich PHB sample has considerable 

extensibility, high tensile strength, and high elastic modulus compared to its polyolefinic 

counterpart (66% syndiotactic polypropylene).274  These results demonstrate that semicrystalline 

syndio-enriched PHBs have the potential to be used in place of their biostable analogues for 

manufacturing consumer products.  
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Table 4.7 Tensile properties of PHBs of different microstructures. 

 Sample 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(MPa) 

Elongation at 

break  

(%) 

1 Isotactic PHB 43 5500 2.6 

2 Atactic PHB a 6.5 7 380 

3 Syndio-rich PHB b 64 25 507 

4 66% syndio PP c 14 30 700 

a 100. b Sample from Table 5, entry 6. c 274 

 

4.3 Summary 

In this chapter, we showed that using the right catalytic systems, it is possible to generate 

processable PHB.  A series of zinc complexes supported by diaminophenolate ligands are 

introduced as excellent catalysts for the controlled living and immortal polymerization of BBL.  

Importantly, using these catalysts, syndio-rich PHBs of high molecular weight were obtained.  

These complexes revealed surprisingly high tolerance to high loadings of alcohols (up to 5000 

equivalents) and to polymerization of high loadings of BBL to form high molecular weight PHB 

(≤ 385 kgmol-1). The thermorheological properties of the high molecular weight syndio-rich PHBs 

showed good thermal stabilities in the absence of any additives and excellent melt strength, which 

shows for the first time that PHB can be a processable thermoplastic. 

 

. 
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Chapter 5: Air and moisture stable indium salan catalysts for living multi-

block PLA formation in air 

While the application based production of PLA takes place in the melt state under air, often 

with minimally purified monomers, the majority of highly controlled catalysts reported in the 

literature lose their catalytic activity and/or selectivity under these conditions. In this chapter an 

air and moisture stable hydroxy-bridged indium salan complex will be introduced as a highly 

active and controlled catalyst for the ring opening polymerization of cyclic esters in air. The 

reversible activation of this complex with linear and branched alcohols leads to immortal 

polymerization, allowing the controlled formation of block copolymers in air. This complex is the 

only reported moisture resistant catalyst for high molecular weight PLA production. Controlled 

star-block copolymerization of PLA and PHB under inert atmosphere will also be reported.  

5.1 Introduction 

As it was mentioned in the chapter 1, aliphatic polyesters, such as poly (lactic acid) (PLA) and 

other poly (hydroxyalkanoates) are increasingly important members of biodegradable and 

biocompatible materials.275-279  These important polymers can be synthesized through well-

explored organocatalytic,32,33 as well as main group and transition metal-based, ring opening 

polymerization.9,10,34-48  However, despite these concentrated efforts in catalyst development, tin 

octanoate (Sn(Oct)2) remains the most common metal-based catalyst used for ring opening 

polymerization (ROP) in industrial applications and pharmaceutical studies.32,33,38,39,41-44,280,281 

Sn(Oct)2 allows the ROP of lactide (LA) in the melt without the use of ultrapure monomers. 

However, the facility of reactivity comes at a price: Sn(Oct)2 lacks control over polymer molecular 

weight and dispersity, which prohibits formation of complex polymer morphologies such as 
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multiblock copolymers.  Nor is it active for some lactones such as -butyrlactone (BBL).1,6,48-55  

This limits the range of possible polymers available widely for industrial or pharmaceutical 

applications. 

Despite the recent focus in the literature to develop air/water stable catalysts for a range of 

catalytic applications,282-292 fewer efforts have been made to develop air and moisture resistant 

metal-based catalysts for ROP of cyclic esters that can be used under industrially-relevant 

conditions.293  Zinc complexes bearing guanidine-pyridine ligands,294 and magnesium–

sodium/lithium heterobimetallic complexes295 are active for the ring opening polymerization 

(ROP) of lactide under industrially relevant conditions, however the polymerizations are sluggish 

(high conversion is achieved after 24-48 hours) and suffer from extensive transesterification 

reactions which limits control over polymer macrostructure.295,296  Indium catalysts bearing 

pyridine bisphinal ligands polymerize 100 equivalents of lactide in air at 80 °C over the course of 

24h with 86% conversion.297  Other air stable catalysts with Al,298 Cu,299 Ti,300 Y,301 and Mg-

Na/Li,295 metal centres have been reported; however, in these studies polymerization reactions 

were carried out under inert conditions.  Mg302, and Ti-based303 catalysts for the polymerization of 

caprolactone in air have been reported.  To our knowledge, there are no reported examples of 

metal-based catalysts for the highly-controlled polymerization and block copolymerization of 

lactide in air. 

In this chapter, an air and moisture stable indium catalyst will be reported for the first time. 

This catalyst is supported by easy to make diaminobisphenolate (salan) ligands with secondary 

amine backbones for the ring opening copolymerization of lactide in air.  This complex catalyzes 

the rapid ring opening of lactide, in solution or in the melt, to form linear and star shaped high 
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molecular weight PLA triblock copolymers and PLA-PHB block copolymers with an 

unprecedented combination of high activity and control over molecular weight and dispersity.   

 

5.2 Results and discussion 

 Synthesis and characterization of air/moisture stable complexes 17 and 18 

Asymmetrically bridged dinuclear salan indium alkoxy complexes (RR/RR)-

[(ONHNHO)In]2(-Cl)(-OEt) (17) were prepared from (RR)-N,N’-bis(3,5-di-

tertbutylsalicylidene)-1,2-cyclohexanediamine (RR-H2(ONHNHO) or salan)304-307 in two 

consecutive salt metathesis reactions (Scheme 1).  Although the reaction is similar to the synthesis 

of the salen analogue, (K)166,167 (Figure 5.1), there are some differences.   

 

Figure 5.1 Dinuclear indium complexes for ring opening polymerization of lactide.161,167 

 

Deprotonation of H2(ONHNHO) with KOtBu forms the resulting K2(ONHNHO). However, the 

subsequent salt metathesis reaction require greater than two equivalents of InCl3 to form an 

indium-chloro intermediate which was not isolable.  This species was reacted with excess NaOEt 

to form complex 17 in 55% yield based on H2(ONHNHO) (Scheme 5.1, Figure C.1-5).  
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Scheme 5.1 Synthesis of dinuclear indium complexes. 

 

Exposure of complex 17 to trace water in CH2Cl2 for 48 h formed asymmetrically bridged 

(RR/RR)-[(ONHNHO)In]2(-Cl)(-OH) (18) (Scheme 5.1, Figure C6-7) (95% yield). Solid-state 

structures of 17 and 18, derived by single-crystal X-ray diffraction, are similar to dinuclear 

complexes D and mono-hydroxy bridged analogue [(NNHO)InCl]2(-Cl)(-OH)238 respectively, 

and show distorted octahedral indium centers asymmetrically bridged by  chloride and ethoxy (or 

hydroxy) ligands (Figure 5.2, Table C1-2).  The PGSE derived diffusion coefficients of complexes 

17 (6.7(1) × 10−10 m2s−1) and 18 (6.5(6) × 10−10 m2s−1) are 28-30% lower than that of the 

proligand267 (9.4(3)×10−10 m2s−1) and confirm dinuclear solution structures for both species 

(Figure C.16, Table C.5).308  
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Figure 5.2 Molecular structures of (RR/RR)-17 (a, top) and (RR/RR)-18 (b, bottom) (depicted with thermal 

ellipsoids at 50% probability. H atoms as well as solvent molecules omitted for clarity). 

 

The lack of reactivity of complex 18 with water is unexpected and contrasts with previously 

reported systems.  While complex D reacts with water to form bis-hydroxylated complex 

[(NNHO)In)(-OH)]2 
238, and K undergoes significant decomposition,309 complex 18 does not 

convert to the bis-hydroxy bridged complex [(ONHNHO)In(-OH)]2 (19) in the presence of water 

(Scheme 1).  Complex 19 can be prepared independently from H2(ONHNHO) after consecutive 

reactions with KOtBu, excess InCl3, and excess NaOH and is characterized in solution and in the 

solid state (Figures C.8, Table C.3).   

 

 

Figure 5.3 Molecular structure of complex (RR,RR)-19 (depicted with thermal ellipsoids at 50% 

probability. H atoms as well as solvent molecules omitted for clarity). 
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A solid sample of complex 18 was exposed to air for over 60 days and was monitored using 

1H NMR spectroscopy during and after this period.  These spectra show that complex 18 remains 

unchanged (Figure 5.4).  Under more forcing conditions, for example exposure to air for more than 

two months or addition of 100 equivalents of water, the 1H NMR spectrum of the mixture shows 

only the presence of 18 and traces of free ligand, with absolutely no traces of complex (19) (Figure 

5.4).   

 

 

Figure 5.4 1H NMR spectrum (CDCl3, 25 °C, 400MHz) of (RR/RR)-18 (bottom) after exposure to air for 

over 60 days overlaid with (RR/RR)-19 (middle), and the results after stirring (RR/RR)-18 in DCM in the 

presence of 100 equivalences of water(top). 

 

Most importantly, the hydroxylation reaction of complex 18 is reversible.  The hydroxy species 

complex 18 can be stirred in neat ethanol to regenerate active complex 17 with more than 90% 

purity (Scheme 5.1, Figure C.12).  Therefore, complex 18 can be used as an air stable surrogate 

for complex 17 which is an excellent catalyst for cyclic ester polymerization.   
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 Living ring opening polymerization of LA and BBL to form homo and block 

copolymers 

Polymerization of up to about 2000 equivalents of racemic lactide (rac-LA) with complex 17 

shows a linear relationship between Mn and added monomer equivalence. This catalyst is capable 

of forming high molecular weight PLA (up to 320000 gmol-1) with very low dispersity, which is 

indicative of a highly controlled and living system (Table 5.1, Figure 5.5).  

 

Table 5.1 Ring opening polymerization of rac-lactide with (RR/RR)-17 

All reaction carried out in CH2Cl2 at 25 °C, 16h. a Monomer conversion, determined by 1H NMR 

spectroscopy. b Calculated from [M]o/[initiator] × monomer conversion × MM + MEtOH (MLA = 144.13 gmol-

1, MEtOH = 46 gmol-1). c Determined by GPC-MALS, dn/dc = 0.044 mL/g for PLA in DCM). 

 

  

Entry Monomer 
[LA] : 

[initiator] 

Conv.a 

(%) 

Mn,theo
b/g 

mol-1 

Mn,GPC
c/g 

mol-1 
Đ c 

1 rac-LA 213 >  99% 30750 43800 1.13 

2 rac-LA 400 >  99% 57700 91300 1.10 

3 rac-LA 650 >  99% 93730 106800 1.11 

4 rac-LA 854 >  99% 123130 168900 1.33 

5 rac-LA 1496 >  99% 215660 189700 1.01 

6 rac-LA 1692 >  99 % 243900 219300 1.02 

7 rac-LA 1950 >  99 % 282000 321000 1.03 
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Figure 5.5 Plot of observed PLA Mn (▲) and molecular weight distribution (●) as functions of rac-

LA/ethoxide in (RR/RR)-17 (25 °C, CH2Cl2, 99% conv.) The line indicates calculated Mn values based on 

the rac-LA/ethoxide ratio (Table S6). 
 

The MALDI–TOF spectra of PLA oligomers made with this catalyst shows peaks corresponding 

to [H(C6H8O2)n(OEt)H]+ separated by m/z = 144, which indicates the absence of any 

transesterification reactions, and the fact that the polymerization proceeds through coordination-

insertion mechanism (Figure 5.6).  

 

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

0

50000

100000

150000

200000

250000

300000

350000

0 500 1000 1500 2000

Đ
(●

)

M
n

(g
m

o
l-1

) 
(▲

)

[LA] / [initiator]



128 

 

 

Figure 5.6 MALDI-TOF mass spectrum of PLA produced by (R/R,R/R)-17 from ROP of 50 equivalents of 

rac-lactide. An = [144.13 LA]n +46EtOH + 23 Na+ . 

 

The rate of polymerization is first order in LA concentration with kobs values (kobs = 3.1(0.8)× 

10 −4 s−1) comparable to indium complexes (D) (kobs = 6.2 (0.16) × 10 −4 s−1), and (K) (kobs = 4.6 

(0.9) × 10 −4 s−1) (Figure 5.7). The stereoselectivity of (RR/RR)-1 for the polymerization of rac-

LA differs from that of complex D.165  A comparison of the ROP rates for D- and L-LA with 

(RR/RR)-17 shows a kL/kD value of ∼3 which is lower than the value of ~14 observed for (RR/RR)-

D (Table 5.2).165  In addition, polymerization of rac-LA with (RR/RR)-17 yields heterotactically 

enriched PLA (Pr = 0.72) from the polymerization of rac- LA as determined by 1H{1H} NMR 

spectroscopy (Figure C.17).   
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Figure 5.7 Plots for the ROP of 200 equiv L-LA, D-LA, and rac-LA vs. time for (RR/RR)-17.  All reactions 

were carried out in CD2Cl2 at 25 °C and followed to 90% conversion. [Catalyst] = 0.0011 M, [LA] = 0.45 

M. kobs was determined from the slope of the plots of ln([LA]/[TMB]) vs. time (TMB = 1,3,5-

trimethoxybenzene). 
 

Table 5.2 Rates of the ROP of 200 equiv L-LA, D-LA, and rac-LA vs. time for (RR/RR)-17 

 Monomer kobs
a× 10 −4 krel 

1 rac-LA 3.1(0.8) 

2.9 2 L-LA 12.5(0.3) 

3 D-LA 4.2(0.5) 

 

All reactions were carried out in CD2Cl2 at 25 °C and followed to 90% conversion. [Catalyst] = 0.0011 

M, [LA] = 0.45 M. kobs was determined from the slope of the plots of ln([LA]/[TMB]) vs. time (TMB = 

1,3,5-trimethoxybenzene). a Determined from the negative of the slope of the linear portions of the plots 

of ln([LA]) vs. time 

 

Complex 17 also catalyzes controlled living polymerization in the presence of a chain transfer 

agent (immortal polymerization).  Polymerizations of rac-LA in the presence of up to 100 

equivalents of ethanol, catalyzed by (±)- or (RR/RR)-17, generates monodispersed PLAs with 
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excellent control of molecular weight (Table 5.3, entries 1-4).  The decrease of the actual molecular 

weight of the produced PLAs with the increase of the ethanol loading, indicates that the transfer 

reaction proceeded efficiently and therefore the number of the produced polymer chains per 

molecule of catalyst is equal to the equivalence of the added ethanol, which increase the catalyst 

efficiency and reduces metal contamination (Figure 5.8). Also, these results confirm that this 

catalyst does not undergo any deactivation or dissociation in the presence of high loadings of 

transfer agents.  

 

Table 5.3 Immortal ring opening polymerization of rac-lactide and BBL with (RR/RR)-17, (RR/RR)-18, 

and in-situ formed –OTHMB bridged complex 17* 

All reaction carried out at 25 °C over 16h to >90% conversion under inert dinitrogen atmosphere inside the 

glovebox. a Order of monomer BBL followed by LA, conversion BBL:L-LA 90:94. bMonomer conversion 

determined by 1H NMR spectroscopy. c Calculated from ([M1]o/([ROH]/[I]) × monomer conversion × MM1) 

+ ([M2]o/([ROH]/[I]) ×  monomer conversion × MM2)  + MROH (MBBL = 86.09 g/mol, ML-LA = 144.13 g/mol, 

MTHMB = 168.19 g/mol). d Determined by GPC-MALS in THF using dn/dc = 0.068 for PHB and 0.044 for 

PLA. * After stirring complex (17) in a THMB solution for 1 hr, the solvent and the released ethanol are removed 

under vacuu followed by dissolving in THF and addition of the monomer.   

 Cat. M1(M2) CTA Solv. 

[M1+M2]/ 

[CTA]/ 

[initiator] 

Conv.

b (%) 

Mn,theo
c/ 

g mol-1 

Mn,GP
d/

g mol-1 
Đ d 

1 17 rac-LA EtOH DCM 1000/5/1 >  90 21600 15780 1.01 

2 17 rac-LA EtOH DCM 1000/10/1 >  90 11830 9610 1.03 

3 17 rac-LA EtOH DCM 1000/50/1 >  99 2840 2580 1.05 

4 17 rac-LA EtOH DCM 1000/100/1 >  99 1460 1580 1.10 

5 18 rac-LA EtOH DCM 1000/10/1 > 95 13730 12430 1.06 

6 18 rac-LA EtOH DCM 2000/10/1 > 90 25970 27230 1.08 

7 17* rac-LA THMB THF 2500/10/1 > 99 35800 38500 1.01 

8 17* BBL THMB THF 2500/10/1 > 90 19520 16890 1.02 

9a 17* 
BBL( 

rac-LA) 
THMB THF 

2500+2500/10 

/1 
> 90 53200 48600 1.01 
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Figure 5.8 Plot of observed PLA Mn (▲) as functions of EtOH/(RR/RR)-17 (25 °C, CH2Cl2, 99% 

conv.). Molecular weight distribution are shown in parenthesis.  The line indicates calculated Mn 

values based on the LA/ethoxide ratio. 

 

Chain-end analyses of the PLA oligomers (n = 25, Mn,theo = 3646 ) by MALDI-TOF 

mass spectroscopy clearly revealed the major population of [H(C6H8O2)n(OEt)H]+ 

separated by m/z = 144 which shows the absence of any transesterifications. The degree of 

polymerization resulted from this spectrum (n = 27, Mn,MS = 3960)  is in good agreement 

with the theoretical value, indicative of the controlled and immortal nature of the catalytic 

process with the (RR/RR)-17 in the presence of EtOH (Figure 5.9).  Similar reactivity is 

observed in the presence of the trio1,3,5-tris (hydroxymethyl)benzene (THMB) to form 

well-controlled star shaped (co)polymers.100,113  
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Figure 5.9 MALDI-TOF mass spectrum of PLA isolated from polymerization of [LA]:[EtOH]:[17] ratios 

of 500/20/1 in CH2Cl2 at 25 °C. An = [144.13 LA]n +46 EtOH + 23 Na+.   

 

Complex 17 catalyzes immortal polymerization of 2500 equiv of BBL or rac-LA with 

[THMB]:[I] ratios of 10 (Table 5.3, entries 7 and 8) to form star PHB and PLA.  The resulting 

polymers have predictable molecular weights and narrow molecular weight distributions which 

shows that this catalyst is a robust system to form symmetric star polymers.  Additionally, this 

system is capable of forming star block-copolymers of PHB and PLA. Sequential addition of BBL 

followed by rac-LA to in-situ formed –OTHMB bridged complex 17 forms star block copolymers 

of PHB- PLA (Table 5.3, entry 9):  the first addition of 2500 equiv of BBL yields symmetric 3-

arm star PHB homopolymer with Mn value of 17 kgmol-1.  Following by this, the addition of 2500 

equiv rac-LA to the reaction mixture of 3-arm star PHB allows formation of 3-arm star copolymer 

PHB-PLA with predictable molecular weight (Figure 5.10).  The agreement between experimental 

and theoretical molecular weights and the fact that the produced polymers are highly 
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monodispersed, implies that complexes 17 and 18 are robust systems against high loadings of 

alcohols and proceed the polymerization in living mode.  
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Figure 5.10 GPC overlaid chromatograms of 3-arm star PHB obtained from the polymerization 

with [BBL]/[THMB]/[17] ratios of 2500/10/1 (Mn =16890 gmol-1 , Đ= 1.02) and 3-arm star di-

block copolymers of PHB-PLA obtained from the polymerization with [BBL+L-

LA]/[THMB]/[17] = 2500/2500/10/1(Mn = 48600 gmol-1, Đ= 1.01)  in THF at 25 °C (Table 1, 

entries 14 and 15). 

 

 Polymerization and block copolymerization of as-received lactide 

Complex 18 shows unprecedented control over the polymerization of unpurified rac-LA in 

air in the presence of chain transfer agents (Table 5.4).  Reaction of 18 with lactide in toluene at 

80 °C in the presence of up to 10 equivalents of ethanol yields polymers with predictable molecular 

weights and controlled dispersities (Table 5.4, entries 1-3.)  We can carry out the reaction in the 

melt when using a high boiling alcohol such as THMB as a CTA.  Reaction of complex 18 with 

up to 10000 equivalents of LA in the presence of up to 100 equivalents of THMB in the melt forms 

highly controlled star-PLAs (Table 5.4, entries 4-7). 
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Table 5.4 ROP of impure/wet rac-LA, and block copolymerization of industrially relevant recrystallized L-

LA and D-LA using complex 18 in air. 

 M1-M2-M3 CTA [M] / [CTA] / [2] Solvent 
Temp 

(°C) 

Time 

(min) 

Mn,theo
 [b] 

(gmol–1) 

Mn,GPC
 [c] 

(gmol–1) 
Đ [c] 

1 rac-LA EtOH 1500/2/1 Tol 80 240 106970 73960 1.33 

2 rac-LA EtOH 1500/5/1 Tol 80 240 42810 36200 1.36 

3 rac-LA EtOH 1500/10/1 Tol 80 240 21430 24980 1.32 

4[a] rac-LA THMB 5000/10/1 - 120 120 52730 50080 1.07 

5[a] rac-LA THMB 5000/50/1 - 120 120 11540 11800 1.06 

6[a] rac-LA THMB 5000/100/1 - 120 120 5570 6900 [d] - 

7[a] rac-LA THMB 10000/10/1 - 120 120 100970 91200 1.34 

8 LLA THMB 520/21/1 - 130 30 3570 3510 [d] - 

9 LLA[e] THMB 526/22/1 - 130 30 3460 3800 [d] - 

10[a] LLA[e]-DLA[e] THMB 526+526/22/1 - 155 60 6360 6100[d] - 

11[g] 
LLA[e]-

DLA[e]-LLA[e] 
THMB 

243+120+243/6 

/1 
- 155 120 11220 10200 1.05 

12[g] 
LLA[e]-

DLA[e]-LLA[e] 
THMB 

700+500+700/8 

/1 
- 155 300 31000 28500 1.10 

13[g] 
LLA-DLA-

LLA[f] 
THMB 

700+500+700/8 

/1 
- 155 300 34370 30300 1.05 

All reactions performed in ambient atmospheric conditions without any protection of inert gases and 

wet/impure lactide was used for polymerization. Monomer conversion, determined by 1H NMR 

spectroscopy and unless indicated 90-99%.  [a]  Reactions stopped after 120 minutes, 70-80% conversion. 

[b] Calculated from [M]o/[initiator] × monomer conversion × MM + MCTA (MLA = 144.13 g/mol, MBBL = 

86.09 g/mol, MEtOH = 46 g/mol, MTHMB = 168.19 g/mol).  [c] Determined by GPC-MALS, dn/dc = 0.044 

and 0.068 mL/g, respectively, for PLA and PHB in THF. Chloroform was used as the GPC solvent for 

PLLA, PLLA-PDLA, and PLLA-PDLA-PLLA, dn/dc = 0.029 mL/g ).  [d] NMR/MALDI-TOF molecular 

weight.   [e] Recrystallized lactide.  [f] Purified monomers, reactions carried out under nitrogen using in-

situ formed THMB bridged complex.  [g] Racemic complex 18 was used.  
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To our knowledge, complex 18 is the only system able to catalyze the formation of high 

molecular weight, monomodal star-PLAs from unpurified rac-LA in the melt, under air, and with 

high reactivity.  The purity of the lactide was not a factor for reactivity: immortal polymerization 

reactions with THMB carried out with as-received commercial grade lactide and thrice-

recrystallized lactide yielded identical results (Table 5.4, entries 8-9). Importantly complex 18 

catalyzes the formation of di-block and triblock star shaped PLA in the melt in air (Table 5.4, 

entries 10 and 11). The monomodal molecular weight distribution of the prepared di- and tri-block 

copolymers confirms the absence of any homopolymerizations, even after the third monomer 

addition (Figure 5.11). As a general polymerization procedure, after weighting out the required 

amounts of (RR/RR)-18 and THMB in a Schlenk flask outside the dinitrogen glovebox, L-LA was 

added and the reaction started by immersing the flask in oil bath at 130 oC. After full conversion, 

D-LA was added and the temperature raised to 155 oC along with the addition of few drops of 

toluene to ease stirring. After full conversion of the monomer, another batch of L-LA was fed to 

the reaction to form tri-block copolymer of PLLA-PDLA-PLLA in 2 hours. Both 1H NMR and 

MALDI-TOF results confirm the presence of –OH and –OTHMB chain ends, indicating that the 

polymerization proceeds via a coordination-insertion mechanism under these conditions (Figure 

5.12 and C.20).  However, leaving the reaction for longer times after monomer depletion, causes 

minor intermolecular transesterification side reactions evidencing by the appearance of a lactyl 

unit with the molar mass of 72 at the chain end (Figure 5.12).  
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Figure 5.11 GPC overlaid chromatograms of  3-arm star di-block copolymers of PLLA-PDLA obtained from 

the polymerization with [L-LA+D-LA]/[THMB]/[18] ratios of 243+120/6/1(Mn =85960 gmol-1, Đ= 1.03), 

and 3-arm star tri-block copolymers of PLLA-PDLA-PLLA obtained from the polymerization with [L-

LA+D-LA+L-LA]/[THMB]/[1] ratios of 243+120+243/6/1 (Mn = 10200 gmol-1, Đ= 1.05) in melt state  at 

155 °C in air (Table 5.4, entry 11). 

  

 

Figure 5.12 MALDI-TOF mass spectrum of Table 5.4, entry 10 after monomer deplition in melt state in air 

(sample was collected after 60 mins. Time of the experiment is not optimized).  An = [144.13 LA]n +168.19 

THMB + 23 Na+ and Bn = [144.13 LA]n +168.19 THMB + 72+ 23 Na+. 
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The agreement between experimental and theoretical molecular weights of the resulting block 

copolymers, along with very narrow molecular weight distributions, and the fact that sequential 

monomer addition leads to complete conversion of the monomer and increase of the molecular 

weight (Table 5.4, entries 9 and 10) imply excellent control in these systems and the living 

characteristic of the polymerization.  
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Figure 5.13 GPC overlaid chromatograms of 3-arm star PLLA obtained from the polymerization with [L-

LA]//[THMB]/[18] ratios of 700/8/1 (Mn =16500 gmol-1, Đ= 1.06), 3-arm star di-block copolymers of 

PLLA-PDLA obtained from the polymerization with [L-LA+D-LA]/[THMB]/[18] ratios of 

700+500/8/1(Mn = 24160 gmol-1, Đ= 1.07), and 3-arm star tri-block copolymers of PLLA-PDLA-PLLA 

obtained from the polymerization with [L-LA+D-LA+L-LA]/[THMB]/[18] ratios of 700+500+700/8/1 

(Mn = 28500 gmol-1, Đ= 1.10) in neat at 155 °C (Table 5.4, entry 12). The slight broadening of the 

chromatogram is due to the lack of homogeneous stirring at higher molecular weights. 
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Figure 5.14 The effect of PLA blocks on the melting point and the enthalpy of melting of PLA bock 

copolymers prepared in air (left), and in inert atmosphere (right) 
 

In air, complex 18 forms high molecular weight triblock copolymers of PLLA-PDLA-PLLA 

with narrow molecular weight distribution (Table 5.4 entry 12, Figure 5.13) in one pot after 5 

hours.  In contrast, similar high molecular weight PLLA-PDLA block copolymers can be 

synthesized with Sn(Oct)2 through two step synthesis under inert atmosphere after 7 days.310 

Importantly, based on DSC results, the abrupt increase in the melting point of the PLLA block 

upon introduction of the PDLA block confirms the formation of stereocomplexed crystalline 

regions, as the melting point of the PLLA-PDLA diblock copolymer reaches the value of 197 oC. 

This Tm value is slightly lower than expected for the reported analogues systems (Tm = 206 oC).311 

The source of this disparity is the fact that these polymers are star shaped and the presence of 

branch points can interfere with the crystal growth. However, it is expected that under annealing 

process, branch points can actually act as nucleating agents and increase the melting point.   

DSC analysis of the triblock enantiomers (Figure 5.14, Figure C27-31) shows lower Tm and 

Hm values than those of the diblock copolymers. This behavior is due to the crystallization of 
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unpaired enantiomeric blocks in triblock copolymers which causes defects in the stereocomplex 

formation.312 

The polymerization results for complex 18 carried out under N2 atmosphere (Table 5.4, entry 

13) shows close results, to the batch prepared under air, however with narrower molecular weight 

distribution. Comparing the homodecoupled 1H NMR results of the triblock copolymers prepared 

under air with does prepared under N2, shows identical results, which rules out any possible 

racemization (Figure C. 21-26). Therefore, the only explanation for the broader molecular weight 

distribution is the actual difference in the method of polymerizations. For polymerizations carried 

out under air, for every batch of monomer addition, the vessel was exposed to air at high 

temperature, causing an extensive toluene evaporation. This resulted in an increase in the melt 

viscosity and hence improper mixing. However, for the batches that were prepared under N2 gas, 

the reactor recharge took place inside the glovebox, while the mixture was in solid state, with much 

lower amount of solvent loss and hence better mixing conditions in the melt state. Nonetheless, 

complex 18, forms high molecular weight monodispersed star-stereoblock copolymers of PLA 

with as received monomers under ambient atmospheric conditions and to the best of our 

knowledge this is the only reported example of a living catalyst that remains controlled after 

multiple exposures to air at high temperatures.114,311   

 

5.3 Summary 

Salan-supported dinuclear indium complex 2 is an air and water stable, highly active, and highly 

controlled catalyst for the polymerization of lactide in air.  We show that salan ligand support for 

indium favors the formation of a mixed hydroxyl/chloro bridged indium complex 18 which can 

convert to an active alkoxy/chloro bridged complex 17 to allow reactivity.  Complex 17 is 
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synthesized in 3 steps from a simple salan ligand and can be converted to 18 quantitatively by 

exposure to moist air.  Industrial production of PLA takes place in melt state.  Most of the 

isoselective catalysts reported in the literature (including complexes D and K), lose their selectivity 

towards polymerization of rac-LA in melt state. Hence, in order to achieve highly crystalline PLA, 

development of catalytic systems which do not cause transesterification/racemization in melt state 

is vital.  Complex 18 can be a real solution to the need for a stable catalyst, capable of high activity 

and strict macrostructure control, to form high molecular weight block copolymers in industrial 

environments without inert atmosphere facilities.   
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Chapter 6: Conclusions, contribution to knowledge and recommendations 

6.1 Conclusions 

Although PHB has great potential in a wide range of commodity and medical applications, no 

reports existed on the synthesis and rheological properties of PHBs with different topologies and 

microstructures. Also, to the best of our knowledge, none of the existing highly active/selective 

catalysts reported in the literature are capable of polymerizing lactide in industrially relevant setups 

to form high molecular weight monodispersed polymers. The main goal of this interdisciplinary 

PhD thesis, was to design a new catalytic system to form star-shaped PHBs in a single pot and 

develop highly efficient catalytic systems for the formation of high molecular weight high melt 

strength processable PHBs.  Also, in an attempt, it was shown that multiblock copolyesters can be 

formed in melt state under ambient atmospheric conditions using indium-salan complexes.  

In chapter 3, the previously reported dinuclear indium complex (D) was modified with 

tris(hydroxymethyl)benzene (THMB) to form a new catalyst (3) as an intermediate to polymerize 

cyclic esters in the presence of THMB for the formation of symmetric 3-armed star homo and 

block copolyesters in one pot. Zinc based catalyst (NNiOtBu)Zn(CH2CH3) (2),was prepared to 

produce monodispersed six-armed star PHB homopolymers using dipentaerythritol (DPET) as the 

chain transfer agent.  Reactions catalyzed by (2), and (3) formed highly symmetric well-defined, 

3-armed and 6-armed PHBs for the first time. Solution viscometric properties of the synthesized 

star and linear PHBs with different molecular weights were examined to confirm their self-

similarity as a results of the reduced compactness factor. Thermorheological characterization of 

these polymers revealed that the zero-shear viscosity of linear PHBs have a power law relationship 

with the span molecular weight, while it scales exponentially for star polymers with slightly higher 
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values for the 6-armed star PHBs.  This was attributed to the moderately syndiotactic 

microstructure of these polymers.  Our non-linear rheological measurements confirmed that the 

stars are more shear thinning compared to their linear counterparts, which makes them potential 

candidates to be used as processing aids for PHB processing.  

A series of racemic and enantiopure zinc catalysts were introduced in chapter 4 to form 

processable PHBs with syndiotactically enriched microstructures (up to 75%) and high molecular 

weights and melt strengths. These catalysts are supported by variously substituted 

diaminophenolate ancillary ligands. These complexes are surprisingly active towards the 

controlled polymerization of BBL; some can polymerize 4000 equivalents of BBL in less than 30 

minutes to form syndioenriched PHBs with molecular weights up to 340 kgmol-1.  Turnover 

frequency reached up to about 23000 h-1 exceeding by far any other value reported in the literature. 

These are highly robust systems capable of polymerizing an unprecedented 20000 equivalents of 

BBL in the presence of 5000 equivalents of benzyl alcohol. This system for the controlled ROP of 

BBL has industrial potential, and to our knowledge no comparably effective catalyst has been 

reported for BBL polymerization to this date. Having a highly active and robust catalytic system 

in hand, the synthesis of syndio-enriched PHBs was scaled up to gram scale in order to examine 

the thermorheological and mechanical properties of high molecular weight syndio-enrich PHBs. 

The consistency of storage and loss moduli during the isothermal time sweep tests to up to 2000 s 

indicated that sample degradation had not occurred at temperatures below 140 °C.  These results 

demonstrate that these polymers possesses enough thermal stability for melt processing below 140 

°C.  Highly syndiotactic PHBs (85% syndiotactic) were also prepared using the land mark yttrium 

complex (B). Results clearly showed that the highly syndio PHB suffers from dramatic thermal 

degradation and isothermal crystallization at temperatures around the melting point. This 
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observation disclosed the fact that highly syndiotactic PHBs, just like bacterial based PHBs, are 

not processable. The extensional rheometry results revealed a profound melt strength due to high 

entanglement density and the presence of flow induced crystallization in syndioenriched PHBs. 

Our tensile test results also demonstrated that high molecular weight syndioenriched PHB has 

considerable extensibility and high tensile strength comparable to its polyolefinic counterpart 

(70% syndiotactic polypropylene). 

In chapter 5, asymmetrically bridged dinuclear indium alkoxy complex (17) was prepared from 

salan ligand in two consecutive salt metathesis reactions. Exposure of (17) to trace water in as-

received organic solvents for 48 h forms asymmetrically bridged complex (18). Complex (18) 

showed air and water stability as it stays unchanged outside the N2 (g) glovebox, in ambient 

atmospheric conditions, for more than 1 month. Reaction of complex 18 with up to 10000 

equivalents of as-received lactide in the presence of THMB in the melt forms monodispersed star-

PLAs. Importantly, complex (18) catalyzes the formation of di-block and tri-block star shaped 

PLAs in the melt in air through sequential addition of lactide different isomers (L and D lactide) 

to forms high molecular weight stereotriblock copolymers of PLA in one pot.  

 

6.2 Contributions to knowledge 

1. Preparation of monodispersed linear and star shaped PHBs are reported along with 

monodispersed star shaped diblock copolymers of PHB-PLLA for the first time using modified –

OTHMB bridged dinuclear indium complex and zinc-ethyl complex. 
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2. Throughout solution and melt rheological characterization of the star PHBs are reported for the 

first time. Our results confirmed the presence of branching on the polymer backbone, and the fact 

that the prepared star polymers are highly self-similar and symmetric.  

3. The first example of a processable PHB, with no need for additives or processing aids, and good 

thermal stability and high melt strength above the melting point is reported. It is shown that for 

processable PHBs, the density of entanglements should be high, while the melting 

point/stereoregularity must be kept low. These polymers can be prepared in gram scale using a 

series of zinc-based complexes in both living and immortal fashions. These complexes are by far 

more robust and tolerant against high loadings of chain transfer agents than the existing catalysts 

in the literature, making them potential candidates for the polymerization of PHB in industrial 

scales.  

4. An easy to make, indium based catalyst is introduced with an exceptional functionality under 

ambient atmospheric conditions for the formation of star-shaped multiblock copolyesters. This 

system forms monodispersed PLAs with as-received lactide, which facilitates PLA preparation 

without any need for monomer purification through several steps of recrystallizations from 

solution.    

6.3 Recommendations for future work 

1. Post polymerization reactions of the tri-OH and hexa-OH terminated star PHBs can be carried 

out to form functionalized PHBs. These polymers can be used as initiators for radical 

polymerization of methyl methacrylate (MMA) to form star block copolymers of PHB-PMMA. 

These copolymers can then be used for the preparation of nano- or mesoporous PMMA monoliths 

using selective hydrolysis of PHB segments in PMMA-PHB matrix. 
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2. Functionalized monomers including functionalized-malolactonates and propiolactones can be 

used for the preparation of functionalized polyhydroxyalkanoates using the introduced zinc 

complexes. Throughout rheological, thermal and mechanical characterization of these polymers 

can be carried out to develop a structure-property relationship for a range of PHAs with different 

functionalities.  

3. Detailed studies can be carried out on the mechanism of crystallization and crystallization 

kinetic of star-shaped stereotriblock copolymers of PLA using in-situ crystallization techniques 

(e.g. isothermal time-sweeps and wide-angle X-ray scattering (WAXS)) to investigate the effect 

of branching on the crystallization kinetics of these polymers. 

4. Salan indium complexes can be used for facile open-air homo and block copolymerization of 

caprolactone with other cyclic esters including lactide. These star-shaped block copolymers can 

then be used as compatibilizers in the preparation of homogenous PLA/PCL binary blends. These 

complexes can also be used for the in-situ grafting of PLA on the surface of nanofillers such as 

Cellulose Nanocrystals (CNC) to form hydrophobically modified CNC from as-received lactide. 

These fillers may be used as macroinitiators for PHB grafting on the surface, or as compatible 

fillers to enhance the mechanical properties of aliphatic polyesters.  
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Appendices 

Appendix A    

A.1 Characterization of complexes 1-2 by 1H NMR, and 13 C{1H} NMR spectroscopy 

 

 

Figure A.1 1H NMR spectrum (CDCl3, 25 °C) of [(NNOtBu)InCl]2(μ-Cl)(μ- OBn) (1). 

 

Figure A.2 13C{1H} NMR spectrum (CDCl3, 25 °C) of [(NNOtBu)InCl]2(μ-Cl)(μ-OBn) (1). 
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Figure A.3 1H NMR spectrum (CDCl3, 25 °C) of [(NNOtBu)InCl]2(μ-Cl)(μ-OTHMB) (2).  

 

Figure A.4 13C{1H} NMR spectrum (CDCl3, 25 °C) of [(NNOtBu)InCl]2(μ-Cl)(μ-OTHMB) (2).  
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A.2  Crystallographic data for the solid state structure of complex 2 

 

 

Figure A.5 Molecular structure of (SS/SS)-2 (depicted with thermal ellipsoids at 50% 

probability and most H atoms omitted for clarity).  Selected bond lengths (Å) and angles (deg): 
N1-In1 2.205(4), N2-In1 2.378(3), O1-In1 2.089(3), O3-In1 2.164(3), Cl1-In1 2.4165(12), Cl3-In1 2.6613(12), N3-

In2 2.257(3), N4-In2 2.366(3), O2-In2 2.078(3), O3-In2 2.168(2), Cl2-In2 2.4297(13), Cl3-In2 2.6066(12), In1-O3-

In2 114.89(11), In2-Cl3-In1 87.77(3), N1-In1-N2 77.22(12), N1-In1-O1 86.15(12), N1-In1-O3 97.50(12), N1-In1-

Cl3 85.19(10), N1-In1-Cl1 168.51(9), N2-In1-Cl1 91.31(9), N2-In1-Cl3 85.54(9), O1-In1-O3 98.18(10), O1-In1-N2 

98.56(11), O1-In1-Cl1 95.02(8), O1-In1-Cl3 169.36(8), O3-In1-N2 162.05(11), O3-In1-Cl1 93.65(7), O3-In1-Cl3 

76.87(7), Cl1-In1-Cl3 94.70(3), N3-In2-N4 76.90(11), N3-In2-O2 86.63(13), N3-In2-O3 94.36(11), N3-In2-Cl2 

166.72(9), N3-In2-Cl3 86.29(10), N4-In2-O3 160.80(11), N4-In2-Cl2 90.94(9), N4-In2-Cl3 84.30(9), O2-In2-N4 

102.93(11), O2-In2-O3 93.45(10), O2-In2-Cl2 91.01(9), O2-In2-Cl3 168.47(8), O3-In2-Cl2 98.82(7), O3-In2-Cl3 

78.03(7), Cl2-In2-Cl3 97.92. 
 

Table A.1 X-ray results of complex 2 

Crystal characteristics 2 

empirical formula 
C62H97Cl3In2N4O

5 

fw 1314.42 

T (K) 90(2) 

a (Å) 12.169(3) 

b (Å) 15.269(4) 

c (Å) 18.288(5) 

α (deg) 81.554(7) 

β (deg) 80.349(6) 

γ (deg) 74.877(6) 

volume (Å3) 3215.0(15) 

Z 2 

In1

Cl2

O1
O3

N2

N1

Cl3

In2

O2

N3

N4

Cl1

O4

O5

H5

H4
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cryst syst triclinic 

space group P -1 

dcalc (g/cm3) 1.358 

μ (Mo Kα) (cm-1) 8.9 

2θmax (deg) 55.2 

absor corr (Tmin, Tmax) 0.8570, 0.9396 

total no. of reflns 68 410 

no. of indep reflns (Rint) 14 748 (0.0464) 

residuals (refined on F2): R1; 

wR2 
0.0708, 0.1065 

GOF 1.049 

no. obsrvns [I > 2σ(I)] 9921 

residuals (refined on F2: R1
a; 

wR2
b) 

0.0460, 0.0938 
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A.3 1H NMR, 13C NMR and MALDI-TOF analysis of PHB oligomers 

 

Figure A.6 1H NMR (CDCl3, 25 °C) spectra of the isolated linear PHB, [BBL]:[BnOH]:[1] ratios of 

5000:190:1 (Table 3.1, entry 1) 

 

 
Figure A.7 MALDI-TOF spectrum of 3-arm star PHB isolated from polymerization of 

[BBL]:[THMB]:[1] ratios of 7400:590:1 (Table 3.1, entry 9. Reaction stopped after 87% conversion and 

the monomer left overs where removed under high vacuum overnight. 
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Figure A.8 1H NMR (CDCl3, 25 °C) spectra of the isolated star PHB, [BBL]:[THMB]:[1] ratios of 

5000:300:1 (Table 3.1, entry 10) 

 

 

Figure A.9 MALDI-TOF spectrum of 3-arm star PHB isolated from polymerization of 

[BBL]:[THMB]:[1] ratios of 5000:300:1 (Table 3.1, entry 10) 
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Figure A.10 1H NMR (CDCl3, 25 °C) spectra of the isolated star PHB, [BBL]:[DPET] ratios of  

250:1. 

 

Figure A.11 13C DEPT NMR (CDCl3, 100 MHz, 25 °C) of isolated star PHB [BBL]:[DPET]:[3] 

ratios of  294:1:1(Table 3.3, entry 1). 
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A.4 DSC thermograms of moderately syndiotactic star PHBs 

 

 

 

 

Figure A.12 DSC curves of 6armed star PHBs. Top (Table 3.3 entry 7), bottom left (Table 3.3 entry 

6), and bottom right (Table 3.3 entry 5). 
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A.5 Molecular weight dependence of the linear viscoelastic behavior of linear, 3-

armed, and 6-armed star PHBs 
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Figure A.13 (a), (b) storage and loss modulus of the linear sample series, (c), (d) storage and loss 

modulus of the 3-armed sample series, and (e), (f) storage and loss modulus of the 6-armed sample series 

at 50 °C as reference temperature. 

 

A.6  Parsimonious relaxation spectrum (𝐠𝐢, 𝛌𝐢) 

Parsimonious relaxation spectrum calculated from Equations 1 and 2:  

G′(ω) =  ∑ gi
(ωλi)2

1+(ωλi)2
n
i=1    (A.1) 

 G"(ω) =  ∑ gi
(ωλi)

1+(ωλi)2
n
i=1    (A.2) 

Where gi and λi are the relaxation moduli and relaxation times of the generalized Maxwell 

model and n is the number of relaxation modes. 

Plotting the gi values versus λi, PM relaxation spectrum, along with curve fitting to the BSW 

equation (Eqn. 3), showed good agreement between the PM spectrum for linear and star 

polymers with the BSW model to obtain continues relaxation spectrums (Figure S5). 

𝐻(𝜆) = [𝐻𝑔 (
𝜆

𝜆𝑐
)

−𝑛𝑔

+ 𝑛𝑒𝐺𝑁
𝑜 (

𝜆

𝜆𝑚𝑎𝑥
)

𝑛𝑒 

] exp(−(𝜆 𝜆𝑚𝑎𝑥⁄ )𝛽) 
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𝐻𝑔 =  𝑛𝑒𝐺𝑁
𝑜 (

𝜆1

𝜆𝑐
)

𝑛𝑔

(
𝜆1

𝜆𝑚𝑎𝑥
)

𝑛𝑒

  (A.3) 

Where  𝐺𝑁
𝑜   is the plateau modulus and 𝜆max is the longest relaxation time. ne and ng are the 

slopes of the spectrum in the entanglement and glass transition zones respectively, and 𝜆c is the 

crossover time to the glass transition.313 
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Figure A.14 The PM along with the relaxation spectrum of (a) entry 7 of Table 3.1 (Linear PHB, Mw 

= 162 kgmol-1, Đ = 1.03), (b) entry 16 of Table 3.1 (3-armed star PHB, Mw = 146 kgmol-1, Đ = 1.06), (c) 

entry 7 of Table 3.3 (6-armed star PHB, Mw = 114 kgmol-1, Đ = 1.14). 
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A.7 Shear relaxation modulus plots at different strain rates 

Figure A.15 (a),(b),(c) The shear relaxation modulus 𝑮(𝒕, 𝜸)of entries 7, 16 and of Table 3.1 and entry 

7 of Table 3.2 after the imposition of sudden  strain values, 𝜸, at 50 °C; (d),(e),(f) Superposition of the 

stress relaxation modulus data of parts (a),(b),(c)  to determine the damping function. 
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A.8 Intrinsic viscosity measurements using Cannon-Fenske viscometer 

  

  

Figure A.16 (a), (b), (c) (
ηsp

C
) versus concentration of linear, 3-armed and 6 armed star PHBs 

respectively.  (d) Mark-Houwink plots of Linear, 3-armed and 6-armed star PHBs  
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Appendix B   

 

B.1 Characterization of complexes 6-16 by 1H and 13C{1H} NMR spectroscopy 

 

 

 

Figure B.1 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (±)-6 
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Figure B.2 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (R,R)-

6 



172 

 

 

 
 
Figure B.3 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (±)-7 
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Figure B.4 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (R,R)-8 
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Figure B.5  (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (R,R)-

10 
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Figure B.6  (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (±)-11 
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Figure B.7  (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (R,R)-

11 
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Figure B.8  (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (±)-12 
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Figure B.9  (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (R,R)-

13 

 



179 

 

 

 
Figure B.10 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (±)-14 
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Figure B.11 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of (±)-15 
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Figure B.12 (top)1H NMR spectrum (bottom) 13C{1H} NMR (CDCl3, 600 MHz, 25 °C) of complex (±)-16 
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B.2 Characterization of compounds by PGSE NMR spectroscopy 

 

 
 

Figure B.13 Plot of In(I/I0) vs ϒ2δ2G2[Δ-(δ/3)] × 1010 (m-2 s) from PGSE experiments (400 MHz, 

CD2Cl2, 25 °C, Δ = 80 ms, δ = 1.1 ms). The hydrodynamic radius (rH) of each compound was 

calculated by using the slopes (Dt) of the linear fits. I = intensity of the observed spin-echo, I0 = 

intensity of the spin-echo in the absence of gradients, G = varied gradient strength, ϒ = 

gyromagnetic ratio (2.675 × 108 rad s-1 T-1), δ = length of the gradient pulse, Δ = delay between 

the midpoints of the gradients. 

 

Self-diffusion translational coefficients (Dt) were calculated graphically from the slopes of the 

linear best-fit lines. 267 The csarH
sa value of each diffusing sample was estimated by the equation 

1 which was derived from the advanced Stokes-Einstein equation 2. rH
sa

 was taken from the trend 

line of a plot, csa rH
sa vs. rH

sa, based on the equation 4  reported by Chen and coworkers.314  

     (1) 

Dt
st = translational diffusion coefficient of internal standard (TMSS, Dt

st ≈ 14.2 × 10-10 m2 S-1, 

CD2Cl2, 25 °C) 

cst = internal standard size correction factor (TMSS, cst = 5.1) 

fs
st = internal standard size and shape correction factor (TMSS, fs

st = 1) 

rH
st = internal standard hydrodynamic radius (TMSS, 4.51 Å)  

Dt
sa = translational diffusion coefficient of sample (CD2Cl2, 25 °C) 

csa = sample size correction factor 

fs
sa = sample size and shape correction factor calculated from eq (3)  

csarH
sa =

Dt
stcst fs

strH
st

Dt
sa fs

sa
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rH
sa = sample hydrodynamic radius  

 

               (2) 

 

k = Boltzmann constant (k = 1.38 × 10-23 m2 kg s-1 K-1) 

T = absolute temperature (K) 

η = fluid viscosity (CH2Cl2, η = 0.0004 kg s-1 m-1) 

    

 

 

 

                                                (3) 

 

 

 

 

 

a = major semiaxes of a prolate ellipsoid estimated from X-ray crystal structure 

b = minor semiaxes of a prolate ellipsoid estimated from X-ray crystal structure 

 

                       

                                                    (4) 

 

 

 

rsolv = hydrodynamic radius of the solvent (CH2Cl2 = 2.49 Å) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dt =
kT

cfsphrH
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B.3 Characterization of compounds in the solid state 

 

Figure B.14 Molecular structures of complex (±)-6 (depicted with thermal ellipsoids at 50% probability 

and most H atoms omitted for clarity).  Selected distances (Å) and angles (deg) for 6: Zn1- N2 2.171(3), 

Zn1- N1 2.116(3), Zn1- N1 2.116(3), Zn1-C34 1.982(3), O1-Zn1-N2 106.98(10), O1-Zn1-N1 93.74(10), 

O1-Zn1-C34 113.77(13), N1-Zn1-N2 82.54(10), C34-Zn1-N2 119.10(14), C34-Zn1-N1 134.68(13). 

 

Figure B.15 Molecular structure of complex rac-10 (depicted with thermal ellipsoids at 50% probability 

and most H atoms as well as solvent molecules omitted for clarity). Selected distances (Å) and angles (deg): 

Zn1 O2 1.8757(17) Zn1 O1 1.9211(19), Zn1 N2 2.125(2), Zn1 N1 2.080(2). O2 Zn1 O1 124.44(8), O2 Zn1 

N2 114.27(8), O2 Zn1 N1 111.34(9), O1 Zn1 N2 112.01(9), O1 Zn1 N1 100.75(8), N1 Zn1 N2 86.02(9), 

Zn1 O2 C23 116.84(4), O2 C23 C24 112.19(8). 
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Figure B.16  Molecular structure of complex (±)-11 (depicted with thermal ellipsoids at 50% probability 

and H atoms as well as solvent molecules omitted for clarity). Selected distances (Å) and angles (deg): Zn1 

Zn1i 3.0515(4), Zn1 O1 1.9659(10), Zn1 O2i 2.0568(9), Zn1 O2 2.0045(10), Zn1 N1 2.1613(11), Zn1 N2 

2.1976(12), O2 Zn11 2.0568(9). O1 Zn1 O21 95.32(4), O1 Zn1 O2 128.93(4), O1 Zn1 N1 91.12(4), O1 Zn1 

N2 117.83(4), O2 Zn1 Zn11 97.40(3), O2 Zn1 O21 82.59(4) O21 Zn1 N1 172.42(4), O2 Zn1 N1 96.46(4), 

O2 Zn1 N2 113.24(4), O21 Zn1 N2 93.24(4), N1 Zn1 N2 80.19(4), Zn1 O2 Zn11 97.41(4), C34 O2 Zn11 

118.37(8), O2 C34 C35 114.48 (11). 

 

 

 

Figure B.17  Molecular structure of complex (RR)-13 (depicted with thermal ellipsoids at 50% probability 

and most H atoms as well as solvent molecules omitted for clarity). Selected distances (Å) and angles (deg): 

Selected distances (Å) and angles (deg): Zn1 Zn1i 2.9989(3), Zn1 O1 1.968(6), Zn1 O2i 2.034(6), Zn1 O2 

2.021(6), Zn1 N1 2.170(7), Zn1 N2 2.173(8), O2 Zn11 1.988(6). O1 Zn1 O21 128.0(2), O1 Zn1 O2 94.24(5), 

O1 Zn1 N1 92.0(2), O1 Zn1 N2 117.3(3), O2 Zn1 Zn11 96.4(2), O2 Zn1 O21 80.7(2) O21 Zn1 N1 95.6(4), 

O2 Zn1 N1 173.8(4), O2 Zn1 N2 96.6(4), O21 Zn1 N2 114.6(4), N1 Zn1 N2 80.34(4), Zn1 O2 Zn11 

96.41(4), C35 O2 Zn11 119.5(8), O2 C35 C36 112.8 (11). 
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Figure B.18  Molecular structure of complex (±)-14 (right: half structure depicted with thermal ellipsoids 

at 50% probability and most H atoms as well as solvent molecules omitted for clarity). Selected distances 

(Å) and angles (deg): Selected distances (Å) and angles (deg): Zn1 Zn1i 3.1189(8), Zn1 O1 2.0117(19), 

Zn1 O2i 2.105(2), Zn1 O2 1.998(2), Zn1 N3 2.115(3), Zn1 N2 2.115(4), O2 Zn11 2.105(2). O1 Zn1 O21 

167.81(9), O1 Zn1 O2 103.34(8), O1 Zn1 N2 93.35(10), O2 Zn1 Zn11 41.82(6), O2 Zn1 O21 81.07(0), O2 

Zn1 N1 173.8(4), O2 Zn1 N31 122.01(11), O21 Zn1 N2 106.26(11), Zn1 O2 Zn11 41.82(6), C24 O2 Zn11 

124.1(2), O2 C24 C25 112.0 (2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



187 

 

Table B.1 Selected crystallographic data for compounds 6, 11, 13, and 14. 

 
 (±)-6 (±)-10 (±)-11 (R,R)-13 (±)-14 

empirical 

formula 

C35H48N2OZn C62H96N4O4Zn

2 

C80H100N4O4Z

n2 

C80H88N4O4Si2

Zn2 

C29H45N3O2Zn 

fw 578.12 1092.16 1312.37 1356.46 533.05 

T (K) 90 90 90 296.15 296.15 

a/Å 8.4530(14) 11.8172(5) 12.0439(15) 10.894(2) 11.1804(11) 

b/Å 18.142(3) 15.9905(9) 12.0523(15) 33.799(7) 13.0247(13) 

c/Å 10.3805(15) 16.8567(9) 13.1052(16) 21.937(5) 19.4626(19) 

α/° 90 89.9930(10) 91.335(3) 90 90 

β/° 97.637(4) 82.361(2) 107.129(3) 101.820(4) 95.724(2) 

γ/° 90 72.8900(10) 109.096(3) 90 90 

Volume/Å3 1577.8(4) 3014.7(3) 1702.7(4) 7906(3) 2820.0(5) 

Z 2 2 1 4 4 

cryst syst monoclinic triclinic triclinic monoclinic monoclinic 

space group P 21 P-1 P-1 P 21 P 21/c 

dcalc (g/cm3) 1.231 1.203 1.280 1.140 1.256 

μ (Mo Kα) (cm-

1) 

0.807 8.43 0.758 0.684 0.900 

2θmax (deg) 61.204  60.128 61.208 55.468 57.15 

total no. of 

reflns 

25006 10665 48808 128764 53818 

no. of indep 

reflns (Rint) 

9676 10637  10305 36757 7170  

residuals 

(refined on F2): 

R1; wR2 

0.0653, 0.0946 0.0396,0.0826 0.0463, 0.0422 0.0631,0.1514 0.0560, 0.1291 

GOF 0.963 0.916 1.022 1.013 1.134 

residuals 

(refined on F2: 

R1
a; wR2

b) 

0.0444, 0.0730 0.0612, 0.0878 0.0334, 0.0732 0.0783, 0.1595 0.0689, 0.1369 

 aR1 = Σ ||Fo| - |Fc|| /Σ |Fo|.
b wR2 = [ Σ ( w (Fo

2 - Fc
2)2 )/ Σ w(Fo

2)2]1/2 
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B.4 Kinetic studies of the polymerization of BBL  

 

 
Figure B.19 The ROP plots of 400 equiv of [BBL] vs. [Catalyst] ((±)-9 (red triangle), (±)-10 (empty 

square), (±)-11(orange cycle), (R,R)-11(cross), (±)-12(empty dimonds), (R,R)-13(empty triangle), (±)-

14(plus), (±)-15(blue square), (±)-16(dash)) at 25 °C and followed to 95% conversion. [BBL] = 0.16 M. 

[catalyst] = 0.40 mM in CD2Cl2.1,3,5-trimethoxybenzene (TMB) was used as internal standard. 
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B.5 Inverse gated 13 C{1H} NMR spectra of selected Table 3.3 entries 

 

   

a 
b c 
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Figure B.20 Carbonyl region of inverse gated 13C{1H} (125 MHz, CDCl3, 12 °C)of Table 2 entries (a) 1, 

(b) 3, (c) 6, (d) 9, (e) 11.   Pr values (probability of racemic linkages between monomer units) were 

calculated using the below equation, were “r” and “m” represents racemic and meso linkages respectively 

and Ir and Im are the integrations of corresponding inverse gated 13C{1H}peaks: 

 

 

d e 
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B.6 Depolymerization studies using complex 9 

 

In the glovebox, a 100 mg sample of isolated, dry PHB (synthesized using previously reported 

indium ethoxide complex D)145 was dissolved in 1 mL of CH2Cl2. To this stirring solution, (±)-9 

(3 mg, 0.0028 mmol) dissolved in 1 mL CH2Cl2 was added. After 1 and 16 h, reactions were 

quenched with a drop of HCl (1.5 M in Et2O) and the polymer samples were isolated through the 

addition of cold methanol. The polymers were dried under vacuum for 8 h prior to GPC analysis. 

 

Table B.2 GPC data for depolymerization experiments 

Entry Description 
Mn, exp

a 

(g/mol) 
Đa 

1 PHB prior to reaction 160200 1.02 

2 PHB isolated after reaction with (±)-6 (1 h) 65100 1.50 

3 PHB isolated after reaction with (±)-6 (16 h) 38400 1.50 

aDetermined by GPC-LLS (gel permeation chromatography-low angle laser light scattering) (dn/dc = 0.037 for 

PHB). Reactions carried out in 5 min with rac-lactide and [Zn] = 0.7 mM. 
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B.7 Chain end analysis using MALDI-TOF and 1H NMR 

 
Figure B.21 MALDI-TOF mass spectrum of PHB produced by (±)-9 from ROP of 50 equiv.  of rac-BBL 

after quenching with MeOH (2,5-dihydroxybenzoic acid with NaTFA). An = [86.09 BBL]n +32 MeOH + 

23 Na+ (A11 = [86.09BBL]11 +32 MeOH + 23 Na+ =1001.99). 

 

 
Figure B.22 1 H NMR spectrum of PHB produced by (±)-9 from ROP of 50 equivalents of rac-BBL 
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Figure B.23 1H NMR spectrum (CDCl3, 25 °C) of PHB isolated from polymerization of [BBL]:[BnOH]:[9] ratios of 

20000:5000:1 (Table 4.4, entry 7).  
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Figure B.24 MALDI-ToF of PHB isolated from polymerization of [BBL]:[BnOH]:[9] ratios of 

20000:5000:1 (An = [86.09 BBL]n +108.14 BnOH + 23 Na+, A4 = [86.09BBL]4 +108.14 BnOH + 23 Na+ 

=475.5) (Table 4.4, entry 7). 
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Figure B.25 Highly syndiotactic PHB (Pr = 0.83) is prepared using Complex B in THF with isopropanol 

as the initiator. Since the polymer is highly crystalline and is not soluble in THF, MALDI-ToF was used to 

estimate the molecular weight of the polymer. (entry 1, Table 4.5). 
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B.8 DSC Thermograms of selected Table 4.5 entries 

 
Figure B.26 DSC thermogram of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at 

RT (Table 4.5 entry 3, Mw = 126000 , Pr = 0.68). 

 
Figure B.27 DSC thermogram of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at 

RT (Table 4.5 entry 4, Mw = 134000, Pr = 0.64). 

 
Figure B.28 DSC thermogram of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at 

RT (Table 4.5 entry 5, Mw = 190800, Pr = 0.65). 
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Figure B.29 DSC thermogram of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at 

RT (Table 4.5 entry 6, Mw =225000 , Pr = 0.64). 

 
Figure B.30 DSC thermogram of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at 

RT (Table 4.5 entry 7, Mw = 285000, Pr = 0.68). 

 
Figure B.31 DSC thermogram of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at 

RT (Table 4.5 entry 8, Mw =385000 , Pr = 0.64). 
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B.9  Isothermal frequency sweep test results of syndio-rich PHB  
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Figure B.32 Molecular weight dependence of storage modulus of of Syndio-rich PHBs of different 

molecular weights synthesized using (±)-9 as the catalyst in CH2Cl2 at RT (Table 4.5, entries 2-8). 
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Figure B.33 Molecular weight dependence of loss modulus of Syndio-rich PHBs of different molecular 

weights synthesized using (±)-9 as the catalyst in CH2Cl2 at RT (Table 4.5, entries 2-8) 
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Figure B.34 DSC results of Syndio-rich PHB synthesized using (±)-9 as the catalyst in CH2Cl2 at RT (Mw 

=225000 , Pr = 0.64) before (solid line) and after (dashed line) extensional rheometery (SER) at the strain 

rate of 1 s-1(Table 4.5 entry 6 ). 
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Appendix C   

C.1 Characterization of complexes 17-19 by 1H NMR, and 13 C{1H} NMR spectroscopy 

Figure C.1 1H NMR spectrum (CDCl3, 25 °C, 400 MHz) of (RR/RR)-17 

 

Figure C.2 13C{1H} NMR spectrum (CDCl3, 25 °C, 151 MHz) of (RR/RR)-17 
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Figure C.3   1H-13C HSQC spectrum (CDCl3, 25 °C) of (RR/RR)-17 
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Figure C.4 1H NMR spectrum (CDCl3, 25 °C, 400 MHz) of (±)-17 

 

Figure C.5 13C{1H} NMR spectrum (CDCl3, 25 °C, 151 MHz) of (±)-17 
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Figure C.6 1H NMR spectrum (CDCl3, 25 °C, 400 MHz) of (RR/RR)-18 ((±)-18 shows similar spectrum) 

 

Figure C.7 13C{1H} NMR spectrum (CDCl3, 25 °C, 151 MHz) of (RR/RR)-18 ((±)-18 shows similar 

spectrum) 
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Figure C.8 1H NMR spectrum (CDCl3, 25 °C, 400 MHz) of (RR/RR)-19 
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Figure C.9 1H NMR spectrum (CDCl3, 25 °C, 400 MHz) of (RR/RR)–OTHMB bridge complex 17

 

Figure C.10 13C{1H} NMR spectrum (CDCl3, 25 °C, 151 MHz) of (RR/RR)–OTHMB bridged complex 

17 
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Figure C.11 1H NMR spectrum (CDCl3, 25 °C, 400MHz) of (RR/RR)-18 after exposure to air for 32 days 

overlaid with original spectrum of (R,R)-17. 

 

 

Figure C.12 1H NMR spectrum of (RR/RR)-17 regenerated by stirring (RR/RR)-18 (resulted from stirring 

in wet solvent) in neat ethanol 
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C.2 Crystallographic data for the solid state structure of (RR/RR)-17, 18, and 19 

 

Figure C.13 Molecular structure of complex (RR/RR)-17. (Depicted with thermal ellipsoids at 50% 

probability. H atoms as well as Toluene molecules omitted for clarity).  

 

Table C.1 Selected bond lengths (Å) and angles (o) for compound (RR/RR)-17. 

In2-Cl1 2.6327(8) O3-In2-Cl1 170.98(7) 

In2-O3 2.087(2) O3-In2-O5 98.62(8) 

In2-O4 2.073(2) O3-In2-N4 87.19(19) 

In2-O5 2.1378(18) O3-In2-N3 97.63(10) 

In2-N4 2.285(3) O4-In2-Cl1 86.10(6) 

In2-N3 2.302(3) O4-In2-O3 102.72(9) 

In1-Cl1 2.6198(7) O4-In2-O5 97.29(7) 

In1-O1 2.082(2) O4-In2-N4 163.35(8) 

In1-O2 2.073(2) O4-In2-N3 89.14(9) 

In1-O5 2.1413(19) O5-In2-Cl1 78.15(6) 
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Figure C.14 Molecular structure of complex (RR/RR)-18 (depicted with thermal ellipsoids at 50% 

probability. H atoms as well as Toluene molecules omitted for clarity).  

 

Table C.2 Selected bond lengths (Å) and angles (o) for compound (RR/RR)-18. 

In1-Cl1 2.674(6) O1-In1-Cl1 172.5(5) 

In1-O1 2.119(18) O1-In1-O2 101.8(6) 

In1-O2 2.075(13) O1-In1-O5 96.5(7) 

In1-O5 2.259(15) O1-In1-N1 88.7(7) 

In1-N1 2.28(2) O1-In1-N2 94.2(9) 

In1-N2 2.27(2) O2-In1-Cl1 85.7(4) 

In2-Cl1 2.623(6) O2-In1-N1 164.8(6) 

In2-O3 2.147(16) O5-In1-Cl1 81.5(5) 

In2-O4 2.058(14) O5-In1-O2 98.8(5) 

In2-O5 2.261(16) O5-In1-N1 90.9(6) 

In2-N3 2.274(19) N1-In1-Cl1 84.2(5)  

 

  



209 

 

 

Figure C.15.  Molecular structure of complex (RR/RR)-19 (depicted with thermal ellipsoids at 50% 

probability. H atoms as well as Toluene molecules omitted for clarity).   

 

Table C.3 Selected bond lengths (Å) and angles (o) for compound (RR/RR)-19. 

In1-In2 3.3789(8) O1-In1-In2 92.5(2) 

In1-O1 2.091(7) O1-In1-O5 83.0(3) 

In1-O2 2.072(8) O1-In1-O6 98.7(3) 

In1-O5 2.244(9) O1-In1-N1 87.9(3) 

In1-O6 2.145(9) O1-In1-N2 161.1(3) 

In1-N1 2.337(10) O2-In1-In2 131.2(2) 

In1-N2 2.249(9) O2-In1-O1 104.7(3) 

In2-O3 2.084(8) O2-In1-O5 169.9(4) 

In2-O4 2.094(7) O2-In1-O6 94.6(3) 

In2-O5 2.215(10) O2-In1-N1 98.4(3) 

In2-O6 2.109(8) O2-In1-N2 88.8(3) 
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Table C.4 Selected crystallographic parameters for (RR/RR)-17, (RR/RR)-18, (RR/RR)-19. 

 (RR/RR)-17 (RR/RR)-18 (RR/RR)-19 

empirical formula C102H149N4O5ClIn2 C96.9H139.5ClIn2N4O5 C86H128In2N4O6 

Fw 1776.33 1705.60 1543.56 

T (K) 100(2) 100(2) 100(2) 

a (Å) 12.1349(8) 12.196(4)  12.0666(5) 

 

b (Å) 12.2766(8) 12.295(4) 12.3213(6) 

c (Å) 18.6225(12) 18.618(6) 18.3525(8) 

 (deg) 85.3880(10) 86.040(10) 74.0920(10) 

 (deg) 74.1760(10) 73.489(9) 87.9700(10) 

deg 65.3920(10) 64.932(10) 65.2360(10) 

volume (Å3) 2425.0(3) 2420.5(13) 2372.91(18) 

Z 1 1 1 

crystal system triclinic triclinic triclinic 

space group P1 P1 P1 

Unique reflections/parameters 21442/1133 11685/955 14821/939 

dcalc (g/cm3) 1.216 1.170 1.080 

μ (MoKα) (mm-1) 0.554 0.553  0.531 

 

absor corr (Tmin, Tmax) 0.855,0.942 0.759,0.962 0.892,0.979 

residuals (refined on F2): R1( I 

> 2σ(I)); wR2 (all data) 

0.023, 0.047 0.085, 0.243 0.052, 0.127 

Flack parameter -0.005(5) 0.064(19) -0.07(2) 

GOF 1.01 1.11 0.830 
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C.3 Pulsed gradient spin-echo (PGSE) spectroscopy data of the pro-ligand, and 

complexes (RR/RR)-17, 18, and 19 

 

 
 

Figure C.16 Plot of In(I/I0) vs ϒ2δ2G2[Δ-(δ/3)] × 1010 (m-2 s) from PGSE experiments (400 MHz, 
CD2Cl2, 25 °C, Δ = 80 ms, δ = 1.1 ms). The hydrodynamic radius (rH) of each compound was calculated 
by using the slopes (Dt) of the linear fits. I = intensity of the observed spin-echo, I0 = intensity of the 
spin-echo in the absence of gradients, G = varied gradient strength, ϒ = gyromagnetic ratio (2.675 × 
108 rad s-1 T-1), δ = length of the gradient pulse, Δ = delay between the midpoints of the gradients . 
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Table C.5 Diffusion coefficient and hydrodynamic radii of the complexes measured through PGSE 

measurements and solid state x-ray crystallography. 

 Complexes 
Dt 

a (×10−10 

m2s−1) 
rH (Å) a rx-ray (Å)b 

1 (R,R)-Salan ligand 9.4(0.3) 6.5 ndc 

2 A 7.8(0.31) 7.53165 7.30165 

3 B 6.5(0.5) 8.5166 8.3166 

4 (RR/RR)-[(ONHNHO)In]2(μ-Cl)(μ-OEt) (17) 6.7(0.1) 8.7 8.33 

5 (RR/RR)- [(ONHNHO)In]2(μ-Cl)(μ-OH) (18) 6.5(0.6) 8.51 8.32 

6 (RR/RR)- [(ONHNHO)In]2(μ-OH)(μ-OH) (19) 6.5(0.2) 8.51 8.27 

 

a Calculated hydrodynamic Radii (rH) from translational diffusion coefficients (Dt) (0.9 mM TMSS used 

as internal standard; 4.5 mM in CD2Cl2). b X-ray crystallographic data was used to calculate rx-ray using 

the equation rx-ray = (3V/ 4πn)⅓ where V is the volume of unit cell and n is the number of the compounds 

of interest occupying the unit cell assuming spherical shape . c Not determined. 

 

 

 

C.4 Extra polymer characterizations 

 

Figure C.17 Heterotactic (Pr = 0.72) PLA produced from polymerization of rac-Lactide with (RR/RR)-17  

(CDCl3, 25 °C, 600 MHz). 
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Figure C.18 GPC traces of PLA obtained from the polymerization of rac-LA in the presence of different 

equivalences of EtOH (Table 5.3, entries 1-4). (red) LA/EtOH/(17):1000/5/1, (black) 

LA/EtOH/(1):1000/10/1, (blue) LA/EtOH/(1):1000/50/1, (green) LA/EtOH/(17):1000/100/1 (25 °C, 

CH2Cl2, 99% conv.) 
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Table 1, entry 13, PLLA

Table 1, entry 13, PLLA-PDLA

Table 1, entry 13, PLLA-PDLA-PLLA

 

Figure C.19 GPC overlaid chromatograms 3-arm star PLLA obtained from the polymerization with [L-

LA]//[THMB]/[18] ratios of 700/8/1 (Mn =11430 , Đ= 1.06), 3-arm star di-block copolymers of PLLA-

PDLA obtained from the polymerization with [L-LA+D-LA]/[THMB]/[18] ratios of 700+500/8/1(Mn = 

20600, Đ= 1.07), and 3-arm star tri-block copolymers of PLLA-PDLA-PLLA obtained from the 
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polymerization with [L-LA+D-LA+L-LA]/[THMB]/[18] ratios of 700+500+700/8/1(Mn = 30300, Đ= 1.05) 

in melt state at 155 °C under N2 (Table 5.4, entry 13). 

 

 

 

 

Figure C.20 1H NMR spectra of Table 5.4, entry 10 (CDCl3, 25 °C) after monomer depletion in melt state 

in air (sample was collected after 60 mins. Time of the experiment is not optimized).  
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C.5 1H{1H} NMR and 1H NMR spectra of the methine region of PLA obtained with 

complex 18 in melt state under air and dinitrogen atmosphere 

  

 

Figure C.21 (left) 1H{1H} and (right) regular 1H NMR spectrum of the methine region of Table 5.4, entry 

12, first block (PLLA) (CDCl3, 25 °C, 600 MHz). 
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Figure C.22 (left) 1H{1H} and (right) regular 1H NMR spectrum of the methine region of Table 5.4 entry 

12, second block (PLLA-PDLA) (CDCl3, 25 °C, 600 MHz). 

  

 

Figure C.23 (left) 1H{1H} and (right) regular 1H NMR spectrum of the methine region of Table 5.4 entry 

12, third block (PLLA-PDLA-PLLA) (CDCl3, 25 °C, 600 MHz). 
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Figure C.24 (left) 1H{1H} and (right) regular 1H NMR spectrum of the methine region of Table 5.4 entry 

13, first block (PLLA) (CDCl3, 25 °C, 600 MHz). 

 

  

 

Figure C.25 (left) 1H{1H} and (right) regular 1H NMR spectrum of the methine region of Table 5.4 entry 

13, second block (PLLA-PDLA) (CDCl3, 25 °C, 600 MHz). 
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Figure C.26 (left) Homonuclear-decoupled and (right) regular 1H NMR spectrum of the methine region of 

Table 5.4, entry 13, third block (PLLA-PDLA-PLLA) (CDCl3, 25 °C, 600 MHz). 

 

C.6 DSC results of PLA triblock copolymers of Table 5.4 entries 12 and 13  

 

 

Figure C.27 DSC results of entry 12, PLLA 
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Figure C.28 DSC results of entry 12, PLLA-PDLA 

 

 

Figure C.29 DSC results of entry 12, PLLA-PDLA-PLLA 
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Figure C.30 DSC results of entry 13, PLLA-PDLA 

 

Figure C.31 DSC results of entry 13, PLLA-PDLA-PLLA 

 

 

 


