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ABSTRACT 

Telechelic polyesters have successfully been synthesized with lipase-

catalyzed polymerization. The produced telechelics had a high degree of 

difunctionalization, high purity (requiring little or no workup) and 

controlled degree of polymerization. The syntheses were performed in 

one-pot one-step reaction systems. Two different types of lipase-catalyzed 

polymerizations were applied – ring-opening polymerization and poly-

condensation. In ring-opening polymerization telechelics were produced 

by a combination of initiation, α-functionalization, and linking through 

termination, -functionalization. In polycondensation different types of 

end-cappers were used to synthesize telechelics. Several exampels of 

functional groups were used for end-functionalization - epoxide, 

methacrylate and tetraallyls. Enzyme kinetic schemes describing the 

different functionalization methods of polyesters are presented and 

discussed. Stoichiometry and different reaction conditions have been 

studied to understand the effects these functions have on the final 

structure of the synthesized telechelics. Polyesters are classified as 

biodegradable, and can also be synthesized from materials that can be 

extracted or fermented from renewable sources like plants. Lipase-

catalysts have several beneficial attributes, like high selectivity, they are 

renewable and biodegradable, are non-toxic and metal-free and can 

operate under mild reaction conditions. 

The focus of this thesis has been on lipase-catalyzed syntheses and 

characterization of the produced telechelics, in addition some materials 

have been produced. Some uses of telechelics are surface modification, 

materials for block co-polymers, functional films and biomedical 

applications. 

 

Keywords: Candida antarctica lipase B, lipase-catalysis, polymerization, 

telechelic, functional polyesters, ring-opening polymerization, 

polycondensation. 



 

  

SAMMANFATTNING 
Polyestrar funktionaliserade i båda ändarna har framställts med hjälp av 

lipaskatalyserad polymerisation. De producerade polyestrarna hade hög 

difunktionalisering, hög renhet (vilket medförde liten, eller ingen, 

upparbetning av produkten), samt hade kontrollerad polymerisationsgrad. 

Synteserna utfördes i ett enstegs-reaktionssystem. 

Två olika typer av lipaskatalyserad polymerisation användes för att kunna 

framställa polyestrarna – ringöppningspolymerisation och poly-

kondensation. Vid ringöppningspolymerisationen användes en kombi-

nation av initieringsteknik, α-funktionalisering, samt sammanlänkning med 

hjälp av termineringsteknik, -funktionalisering. Vid polykondensationen 

användes flera olika typer av ändgrupper vid synteserna av funktio-

naliserade polyestrar. Olika typer av funktionella ändgrupper kopplades till 

polyestrar, såsom epoxider, metakrylater samt tetraallyler. 

Enzymkinetikscheman som beskriver de olika funktionaliserings-

metoderna av polyestrar diskuteras. Försök på hur stökiometri och olika 

reaktionsbetingelser påverkar den slutliga strukturen av de funktional-

iserade polyestrarna har genomförts. 

Polyestrar klassificeras som biologiskt nerbrytbara polymerer, och kan bli 

producerade av material som kan bli extraherade eller fermenterade från 

förnybara källor, så som växter. 

Lipaser som katalysatorer har flera fördelaktiga egenskaper, till exempel 

hög selektivitet, de är bionedbrytbara och förnybara, de är icke-toxiska och 

fria från metaller, samt att de kan användas vid milda reaktionsbetingelser. 

Fokuset inom detta arbete har varit på synteser av funktionella polyestrar, 

med hjälp av lipaskatalys, dessutom har några nya material skapats. 

Användningsområden för ändfunktionella polyestrar är bland annat för 

ytbehandling, byggstenar för blockcopolymerer, funktionella filmer samt 

biomedicinska applikationer. 

 

Nyckelord: Candida antarctica lipas B, lipaskatalys, polymerisation, 

ändfunktionella polyestrar, funktionella polyestrar, ringöppnings-

polymerisation, polykondensation. 
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INTRODUCTION 

Several areas in natural science are fairly uncharted and undeveloped. The 

multi-disciplinary fields continue to expand and advance in knowledge. 

Scientists have to increase understanding through interdisciplinary con-

tacts to continue to develop new ideas and results. Nature has a knack to 

solve problems in the most amazing ways, which can be utilized in several 

fields, like industries, that are old and outdated in today’s society. 

Enzymes, proteins with catalytic power, receive increasing attention as 

environmentally friendly instruments for production of new materials 

from renewable building blocks. The majority of polymers used in today’s 

society are based on non-renewable petroleum-based substrates. To 

achieve a sustainable future the development of renewable and biode-

gradable polymers is of great importance. 

The demand for polymers with tailor-made properties will increase, and 

new synthetic pathways need to be developed. Telechelics, i.e. linear 

polymers with two functional end-groups, show potential to be used as 

building blocks of new materials. Telechelics with different physical prop-

erties and functional end-groups can be combined to create materials with 

a specific function and purpose. Biochemistry and polymer chemistry 

meet in enzyme-catalyzed polymer synthesis. Enzyme-catalyzed 

polymerization reactions show high specificity and are able to synthesize 

functional polyesters relatively simple. In this thesis several different 

syntheses of telechelic polyesters are shown, which have been catalyzed 

with a lipase. 

Polymers 

A polymer is a large molecule consisting of one or several different 

repeating units. These repeating units, often called monomers in their free 

form, are connected through covalent bonds. The structure and properties 

of the monomers govern the characteristics of the final products. A 

homopolymer contains only one type of monomer in its structure, while a 

polymer constructed out of two, or several, monomers is named a 

copolymer. The backbone structure of a copolymer can be arranged in 

several different ways, for instance forming alternating copolymers and 
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block copolymers.1 Synthetically, man-made polymers are in modern 

society used in a wide variety of applications like lubricants2, bio-

medicine3,4, electronics5 and textile6 to name a few. Polymer chemistry has 

also made a huge impact on the world of science, and several Nobel Prize 

winners (Flory, Staudinger, Ziegler and Natta) have been awarded for their 

vast work on polymers. 

In nature, polymers are used for a wide variety of functions and 

biochemical solutions. Proteins and polynucleotide sequences and 

structures are very important for their specific function and are therefore 

strictly controlled.7 The polynucleotides DNA/RNA are used for storing 

information for the organisms’ genome in a dense and space-saving 

polymer chain, consisting of the different nucleotides. Proteins, which are 

built by amino acids, have several functions within an organism and are 

used i.e. for their catalytic power (enzymes), structural performance, and 

signaling function. Cellulose, chitin, and silk are used for their rigid 

structures and work as, for instance, protection. Cellulose is the most 

common natural polymer on this planet, and its renewability is of outer-

most importance. Polysaccharides store energy, which can be released and 

used in the metabolism of living organisms.  

                                                      

1 Rudin, A.: The polymer science and engineering /Alfred Rudin. 2nd ed. Academic Press; 
1999. 

2 Jolley, S. T.: Polyol ester lubricants for use in environmentally friendly refrigeration 
applications. Preprints - American Chemical Society, Division of Petroleum Chemistry 1997, 42: 
238-241. 

3 Zeng, H., Gao, C., and Yan, D.: Poly( -caprolactone)-functionalized carbon nanotubes 
and their biodegradation properties. Advanced Functional Materials 2006, 16: 812-818. 

4 Noga, D. E., Petrie, T. A., Weck, M., Garcia, A., and Collard, D. M.: Functional 
poly(lactide) synthesis for use in biomedical  applications. Polymer Preprints (American 
Chemical Society, Division of Polymer Chemistry) 2008, 49: 844. 

5 Sierros, K. A., and Kukureka, S. N.: Tribological investigation of thin polyester substrates 
for displays. Wear 2007, 263: 992-999. 

6 Rahman, M. S.: In textiles. Polymer Grafting and Crosslinking 2009, 177-1999. 
7 Devlin, T. M.: Textbook of Biochemistry with Clinical Correlations. Wiley-Liss, 6th ed, 

2006. 
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Renewability & Biodegradability 

Several interesting chemicals with potential to be used as monomers can 

be available from fermentation or plant materials and used for future 

reactions and/or modifications.8,9  

Polymers that are designed to decompose after their purposes are fulfilled 

are classified as biodegradable. Such products will be degraded in a natural 

aerobic (composting) or anaerobic (landfill) environment. Mechanical, 

chemical and enzymatic reactions, performed by microorganisms, break 

down the polymeric product into smaller constituents. For a full 

degradation the products should be converted to CO2, H2O, CH4, NH4
+, 

and other constituents. Developments of new, renewable polymers with 

similar characteristics of commonly used petroleum-based polymers are of 

interest for the industry. Some of the targeted fields are packing materials, 

hygiene products, and consumer goods.10,11 Polyesters are one class of 

biodegradable polymers that show great potential.12 

An interesting part of renewability is the possibility of recycling the 

polymer on a molecular level.13,14 Since lipase-catalyzed polymer reactions 

are reversible, the reaction conditions can be changed and the reaction 

being shifted to degradation of the polymer-chain towards oligo-

mers.15,16,17 

                                                      

8 Werpy, T. and Petersen, G.: Top value added chemicals from biomass. Volume I – 
Results of screening for potential candidates from sugars and synthesis gas. U.S. 
Department of Energy 2004. 

9 Gandini, A.: Prespective. Macromolecules 2008, 41: 9491-9504. 
10 Gross, R. A., and Kalra, B.: Biodegradable polymers for the environment. Science 2002, 

297: 803-807. 
11 Albersson, A.-C.: Renewable green polymers. Polymer Preprints (American Chemical Society, 

Division of Polymer Chemistry) 2007, 48: 829. 
12 Bisht, K. S., Henderson, L. A., Gross, R. A., Kaplan, D. L., and Swift, G: Enzyme-

catalyzed ring-opening polymerization of ω-pentadecalactone. Macromolecules 1997, 30: 
2705-2711. 

13 Matsumura, S.: Enzyme-catalyzed synthesis and chemical recycling of polyesters. 
Macromolecular Bioscience 2002, 2: 105-126. 

14 Matsumura, S.: Enzymatic synthesis of polyesters via ring-opening polymerization. 
Advances in Polymer Science 2006, 194: 95-132. 

15 Kobayashi, S., Uyama, H., and Takamoto, T.: Lipase-catalyzed degradation of polyesters 
in organic solvents. A new methodology of polymer recycling using enzyme as catalyst. 
Biomacromolecules 2000, 1: 3-5. 
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The control of the water content in the system is a key factor for a 

degrading reaction, since the size of the produced oligomer can be 

regulated. Once the polymer has been degraded to oligomers, these could 

be used as building blocks for a new polymerization reaction. 

 

Telechelic polyesters 

End-functionalized polyesters, like telechelics18, are important polymeric 

materials. These functionalized polymers are often used in applications 

such as surface modification (Figure 1, Paper I-III), biomedicine19, and 

synthesis of crosslinked materials20 or block co-polymers21 to name a few.  

                                                                                                                  

16 Ebata, H., Toshima, K., and Matsumura, S.: Lipase-catalyzed transformation of poly(ε-
caprolactone) into cyclic dicaprolactone. Biomacromolecules 2000, 1: 511-514. 

17 Sugihara, S., Toshima, K., and Matsumura, S.: New strategy for enzymatic synthesis of 
high-molecular-weight poly(butylene succinate) via cyclic oligomers. Macromolecular Rapid 
Communications 2006, 27: 203-207. 

18 Telechelic – a polymer that carries two functionalized end groups. 
19 Coelho, J. F. J., Ferreira, P., and Gil, M. H.: New approaches in drug delivery systems: 

Application for diabetes treatment. Infectious Disorders – Drug Targets 2008, 8: 119-128. 
20 Simpson, N., Takwa, M., Hult, K., Johansson, M., Martinelle, M., and Malmström, E.: 

Thiol-functionalized poly( -pentadecalactone) telechelics for semicrystalline polymer 
networks. Macromolecules 2008, 41: 3613-3619. 

Figure 1. Water droplet on top of cardboard surface modified with a cross-

linked functionalized polyester. The polyester is described in Paper II. 
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The production of telechelics is often a complex and time-consuming 

procedure. The design of the end-terminal structure of the polymer is of 

great importance for the characteristics and the reactions need to be 

controlled. There are several ways to functionalize polyesters, for instance 

- and - and pendant-functionalization.22 

 

Functionalization of  polyesters 

It has been shown that functional polyesters can be synthesized through 

ring-opening polymerization, ROP, in a couple of different ways, which 

can be used separately or in combination to create difunctional poly-

esters.23,24 

                                                                                                                  

21 Keul, H., Neumann, A., Reining, B., and Höcker, H.: Synthesis of telechelics and block 
copolymers via “living” radical polymerization. Macromolecular Symposia 2000, 161: 63-72. 

22 Lou, X., Detrembleur, C., and Jerome, R.: Novel aliphatic polyesters based on functional 
cyclic (di)esters. Macromolecular Rapid Communications 2003, 24: 161-172. 

23 Kobayashi, S., and Makino, A.: Enzymatic polymer synthesis: An opportunity for green 
polymer chemistry. Chemical Reviews 2009, 109: 5288-5353. 

24 Carrot, G., Hilborn, J. G., Trollsås, M., and Hedrick, J. L.: Two general methods for 
synthesis of thiol-functional polycaprolactones. Macromolecules 1999, 32: 5264-5269. 

Figure 2. Cartoon of ring-opening polymerization affording a telechelic 

product functionalized through initiator and terminator methods. The 

initiator is shown as a star (gray), the monomers as rings (white), and the 

terminator as a prohibition sign (black). 
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A telechelic polyester can be synthesized by incorporating a functional 

initiator, -functionalization, and terminator, -functionalization, at the 

terminal ends of the polymer (Figure 2). Different functionalizations can 

be incorporated in the polyester, since the functional group on the initiator 

and terminator can differ from one another. The initiator is a difunctional 

molecule with a nucleophilic fast reacting end, and with a suitable 

chemical functionality (or profile). 

The terminator consists of a difunctional molecule, but differs from the 

initiator since it contains an acyl donor instead of a nucleophile. The 

terminator also contains a functional group suitable for subsequent 

polymerization reactions. 

A variant pathway is by combining a difunctional terminator, a linker, that 

has two chemical groups for -termination, in combination with a func-

tional initiator (Figure 3, Paper I). The linker molecule should have a 

good leaving-group, like a vinyl ester of a dicarboxylic acid for an efficient 

termination reaction. The free enol from the vinyl ester tautomerize to 

acetaldehyde, which is inert and easily removed from the reaction system. 

An inverted pathway can also be applied, with a dinucleophile for a bi-

directional ROP and acyl donors as terminators at the ends. 

 

Figure 3. Cartoon of ring-opening polymerization affording a telechelic 

product functionalized through initiator and terminator-linking methods. 

The initiator is shown as stars (gray), the monomers as rings (white), and 

the difunctional terminator linker as a prohibition sign (black). 
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Creating smaller, difunctionalized polyesters through polycondensation is 

possible by incorporating difunctional molecules that work as end-cappers 

(Figure 4, Paper II-IV). Stoichiometry of the reaction system regulates the 

outcome of these reactions, and causes these syntheses to be sensitive to 

errors in the sense of end product control (Stoichiometry). Both alcohols 

and carboxylic acids, or their esters, can be used as potential end-cappers. 

The system has to be designed after the kind of end-capper being used, 

since the ends of the polyester backbone have to be of the opposite type 

compared to the end-capper.  

 

Enzyme-catalyzed polymerizations 

Enzyme-catalyzed reactions often provide a simpler one-step synthetic 

route to functionalized polymers.25 Lipases are a group of enzymes that 

have been widely studied as catalysts for polyester synthesis. Polyesters are 

synthesized by either ring-opening polymerization (ROP) or poly-

condensation. The use of lipase selectivity opens up synthetic routes to 

                                                      

25 Bisht, K. S., Deng, F., Gross, R. A., Kaplan, D. L., and Swift, G.: Ethyl glucoside as a 
mutifunctional initiator for enzyme-catalyzed regioselective lactose ring-opening 
polymerization. Journal of the American Chemical Society 1998, 120: 1363-1367. 

Figure 4. Cartoon of polycondensation affording a telechelic product 

functionalized through an end-capping method. The end-cappers are 

shown as arrows (gray), the backbone building blocks as diacyl donors 

(white), and dinucleophile (black). 
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incorporate several different functional end-groups to a polyester 

chain.26,27,28,29,30,31,32,33,34,35 

Control of stereochemistry and regioselectivity in the synthesized 

polymers is possible through the help of enzyme catalysts, and can pro-

duce important and complex building blocks for the pharmacological 

field.36,37,38,39 Organometallic catalysts can leave traces of metals in the final 

                                                      

26 Uyama, H., Suda, S., and Kobayashi, S.: Enzymatic synthesis of terminal-functionalized 
polyesters by initiator method. Acta Polymetrica 1998, 49: 700-703. 

27 Córdova, A., Iversen, T., and Hult, K..: Lipase-catalyzed formation of end-functionalized 

poly( -caprolactone) by initiation and termination reactions. Polymer 1999, 40: 6709-6721. 
28 Hedfors, C, Östmark, E., Malmström, E., Hult, K., and Martinelle, M.: Thiol end-

functionalization of poly ( -caprolactone), catalyzed by Candida antarctica lipase B. 
Macromolecules 2005, 38: 647-649. 

29 Takwa, M., Hult, K., and Martinelle, M.: Single-step, solvent-free enzymatic route to , - 
functionalized polypentadecalactone macromonomers. Macromolecules 2008, 41: 5230-
5236. 

30 Takwa, M., Simpson, N., Malmström, E., Hult, K., and Martinelle, M.: One-pot difunc-

tionalization of poly( -pentadecalactone) with thiol-thiol or thiol-acrylate groups, 
catalyzed by Candida antarctica lipase B. Macromolecular Rapid Communications 2006, 27: 
1932-1936. 

31 Takwa, M., Xiao, Y., Simpson, N., Malmström, E., Hult, K., Koning, C. E., Heise, A., 
and Martinelle, M.: Lipase catalyzed HEMA initiated ring-opening polymerization: In 
situ formation of mixed polyester methacrylates by transesterification. Biomacromolecules 
2008, 9: 704-710. 

32 Xiao, Y., Takwa, M., Hult, K., Koning, C. E., Heise, A., and Martinelle, M.: Systematic 
Comparison of HEA and HEMA as initiators in enzymatic ring-opening polymeri-
zations. Micromolecular Bioscience 2009, 9: 713-720. 

33 Uyama, H., Kikuchi, H., and Kobayashi, S.: One-shot synthesis of polyester macro-
monomer by enzymatic ring-opening polymerization of lactone in presence of vinyl 
ester. Chemistry Letters 1995, 24: 1047. 

34 Uyuma, H., Kikuchi, H., and Kobayashi, S.: Single-step acylation of polyester terminals 
by ring-opening polymerization of 12-dodecanolide in presence of acyclic vinyl esters. 
Bulletin of the Chemical Society of Japan 1997, 70: 1691-1695. 

35 Córdova, A.: Synthesis of amphiphilic poly( -caprolactone) macromonomers by lipase 
catalysis. Biomacromolecules 2001, 2: 1347-1351. 

36 Albertsson, A.-C., and Varma, I. K.: Recent developments in ring opening polymeri-
zation of lactones for biomedical applications. Biomacromolecules 2003, 4: 1466-1486. 

37 Vert, M.: Aliphatic polyesters: Great degradable polymers that cannot do everything. 
Biomacromolecules 2005, 6: 538-546. 

38 Edlund, U., and Albertsson, A.-C.: Degradable polymer microsphers for controlled drug 
delivery. Advances in Polymer Science 2002, 157: 67-112. 

39 Albertsson, A.-C., and Varma, I. K.: Aliphatic polyesters: synthesis, properties and 
applications. Advances in Polymer Science 2002, 157: 1-40. 
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polymer product. Biomedical products demand a high purity of the poly-

mer product and heavy metals are harmful in biological systems. 

The field of enzymatic polymer synthesis has recently been summarized in 

two excellent review articles.23,40 

 

Candida antarctica lipase B 

Lipids have an important roll in biochemistry, with a broad variety of 

structures and functions. Phospholipids are key building blocks for bio-

logical membranes, which are used for exterior barriers and internal com-

partments in cells. Triacylglycerols are lipids that work as an important 

storage of energy for living plant and animal cells. To gain access to the 

stored energy, the organism needs to break down the triacylglycerols to 

smaller molecules. Lipases (EC 3.1.1.3) are a class of enzymes that catalyze 

the hydrolysis of triacylglycerols. Lipases have a catalytic triad, consisting 

of three amino acids – serine, histidine and aspartate/glutamate, which are 

located in the active site of the enzyme.41 The active site also contains an 

oxyanion hole, which can stabilize the transition state with at least two H-

bonds. 

 

Structure 

The yeast Candida antarctica (also known as Pseudozyma antarctica) was 

discovered and isolated from lake sediment in Lake Vanda, Victoria Land 

in Antarctica.42 Two different lipases have been isolated from the yeast, 

namely lipase A and B. Candida antarctica lipase B (CALB) was isolated and 

the three-dimensional structure, without and with bound ligands in the  

                                                      

40 Kobayashi, S.: Recent developments in lipase-catalyzed synthesis of polyesters. 
Macromolecular rapid communications 2009, 30: 237-266. 

41 Ollis, D. L., Cheah, E., Cygler, M., Dijkstra, B., Frolow, F., Franken, S. M., Harel, M., 
Remington, S. J., Silman, I., Schrag, J., Sussman, J. L., Verschueren, K. H. G., and 
Goldman, A.: The alfa/beta-hydrolase fold. Protein Engineering 1992, 5: 197-211. 

42 Patkar, S.A., Björkling, F., Zundel, M., Schulein, M., Svendsen, A., Heldt-Hansen, 

H.P. and Gormsen, E.: Purification of two lipases from Candida antarctica and their 
inhibition by various inhibitors. Indian J. Chem., Sect. B 1993, 32: 76-80. 
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active site, was solved in 1994.43,44 CALB consists of 317 amino acids and 

has a molecular weight of 33 kDa, which is relatively small for a lipase. 

The structure of CALB is of a / -hydrolase fold,41,45 with 10 -helices  

                                                      

43 Uppenberg, J., Hansen, M. T., Patkar, S., and Jones, T. A.: The sequence, crystal structure 
determination and refinement of two crystal forms of lipase B from Candida antarctica. 
Structure 1994, 2: 293-303. 

44 Uppenberg, J., Öhrner, N., Norin, M., Hult, K., Kleywegt, G. J., Patkar, S., Waagen, V., 
Anthonsen, T., and Jones, A. T.: Crystallographic and molecular-modeling studies of 
lipase B from Candida antarctica reveal a stereospecificity pocket for secondary alcohols. 
Biochemistry 1995, 34: 16838-16851. 

45 Holmquist, M.: Alpha/beta hydrolase fold enzymes: structures, functions and 
mechanisms. Current Protein and Peptide Science 2000, 1: 209-235. 

Figure 5. The structure of Candida antarctica lipase B, view into the active 

site. The backbone is shown in dark gray and of the lipase surface in gray. 

The catalytic serine is shown in sticks. 
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and a central -sheet consisting of 7 strands. There are three disulfide 

bonds within the lipase that stabilize the protein fold. Since lipases are 

active in a water-lipid interface in their natural environment, they often 

have both hydrophobic and hydrophilic character on their surface. CALB 

shows a hydrophobic surface around the entrance of the active site, which 

allows an easier access for the natural substrate during hydrolysis. The 

active site is located at the bottom of a funnel-like crevice with 

hydrophobic walls. The catalytic triad is constituted by Ser 105, His 224 

and Asp 187 (Figure 6). To stabilize the tetrahedral intermediate oxyanion 

the enzyme uses three possible hydrogen bonds from two amino acids – 

Thr 40 and Gly 106 – located near the catalytic triad. These two stabilizing 

amino acids are referred to as the oxyanion hole. Since Ser 105 is the 

catalytic amino acid which the substrate binds to, CALB is also defined as 

a serine hydrolase. 

Figure 6. Close-up of the active site of Candida antarctica lipase B. The 

catalytical triad (Ser 105, Asp 187, and His 224) and the oxyanion hole 

(Thr40 and Gln 106) are shown in sticks and Trp 104 is shown in space fill. 
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Mechanism 

Serine hydrolase kinetics follows a characteristic ping-pong bi-bi mech-

anism.46,47 In Figure 7 the reaction scheme for CALB-catalyzed trans-

acylation is shown. The free enzyme begins the acylation step by a nucleo-

philic attack by the hydroxyl oxygen of the catalytic serine (Ser 105) on the 

carbonyl carbon of the first substrate (Substrate 1). His 224 acts as a gen-

eral base and promotes the nucleophilic attack by removing the proton 

from the hydroxyl group of Ser 105. Once Substrate 1 is bound to the 

enzyme the first transition state (TS 1) is formed, and the oxyanion of the 

substrate is stabilized by the oxyanion hole by three hydrogen bonds from 

Gln 106 and Thr 40. The hydrogen bond between His 224 and Arg 187 

helps to stabilize the positive charge in His 224. The collapse of the TS 1 

is promoted by His 224, which donates a proton to the leaving group of 

Substrate 1. The release of the leaving group, an alcohol, which is the first 

product in the reaction, ends the acylation step and an acyl enzyme inter-

mediate is formed. The deacylation step starts with the activation of 

Substrate 2 through general base catalysis by His 224. The second 

transition state, TS 2, is formed and the reaction proceeds with the 

protonation of Ser 105 by general acid catalysis by His 224. The second 

product is released from the enzyme and the reaction cycle is completed, 

leaving the free enzyme prepared for a new round. 

 

Selectivity 

The selectivity towards certain substrates and functional groups is the 

basis of lipase-catalyzed polymer end-functionalization. The specificity of 

enzymes towards a substrate is determined by the specificity constant 

(kcat/KM). 

                                                      

46 Kraut, J.: Serine protease: structure and mechanism of catalysis. Annual Review of 
Biochemistry 1977, 46: 331-358. 

47 Martinelle, M., and Hult, K.: Kinetics of acyl transfer-reactions in organic media catalyzed 
by Candida antartica lipase B. Biochimica et Biophysica Acta – Protein Structure and Molecular 
Enzymology 1995, 1251: 191-197. 
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The two parameters included in the specificity constant are kcat, which 

describe the catalytic rate of a substrate, and KM, which represents the 

substrate binding within the active site of the enzyme. The selectivity 

between two substrates, or two functional groups on the same molecule, 

can be calculated by following equation: 

 

   (1) 

 

Chemoselectivity is a term for the discrimination of enzymes between 

distinct chemical groups in different substrates or within the same 

Figure 7. Reaction mechanism of Candida antarctica lipase B. The kinetics 

follows a ping-pong bi-bi mechanism. Hydrolysis occur if R2OH is water. 
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molecule. CALB, as an example, shows a chemoselectivity of 105 towards 

alcohols over thiols in a transacylation reaction.48 Other chemical groups 

are not even considered as a site for a possible attack for the lipase – 

epoxides and enes are examples of such groups (Paper I, Paper II). 

Carbonates and methacrylate have been shown to be slow reacting with 

CALB (Paper I, Paper  II). 

Regioselectivity describes the selectivity of the enzyme towards one of 

several similar chemical groups within the same substrate.25,49  

Chemo- and regioselectivity can be used to incorporate end-functiona-

lizations to polyesters through lipase-catalyzed polymerization. By putting 

the selectivity into use, the otherwise need for protective chemistry of 

functional groups is obsolete.50 The synthetic procedures to achieve end-

functionalization are simplified with the use of enzyme catalysis. Often a 

one-pot system can be employed to create complex and functionalized 

polyester molecules (Paper I-IV). 

 

Enzymatic ring-opening polymerization 

The first enzymatic ring-opening polymerization (ROP) was reported in 

1993 with -caprolactone and -valerolactone catalyzed by a lipase from 

Pseudomonas fluorescens.51,52 When opening a lactone (cyclic ester) in a ROP, 

the resulting polyester will have a terminal carboxylic group in one end 

and a hydroxyl group in the other end, when initiated with a water 

                                                      

48 Hedfors, C.: Lipase chemoselectivity – kinetics and applications. Licentiate thesis in 
Biotechnology, Stockholm, Sweden. ISBN 978-91-7415-275-3 UniversitetsService US AB 
2009. http://kth.diva-portal.org/smash/get/diva2:211890/FULLTEXT01 

49 Córdova, A., Iversen, T., and Hult, K.: Lipase-catalyzed synthesis of methyl 6-O-poly( -
caprolactone) glycopyranosides. Macromolecules 1998, 31: 1040-1045. 

50 Trollsås, M., Hawker, C. J., Hedrick, J. L., Carrot, G., and Hillborn, J.: A mild versatile 
synthesis for preparation of thiol-functionalized polymers. Macromolecules 1998, 31: 5960-
5963. 

51 Uyama, H., and Kobayashi, S.: Enzymatic ring-opening polymerization of lactones 
catalyzed by lipase. Chemistry Letters 1993, 7: 1149-1150. 

52 Knani, D., Gutman, A. L., and Kohn, D. H.: Enzymatic polyesterification in organic 
media: enzyme-catalyzed synthesis of linear polyesters. 1. Condensation polymerization 
of linear hydroxyesters. 2. Ring-opening polymerization of epsilon-caprolactone. Journal 
of Polymer Science Part A: Polymer Chemistry 1993, 31: 1221-1232. 
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molecule. Lipases have been shown to catalyze ROP of a wide variety of 

lactones of different sizes. The reactions have been performed in bulk or 

in several different organic solvents.  Enzymatic ROP has several positive 

features that have impact on the final product – low reaction temperature, 

non-metallic catalysis, enzymatic selectivity etc.40  

 

Substrates in ring-opening polymerization 

In the case of ring-opening polymerization (ROP) the substrates are 

lactones of different sizes. Lipases have been able to catalyze ROP with 4- 

to 17-membered unsubstituted lactones in bulk or in different 

solvents.53,54,55,56,57 The lactones reacts into an open AB-monomer, with a 

carboxyl acid, acyl donor, and a hydroxyl group, nucleophile, in either end, 

respectively. A lactam has also been used as a monomer.58 A key feature of 

the ROP reaction is that the leaving group of the substrate is attached to 

the acyl donor, and therefore no co-product will be released and conta-

minate the product. Due to the ring structure there is a limitation to the 

availability of substrates, which gives few options in changes in the poly-

ester chain structure. The use of some substituted lactones as substrates 

has been successful.59,60,61 Due to the substrate selectivity of lipases not all 

                                                      

53 Uyama, H., Kikuchi, H., Takeya, K., and Kobayashi, S.: Lipase-catalyzed ring-opening 
polymerization and copolymerization of 15-pentadecanolide.  Acta Polymerica 1996, 47: 
357-360. 

54 Uyama, H., and Namekawa, S., Kobayash, S.: Mechanistic studies on the lipase-
catalyzed ring-opening polymerization of lactones. Polymer Journal 1997, 29: 299-301. 

55 Kobayashi, S., Uyama, H., and Namekawa, S: In vitro biosynthesis of polyesters with 
isolated enzymes in aqueous systems and organic solvents. Polymer degradation and stability 
1998, 59: 195-201. 

56 Kobayashi, S., and Uyama, H.: Precision enzymatic polymerization of polyesters with 
lipase catalysts. Macromolecular Symposia 1999, 144: 237-246. 

57 van der Meer, L. Helmich, F., de Bruijn, R., Vekemans, J., Palmans, A. R. A., and Meijer:, 
E. W.: Investigation of lipase-catalyzed ring-opening polymerizations of lactones with 
various ring sizes: Kinetic evaluation. Macromolecules 2006, 39: 5021-5027. 

58 Schwab, L. W., Kroon, R., Schouten, A. J., and Loos, K.: Enzyme-catalyzed ring-opening 

polymerization of unsubstituted -lactam. Macromolecule Rapid Communication 2008, 29: 
794-797. 

59 Kikuchi, H., Uyama, H., and Kobayashi, S.: Lipase-catalyzed enantioselective copolymeri-
zation of substituted lactones to optically active polyesters. Macromolecules 2000, 33: 8971-
8975. 
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substituted lactones can be used in ROP, since they show no or low 

reactivity. 

 

Ring-opening polymerization of lactones and -functionalization 
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The initiator method uses a functionalized nucleophile to initiate a ROP 

of lactones. The synthesized polyester has one functionalized end and one 

hydroxyl group end (Figure 8). 

The enzymatic ROP reaction (Figure 9) starts when the catalytic serine in 

the lipase makes a nucleophilic attack on a lactone, the acyl donor, which 

ring-opens and forms the acyl enzyme (Mechanism, Introduction). The 

initiator molecule, YOH, attacks the acyl enzyme with its nucleophilic end 

and the product is then released from the active site as an initiated ring-

opened lactone.62 The initiated ring-opened lactone can work as a nucleo-

phile in future prolongation steps, since it has a hydroxyl group in the 

uninitiated end.  Water, if available within the system, is a competing 

nucleophile in the initiating step. To receive a high degree of function 

                                                                                                                  

60 van As, B. A. C., Thomassen, P., Kalra, B., Gross, R. A., Meijer, E. W., Palmans, A. R. 
A., and Heise, A.: One-pot chemoenzymatic cascade polymerization under kinetic 
resolution conditions. Macromolecules 2004, 37: 8973-8977. 

61 de Geus, M., Schormans, L., Palmans, A. R. A., Koning, C. E., and Heise, A.: Block 
copolymers by chemoenzymatic cascade polymerization: A comparison of consecutive 
and simultaneous reactions. Journal of Polymer Science: Part A: Polymer Chemistry 2006, 44: 
4290-4297. 

62 de Geus, M., Peters, R., Koning, C. E., and Heise, A.: Insights into the initiation process 
of enzymatic ring-opening polymerization from monofunctional alocohols using liquid 
chromatography under critical conditions. Biomacromolecules 2008, 9: 752-757. 

Figure 8. Reaction scheme of enzymatic ring-opening polymerization, 

functionalization through initiator method. The initiator is shown as YOH, 

where Y represents the functional group and the hydroxyl group represents 

the nucleophile. 
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nalization the water content must be kept as low as possible. Water, the 

initiator and the available polyester chains all contain nucleophiles that can 

compete for the acyl enzyme (right side of the cycle in Figure 9). Cleavage 

of the polyester chain can also occur in the acylation step. The free lactone 

and the available polyester chains compete for the free enzyme (left side of 

the cycle in Figure 9). 

 

Figure 9. Schematic overview of enzyme kinetics in a ring-opening 

polymerization, with functionalization through initiator method. The 

initiator is shown as YOH. The free enzyme is shown as E-OH, and the 

acyl enzyme as E-OOCAnOH. The propagation of the polyester occurs 

when the mechanism rotates clockwise. The product is shown in bold. The 

final degree of polymerisation, p, is defined by the stoichiometry. 
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To synthesize telechelic polyesters, the propagating ends have to be 

functionalized through a termination step. In the ROP the terminator 

method a functionalized acyl donor can be bound to the previous initiated 

polyester, and a difunctionalized product can be formed (Figure 10). 

Enzymatic ROP synthesis of telechelic polymers starts by the -func-

tionalization and is followed by the -end-functionalization in which the 

polyester chain is terminated by the following actions: First the carbonyl 

carbon of the acyl donor (terminator molecule) goes through a nucleo-

philic attack from the catalytic serine of the lipase. A new type of acyl 

enzyme is formed with the release of the leaving group from the 

terminator molecule. The following step is an attack on this acyl enzyme 

by the hydroxyl end of a polymer chain and the release of the -end-

functionalized polyester from the enzyme active site, regenerating the free 

enzyme. The acylation of the free enzyme, E-OH, can proceed by the 

following actions; I) the ring-opening of a lactone monomer, II) the 

cleavage of a polyester chain, or III) the binding of a terminator molecule. 

One can notice that there is a wide variety of acyl donors competing for  

the free enzyme since there are additional substrates involved and more 

possible intermediates compared to just an initiated ROP (left side of the 

propagation cycle in Figure 11). The propagation of a polyester chain 

transpires when the propagation cycle (right) moves clockwise, while the 

termination action of the polyester proceeds in an anti-clockwise 

movement of the termination cycle (left). The nucleophilic attack can be 

performed by the same reaction intermediates in both cycles, that is the 

initiator (YOH), water or the hydroxyl group of any propagating polyester  

Figure 10. Reaction scheme of an enzymatic ring-opening polymerization, 

functionalization through initiator and terminator methods. The initiator is 

shown as YOH, where Y represents the functional group and the hydroxyl 

group represents the nucleophile. The terminator is shown as ZCO2R, 

where the functional group in this acyl donor is represented by Z. 
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chain (right side of the propagation cycle, and lower left side of terminator 

cycle in Figure 11).  

Figure 11. Schematic overview of enzyme kinetics in a ring-opening 

polymerization, with functionalization through initiator and terminator 

methods. The mechanism has been divided into two cycles, propagation 

and termination, to emphasize the occurrence of two types of acyl 

enzymes. The initiator is shown as YOH, and the terminator as ZCOOR. 

The free enzyme is shown as E-OH. The propagation of the polyester 

occurs when the propagation (right) cycle rotates clockwise, while 

termination occur anti-clockwise in the left cycle. The product is shown in 

bold. The final degree of polymerisation, p, is defined by the stoichiometry. 



 

20 

 

Ring-opening polymerization of lactones and α-functionalization & 

-linking 

 

C

O

O

A

CAO

O

YO CLC

m

Lipase

m + n +   2 YOH  +  RO2CLCO2R

O O

OAC

O

OY

n

+  2 ROH

 

 

 

A dicarboxylic acid, or its esters, can be used as a double terminator and 

work as a -linker (Figure 12). Instead of just working as an -terminator 

on a single polyester chain, the binding of two separate chains is possible. 

The mechanisms function in the exact same way as above, with the 

exception that the terminator substrate goes through the termination step 

twice. The -linker is often a reactive ester of a dicarboxylic acid, like a 

vinyl ester (Paper I). The linking can also be performed with a -linker, a 

diol, and the ends of the polyester can be functionalized with -termi-

nation.29 

 

Enzymatic polycondensation 

Polycondensation reactions, in this thesis specifically enzymatic ester 

polycondensations, can be performed by linking hydroxyl acids63 or 

combining diols with diacids. The enzyme-catalyzed polycondensation 

reactions are reversible, and shifting the equilibrium towards the product 

side will be important for a near complete reaction. The equilibrium of the 

                                                      

63 Okumora, M., Iwai, T., and Tominaga, T.: Synthesis of ester oligomer by Aspergillus niger 
lipase. Agricultural and Biological Chemistry 1984, 48: 2805-2808. 

Figure 12. Reaction scheme of an enzymatic ring-opening polymerization, 

functionalization through initiator and terminator-linking method. The 

initiator is shown as YOH, where Y represents the functional group and 

the hydroxyl group represents the nucleophile. The difunctional terminator-

linker is shown as RO2CLCO2R. 
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polycondensation can often be shifted by the removal or reduction of co-

products, like water or alcohols. A near water-free system is therefore of 

importance.64 The first lipase-catalyzed polycondensation paper was 

published in 1984.63 

 

Substrates in polycondensation 

Polycondensations use dicarboxylic acids, or their esters, and react them 

with diols by dehydration or alcohol formation.65,66,67,68,69,70,71,72,73 The di-

carboxylic acid, an AA-monomer, propagates with a diol, a BB-monomer, 

in an alternating copolymer structure.74 

 

                                                      

64 Gustavsson, M. T., Persson, P. V., Iversen, T., Hult, K., and Martinelle, M.: Polyester 
coating of cellulose fiber surfaces catalyzed by a cellulose-binding module-Candida 
antarctica lipase B fusion protein. Macromolecules 2004, 5, 106-112. 

65 Uyama, H., Inada, K., and Kobayashi, S.: Enzymatic polymerization of dicarboxylic acid 
and glycol to polyester in solvent-free system. Chemistry Letters 1998, 27: 1285-1286. 

66 Binns, F., Harffey, P., Roberts, S. M., and Taylor, A.: Studies of lipase-catalyzed 
polyesterification of an unactivated diacid/diol system. Journal of Polymer Science Part A: 
Polymer Chemistry 1998, 36: 2069-2080. 

67 Binns, F., Harffey, P., Roberts, S. M., and Taylor, A.: Studies leading to the large scale 
synthesis of polyesters using enzymes. Journal of the Chemical Society, Perkin Transactions 1 
1999, 2671-2676. 

68 Uyama, H., Inada, K., and Kobayashi, S.: Lipase-catalyzed synthesis of aliphatic poly-
esters by polycondensation of dicarboxylic acids and glycols in solvent-free system. 
Polymer Journal 2000, 32: 440-443. 

69 Suda, S., Uyama, H., and Kobayashi, S.: Dehydration polycondensation in water for 
synthesis of polyesters by lipase catalyst. Proceedings of the Japan Academy. Ser. B: Physical and 
Biological Sciences 1999, 75: 201-206. 

70 Kumar, A., Kulshrestha, A. S., Gao, W., and Gross, R. A.: Versatile route to polyol 
polyesters by lipase catalysis. Macromolecules 2003, 36: 8219-8221. 

71 Fu, H., Kulshrestha, A. S., Gao, W., and Gross, R. A., Baiardo, M., and Scandola, M.: 
Physical characterization of sorbitol or glycerol containing aliphatic copolyesters synthe-
sized by lipase-catalyzed polymerization. Macromolecules 2003, 36: 9804-9808. 

72 Kulshrestha, A. S., Gao, W., and Gross, R. A: Glycerol copolyesters: Control of bran-
ching and molecular weight using lipase catalyst. Macromolecules 2005, 38: 3193-3204. 

73 Hu, J., Kulshrestha, A. S., Gao, W., and Gross, R. A: “Sweet polyesters”: Lipase-
catalyzed condensation-polymerization of alditols. Macromolecules 2006, 39: 6789-6792. 

74 The definition of an AA-/BB-monomer is that they contain two functional groups of the 
same type, either two nucleophiles or two acyl donors. 
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Polycondensation of dicarboxylic acids or their esters with diols and 
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To produce telechelic polyesters through polycondensation the use of an 

alcohol end-capper can be applied in the synthesis (Figure 13, Paper II-

IV). The polyester backbone is structured as an alternating co-polymer 

with the functionalized end-cappers ending up on the terminal ends of the 

structure. The stoichiometry between nucleophiles and the acyl donors 

have to match to obtain the right product structure of the polyester. 

Polycondensation of diols and dicarboxylic acids, or their esters, behaves 

differently from ROP since the involved monomers have the same 

functionality in both ends. The procedure of the propagating step occurs 

through alternating binding of a dicarboxylic acid, or their esters, and a 

diol. Whole polyester chains can also be linked together, resulting in a fast 

increase in degree of polymerization. This differs from ROP which 

propagate in a chainwise fashion with a single monomer at a time. The 

propagation in a polycondensation can thus proceed in both ends of the 

growing polyester chain, while a ROP propagates from one end. 

The acylation step starts with the nucleophilic attack of the catalytic serine 

on one of the groups in the dicarboxylic acid, working as an acyl donor. 

Later in the reaction the substrate will compete with several reaction 

intermediates that can function as acyl donors (left side of the cycle in 

Figure 14). The ester bonds within the polyester chain can also be attacked 

by the lipase and the chain can get cleaved (Reaction conditions). 

The alcohol end-capper has a hydroxyl group that will attack the acyl 

enzyme as a nucleophile. The end-capper get covalently bond to the acyl  

Figure 13. Reaction scheme of an enzymatic polycondensation, 

functionalization through alcohol end-capping method. The end-cappers 

are shown as YOH, where Y represents the functional group and the 

hydroxyl group represents the nucleophile. 
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donor via an ester bond and the product releases from the enzyme. The 

alcohol end-capper competes with the diol, which is the other building 

block of the polyester backbone, since it is also a nucleophile. In later 

steps the propagating polyester chains also compete as nucleophiles (right 

side of the cycle in Figure 14). The co-product, ROH, of the reaction will 

change the stoichiometry between acyl donors and nucleophiles, and can 

Figure 14. Schematic overview of enzyme kinetics in a polycondensation, 

with functionalization through alcohol end-capping method. The initiator is 

shown as YOH. The free enzyme is shown as E-OH. The propagation of 

the polyester occurs when the mechanism rotates clockwise. Water has 

been omitted for simplification. The product is shown in bold. The final 

degree of polymerisation, p, is defined by the stoichiometry. 
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cause unwanted terminal ends on the product and incomplete reaction if it 

is not removed.  

 

Polycondensation of dicarboxylic acids or their esters with diols and 

carboxylic acid end-capping functionalization 
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An alternative to the alcohol end-capper would be an end-capper with a 

carboxylic acid (Figure 15). The end-capper would then work as an acyl  

donor. The use of an acyl donor end-capper is utilized in Paper II, but 

since the methacrylate (acyl donor) is bound to a diol (ethylene glycol) it 

functions as an alcohol end-capper, which is described above. The end-

capper reacts with the free enzyme forming an acyl enzyme, which gets 

attacked by a nucleophile within the system. The end-capper competes 

with the dicarboxylic acid, or its ester depending on which substrate is 

used. The removal of the co-products, which is a nucleophile, is important  

if the stoichiometry of the system should be kept correct and full 

conversion achieved. 

When a polyester becomes functionalized by a lipase-catalyzed poly-

condensation with an end-capper containing a carboxylic acid, ZCOOR’, 

the functionalization gets incorporated through the acylation step. The 

competing processes for the free enzyme, E-OH, consist of I) the binding 

of an acid-monomer, II) the cleavage of a polyester chain, or III) the 

binding of an end-capper molecule. The involved intermediates that work 

as acyl donors can be seen in the left side of the propagation cycle in 

Figure 16 and the right side of the end-capping cycle. The end-capping 

method with a carboxylic acid progress in a similar way as the terminator  

Figure 15. Reaction scheme of an enzymatic polycondensation, 

functionalization through carboxylic acid end-capping method. The end-

cappers are shown as R’O2CZ, where Z represents the functional group the 

terminating acyl donor. 
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method in a ROP - propagation of a polyester chain transpires when the 

propagating cycle moves clockwise, while the end-capping action of the 

polyester proceeds in an anti-clockwise movement of the end-capping 

cycle. The diol and several other reaction intermediates, polyester chains 

Figure 16. Schematic overview of enzyme kinetics in a polycondensation, 

functionalization through carboxylic acid end-capping method. The 

mechanism has been divided into two cycles, propagation and end-capping, 

for easier overview. The carboxylic acid end-capper is shown as ZCOOR’. 

The free enzyme is shown as E-OH. The propagation of the polyester 

occurs when the propagation cycle (right) rotates clockwise, and the end-

capping cycle (left) rotates anti-clockwise. Water has been omitted for 

simplification. The product is shown in bold. The final degree of 

polymerisation, p, is defined by the stoichiometry. 
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with different compositions, are competing for a nucleophilic attack on 

the acyl enzyme (right side of propagation cycle, and left side of the end-

capping cycle in Figure 16). The produced co-product, ROH, has to be 

removed to allow full conversion and hinder stoichiometric errors, since it 

functions as a nucleophile. 

 

Reaction conditions 

The control of the reaction conditions has a large impact on the resulting 

products in the synthesis of end-functionalized polyesters.  

The reaction temperature has an impact on the syntheses and products, 

and has to be controlled. The temperature stability of the enzymes limits 

the use of high temperatures, since the structures of the enzymes would 

denaturate and lose their catalytic power. Some enzymes though are 

robust and have high temperature stability and have been used at reactions 

temperatures above 100 °C. The boiling point of used substrates can also 

be a limiting factor for the reaction temperature. Evaporation of 

substrates would cause the stoichiometry to change and result in not fully 

functionalized product molecules. A high viscosity in the reaction mixture 

will cause problems with substrate diffusion to the active site of the 

enzymes. A high viscosity would lower the reaction rate, or even stop the 

reaction completely. The crystallinity of the produced polymers has a large 

impact on the reaction mixture and its viscosity. Temperature can regulate 

the crystallinity, and also the viscosity, in the reaction mixture. A higher 

temperature reduces the viscosity and allows the reaction to achieve higher 

conversions. 

Reduced pressure can often be used to control removal of unwanted co-

products through evaporation (Paper II, Paper III). By combining 

temperature and reduced pressure it is possible to pinpoint the 

evaporation of the co-product, while the substrates and products are still 

kept in the reaction vessel. Co-products are often alcohols or acetaldehyde 

from activated esters of the carboxylic acids used in polycondensation. In 

some cases the boiling point of the substrates is too close to the boiling 

points of the co-products, hindering the use of reduced pressure. The 

substrate would evaporate with the unwanted co-products and change the 



 

27 

 

stoichiometry, causing changes in the final product. Glycidol is an example 

of such a substrate (Paper I, Paper IV). 

Solvents can contribute to reduce problems with high viscosity and 

substrate mixing, but it also hinders the use of reduced pressure due to the 

overall low boiling point of most solvents. By using solvent the reaction 

temperature often can be reduced since the viscosity gets reduced and the 

produced polymers are kept soluble, and are less likely to crystallize 

(Paper I). After the reaction the polymer products have to be separated 

from the solvent, usually by precipitation (Paper I) or evaporation (Paper 

II-IV). 

An advantage of an enzyme-catalyzed reaction is the clean process which 

reduces workup of the product. The separation of the enzyme, which is 

often immobilized on carrier beads, from the reaction mixture is often the 

only workup step that is needed (Paper I-IV). When polymer products 

have high viscosity/crystallinity solvent can be used to separate the 

enzyme preparation from the reaction mixture. The solvent can later be 

removed by evaporation to gain a pure product, ready for use. 

Several enzymes are being produced on a large scale today and are 

commercially available, resulting in new possible catalytic options at a 

decreasing cost. 

 

A dynamic reaction system 

Water activity – To create a product with a high degree of 

difunctionalization it is of outermost importance to reduce the amount of 

available water within the reaction mixture. Water is a good nucleophile 

and will work as an initiator in ROP and as an end-capper in 

polycondensation. Water is a co-product formed in ester synthesis and is 

also often dissolved in some amount in the used substrates. Water can also 

get into the reaction system through air humidity. The water activity can 

be controlled in a polymer reaction with the help of reduced pressure - i.e., 

removing the water by evaporation. Even if the water might be bound to 

the polymer chains, it can be removed when the chain propagates and the 

water gets released as a co-product from the polymer. When reduced 

pressure is used during the reaction there is no need for thorough pre-

drying the substrates, since the water will evaporate and the concentration 
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will be reduced (Paper II, Paper III). Since some substrates have a 

comparably low boiling-point, reduced pressure is not always an option to 

remove water during the reaction. When reduced pressure can not be used 

pre-drying becomes a necessity (Paper I, Paper IV). Drying of substrates 

and reaction vessels can be done in a wide variety of ways, due to different 

demands on the used substances and drying processes. 

Chain cleavage and linking – Enzyme-catalyzed polymer synthesis is a 

reversible reaction and both pathways are active as long as the enzyme is 

in contact with the reaction mixture. The enzyme will propagate the chain 

with monomers and produce oligomers, but it will also cleave available 

polymer chains in to shorter chains. A chain cleaving occurs when an ester 

bond in the polyester is attacked by the free enzyme. The polyester 

becomes an acyl donor when a lipase cleaves a chain (Figures 9, 11, 14, 

16). By cleaving and linking the available chains in the reaction system, the 

building blocks can change positions within a polyester (Paper II). This 

attribute can be seen and is discussed in detail under Results & Discussion, 

II – Polycondensation to telechelic HEMA-functional oligoesters 

(MALDI-TOF-MS kinetics). 

 

Characterization methods for polyesters 

To characterize the synthesized, soluble, polyesters there are several 

different analytical methods that are used to identify the properties of the 

polymers. 

Nuclear magnetic resonance, NMR – The reactive end groups can be 

studied to see that they are chemically intact and have not reacted during 

the synthesis. In the case of telechelic polyesters with low molecular 

weight and few repeating units it is possible to calculate an average degree 

of polymerization-, DP, value. 1H NMR is a quantitative analytical method 

and the integrals of the signals correspond to the number of hydrogen 

atoms of the same chemical shift. When analyzing short polyesters, 

oligomers, a DP-value can be determined by calculating the ratio between 

the integrals corresponding to the repeating unit with those of the end-

groups. From the DP-value an average molecular weight, Mn, can be 

calculated. 

http://dictionary.reference.com/browse/determined
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13C NMR characterizes the carbon atoms in a material and gives 

information about the structure of the polyester. The polyester backbone 

can be analyzed, along with the functional end-groups to see that they are 

present and intact. 13C NMR is not a quantitative method by itself, but 

with the addition of relaxation reagents, like Cr(acac)3 (chromium (III) 

acetylacetonate) it is possible to acquire quantitative spectra. The use of 

quantitative 13C NMR can, for instance, identify the amount of free acid 

ends in a polyester product. 

Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry, MALDI-TOF-MS – The molecular weight of the 

polyester can be characterized and controlled against the theoretical values 

to see if the structure contains the right building blocks. It is possible to 

determine if the polyester has full functionalization by comparing the 

theoretical molecular weight with the actual molecular weight. MALDI-

TOF-MS can easily determine the mass of the repeating unit within the 

polyester, since it correlates to the difference between the major peaks in 

the resulting spectrum. Quantitative analyses are often hard to obtain, due 

to signal intensity discrimination of molecules with higher molecular 

weight and different functionality. The polydispersity index, PDI, of the 

polyester restricts the quantitative characterization, which for polyesters is 

limited to a PDI-value of less than 1.2.75,76,77 

Size exclusion chromatography, SEC - The polyesters that will be 

analyzed are mixed with a mobile phase, usually an organic solvent, and 

separated in a stationary phase often made from silica or by cross-linked 

polystyrene. The number average molar mass, Mn, weight average molar 

mass, Mw, and the polydispersity index (PDI, Mn/ Mw) can be obtained 

from SEC by comparing the analyzed, soluble, polyester with a poly-

                                                      

75 Nielen, M. W. F., and Malucha, S.: Characterization of polydisperse synthetic polymers 
by size-exclusion chromatography/matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry. Rapid Communication in Mass Spectometry 1998, 11: 1194-1204. 

76 Schriemer, D. C., and Li, L.: Mass discrimination in the analysis of polydisperse polymers 
by MALDI time-of-flight mass spectrometry. 2. Instrumental issues. Analytical Chemistry 
1997, 69: 4176-4183. 

77 Wu, K. J., and Odum, R. W.: Characterizing synthetic polymers by MALDI MS. 
Analytical Chemistry 1998, 70: 456A-461A. 
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styrene standard. The polystyrene standard consists of several different 

polystyrenes with specific molecular weights. One of the limitations of this 

method is solubility issues between some polyester samples and the 

mobile phase solvent, resulting in that such polyesters are not suited for 

analysis with SEC. 

Fourier transform Raman spectroscopy, FT-RAMAN, and Fourier 

transform infrared spectroscopy, FTIR – One of the advantages of this 

analysis method is the ability to determine the conversion of specific 

chemical groups within a molecule, like a functional group. By comparing 

samples from an unreacted, functional polyester and a cross-linked 

material, like a film produced from the same polyester, it is possible to 

determine the degree of conversion of certain chemical groups. These 

analyses can be performed on both liquids and solids, which is an 

advantage when analyzing produced material, before and after cross-

linking. 

Stoichiometry 

Substrate stoichiometry has great influence on the outcome of the final 

polymer product in a one-pot one-step enzyme-catalyzed reaction. The 

ratio between the acyl donors and nucleophiles should be as exact as 

possible to synthesize telechelic polyesters. The effect of stoichiometric 

errors gives different consequences on the produced polyesters depending 

on the type of polymerization reaction used. In ring-opening poly-

merization, ROP, stoichiometric errors will affect the ratio between 

monomer and initiator/terminator, which would result in a change in the 

polyester degree of polymerization, DP. Since the monomer contains an 

acyl donor and a nucleophile within the same molecule the ratio between 

acyl donors and nucleophiles is controlled by itself (Paper I). The 

stoichiometry between the initiation and termination can be controlled by 

starting with an ester between them.29 

In polycondensation the ratio of acyl donors and nucleophiles is harder to 

control. Since two different monomers, a dicarboxylic acid, or its esters, 

and a diol are used there is a greater risk of stoichiometric errors to occur.  

The polyester from a synthesis with faulty stoichiometry would affect the 

end-functionalization and result in a mixture of different end-groups  

http://en.wikipedia.org/w/index.php?title=Fourier_transform_infrared_spectroscopy&redirect=no
http://en.wikipedia.org/w/index.php?title=Fourier_transform_infrared_spectroscopy&redirect=no
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(Paper II-IV). Stoichiometric errors will multiply with the DP in the 

product, resulting in a decrease in the yield of produced telechelics with 

increased polyester length (Figure 17). The stoichiometry between the 

diacid and the diol has to match perfectly to afford the right ends for the 

functionalization. This becomes harder to control at a high DP as the 

needed difference in amount between the building blocks becomes smaller 

and smaller.78 The consequence is that it is troublesome to synthesize 

telechelics with high DP through polycondensation. In the examples 

shown in Figure 17 the yield of telechelics are shown as a function of DP 

and error in stoichiometry of the diol compound to the dicarboxylic acid 

and an end-group alcohol. 

                                                      

78 Odian, G.: Principles of Polymerization. 4th Ed. John Wiley and Sons, Inc. 2004. 

Figure 17. Correlation between theoretical degree of polymerization and 

theoretical amount of telechelic product. Examples show the impact of 

stoichiometric error in a system, and how it affects the produced polyesters. 

The lines show the yield of telechelics at different discrepancies between 

acyl donors and nucleophiles within the reaction system. 
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RESULTS & DISCUSSION 

I – ROP to telechelic poly(pentadecalactone) 
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Figure 18. One-pot enzymatic route to diexoxy-functional 

poly(pentadecalactone), reaction scheme and synthesis of film. (Paper I) 
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Resin DP [a] 

 

Mn [a]  

 (g mol-1) 

Isolated 

yield [b]  

(%) 

diepoxy-PPDL-4 4.6 (4) 1400 (1200) 91 

diepoxy-PPDL-6 6.8 (6) 1900 (1700) 88 

diepoxy-PPDL-10 10.2 (10) 2700 (2700) 90 

 

 
 

A one-pot single-step synthetic route to form semicrystalline diepoxy 

functional macromonomers with the help of lipase catalysis was shown in 

Paper I. Functionalization of the telechelic polyesters was performed by 

combining the initiation and linking methods. 

The enzymatic ring-opening polymerization (ROP) of -penta-

decanolactone (PDL) was initiated by glycidol. The hydroxyl group of 

glycidol works as a good nucleophile and attacks the ring-opened PDL in 

the acyl enzyme and initiates the start of polyester synthesis. A divinyl 

adipate was used as a terminator of the propagating hydroxyl ends of two 

different polyesters and concomitantly acts as a link between the two 

chains. In this way the termination method was used to covalently bind 

two glycidol-initiated poly(PDL) molecules to synthesize telechelic poly-

esters with epoxide end-groups (Paper I, Table 1, Figure 3). 

The synthesis was first designed as a one-pot two-step reaction starting by 

initiation of the ROP with glycidol (Figure 9) and later followed by the 

addition of divinyl adipate as a termination step to join two oligomers by 

their hydroxyl ends. Tests with a one-pot one-step reaction gave similar 

results and were used in further synthesis. The use of a one-pot one-step 

reaction reduces time and chemical steps and makes the system more 

efficient. 

 [a]Determined with 1H NMR (theoretical value within brackets). [b]The 

conversion was determined to be >98% with 1H NMR. 

Table 1: Results from syntheses of diepoxy-functional poly(pentadeca-

lactone)(diepoxy-PPDL-dp). (Paper I) 
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Glycidol is interesting as initiator as it is easily accessible from glycerol and 

its epoxide group is very versatile for further reactions. A drawback of 

glycidol is its relatively low boiling point, which hinders the use of reduced 

pressure during the synthesis (Reaction conditions). The reduced pressure 

would evaporate glycidol and change the stoichiometry within the system 

and would change the degree of polymerization (DP) of the produced 

polyester, compared to the theoretical one (Stoichiometry). Water is 

considered as a good nucleophile in CALB-catalyzed reactions, and would 

function as a competitive initiator to glycidol in the ROP (Figure 9). Since 

reduced pressure could not be used in polyester synthesis with glycidol, 

drying measures had to be taken with the involved substrates. The 

concentration of water had to be kept as low as possible to guarantee a 

product with a high degree of difunctionalization (Reaction conditions). 

To create telechelic polyesters with a high degree of difunctional ends by 

ROP the linking of two glycidol-initiated chains had to occur. The use of 

divinyl adipate, a linking molecule that had a high reactivity, resulted in a 

successful linking reaction with a high yield of difunctionalization as 

determined by 1H NMR. Kinetic studies demonstrated that divinyl adipate 

and glycidol had a high reactivity and decreased fast in concentrations, 

while the DP of the polyester increased at a lower rate. 

A recurring difficulty in the synthesis of the telechelic polyesters was the 

control of the DP. In the initial trial synthesis the polyesters usually had a 

to high DP compared to the theoretical one. Initiator evaporation was 

thought to be the problem causing the increase of DP (Stoichiometry).  

To test the hypothesis of substrate evaporation a new initiator, glycerol 

carbonate, with a higher boiling point, ~350 C, compared to glycidol, 

~140-160 C, was attempted (Reaction conditions). The test reaction 

resulted still in an increase in DP of the synthesized polyester, and the 

problem to control the DP was still an enigma. The reaction mixture 

became very viscous and the product usually crystallized at the end of the 

reaction time. A hypothesis was suggested on what was causing the 

problem with the increased DP; the reactants probably formed two phases 

in the bulk system. The formed two-phase system was thought to exclude 

the polar initiators from the reaction after a certain amount of poly(PDL) 

had been formed. In that way the polar initiator, glycidol, could not 
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compete with the growing chain to attack the acyl enzyme (Figure 11). A 

change from running the reaction in bulk to a system with solvent was 

attempted. The addition of toluene resulted in products with DP:s near 

the theoretical values (Reaction conditions). 

Structural analysis of the polyester backbone and the epoxide end-groups, 

to find out if they were intact, was performed by 1H NMR (Paper I, 

Characterization methods for polyesters). Molecular weights of the poly-

esters were determined with MALDI-TOF-MS, and analyses showed that 

the products were telechelics. SEC characterization was not possible to 

perform on the diepoxide poly(PDL) due to poor solubility. Complete 

solubility of diepoxy poly(PDL) in the mobile phase was not possible to 

achieve.  

Film formation using the telechelic diepoxide poly(PDL) was first 

performed by molten state homopolymerization, which resulted in poorly 

cross-linked films. FT-RAMAN was performed of the film reaction 

mixture and the films to investigate the conversion of epoxide groups of 

the polyester. Analysis revealed a low conversion of the epoxide groups, 

which lead to the conclusion of a low cross-linking degree within the film. 

By adding a cycloaliphatic diepoxide, Cyracure UVR-6110, as an additive 

to the reaction mixture it was possible to increase the concentration of 

epoxide groups and easier to form a film with more binding points. 
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II - Polycondensation to telechelic methacrylate-

functional polyesters 
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Figure 19. One-pot enzymatic route to dimethacrylate-functional poly-

(ethylene adiapte) (dMA-PEA-dp), reaction scheme and the synthesis of 

crosslinked film. (Paper II) 
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Resin DP [a] 

 

Mn [a]  

 (g mol-1) 

Mn (PDI)[b] 

(g mol-1) 

Isolated 

yield [c] 

(%) 

dMA-PEA-4 4.2 (4) 920 (900) 600 (1.9) 90 

dMA-PEA-8 8.8 (8) 1700 (1600) 1100 (1.9) 89 

dMA-PEA-12 13.6 (12) 2500 (2200) 2900 (2.5) 85 

 

 
 

Previous research on lipase-catalyzed polycondensation has been focused 

on synthesizing long-chained polyesters. The hypothesis behind the 

telechelic polyesters produced in this paper through lipase-catalyzed 

polycondensation was that the DP of the end product could be controlled 

by incorporating molecules that were inert for further polymerization 

reactions and could act as end-cappers (Figure 4, Figure 14). Telechelic 

polyesters with low molecular weight and viscosity are interesting in, for 

instance, surface modification applications, building blocks for block co-

polymers, and biomedicine. 

In Paper II a polycondensation with ethylene glycol and divinyl adipate 

together with 2-hydroxyethyl methacrylate, HEMA, as an end-capper were 

used to synthesize telechelic polyesters (Table 2). 

The first synthesis was performed with 1,4-butanediol and divinyl adipate 

together with HEMA as an end-capper. HEMA works as an alcohol type 

of end-capper with its free hydroxyl. The ester bond between ethylene 

glycol and methacrylate in HEMA does introduce some complications as 

described below. All the substrates in this setup have high boiling points 

and allowed the use of reduced pressure to evaporate unwanted co-

products and water (Reaction conditions). The use of vinyl esters 

[a]Determined with 1H NMR (theoretical value within brackets). 
[b]Determined by SEC (conventional calibration in THF against polystyrene 

standard). [c] The conversion was determined to be >95% with 1H NMR. 

 

Table 2: Results from syntheses of dimethacrylate-functional poly(ethylene 

adiapte) (dMA-PEA-dp). (Paper II) 
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increased the reaction rate compared to if a dicarboxylic acid would have 

been used. Furthermore the reaction equilibrium was pushed towards the 

product side due to the rearrangement of the leaving group to 

acetaldehyde, which can readily be removed even at atmospheric pressure. 

A kinetic study was performed using MALDI-TOF-MS to follow the 

progression of the mixture of products (data not published). The 

synthesized products, which include mono-/difunctional polyesters with 

different combination of HEMA, vinyl, hydroxyl and carboxyl acid ends 

(Figure 14) would generate different peaks in the MALDI-TOF-MS 

spectra (Characterization methods for polyesters). A wide variety of 

synthesized polyesters appeared quickly, but as the reaction proceeded the 

wanted products materialized in greater concentration. The generated 

intermediate products reacted further and continued to generate the 

correct telechelic polyesters (Figure 20). 
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Figure 20. Kinetic study of a polycondensation synthesis of a telechelic 

polyester with HEMA as functional groups. 
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Lipase-catalyzed polycondensations are dynamic reactions, which means 

that the lipase continuously splits ester bonds within a polyester chain and 

create new ones between different polyester chains (Reaction conditions, 

Figure 14). The dynamic reaction system causes the migration of different 

building blocks throughout the polyester chains. This phenomenon would 

not be observed unless there are different building block of the same type, 

like 1,4-butanediol and ethylene glycol, within the reaction mixture. 1,4-

Butanediol and ethylene glycol have different unique shifts in an NMR 

spectrum, depending on where and how these different diols are 

incorporated into the polyester chain the shifts changes depending on the 

surrounding structure. The ethylene glycol moiety of HEMA has an ester 

bond to the methacryl group, which can be cleaved by the lipase. The 

HEMA bound ethylene glycol did not stay at the terminal ends of the 

polyester chains, but was found to migrate and ended up within the 

structure.29 The changing location of the ethylene glycol, and the 

corresponding shifts in the NMR spectra, showed that the lipase could 

cleave the ester bonds of all possible polyesters within the reaction mix-

ture and bind any two chains together (Figure 14). The random distri-

bution of the ethylene glycol along the telechelic polyester chain resulted 

in a complex NMR-spectra. The result proved that the synthesis setup was 

complex, due to the involved substrates and the dynamic nature of the 

reaction system, and not a problem with the resulting product. 

By switching the end-capper from HEMA to 1,4-butanediol dimeth-

acrylate, the ethylene glycol moiety in HEMA would be removed from the 

reaction system. 1,4-Butanediol dimethacrylate and an excess of 1,4-

butanediol were mixed together with Novozyme 435 lipase catalyst to 

form monoesters, the reaction was followed by GC. The reaction rate to 

form the monoester proved to be extremely low, and even after 48 h a 

very low yield was detected. The hypothesis is that the 1,4-butanediol di-

methacrylate was not a good substrate for the lipase and substrate 

inhibition occurred with the high concentration of 1,4-butanediol. 1,4-

Butanediol dimethacrylate has been shown to have a high KM, compared 
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to 1,4-butanediol and alcohol substrate inhibition occurs in the lipase.79 

The solution to create a well-defined system with a uniform polyester 

came through the exchange of 1,4-butanediol to ethylene glycol and use 

HEMA as an end-capper. The use of ethylene glycol solved the analytical 

problem from the earlier syntheses, since the same diol was used in the 

end-capper and the polyester backbone. Migration of a diol throughout 

the polyester backbone would not influence the structure and would not 

change the shifts in the NMR spectra. 

The stoichiometrical error between the involved nucleophiles and acyl 

donors caused certain polyesters to have a free carboxylic acid end (Paper 

I, Stoichiometry). Substrate impurities may cause errors in the stoichio-

metry, since the purity may change between different batches. 

By carrying out the syntheses under continuous reduced pressure pre-

drying the substrates were unnecessary. Test reactions comparing pre-

dried and undried substrates resulted in no difference in the resulting poly-

esters (Reaction conditions). 

Films were made from the resulting methacrylate telechelics. Film 

formation was made by either homopolymerization or by incorporating a 

multifunctional thiol as a cross-linker. Oxygen inhibition of the free-

radical photopolymerization of the methacrylate groups occurred and 

hindered the cross-linking of polyester chains in the homopolymerization. 

Covering the wet film with quarts glass negate the oxygen inhibition 

during the homopolymerisation, but did not solve the film formation in a 

convenient way. The addition of a multifunctional thiol to work as a cross-

linker resulted in the use of reliable and quick-reacting thiolene chemistry. 

A tetra-functional thiol, pentaerythritol tetra(3-mercaptopropionate), was 

mixed in stoichiometric relation to the free methacrylate and thiol groups 

in the reaction mix. Films were produced with free-radical photopoly-

merization with high conversion of the functional groups. 

                                                      

79 Syrén, P-O., Lindgren, E., Hoeffken, H. W., Branneby, C., Maurer, S., Hauer, B., and 
Hult, K.: Increased activity of enzymatic transacylation of acrylates through rational 
design of lipases. Journal of Molecular Catalysis B: Enzymatic 2009,  
doi:10.1016/j.molcatb.2009.11.016 
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III – Polycondensation to tetraallyl ether functional 

polyesters 
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Figure 21. One-pot enzymatic route to tAE-functional poly(butylene 

adipate) (tAE-PBA), reaction scheme and synthesis of film. (n=DP 4, 8, 

and 12) (Paper III) 
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Resin Ratio 

A:B:C [a] 

DP [b] 

 

Mn [b] 

(g mol-1) 

Mn 

(PDI)[c] 

(g mol-1) 

tAE-PBA-4 5:4:2 3.9 (4) 1300 (1300) 1500 (1.6) 

tAE-PBA-8 9:8:2 8.6 (8) 2300 (2100) 2500 (1.9) 

tAE-PBA-12 13:12:2 13.8 (12) 3300 (2900) 2400 (2.2) 

 

 
 

The enzyme-catalyzed polycondensation reaction to synthesize telechelic 

polyesters was further developed and evaluated in Paper III. Work on 

producing a synthetical pathway for production of telechelic polyesters to 

cross-linked materials was investigated. In earlier work (Paper II) 2-

hydroxyethyl methacrylate, HEMA, was used as an end-capper. By intro-

ducing a new end-capper molecule, trimethylolpropane diallyl ether 

(TMPDE), the flexibility of the reaction system was tested (Paper III). 

TMPDE fulfills two important requirements for being considered a good 

end-capper; I) the molecule is a nucleophile in the lipase mechanism, and 

II) it contains functional groups that are inert for the lipase but can be 

used for further reactions. Another interesting property is that TMPDE 

contains two functional groups in the form of allyl ethers, and would 

produce tetra-functional telechelic polyester. The allyl ether groups can 

later be used as functional groups for further reactions for homo-

polymerization or thiolene chemistry. From the earlier experiments with 

the functionalization through polycondensations, the choice of substrates 

was easier and the setup of the system caused less problem. As diol 1,4-

butanediol was utilized instead of ethylene glycol, due to the higher boiling 

point of the former. Divinyl adipate was again the choice of diacid moiety 

considering its high reactivity and easily removable co-product, acet-

Table 3: Results from syntheses of tetraallyl ether functional poly(butylene 

adipate) (tAE-PBA-dp). (Paper III) 

 

 

 

[a]A = divinyl adipate, B = 1,4-butanediol and C = TMPDE. [b]Calculated 

using NMR spectroscopy, (theoretical value within brackets). [c]Determined 

by SEC (conventional calibration in THF against polystyrene standards). 

The conversion was determined to be >98% with 1H NMR. 
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aldehyde. Since the substrates all had relatively high boiling points reduced 

pressure could be applied throughout the reaction without the risk to 

evaporate any substrates. Again the control of stoichiometry in the 

reaction mixture was of significance to obtain the correct end structure of 

the polyesters. The synthesis of the tetraallyl ether functional telechelic 

was fairly straightforward, with few obstacles to pass (Table 3). 

Greater focus on the properties produced materials were taken in this 

work over the synthesis. Thiolene chemistry was utilized in the film 

formation, and two different multifunctional thiols were tested. A dithiol, 

ethylene bis(mercaptoacetate), and a tetrathiol, pentaerythritol tetra(3-

mercaptopropionate), were tested as cross-linkers in the free-radical 

photopolymerization. Homopolymerization of the tetraallyl ether 

functional telechelic was also performed to compare with the films 

containing thiol cross-linkers. Overall the thiol-ene films had very high de-

gradation temperatures. The high conversion of thiol and allyl groups 

showed the effectiveness of the thiolene reaction. By changing the DP, 

functionality and cross-linker used in the film formation, the crystallinity, 

crosslink density, and subsequent elasticity could be engineered in the 

resulting materials. 
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IV - Polycondensation to telechelic epoxy oligomers  

Glycidol Divinyl adipate 1,3-Propandiol

dePPA

OH
O

O
O

O

O

HO OH

OH O

O
O O

O
O O

O

O O

O
n

Novozyme 435
(CALB)

Acetaldehyde

  

 

 

 
 

Resin DP [a] 

 

Mn [a]  

 (g mol-1) 

Telechelic 

polyesters [a] 

(%) 

de-PPA 1.1 (1) 490 (440) 98 

 

 
 

In Paper IV the aim was to synthesize a short telechelic oligomer with a 

low molecular weight and viscosity. The product was considered to be a 

building block for use in block copolymer synthesis, and demanded a high 

difunctionalization >97%, to afford high molecular weights of the block 

[a]Determined with 1H NMR (theoretical value within brackets). The 

conversion was determined to be >98% with 1H NMR. 

 

Table 4: Results from syntheses of diepoxy-functional (propane adiapte) 

(de-PPA). (Paper IV) 

 

Figure 22. Reaction scheme for production of diepoxy-functionalized 

oligomer (de-PPA). (Paper IV) 
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copolymer. Epoxide functionalization was again of interest and glycidol 

became the choice of end-group, due to earlier experience from Paper I. 

Two test reactions were setup; I) one being a ROP with -caprolactone 

and divinyl adipate (Figure 3), while II) being a polycondensation with 1,3-

propandiol and divinyl adipate as building blocks (Figure 4, Figure 14). 

Both setups used glycidol as either initiator or end-capper, respectively. 

The reactions could not be run under reduced pressure, due to the boiling 

point of glycidol. Divinyl adipate was an obvious choice, which assured an 

equilibrium strongly pushed to the product side at atmospheric pressure. 

Pre-drying of the substrates was performed to eliminate as much water as 

possible from the reaction mixture, since it disturbs stoichiometry and 

product quality (Figure 14). After the test reactions the polycondensation 

gave the best result and the ROP reaction was dropped from future tests. 

As with earlier polycondensations (Paper II, Paper III) a correct 

stoichiometry was a key factor to synthesize a product with high degree of 

difunctionalization (Stoichiometry). The outcome of the polycondensation 

was a clean oligomer with a very high difunctionalization >98%, that 

required no workup process further than separation of the immobilized 

lipase. The average degree of polymerization of the product was 1.1. 
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V - Functional free-standing polymer film for sensor 

application 

Functionalized films with free, reactive chemical groups are of interest in 

different applications, like biosensors, bioassays, and medical applications. 

In Paper V the previously synthesized telechelic polyesters from Paper II 

were used as a building block in the synthesis of a functional film together 

with a hyperbranched polyester with multifunctional allyl ethers.80 

Previous attempts to accomplish films with only the hyper branched 

polyester showed slow homopolymerization and resulted in brittle 

material. The telechelic polyester with dimetyacrylate functionality was 

added to create a structural element in the film. The addition of a tetra-

thiol, pentaerythritol tetra(3-mercaptopropionate), was applied to intro-

duced thiol-ene chemistry in the system. 

To prove the usefulness of a film with free functional groups a biotin-

ylation with UV-initiated thiolene chemistry was performed. A specific 

thiolated biotin, biotin-terminated tri(ethylene glycol)hexadecanethiol, was 

used to covalently bind to the free enes on the film. To analyze the biotin-

ylation step a streptavidin-alkaline phosphatase conjugate (SA-AP) was 

used to tag the surface-bound biotin. The alkaline phosphatase could be 

utilized in a colorimetric analysis where the hydrolysis of 4-nitrophenyl 

phosphate bis[tris(hydroxymethyl)aminomethane], pNPP, was utilized. 

The model described in this work for forming a functional film should be 

considered a scaffold for similar systems. A wide variety of possible 

building blocks, functional groups and cross-linking chemistry show a 

great possibility and flexibility to engineer specific functional films. 

Results showed a functionalized film that could bind thiol-functional 

biotin. 

 

                                                      

80 Trey, S., Nilsson, C., Malmström, E., and Johansson, M.: Thiol-ene networks and 
reactive surfaces via photo-induced polymerization of allyl ether functional 
hyperbranched polymers. Progress in Organic Coatings, article in press. 
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Figure 23. Overview of film formation, biotinylation and colorimetric 

analysis. The free ene of the film could either be an unreacted methacrylate 

or an allyl ether. (Paper V) 
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CONCLUDING REMARKS 

The synthesis of telechelic polyesters is possible through lipase catalysis. 

Different functional end-groups can be incorporated in the polyester to 

create a variety of products. The polyesters produced through lipase-

catalyzed synthesis show high purity and none, or few, workup processes 

are needed. The degree of polymerization (DP) and difunctionalization are 

possible to control in the enzyme-catalyzed polymerization reactions. 

Stoichiometry between initiator/terminator and the monomer have to be 

controlled to produce telechelic polyesters with a predetermined DP in 

ring-opening polymerizations (ROP). By using the ester between the 

initiator and the terminator the ratio between the end-groups can be kept 

exact. The stoichiometry of polycondensation is harder to control, since 

small differences in the purity of the substrates affect the end-functio-

nalization drastically. 

Several environmental aspects advocate for lipase catalysis, since the 

enzyme is biodegradable, renewable, metal-free, non-toxic and can be used 

under mild reaction conditions. Lipase can perform syntheses with re-

newable substrates and produce polyesters that are biodegradable. The 

broad substrate flexibility of lipases opens the possibility to create a vast 

variation of tailor-made polyesters.  

The use of hydroxyacids as monomers in polycondensation would 

facilitate the control of end-functionalization of the polyesters. The 

functionalization method shows similarities with that of a ring-opening 

polymerization as the stoichiometry is fixed between the repeating acid 

and alcohol (Figure 2, 10, 24, 25). 

Thus stoichiometric errors have more effect on the degree of poly-

merization, DP, than the degree of difunctionalization. The amount of 

available hydroxyacids that can be used as monomers is limited compared 

to the diacid/diol system, resulting in a restriction in the product flexibility 

for the former system. 
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The use of reduced pressure can be of great help to push the equilibrium 

towards the product side. In contrast to ROP polycondensation produces 

water, or an alcohol, in every prolongation step of polycondensation 

(Figures 10 and 12 for ROP and Figures 13 and 15 for polycondensation). 

Thus by removing co-products under reduced pressure the poly-

condensation in contrast to ROP can be driven towards completion. 

 

Figure 24. Cartoon of polycondensation affording a telechelic product 

functionalized through end-capping methods. The α-end-capper is shown 

as a star (gray), the monomers as arrows (white), and -end-capper as a 

prohibited sign (black). 

Figure 25. Reaction scheme of an enzymatic polycondensation using 

hydroxyacids as monomers, with functionalization through end-capping 

methods. The α-end-capper is shown as YOH, where Y represents the 

functional group and the hydroxyl group represents the nucleophile. The 

-end-capper is shown as R´O2CZ, where the functional group in this acyl 

donor is represented by Z. 
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