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ABSTRACT

Branched and crosslinked degradable polyesters based on lactic acid, lactide and e-
caprolactone were prepared by utilizing different polymerization methods. Chain linking of
hydroxyl telechelic lactic acid oligomers with 1,6-hexamethylene diisocyanate (HMDI) as a
chain extender, yielded lactic acid based poly(ester-urethanes). When an excess of HMDI was
used, polymers with broader molecular weight distribution and long-chain branching were
obtained. Long-chain branching was confirmed by NMR and was seen in high shear thinning
and melt strength in rheological measurements. Ring-opening polymerization of D,L-lactide,
L-lactide and e-caprolactone in the presence of stannous octoate and a co-initiator was
employed as a method to prepare polyesters with controlled molecular structure. The initiation
activity of different hydroxyl containing compounds was evaluated and new co-initiator
compounds, polyglycerines, were shown to yield polylactides with up to 8 arms. Furthermore,
by increasing the number of hydroxyls in the co-initiator, the polymerization rate increased
and polylactides with higher molecular weight were obtained.

Crosslinked polymers with controlled molecular structure were prepared from end
functionalized linear and branched polyester precursors. The effect of molecular architecture,
i.e. branching, molecular weight and different monomer units in the precursors, on the curing
and properties of the final networks was studied. Triethoxysilane and methacrylic double bond
functionalization and polymerization of these moieties were utilized in the preparation of
hydrolytically degradable networks with different properties. High strength was obtained with
DLLA based networks, whereas the use of flexible CL/DLLA copolymers as network
precursors yielded highly elastic crosslinked polymers with creep resistance.

In addition to the preparation and characterization, the degradability of the crosslinked
polymers was evaluated. The polyester networks exhibited degradation similar to the
corresponding thermoplastic polyesters. In general, the degradation occurred through bulk
degradation where the mechanical properties of the polyesters deteriorated first and the mass
loss followed. The degradation of the networks was enhanced by introducing labile anhydride
bonds as weak linkages into the polyester network structure. This approach led to very rapidly
degrading, crosslinked poly(ester-anhydrides) based on PCL, PDLLA, and PLLA. When a
short PCL based precursor was used, the network showed characteristics of surface-erosion:
the poly(ester-anhydride) network lost its mass and the dimensions of the specimen decreased
at a steady rate over two days.
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NOMENCLATURE

The following abbreviations are used in the overview.

'H-NMR proton nuclear magnetic resonance spectroscopy
BC-NMR carbon-13 nuclear magnetic resonance spectroscopy
BD 1,4-butanediol

BDI 1,4-butane diisocyanate

BD-Me, dimethacrylated butanediol

BOX 2,2’-big(2-oxazoline)

CL g-caprolactone

DLLA DL-lactide

DMA dynamic mechanical analysis

DS degree of substitution

DSC differential scanning calorimetry

FTIR Fourier transform infrared spectroscopy

HMDI 1,6-hexamethylene diisocyanate

IPTS (3-isocyanatopropyl) triethoxysilane

LA lactide

LLA L-lactide

MAAH methacrylic anhydride

MALDI-TOF matrix assisted laser desorption/ionization - time of flight
MW molecular weight

MWD molecular weight distribution

NMR nuclear magnetic resonance spectroscopy

PBS phosphate buffer solution

PCL poly(e-caprolactone)

PDLLA poly(DL-lactide)

PEG poly(ethylene glycol)

PERYT pentaerythritol (2,2-bis(hydroxymethyl)-1,3-propanediol)
PEU poly(ester-urethane)

PGL(-06, -10) polyglycerine(-06, -10)

PLA poly(lactic acid) or polylactide

PLLa poly(lactic acid) prepared by polycondensation of L-lactic acid
PLLA poly(L-lactide)

PMAA poly(methacrylic acid)

PPF poly(propylene fumarate)

ROP ring-opening polymerization

SAH succinic anhydride

SEC size exclusion chromatography

SnOct, stannous octoate



TMC trimethylene carbonate

uv ultraviolet
Postfix  -AH anhydride
-COOH  carboxylic acid terminated
-OH hydroxyl terminated
SYMBOLS
G' storage modulus (Pa)
G" loss modulus (Pa)
Lcap average caproyl sequence length
Lia average lactidyl sequence length
M, number average molecular weight (ghol™)
My, weight average molecular weight (glthol )
SF swelling factor
T, glass transition temperature (°C)
tan O loss tangent

n complex viscosity (Pals)



1 INTRODUCTION

1.1 General background

Resorbable and degradable polymers have been extensively studied throughout the last
decades. Resorbable means that the material can be broken down and the degradation products
are eliminated in the body.' In polymers, the resorbability is obtained mainly through
enzymatic or non-enzymatic hydrolysis followed by the metabolism or excretion of the
degradation products. The use of the term resorbable is limited to biomedical materials. When
degradable polymers are used elsewhere, they should be denoted degradable or biodegradable,
when the degradation is mediated by biological activity as in enzymatic hydrolysis." The
benefits of using resorbable or degradable materials are evident: biomedical materials
implanted in vivo degrade after serving their purpose. This has been utilized in the preparation
of controlled drug release systems and in orthopaedic implants and sutures. In bulk
applications, the use of degradable polymers allows the preparation of totally biodegradable
and compostable molded articles, films and packages.*”

Degradable polymers can be obtained from a variety of sources. Many materials created in
nature are biodegradable polymers. Trees and plants produce cellulose, lignin and starch, and
chitin is abundant in shellfish and molluscs. These natural polymers are degradable, at least
with the aid of suitable enzymes, but their processing, and thermal and mechanical properties
set boundaries for their use. Biotechnology has been applied in the production of
polyhydroxyalkanoates by fermentation from starch, whereas chemical synthesis offers routes
to an unlimited number of different degradable polymers. Hydrolytically labile aliphatic
polyesters comprise most of the synthetically manufactured degradable polymers.*”

Lactic acid based polymers (PLAs) and their copolymers, especially with glycolide, are used
and studied in both biomedical and bulk applications. For example, microparticles are used in
vivo for targeted drug release and screws and pins are implanted for temporary support in
orthopaedics. One of PLA’s advantages is that the raw material, lactic acid can be derived
from renewable resources, which makes PLA very attractive for the packaging sector. High-
molecular-weight PLA is produced by the ring-opening polymerization (ROP) of lactide,
cyclic dimer of lactic acid. ROP can be applied in the preparation of polyesters such as
polyglycolide, polylactides of different stereo structures, polylactones such as poly(e-
caprolactone) and poly(d-valerolactone), polycarbonates and a wide variety of copolymers.
Chain extending of lactic acid oligomers prepared via polycondensation of lactic acid offers a
different route to high-molecular-weight PLA >*#12

Synthetic degradable polymers are mostly linear and thermoplastic, and their properties are
mainly tailored by changing the molecular weight, or by adding comonomers of different
types, contents and distributions.>” This thesis is focused on two other aspects of molecular
architecture, namely branching and crosslinking. The preparation and properties of the
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branched and crosslinked resorbable polymers are covered, the intention being to explore the
structure-property relations related to branching and crosslinking and to show the possibilities
available with this type of structure tailoring.

1.2 Branched resorbable polyesters

Branching changes the properties of the resorbable polymers. Branched polymer contains
more chain ends than its linear counterpart of equal molecular weight and the polymer chains
are shorter. With the increasing number of terminal groups, their effect on the polymer
properties is increased.” This can be seen in crystallinity, which decreases with increasing
branching. The melting temperatures of the star-shaped poly(L-lactides) (PLLAs) are lower
than for their linear analogues due to shorter chain length and the increase in the number of
free chain ends disrupting the crystalline structure. PLLAs with up to 20 arms originating
from poly(amidoamine) dendrimer have been reported to be completely amorphous before
annealing. This is because the PLLA chains with molecular weight (MW) of 3000 glthol™
were unable to form crystallites when their chain movements were hindered in highly
branched polymers.'*"> In addition, the increasing number of hydroxyl end groups has been
shown to lead to higher hydrophilicity and increased degradation rate in star-shaped
polylactides."

The radius of gyration for branched macromolecules is smaller than for linear polymers.
Branching decreases the hydrodynamic volume of polymers, making their MW determination
with SEC more complicated.'®!” The inherent viscosity of the star-shaped polymers is lower
than for corresponding linear polymers of equal MW. The melt viscosity is also lower for
branched polymers, which can be utilized in processing at lower temperatures. This is
especially beneficial for thermo-labile polymers such as polylactides. In the thorough
investigation of the star-shaped PLAs’ melt rheology by Dorgan and Williams,'® the zero
shear viscosity and the shear thinning were shown to increase with branching, since the MW
of the branches was high enough for entanglements. The relaxation spectra showed that in the
transition zone the linear and branched PLLA were nearly indistinguishable, whereas
branching made a greater contribution to the polymer behavior in the terminal region.
However, the flow activation was only modestly affected by the chain architecture.

Branched degradable polyesters are mainly synthesized by ring-opening polymerization of
lactides or lactones, with stannous octoate (SnOct;) and a polyol forming the actual initiator.
Whereas linear polymers are obtained in ROP with mono- or difunctional alcohol, the use of a
polyol yields highly branched structures. In general, the number of arms in the polymer
corresponds to the number of hydroxyl groups in the polyol. The use of glycerol,
trimethylolpropane, pentaerythritol, dipentaerythritol, sorbitol, mannitol, myo-inositol,
sucrose, dendrimers and star-shaped poly(ethylene glycols) has been reported.'”” These co-
initiators yield star-shaped structures as the branches arise from a single branching point.
Comb-shaped polylactide has also been prepared, using linear macrocoinitiators with pendant
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hydroxyl groups.”®** Whether or not all the hydroxyl groups serve to co-initiate the growth of
the polyester chain depends mostly on the position of the hydroxyl group and the ratio of
monomers to the polyol. In general, primary hydroxyl groups are effective in co-initiating the
polymerization, and the number of arms is increased by increasing the ratio of monomers to
co-initiator.*'***" A prerequisite for effective initiation activity is the solubility of the co-
initiator into the monomers. The poor solubility of high melting point co-initiators,
pentaerythritol, dipentaerythritol, myo-inositol and [-cyclodextrin has caused difficulties in
polymerizations, as reported by Biela et al.'” and Joziasse et al.**

Dendritic co-initiators derived from 2,2’-bis(hydroxymethyl)propionic acid (bis-MPA)
derivatives yielded star-shaped poly(D,L-lactide) (PDLLA), PLLA and PCL with 2, 4, 6 or 12
arms, corresponding to the number of hydroxyls, accurate control of MW and narrow MWD
(< 1.1). The hydrodynamic volume of the 12-armed polylactides was considerably lower than
for polylactides with fewer arms, due to the more globular shape and conformation.*
However, the use of poly(amidoamine) dendrimer with a greater number of hydroxyl or amine
groups coinitiated the polymerization of fewer arms (16-21) than the number of hydroxyl or
amine groups (32 or 28). This was attributed to the change in the density and distribution of
coinitiating groups on the surface of dendrimer coinitiator and steric hindrance of attached
polylactide chains.'**® In addition to star-shaped polymers, dendritic block copolymers have
been synthesized by sequential ROP, functionalization and deprotection leading to radial
geometry with different layers or generations of PLLA, PCL and various substituted
polylactones.**~*

In addition to SnOct, and polyols used in the preparation of branched polyesters, spirocyclic
tin initiators can be used in the preparation of branched PLLA, PDLLA, PCL, and poly(B-D,L-
butyrolactone) by ROP. Using these initiators, star-shaped PLLAs with a high yield and a very
narrow molecular weight distribution (1.04-1.13) were obtained."***~® Star-shaped PLA’s
have also been prepared by direct polycondensation of lactic acid with dipentaerythritol,
leading to higher MW than in their linear counterparts.’” Divergent polycondensation has been
carried out to obtain resorbable glycerol and succinic acid or lactic acid based dendrimers of
generations 1-4 corresponding to MW of 1300-10 700 glthol™ with MWD 1.02 at highest.***’
In addition to pure polyester dendrimers, dendritic-linear poly(ester-ethers) have also been
prepared with PEG as the linear polyether block.*’

All the methods described above were based on the divergent synthesis of branched polyesters
propagating outwards from the core. However, branched polyesters have also been prepared
by linking suitable polyester blocks. The “arm-first” method, in which the resorbable PCL
chains were prepared first by ring-opening polymerization with functional aluminum
alkoxides and the arms were then reacted with a multifunctional reagent to yield a three-armed

polymer, was described by Tian et al.*!

Furthermore, the condensation of AB, or ABy
macromonomers yielded hyperbranched PCL or block copolymers based on DLLA, CL and

substituted CLs, as reported by Trollsas et al.*>***
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1.3 Crosslinked resorbable polymers

Crosslinked polyesters and polyanhydrides comprise most of the crosslinked resorbable
biopolymers. The properties of the networks are governed by the properties of the constituent
monomers, but also by the crosslinking density, which is related to the distance between the
crosslinking points. The tighter the crosslinking density, i.e. the shorter the chain length
between the crosslinks, the higher the glass transition temperature and modulus.*
Crosslinking has been used to obtain resorbable polymers with very high strength or with
elastic properties.*®*” Elastic networks recover after deformation because the crosslinks resist
creep effectively. Water-soluble precursors can be used in the preparation of resorbable
hydrogels.*® The preparation of the crosslinked polyesters usually comprises several steps.
The more complicated synthesis, as compared to the preparation of thermoplastic polyesters,
can be seen as a possibility not only in structural tailoring but also in processing and
crosslinking. By using liquid polyester precursors with low viscosity, even in Situ curing can
be applied in the formation of highly crosslinked networks.*' In the following, the
properties of the resorbable crosslinked polyesters and polyanhydrides are discussed, together
with the methods for their preparation.

The dependence of the properties of the networks on their structure was shown with hard and
rigid PDLLA networks crosslinked with isocyanates or with methacrylate functionalization by
Storey et al.***** A tensile strength of almost 70 MPa was obtained with the highest
crosslinking density, and by increasing the size of the precursor triols from 960 to 2130
glmol™ the strength of the network decreased to about 50 MPa. A similar decreasing trend was
also observed in tensile modulus and Tg.45 By using CL or trimethylene carbonate (TMC) as a
comonomer with DLLA in the precursors, the ductility of the networks was increased and
networks exhibiting high break strains were obtained.”> In PDLLA networks prepared by
crosslinking of methacrylated triols, a tensile strength from 40 MPa to almost 80 MPa was
observed.”® The addition of TMC as a comonomer lowered the tensile modulus and strength

49,55 . )
2 showed that the increase in

and increased the break strain.* Anseth and co-workers
CL/DLLA ratio made the networks more hydrophobic and thus more resistant to hydrolysis,
when methacrylated liquid polyester diols were photocured to networks exhibiting a
compressive modulus between 0.1-1.0 MPa. The results of cell seeding experiments suggested
that these networks were cellularly compatible and promoted osteoblast attachment. Aoyagi et
al.>® prepared P(CL/DLLA) block copolymer networks with the aim of developing thermo-
responsive membranes for drug delivery based on the phase changes of the PCL blocks.
Permeation of indomethacin through the crosslinked membrane was controlled by reversibly
changing the temperature between 20 and 40°C. Furthermore, the hydrophilicity of the
polyester networks was controlled using acrylated poly(ether-ester) precursors containing
PEG, poly(propylene glycol) or poly(tetramethylene glycol) as the ether block, or by
copolymerization of monoacrylated PEG with acrylated polyesters. When the PEG content
was high, the precursors were water-soluble and the final photocured networks showed water
absorption of 80-95%.*%7>%



1.3.1 Networkscrosslinked with double bonds

Acrylic, methacrylic, fumaric, maleic and itaconic double bonds have been utililized in the
preparation of crosslinkable polyester precursors, which have subsequently been cured by
thermal, redox- or photoinitiation to crosslinked polyesters.*******62 Dye to the good
reactivity of acrylic and methacrylic double bonds, they have been commonly used in the
preparation of resorbable networks. Acrylated or methacrylated poly(a-hydroxy acid)
precursors have been prepared by functionalizing hydroxyl terminated oligomers with

. . . 1 48,53-56,63
corresponding acid chloride™"™™

or by transesterification of high-molecular-weight
PDLLA with diacrylate.* Networks from poly(propylene fumarates) (PPF) have been
extensively studied for use as resorbable bone cements, as reviewed by Peter et al.’'
Crosslinkable and injectable compositions of PPF macromers, bioactive filler, porogen and N-
vinyl pyrrolidone as reactive monomer have been cured at body temperature in the presence of
crosslinking initiator. The crosslinking of PPFs has been enhanced by introducing acrylic or
epoxy end groups into the oligomers.**®*>%® Evaluation of the degradation products revealed
that the double bond conversion of acrylic double bonds was significantly higher than the
conversion of fumaric double bonds.®® For other double bonds used in the crosslinking of
polyesters, the itaconic double bond was shown to be much more reactive than the maleic

double bond in thermal curing of functionalized PCL oligomers.’'

Double bonds can also be located in the side chains or as pendant groups in the crosslinking of
PLLA and PCL based network precursors. In one case, the poly(L-lactide-co-glycolic acid-co-
L-serine) contained pendant hydroxyl groups, which were subsequently acrylated and the
precursors then cured to glassy and transparent networks.®’ In another case, the pendant amino
groups of poly(L-lactic acid-co-lysine) were grafted to poly(L-aspartic acid) side chains. The
side chains contained carboxylic acid groups, which were partly reacted with methacrylic
anhydride. By crosslinking, almost perfectly elastic hydrogels were obtained with swelling
behavior controlled by the degree of methacrylation.®®

Methacrylic double bonds have also been utilized in the preparation of another class of
resorbable networks, crosslinked polyanhydrides. Methacrylation of carboxylic diacids such as
sebacic acid, 1,3-bis(p-carboxyphenoxy) propane, or 1,6-bis(p-carboxyphenoxy) hexane, with
methacrylic  anhydride, yielded crosslinkable network precursors. These were
photopolymerized in situ to surface-eroding and biocompatible crosslinked polyanhydrides
targeted for orthopaedic applications or controlled release of active agents.”**”" During the
degradation of the photocured networks, the anhydride bonds were cleaved, leading to the
formation of constituent diacids and water-soluble poly(methacrylic acid) (PMAA). The
hydrophilic PMAA chains were characterized to low-molecular-weight oligomers with M,
between 500-3500 glhol’ by MALDI-TOF and '"H-NMR, and thus they should not be
accumulated in the body’s circulatory system.”' In a recent SEC study, the M, of PMAA
ranged from 58 000 to 410 000 glmol',”* which seems to contradict the earlier MALDI-TOF
and NMR results reported by the same Anseth’s group.”' However, the biocompatibility
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responses in in vivo test of the networks and in Situ curing were acceptable for an orthopaedic
173

biomateria
Similarly to crosslinked polyanhydrides, degradation of the polyesters crosslinked with double
bonds yields a-hydroxy acids as the degradation products of the corresponding polyester
blocks, but also hydrophilic low-molecular-weight polymers such as poly(acrylic acid) and
poly(methacrylic acid) formed by the polymerization of the double bonds.****™ If these
polymers are short enough, they should be excreted from the body by the kidneys similarly to
low-molecular-weight PEG.”"" A threshold MW of 70 000 glthol™ for the passive excretion
of hydrophilic polymers by kidneys has been stated.> The safety of using acrylated or
methacrylated precursors in the formation of resorbable networks has raised some questions.
Generally the networks have been well tolerated,”>”® but Bruining et al.”” reported that
networks originating from dimethylamino ethyl methacrylate and a dimethacrylate crosslinker
containing two carbonate groups were intrinsically cytotoxic. Timmer et al.”* found dose-
dependent cytotoxic response by characterizing in vitro cytotoxicity of the unreacted
diacrylated PPF macromers and the degradation products of the networks. However, with
dilutions, the acute cytotoxic response was lowered to an acceptable level. The well-cured
networks showed no adverse effects when the extraction of toxic products was prevented by a
high degree of curing and high crosslinking density.”*

1.3.2 Other crosslinked polyesters

Other ways to prepare networks include the linking of polyester precursors using isocyanates,
acid chlorides, epoxies, ethoxysilanes, and coumarin. In addition, networks can be obtained by
direct polycondensation from the monomers or polyester precursors, using crosslinkers in the
ROP, or by modifying polymers with peroxides or irradiation. The preparation of resorbable
polyurethane networks is based on the reaction between hydroxyl groups of polyester polyols
and at least difunctional isocyanate.*~*’®” Even though many different isocyanates have
been used in the network formation, only 1,4-butanediisocyanate and L-lysine diisocyanate
(ethyl-2,6-diisocyanatohexanoate) are suitable as building blocks for resorbable
polyurethanes, since the degradation products, 1,4-butanediamine and L-lysine are naturally
present and not harmful to the human organ system.*"**® Carboxylic acid chlorides can also
be used as crosslinking agents for polyester oligomers in one pot syr11:hesis.36’81'84 Linear
precursors were polycondensed with trimesoyl chloride, whereas at least trifunctional
oligomers were cured with dichlorides such as sebacoyl or terephthaloyl chloride into
degradable networks. The networks from random copolymers of CL and DLLA gave a nearly
constant release of dexamethasone and 5-fluorouracil, controlled mainly by the hydrolytic
degradation of the network.™

P(CL/DLLA) oligomers with cycloaliphatic-epoxy and glycidyl ester end groups were
synthesized and suggested as precursors to resorbable networks.® In addition, the strength of
the PPF networks was increased by using diepoxide functionalized PPF oligomers, even
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though the epoxide groups were known to be difficult to polymerize by radical initiation.*°
Furthermore, triethoxysilane functionalized PCL oligomers were utilized in the preparation of
crosslinked hybrid organic-inorganic networks by Tian et al 3% pcL oligomers
functionalized with (3-isocyanatopropyl)triethoxysilane (IPTS) showed high incorporation
into the sol-gel derived tetracthoxysilane based biocompatible network. The use of coumarin
as photocurable group was reported in the crosslinking of liquid P(CL/TMC) oligomers by
UV to thin films.*"!

A tough biodegradable elastomer, with degradation behavior resembling surface erosion with
linear decrease in mechanical strength with mass loss, was synthesized by direct
polycondensation of glycerol and sebacic acid.*’”* With molar ratio 1:1, the crosslinking
density was low and the MW between the crosslinks was over 18 000 githol™. The polymer
chains contained free hydroxyl groups, which contributed to mechanical properties by
hydrogen bonding and made the polymer surface very hydrophilic.*’ Higher crosslinking
density and the wuse of succinic acid, 1,12-dodecanedicarboxylic acid, 1,18-
octadecanedicarboxylic acid or terephthalic acid in polycondensation of glycerol and sebacic
acid led to transparent and flexible copolyester networks.” Degradable networks with low
crystallinity and crosslinking density prepared by polycondensation of PCL-diols with
multifunctional aromatic carboxylic acids, namely trimesic acid, pyromellic acid and mellic
acid also exhibited elastic properties.”*

The mechanical properties of polyesters have been significantly improved by using small
amounts of crosslinkers, such as bis(e-caprolactone-4-yl), 2,2-bis(e-caprolactone-4-
yl)propane, and spiro-bis-dimethylene-carbonate in the ROP of lactides, lactones and 1,5-
dioxepan-2-one.””® The crosslinkers contained two rings participating in the ROP. A high
amount of crosslinker yielded networks with high crosslinking density and low swelling
together with decreased crystallinity.”®* In addition, 1,2,7,8-diepoxyoctane has been used as a
crosslinker in the ROP of cyclic adipic anhydride, yielding crosslinked poly(adipic
anhydrides).'”

Radical or irradiation crosslinking of high-molecular-weight polyesters has been shown to
yield polymer networks. PLLA was crosslinked with dicumyl peroxide to achieve high gel
contents. The backbone of PLLA was chemically changed in the crosslinking and the
decomposition products of PLLA made the polymer ductile, exhibiting almost 200%
elongation at break. On the other hand, electron beam irradiation was ineffective in the
crosslinking of PLLA, causing polymer degradation and embrittlement.”” Crosslinking of PCL
by gamma rays improved its thermal stability, transparency and heat shrink property.'®!
Electron beam radiation of poly(butylene succinate) increased the melt strength and foam
stability,'"* whereas peroxide modification contributed to lower crystallinity, increased tensile

strength and elongation in poly(butylene succinate) and poly(butylene adipate-co-succinate).
103,104
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1.4 Scope of the study

Resorbable and degradable polymers based on lactic acid, lactides and e-caprolactone have
been studied extensively in the Laboratory of Polymer Technology at Helsinki University of
Technology.'”"'"? In addition to ROP of lactides and/or e-caprolactone, the chain extending of
oligomers has been employed in the preparation of high-molecular-weight polyesters. This
thesis explores new possibilities for tailoring these polyesters by branching and crosslinking
and discusses the structure-property relations of resorbable polyesters related to this type of
molecular architecture. The main target of the thesis work was to apply and develop
techniques for the preparation of crosslinked and branched polyesters with different properties
to be used in the development of future biomaterials.

The thesis discusses the work reported in the six appended publications. Branching and
crosslinking form the two parts of the thesis. Branched polymers were prepared by using an
excess amount of chain extender in the linking of PLA oligomers and the polymers were
characterized by spectroscopy and rheological measurements as described in publication .
The preparation of highly branched polylactides with new co-initiator compounds,
polyglycerines, by ROP has been reported in publication II. The molecular structure of the
polymers was confirmed and the effect of these co-initiators on the polymerization of PLLA
was studied.

Crosslinking was addressed in publications III-VI. Networks from linear and branched
precursors were prepared and the effect of molecular architecture i.e. branching, molecular
weight and different monomer units in the precursors, on the curing and on the properties of
the final networks was studied. Triethoxysilane functionalization and crosslinking were
applied in the preparation of resorbable polymers, as reported in publication III. In
publications IV-VI the reported crosslinking was based on the commonly utilized
polymerization of methacrylic double bonds. On the one hand, high strength was targeted in
the preparation of DLLA based networks. On the other hand, highly elastic polymers and
creep resistance were the properties sought when using flexible CL/DLLA copolymers as
network precursors.

The degradability of the crosslinked polymers was reported together with their preparation in
publications III-VI. In publication VI, the target was to enhance the degradation of polyester
networks by introducing labile anhydride bonds as weak linkages into the network structure.
This approach led to very rapidly degrading, crosslinked PCL, PDLLA, and PLLA based
poly(ester-anhydrides).



2 BRANCHED POLYESTERS

Branched polyesters were prepared by two different polymerization methods. The first method
employed comprised the polycondensation of lactic acid to poly(lactic acid) oligomers, which
were chain linked to high-molecular-weight poly(ester-urethanes).! The other method, ring-
opening polymerization of lactide and/or €-caprolactone yielded oligomers and polymers with
predicted molecular structure and molecular weight.™" Branching can be used to tailor the
flow properties of the polymers. In addition, branching increases the number and the effect of
the end groups on the properties of the polymers, and the preparation of branched precursors
opens up further possibilities in the network structure tailoring.

2.1 Lactic acid based poly(ester-urethanes)

Chain extending of lactic acid oligomers offers an alternative route to high-molecular-weight
PLA.'#!'%12 1 the conventional route to PLA, ROP requires lactide (LA) as a monomer. LA
is the cyclic dimer of lactic acid and is formed from poly(lactic acid) oligomers by a back-
biting reaction. The same oligomers can be used in the chain extending, producing high-
molecular-weight PLA in a more straightforward manner without the need to cleave the
formed PLA chains to lactide.*'? In the preparation of high-molecular-weight poly(lactic
acids), the chain extending studied by our group utilizes the poly(lactic acid) oligomers
formed by polycondensation and introduces bonds other than ester bonds into the polymer
structure. These bonds are typically urethane bonds obtained by the chain linking of hydroxyl
terminated oligomers with diisocyanate or oxamide bonds obtained by extending the carboxyl
terminated oligomers with 2,2-bis(2-oxazoline).'”"!"? In addition, the combination of both
isocyanate and oxazoline chain extending have been applied in the linking of oligomers
containing both hydroxyl and carboxyl groups.'>"''*

As reported in publication I, lactic acid based poly(ester-urethanes) (PEU) were prepared from
hydroxyl telechelic oligomers by chain linking with diisocyanate with the objective of
modifying the rheological properties of the PEU. Rheological measurements are invaluable in
the characterization of long-chain branching, as the other methods (NMR, SEC) start to lose
their sensitivity with very low levels of branching. Even very rare branching can be seen in
rheological measurements in increased zero-shear viscosity, increased shear thinning and high
flow activation energy.115 In addition, rheology becomes important when processing of the
polymers is considered. Even though the melt behavior in processing is very complicated,
rheological measurements at high shear rates can be used as a tool to estimate the processing

behavior of a polymer.''®
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211 Polycondensation of lactic acid to OH-telechelic oligomers

Lactic acid based oligomers used in publication I had been prepared from L-lactic acid by
polycondensation with SnOct, as a ca‘calys‘c.107’117 1,4-Butanediol had been used in the
preparation for molecular weight control and for hydroxyl termination of the oligomers
(Figure 1). The properties of the oligomers are shown in Table 1. PLLa-20H-A had been
prepared in a pilot plant whereas a bench-scale reactor had been used in the preparation of
PLLa-20H-B. Even though the feed amounts were the same for both polymerizations, the
oligomers differed from each other by the acid value and the amount of formed lactide
monomer and butanediol in the oligomers. Acid value served as a measure of carboxyl end
groups in the oligomers and a high acid value indicated a poor hydroxyl termination. Both of
the oligomers used were totally amorphous, even though L-lactic acid was used as a
monomer. This was due to racemization, which led to the formation of D-structures and loss

of stereocontrol of poly(lactic acid) chains."”’

CHz; O
SnOct,
(m+m HO—CH-C—OH + HO—(CH)4~OH <—>

T R g
HAO—CH—C+ O—(CHp)s—O—~-C—CH—OFH + (n+n) H,0
m

n

Figure 1. Polycondensation of lactic acid with 1,4-butanediol.

Tablel. Properties of the oligomers prepared by polycondensation of L-lactic acid.'
SEC BC-NMR Titration DSC
Oligomer M, My MWD M, LA BD Acid value Ty
(gimol™)  (girol™) (gmol) (%) (%)  (mgKOHG?) 9
PLLa4-20H-A 5300 11700 22 3900 20 15 3.7 36
PLLa4-20H-B 4900 8900 1.8 3600 40 23 23 36

212 Chain extension of lactic acid oligomerswith diisocyanate

The chain extension of hydroxyl telechelic lactic acid oligomers was utilized in the
preparation of high-molecular-weight PLA. As shown in Figure 2, the linking of hydroxyl
telechelic oligomers with diisocyanates was based on the reaction of OH-groups with
isocyanates. In the preparation of lactic acid based poly(ester-urethanes), 1,6-hexamethylene
diisocyanate (HMDI) has mainly been used as a chain extender.'”®'®!'" However, PEU
prepared with HMDI has shown an ecotoxicological effect in a recent biodegradation study by
Tuominen et al.'" When HMDI was substituted by 1,4-butane diisocyanate (BDI), no
toxicological effect was detected and the poly(ester-urethane) degraded in a compost into non-
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toxic degradation products. Furthermore, the use of BDI and lysine diisosyanate have also
been reported to be acceptable in the preparation of poly(ester-urethanes) and poly(urethane-
ureas) for biomedical applications by Storey et al.*> and Pennings and co-workers.”**® The
preparation of PEU in publication I was based on the use of HMDI as a chain extender, but
with current knowledge BDI could be used to substitute HMDI without major changes in the

o . 118,119
polymerization behavior.” ™

(r+1) H-O~~~~~0—H + r O=C=N

N=Cc=0 —>
Q H H O
H—O~~~~~—0-+tC—N N—C—O olH
E

Figure 2. Chain extending of hydroxyl telechelic oligomers with diisocyanate.

Degradable, lactic acid based poly(ester-urethanes) were polymerized by chain linking of
lactic acid oligomers. Different polymer structures were obtained by using different ratios of
chain extender, HMDI, to the oligomers (NCO/OH ratio). The NCO/OH ratios used were
from 1.05/1 to 1.35/1 (Table 2). By using a higher NCO/OH ratio, the higher My, was
obtained. This resulted a broadening of the MWD of the polymers, as the M, was not as
clearly increased with the amount of chain extender. The reason for broadening of the MWD
was the formation of very large molecules with long-chain branching, confirmed by NMR and
rheological measurements. As additional proof of the branching, the branching reactions
eventually led to crosslinked polymers, if even higher ratios of NCO/OH were used.

Table2. Properties of poly(ester-urethanes)."
Polymerization SEC DC
Polymer Oligomer NCO/OH Time M, M, MWD Ty
(min) (gmol™) (gmmol™) (°O)
PEU-A-120 PLLa4-20H-A 1.20 25 38000 84000 2.2 49
PEU-A-130 PLLa4-20H-A 1.30 35 44000 153000 3.5 52
PEU-A-135 PLLa4-20H-A 1.35 40 40000 113000 2.8 46
PEU-B-110 PLLa4-20H-B 1.10 10 45000 104000 2.3 48
PEU-B-120 PLLa4-20H-B 1.20 35 47000 135000 29 46
PEU-B-130 PLLa4-20H-B 1.30 40 57000 179000 3.2 48

By comparing the M,, of the oligomers and polymers, it was found that the maximum extent of
the linking reaction was about ten oligomer units. After that, the terminal groups became rare
and their contacting each other was unlikely. The effect of the acid value of the oligomers was
seen in the chain linking in the required NCO/OH ratio, polymerization time and in the
molecular weights obtained. The oligomer PLLa4-20H-A with higher acid value required a
higher NCO/OH ratio and a longer time and the molecular weights obtained were smaller than
those obtained using the oligomer PLLa4-20H-B with a better hydroxyl termination. Thus the
acid end groups in the oligomer impeded the chain linking reaction. Recently a method to



12

reduce the acid value of the PLA oligomers by using 2,2’-big(2-oxazoline) (BOX) was
reported by Kylmi et al.'"> BOX reacted with carboxyl end groups and effectively reduced
their amount.

The NMR analysis of the polymers gave insight into the progress of the linking reaction. In
BC-NMR spectra, the resonance due to hydroxyl termination of the oligomers disappeared at
an early stage of the polymerization and later on the resonance from the NCO group
disappeared. During the polymerization with high NCO/OH ratio, previously uncharacterized
peaks were formed close to the peaks originating from HMDI units and urethane linkage.
These peaks were attributed to the branches in PEU, because they have not been characterized
in linear PEUs with narrow MWD. The analysis of the ?C-NMR results led to the conclusion
that NCO terminated oligomers and polymers were formed with excess of diisocyanate and
that later these reactive compounds formed the final polymers. The NCO terminated
oligomers and polymers retained the reactivity of the isocyanates and they were able to react
with urethane bonds leading to allophanates or by themselves in a self-addition reaction.'
These are possible side reactions that would lead to branched poly(ester-urethanes) as shown
in Figure 3. If these reactions were allowed to proceed even further with a higher ratio of
NCO/OH, then polymers with insoluble portions were obtained and the polymers were
partially or fully crosslinked. By crosslinking, the thermoplasticity of the PEUs was lost. The
branching and crosslinking of PEU was in accordance with the findings of Kylméd and

"1 who showed that an increase in the amount of diisocyanate in the chain linking of

Seppila,
poly(lactic acid-co-g-caprolactone) oligomers led to crosslinked structures. In addition, they
proposed that excess isocyanate reacted with moisture, urethane and urea groups, leading to
urea, allophanate, and biuret, respectively, as the side reactions in the preparation of PEU. The

reactions in the chain linking of PLA oligomers have been covered in detail by Tuominen.'*!

a) o H H O
vvvvvvvvo—U:— r,u— (CHYs— ll\l—lcl— O~ + R—N==C=0
H O
T o~~~ 0 ,c,— N— (CH2s— ||\1—|(|:— O~
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i
|
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b)

0
I
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Figure3. Formation of branches by (a) allophanate bonding or (b) isocyanate self-polymerization.
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2.1.3 Rheological characterization

The rheological characterization was carried out with a dynamic rheometer giving information
about the molecular structure of the polymers and with a capillary rheometer to extend the
shear rate range. Prior to this study, the rheology of lactic acid based poly(ester-urethane) has
been surveyed by Hirkonen et al.'**'** They reported that PEU is thermoplastic and can be
processed with conventional processing equipment. In addition, the presence of long-chain
branching was proposed as an explanation for the improved elasticity achieved in PEUs with
broad molecular weight distributions. Recently, the rheological properties of polylactides have
been studied extensively.'®'**'** The molecular structure of lactic acid based poly(ester-
urethanes) is close to the structure of polylactides. The main difference between PEU and
PLLA is that PEU has an amorphous nature originating from the racemization of the lactic
acid units during polycondensation and the introduction of urethane bonds into the molecular
structure.

The PEUs with different molecular weight distributions were polymerized in order to evaluate
and enhance the rheological properties for processing. In dynamic measurements complex
viscosities at the lowest shear rate were highest for the sample with the broadest MWD, but
the sample showed greatest shear thinning with the increasing shear rate. The higher viscosity
level could be attributed to the increased My, in addition to the broad MWD and long-chain
branching. The broadening of the MWD and long-chain branching are both known to increase

16 and thus the effects were

the viscosity at low shear rates and increase the shear thinning,
hard to distinguish from each other. As can be seen in Figure 4(a), the broadening of the
MWD from 2.3 to 2.9 did not affect the storage and loss moduli (G' and G") and complex
viscosity (N*) as much as the further broadening to 3.2 obtained with the highest amount of
chain extender used in the chain linking. This behavior suggests that as the MWD approaches
3 the long-chain branching starts to significantly affect the rheological behavior. In particular,
this was seen in a higher storage modulus, which demonstrated the improved elasticity of

PEU-B-130.

Capillary measurements supported the observations obtained with the dynamic rheometer. The
capillary data (Figure 4(b)) showed that shear thinning was most pronounced for the samples
with broad MWD, and the properties of PEU could be modified without visible deterioration
of flow properties by varying the MWD of the polymer in a range between 2 and 3.5. The
temperature dependence of the PEU can also be seen in Figure 4(b). The steady shear
viscosity decreased by almost a factor of ten when the temperature was raised by 20°C. A
similar change was detected in complex viscosity using the dynamic rheometer. Furthermore,
the capillary data was used to correlate the behavior of PEU in extrusion coating of paper to

its rheological properties and finally to molecular structure.'?’
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Figure4. Characterization of PEU-B samples by (a) dynamic rheometer 120°C (PEU-B-110 (G' O, G" o,
n* -), PEU-B-120 (G' ¢, G" O, n* —), and PEU-B-130 (G' O, G" m, n* +)) and (b) capillary
rheometer at different temperatures (viscosity of PEU-B-110 (140°C 3, 160°C ¢, 180°C 0O), of
PEU-B-120 (140°C X, 160°C O, 180°C e ), and of PEU-B-130 (140°C +, 160°C A, 180°C A)).!

The poor thermal stability of PEU was a problem during rheological characterization. The
high temperatures employed caused irreversible changes in the structure of the polymer,
which can be seen in the collapse of complex viscosity and storage modulus. However,
molecular weights measured by SEC did not show any significant change. The drop in G' and
n*, accompanied by practically unaffected My, could be explained by degradation due to
terminal cleavages in which small molecules such as lactide were formed. This was confirmed
by "*C-NMR, which revealed an increase in the lactide content in the polymer during the
rheological characterization. These small molecules then served to lubricate the sample, with
a marked effect on the rheological properties.

The rheological properties described above were lower than for corresponding
polylactides'**'* or for PEUs described by Hirkonen et al.'”*'* However, PLLAs
polymerized by the ring-opening polymerization of lactide had higher molecular weights and
narrower MWD than PEUs obtained by chain extending. The exponential correlation of
viscosity to My, can be used to explain the difference between the PEUs and PLLAs. The
higher viscosities in the earlier results with PEUs may be due to the effect of partially
crosslinked polymers; some of the PEUs studied earlier had very broad molecular weight
distribution curves'>’ and, as shown in this study, crosslinking started as the MWD exceeded
3.5.
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2.2 Polylactides and polylactones prepared through ring-opening polymerization

Ring-opening polymerization is a commonly used method to produce resorbable polyesters.
The commonly used initiator, stannous octoate forms the actual initiating species with an
alcohol™"*! and by using a polyol as a co-initiator the molecular structure of the polymers
can be controlled. With the ratio of co-initiator to monomer, the molecular weight of the
polymers can also be controlled from oligomers to high-molecular-weight polymers. In
addition to the homopolyesters, ROP has been used to produce copolyesters.'? In the thesis,
there were three different targets related to the preparation of branched polyesters by ROP.
The first part deals with the initiation activity i.e. the number of hydroxyl groups initiating the
polymerization in proportion to all hydroxyl groups in the co-initiator. This was evaluated for
commonly used I,4-butanediol and pentaerythritol, and two novel co-initiators,
polyglyclycerines. The second part addresses the effect of co-initiators with different numbers
of hydroxyl groups on the polymerization of high-molecular-weight PLLA. In the third part,
star-shaped copolymers of DLLA and CL were prepared and characterized. Furthermore, the
oligomers were subsequently used as precursors in the preparation of polyester networks with
controlled molecular architecture.

2.2.1 Poly(D,L-lactide) oligomerswith different numbersof arms

Different types of polyols were used as co-initiators with SnOct; to yield linear and branched
polylactides (Figure 5), as reported in publication II. 1,4-butanediol (BD) contains two
hydroxyl groups yielding linear oligomers and pentaerythritol (2,2-bis(hydroxymethyl)-1,3-
propanediol, PERYT) is a star-shaped co-initiator with four primary hydroxyl groups. In
addition to BD and PERYT, polyglycerines (polyglycerols from Daicel Chemical Industries,
PGL-06 and PGL-10), were used as novel co-initiators with the aim of obtaining polyesters
with even more branched structures than with PERYT. Polyglycerines are oligomers of
glycerol with either 6 or 10 glycerol units on average. Thus they contain 8 or 12 hydroxyl
groups, which theoretically can initiate the ring-opening polymerization and produce highly
branched polymers. By using co-initiators with different numbers of hydroxyl groups, the aim
was to systematically study the initiation activity of the co-initiators, but also to prepare
oligomers with different numbers of arms to be used as network precursors.



16

| CHs o)

o SnOct I
RTOH| & Nn )V 2 RTOfC-CH-O1H
N 0 i
HsC H CHs
2n
(o) N
OH
HO
HO " HO/\(\O OTH
OH OH OH
HO n
1,4-butanediol (BD) pentaerythritol (PERYT) polyglycerine-06 and -10
(N=2) (N=4) (PGL-06 (n=5) and PGL-10 (n=9))
(N=8or 12)
Figureb. Ring-opening polymerization of lactide in the presence of co-initiators.

The polymerizations of D,L-lactide were carried out in bulk at 160°C for 3 hours in a batch
reactor (Desing Integrated Technology) designed for agitation of viscous materials. The poor
solubility of PERYT has caused non-quantitative co-initiation in some previous studies,'’**
but no such problems were faced due to the use of a high polymerization temperature. The
initiation activity of the co-initiators was evaluated from 'H-NMR spectra by direct and
indirect methods. In the direct method, the peak integral due to the methylene proton adjacent
to the unreacted hydroxyl group in the co-initiator was compared with the peak integral of the
methylene proton adjacent to the reacted hydroxyl group in the co-initiator.”' The application
of this method was successful for oligomers co-initiated with BD and PERYT. In the
corresponding spectra, the above-mentioned peaks were distinct. This method yielded 2.0
initiating hydroxyl groups in BD, as predicted, and 3.7-3.8 in PERYT as shown in Table 3.
Similar initiation activity has been previously reported for pentaerythritol.*'”' According to
Kim et al.”', the initiation activity increased with increasing ratio of monomer to PERYT, and
the formation of four-armed polymers occurred when the ratio of monomer to co-initiator
reached 32. Lang and Chu®' reported that in PCL oligomers prepared with PERYT all four
possible structures were present when the monomer to co-initiator ratio was 5/1, i.e. PERYT
co-initiated the growth of one, two, three and four polymer chains. By increasing the ratio to
40, the average number of initiating hydroxyls was over 3, but still some unreacted hydroxyls
were present in the co-initiator core.

The indirect method for evaluating the initiation activity was based on the calculation of the
average chain length of polylactide arms. The calculation of chain length was carried out with
two different approaches; it was based on the ratio of either the hydroxyl proton or the
terminal methine proton in the polylactide chain to methine protons in the polylactide chain.
The average chain length was then compared with the theoretical chain length calculated with
assumptions of full monomer conversion and the initiation of polymerization from all
hydroxyl groups of the co-initiator. The assumption of full monomer conversion was shown to
be valid, as the amount of lactide monomer in the oligomers was found to be 1.6-2.9% by
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NMR. By comparing the number of initiating OH-groups in the BD and PERYT obtained by
the direct and indirect method it seems that the direct method and indirect method based on
the methine protons correlate well. Thus, the indirect method could also be used to evaluate
the initiation activity of the co-initiators.

Table3. Initiation activity of the hydroxyl groups in co-initiators."
Co-initiator Initiating —OH
Lactide/ Calculation viathe Calculation via theratio of
o Theoretical characteristic peaksof =~ measured to theoretical chain
co-initiator o
co-initiator lengths
-CH,-OH /
(mol/mol) _CH,-O-polymer OH CH-OH
BD 100/3 2 2.0 1.8 2.0
100/5 2 2.0 1.9 2.0
100/10 2 2.0 1.9 2.0
PERYT 100/5 4 3.8 34 34
100/8 4 3.7 35 3.9
100/12.5 4 3.7 3.5 3.8
PGL-06 100/1 8 - 6.2 9.9
100/3 8 - 5.9 9.5
100/5 8 - 4.0 8.0
PGL-10 100/5 12 - 8.3 11.1

The direct measurement of the initiation activity of the hydroxyl groups in polyglycerines was
unsuccessful, as the co-initiators yielded broad peaks in the 'H-NMR spectra and the peaks
due to protons adjacent to the unreacted and reacted hydroxyl groups in the co-initiators could
not be assigned. In addition, the peaks due to PGL overlapped partly with resonance of the
terminal methine proton in the polylactide chain. Thus, the initiation activity calculated by
comparing the peak integral of hydroxyl proton of terminal lactide unit to the peak integral of
methine proton in the polylactide chain gave the most reliable results for PGLs. The initiation
activity for PGL-06 was found to be 4.0-6.2 and for PGL-10 8.3. On average, the PGLs
contained 8 and 12 OH-groups, of which 2 were primary and 6 or 10 secondary. It seems that
the secondary OH-groups did not initiate the polymerization as efficiently as the primary OH-
groups. This can be compared with the initiation activity of glycerol, which contains two

primary and one secondary hydroxyl group. Lang et al.*

showed that the initiation activity of
glycerol approached 3 when the ratio of monomer to co-initiator was 40/1 in the ROP of CL.
It can be concluded that a substantial proportion of secondary hydroxyl groups in
polyglycerines took part in the initiation, and that their participation increased as the ratio of
monomer to co-initiator increased, which is in accordance with the behavior of glycerol as co-

initiator.
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2.2.2  High-molecular-weight polylactides with different numbers of arms

The objective of the polymerizations reported in publication II was to evaluate systematically
the effect of the number of the hydroxyl groups in the co-initiators on the polymerization rate
and to optimize the polymerization time needed for the formation of high-molecular-weight
polylactides. Previously, Joziasse et al.** have shown that the polymerization of star-shaped
poly[(trimethylene carbonate)-Co-(€-caprolactone)] was faster than the polymerization of
linear copolymer. The polymerizations of L-lactide to high-molecular-weight PLLA were
carried out with SnOct, at 200°C. Co-initiators employed contained between 1 and 12
hydroxyl groups and benzoyl alcohol was used in addition to BD, PERYT and polyglycerines.

The preparation of high-molecular-weight polymers showed that the polymerization rate
increased with the number of hydroxyl groups in the co-initiator, as shown in Figure 6. The
initial slope of the molecular weight curve increased steadily from the polymerization where
no co-initiator was used to the polymerization with polyglycerines. Along with the faster
polymerization, higher molecular weight polymers were obtained.

Conversion/ %

Time / min Time / min
g NONO —x - Benzyl alcohol ~—-a— 1,4-Butanediol
—e— Pentaerythiitol —m— PGL-06 —o— PGL-10
Figure®6. Dependence of (a) M,, and (b) conversion on time for different co-initiators.

Faster polymerization can also be seen in the monomer conversion shown in Figure 6(b). High
hydroxyl group content in the polymer did not cause a drop in the conversion level or
enhanced backbiting during extended polymerization, even though the hydroxyl groups have
previously been reported to participate in backbiting reaction.**'** With time, all the co-
initiators yielded conversions of about 95%, and the conversions stayed on the same level to
the end of the polymerization. These results suggest that the hydroxyl content of the co-
initiator affects the polymerization rate but not the monomer/polymer equilibrium.
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The use of co-initiators with different numbers of hydroxyl groups yielded PLLA’s with
different numbers of branches. With the evaluated initiation activities of the co-initiators in
mind, it is clear that highly branched polymers with a number of arms exceeding 6 and 8 were
obtained with polyglycerines. With a higher number of arms the PLLA chains were shorter,
which could be seen in the slightly lower melting temperatures (165-172°C) of the branched
polymers in comparison with the linear ones (172-173°C)." This is in accordance with other
studies in the highly branched PLLAs'*"* and could be used as additional proof of increased
branching in the high-molecular-weight poly(L-lactides).

223 P(CL/DLLA) copolymers

The ring-opening polymerization was also used in the preparation of star-shaped poly(e-
caprolactone/D,L-lactide) copolymers with theoretical molecular weights of 6 300-26 000
g'mol™. The objective was to prepare oligomers of different sizes and chain stiffness to be
used as network precursors. The rigidity of the polymer chains was altered by changing the
comonomer ratio; polylactides are known to be hard and rigid, PCL is a tough, ductile
polymer and the copolymer with an equal portion of the comonomers is rubbery.'”® The
polymerizations were carried out in bulk at 160°C for 6 hours with pentaerythritol as a co-
initiator. The oligomers were characterized by SEC and DSC in addition to NMR.

The results of the *C-NMR characterization of the oligomers are shown in Table 4. The
amount of co-initiator and the monomer composition were altered in the polymerizations.
Different oligomers are denoted with the CL/DLLA ratio, the amount of PERYT used in the
preparation per 100 units of monomers and the number and type of the end groups. Due to the
use of pentaerythritol as a co-initiator, the polymers had 4 OH-groups.”""" The amount of the
co-initiator determined the molecular weight; the greater the amount of co-initiator the lower
the molecular weight. In addition, narrow molecular weight distribution was obtained with the
use of the co-initiator.” As shown in Table 4, the monomer composition evaluated by '*C-
NMR coincided well with the feed ratios, and the conversions of the monomers were high: no
g-caprolactone monomer residues were detected, indicating complete conversion for CL, and
the conversion for DLLA was over 97%. Overlapping of the resonances prevented the use of
'H-NMR in the determination of the molecular structure of the oligomers; thus BC-NMR was
used in oligomer characterization.

The average sequence lengths of the caproyl and lactidyl units (Lcap and Lia) were calculated
by the method of Kricheldorf and Kreiser'’* and compared with theoretical values for
completely transesterified random structures in which a second mode of transesterification
was allowed, i.e. the formation of lactyl units from lactidyl units.'*> The measured sequence
lengths of the copolymers were close to the values of completely transesterified structures. In
50/50 mol-% copolymers, the average CL and DLLA blocks were 2.1 monomer units long or
less, while for the completely transesterified structure the value was 1.5. Thus, it can be
concluded that highly random copolymer structures were obtained. Moreover, the average
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lengths of sequences seemed to increase slightly with decreasing co-initiator content. In part,
this could be due to the slower polymerization and transesterification rate with lower co-
initiator content.

Table4. Results of "C-NMR characterization of P(CL/DLLA) oligomers."

Theor. Composition® Conversion Average
sequence length
Olidomer M (B®C-NMR/ (BC-NMR (BC-NMR/
9 n In feed) (%)) Theoretical®)

(gimol?) CL  DLLA PERYT CL DLLA Lep Lia

P(CL/DLLA30/70)-1-40H 13 640 27.6/30  72.4/70 0.7/1.0  >99  97.6 1.4/1.4 3.4/2.8
P(CL/DLLA50/50)-0.5-40H 25950 47.3/50  52.7/50 -9/0.5 >99  98.0 1.9/1.5 2.1/1.5
P(CL/DLLA50/50)-1-40H 13 040 47.9/50 52.1/50 1.1/1.0  >99 985 1.7/1.5 1.9/1.5
P(CL/DLLA50/50)-2-40H 6 590 48.3/50 51.7/50 1.72.0 >99 983 1.6/1.5 1.8/1.5
P(CL/DLLA70/30)-0.5-40H 24760 68.2/70 31.8/30 -9/0.5 >99 984 2.9/22 1.4/0.9
P(CL/DLLA70/30)-1-40H 12 450 68.2/70  31.8/30 1.2/1.0  >99 989 2.6/22 1.2/0.9
P(CL/DLLA70/30)-2-40H 6290 69.6/70  30.4/30 1.7/2.0 >99  98.7 2.4/22 1.2/0.9
P(CL/DLLA90/10)-1-40H 11 850 92.0/90 8.0/10 0.5/1.0 >99  >99 6.3/5.5 0.8/0.6
P(CL/DLLA100/0)-1-40H 11550 100/100 - 0.7/1.0  >99 - - -

* units per 100 monomer units (CL + DLLA)
" sequence length for completely transesterified structure
© under detection limit

In all oligomers containing DLLA, terminal lactyl units ('*C-NMR: 66.7 ppm, '"H-NMR: 4.33
ppm) rather than caproyl units (*C-NMR: 62.3 ppm, 'H-NMR: 3.61 ppm) were found
by NMR. This is in accordance with the findings of Lang and Chu,"® but the result differs
from many of those reported earlier for copolymerizations of ¢g-caprolactone and
lactide.”®!?*13137192 1 actide has been reported to polymerize more readily than -
caprolactone, resulting in blockier structures with terminal caproyl units, and the conversion
of CL has been lower than the conversion of LA. The differences in the polymerizations in
publication V were probably due to the use of a high polymerization temperature, extended
polymerization time, and effective agitation throughout the polymerization. These factors, in
addition to the hydroxyl groups introduced from the co-initiator, all favor a high
transesterification rate and the formation of highly transesterified structures.
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3  CROSSLINKED RESORBABLE POLYESTERS

Crosslinked resorbable polymers present another class of biopolymers, in addition to the
thermoplastics. By crosslinking, polymers with a new set of properties can be obtained. This
part of the thesis focuses on the preparation of crosslinked resorbable polyesters from
oligomers based on lactides, e-caprolactone and their copolymers, and on the properties of the
obtained polymer networks. Hydroxyl telechelic oligomers with different molecular
architectures were functionalized with crosslinkable functionalities and subsequently
crosslinked. The mechanical and thermal properties of the networks were addressed in order
to explore the structure-property relations in the networks. In addition, the hydrolytic

degradation of the polymer networks was examined."™ "

3.1 Functionalization and crosslinking

Crosslinkable oligomers were obtained with different functionalization methods. In all cases,
hydroxyl telechelic oligomers were used in the preparation of crosslinkable network
precursors. The functionalizations employed and subsequent crosslinking reactions are
presented in Figure 7. The first approach (A) included the synthesis of triethoxysilane
functional network precursors and their crosslinking with acid catalyst.™ The second approach
(B) was to apply the reaction of methacrylic anhydride with hydroxyl terminated
oligomers.""Y The third route (C) was based on acid termination and subsequent
methacrylation of carboxyl end groups by methacrylic anhydride, leading to the formation of
anhydride bonds in the network precursors."’ Table 5 summarizes the functionalizations and
crosslinkings performed. To explore the effect of the size and branching of the oligomeric
network precursors on the curing and the properties of the networks, oligomers with different
molecular architectures were used.
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Figure?. Functionalization and crosslinking reactions used in the thesis.
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Tablebs. Summary of the functionalization and crosslinking methods employed in the thesis."™"
Functionalization Crosslinking
Functionalization Oligomer T Time DS T Time Gel content
() (%) (€) (%0)
Alkoxysilane PDDLA-OH 160 10min 79-95 60-120 76h 82-100
Methacrylation on —OH PDDLA-OH 120 3h 86 - 100 90 24 h 85-100
P(CL/DLLA)-OH 160 3h >95Y 90 24 h 90 - 98
PCL-OH 160  3h > 959 90 24h 97
Acid functionalization PDLLA-OH 160 6h 85-92 - - -
PLLA-OH 160 6h 88-93 - - -
PCL-OH 160 3h 98 -99 - - -
Methacrylation on -COOH PDLLA-COOH 60 24 h 92 -98 120 1h N.A.
PLLA-COOH 60 24 h 94 -97 120 lh N.A.
PCL-COOH 60 24 h 93-97 120 lh N.A.

? not quantitatively measured due to relatively low amount of end groups.
N.A. not analyzed.

The functionalized oligomers were analyzed by SEC, 'H- and ?C-NMR, FTIR and DSC. The
main features of the characterization were to confirm the proposed structures and to calculate
the degree of substitution (DS) in the functionalized oligomers. Thermal properties of the
network precursors were of importance, since they were used in the determination of the
suitable crosslinking temperature range. The main principle in choosing the curing
temperature was to use as low a temperature as possible, whilst ensuring that efficient curing
was achieved.

Most of the characterizations available for polymers are carried out with polymer solutions.
The crosslinked polymers are not soluble, and thus only the characterization methods not
requiring solubility could be used. DSC was used to evaluate the increase in T, accompanied
with crosslinking. In addition, the possible enthalpy changes due to crystallinity or residual
reactivity were evaluated. From the spectroscopic methods, FTIR was invaluable revealing the
changes in reactive groups. Gel content measured by the extraction proved the formation of
three-dimensional networks and swelling behavior revealed differences in crosslinking
density.

3.1.1 Oligomersasbuilding blocksfor networks

Table 6 summarizes the molecular weights and the glass transition temperature of the linear
and branched oligomers used in the preparation of polymer networks. The molecular
architecture of the oligomers was controlled by the amount and type of co-initiator.
Butanediol was used in the preparation of linear oligomers, star-shaped oligomers with four
arms were obtained with PERYT and polyglycerines yielded oligomers with an even higher
number of arms." The amount of the co-initiator controlled the size of the oligomers. All
together, three different monomers; D,L-lactide (DLLA), L-lactide (LLA) and &-caprolactone
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(CL), were used to prepare networks with different properties. For the summary of the thesis,
the denotation of the oligomers was unified. The denotation shows the monomer(s) followed
by the amount of co-initiator used and the number and type of the end groups. The OH-
terminated oligomers were subsequently functionalized and used as network precursors.

Table®6. Properties of the hydroxyl telechelic oligomers.™"""!

Theor. SEC DSC
Sample Co-initiator M, M, M, MWD Ty

(g'mol™) (@mol™)  (gmol™) (0
PDLLA3-20H BD 4 890 8200 10 600 1.3 38
PDLLA5-20H BD 2970 5100 6300 1.2 30
PDLLA10-20H BD 1530 2 500 3200 1.3 19
PDLLAS5-40H PERYT 3020 4 000 5400 1.4 34
PDLLA8-40H PERYT 1940 2 800 3300 1.2 27
PDLLA12.5-40H PERYT 1290 1700 2200 1.2 13
PDLLA1-80H PGL-6 14 860 15700 19 800 1.3 42
PDLLA3-80H PGL-6 5260 5400 6 600 1.2 30
PDLLAS5-80H PGL-6 3340 3500 4300 1.2 23
PDLLA5-120H PGL-10 3640 3000 3700 1.2 18
PLLAS5-20H BD 2970 5800 6 900 1.2 36
PLLA10-20H BD 1530 2700 3100 1.2 22
PCL5-20H BD 2370 5200 7200 1.4 -62
PCL10-20H BD 1230 2 500 3000 1.2 -66
P(CL/DLLA30/70)-1-40H PERYT 13 640 23 000 29 000 1.3 6
P(CL/DLLA50/50)-0.5-40H PERYT 25950 39000 51 000 1.3 -12
P(CL/DLLA50/50)-1-40H PERYT 13 040 21 000 26 000 1.3 -13
P(CL/DLLA50/50)-2-40H PERYT 6590 11 000 14 000 1.3 -15
P(CL/DLLA70/30)-0.5-40H PERYT 24760 41 000 56 000 1.3 -35
P(CL/DLLA70/30)-1-40H PERYT 12 450 22 000 28 000 1.3 -37
P(CL/DLLA70/30)-2-40H PERYT 6290 11 000 14 000 1.4 -38
P(CL/DLLA90/10)-1-40H PERYT 11850 24 000 31 000 1.3 -51
P(CL/DLLA100/0)-1-40H PERYT 11550 23000 31 000 1.3 -58

The theoretical M,, was calculated from the feed ratio of the monomer to the co-initiator and it
was shown to correspond very well with the M, calculated by end group analysis from the
BC-NMR spectrum."! The theoretical M, was subsequently used in the calculation of the
amounts of the functionalization agents used. By comparing the theoretical M,, with the M,
obtained by SEC, it is clear that SEC overestimated the molecular weights significantly for
linear oligomers. The deviation from the actual M, was due to the fact that polystyrene
standards were used for calibration. With increasing branching, the hydrodynamic volume of
the oligomers decreased when compared to linear oligomers with the same nominal M,,. This
resulted in a smaller difference in the theoretical and measured M, values in the branched
oligomers than in their linear counterparts. The MWD was narrow for all polymerizations,
leading to networks with rather uniform distances between the crosslinks. Furthermore, the
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length of the polyester arms seemed to control the T, of the PDLLA oligomers, whereas the
CL/DLLA ratio was dominant in determining the T, of the P(CL/DLLA) copolymers.

312 Triethoxysilanefunctionalized oligomers

The reactions of alkoxysilanes were applied in the crosslinking of polyesters in publication III.
First, alkoxysilane moieties were introduced into the hydroxyl terminated poly(D,L-lactide)
oligomers by the reaction of isocyanate with an OH-group leading to a urethane bond. (3-
isocyanatopropyl)triethoxysilane was used as the functionalization agent. Tian et al.*® have
reported the synthesis of triethoxysilane functionalized PCL oligomers with solvent and
catalyst. The functionalized oligomers have been used with tetracthoxysilane as building
blocks in solvent-based crosslinking of hybrid networks. However, in the chain linking of
lactic acid oligomers, isocyanates have been shown to keenly react with hydroxyl groups at an
elevated temperature.'”' The high reactivity was used in the functionalization of PLA
oligomers with IPTS with the aim of avoiding the use and removal of solvents and catalysts.

A stoichiometric amount of IPTS was allowed to react with hydroxyl terminated oligomers at
160°C for 10 min. The reaction time at this temperature was sufficient to lead to degrees of
substitution of 79-95% and with longer reaction times the possibility of premature
crosslinking increased. The DS was analyzed by comparing the peak integrals due to the
hydroxyl termination before and after the reaction in "H-NMR spectra. In addition to the loss
of hydroxyl termination, the resonances characteristic of ethoxysilane groups were formed
during the functionalization. By SEC, the functionalization was found to increase the
molecular weights of the oligomers slightly, with one exception, but no crosslinking was
observed. In general, the T, of the PDLLA oligomers was decreased by triethoxysilane
functionalization.

Crosslinking reactions of triethoxysilane-functionalized oligomers were comprised of the
hydrolysis of alkoxysilanes to silanol groups and condensation of the silanols. The
crosslinking was acid catalyzed and it was carried out at an elevated temperature. The above-
mentioned reactions could be carried out at ambient temperature,**'** but in order to lower the
viscosity of the functionalized oligomers and thus to facilitate mixing of the catalyst, the
temperature was raised above the T, of the oligomers. The increase in temperature also
contributed to better removal of water in the condensation of silanols, leading to more
efficient network formation. The functionalized oligomers were cured first for 4 hours at 60,
90 or 120°C, depending on the composition, and then post cured for an additional 72 hours at
90°C. Crosslinking typically yielded networks with high gel contents (94-100%). Finally, the
success of network formation was seen in the mechanical properties of the samples. Early
vitrification during curing made the samples practically insoluble and increased the T, values,
but the final mechanical strength was obtained only after the final curing.
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3.1.3 Methacrylated oligomers

The concept of using oligomers with different molecular architectures as network precursors
was also used with crosslinking chemistry other than that for alkoxysilanes. As reported in
publications IV and V, methacrylic double bonds were introduced into the oligomers to make
them crosslinkable through radical polymerization. In addition to the same PDLLA oligomers
used in the networks based on alkoxysilane crosslinking, copolymers of D,L-lactide and &-
caprolactone were used in order to broaden the range of mechanical properties of the
networks. Methacrylation was carried out with methacrylic anhydride (MAAH) instead of the
commonly used methacryloyl chloride. Hydroxyl telechelic PDLLA oligomers were reacted
with double the stoichiometric amount of MAAH at 120°C for 3 hours. PCL and
P(CL/DLLA) oligomers had higher molecular weights and viscosity. Thus, a higher reaction
temperature of 160°C was used. After the reaction, the PDLLA oligomers were purified by
distillation, and PCL and P(CL/DLLA) oligomers by precipitation.

The hydroxyl groups of the oligomers were effectively end-capped to methacrylate groups
according to 'H- and “C-NMR. The degree of substitution ranged from 86-100%. In FTIR
spectra, the hydroxyl absorbance disappeared and the double bond absorbance (1629 cm™)
formed during functionalization. Premature polymerization of the double bonds during
functionalization of the double bonds was ruled out by the fact that only a slight increase in
M, and M,, was observed and the MWD remained 1.2-1.3. In linear oligomers, the degree of
substitution was 86-87%, but the highest DSs (close to 100%) were obtained with branched
oligomers. This difference in the outcome of the functionalization was probably due to the
high absolute amounts of MAAH serving also as a diluent in the functionalization of branched
oligomers.

Crosslinking of the methacrylated oligomers was mainly carried out with thermal initiation.
Dibenzoyl peroxide was used to initiate the crosslinking at 90°C, where all the functionalized
oligomers were in the liquid state and the peroxide could be added to the reaction mixture.
The curing time used was 24h. These curing conditions yielded polymer networks with gel
contents ranging from 85-100% and the T, of the networks increased significantly from the T,
of the oligomers. The branched oligomers were found to yield networks with higher gel
contents. This could be attributed to the fact that the linear oligomers were not as completely
functionalized with MAAH as their branched counterparts. In addition, the branched
oligomers contained a higher number of crosslinkable double bonds and the corresponding
networks were tightly crosslinked. In the crosslinking of branched oligomers it was not so
crucial whether or not all the double bonds reacted in the curing, whereas in the linear
oligomers both of the double bonds needed to react in order to contribute to crosslinking.
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In order to carry out the crosslinking at a lower temperature, the viscosity of the reaction
mixture was lowered with reactive monomer, as described in publication IV. Dimethacrylated
butanediol (BD-Me;) was chosen because it has a low viscosity and its structure is rather
similar to the oligomers used. With 10 wt.% of BD-Me,, curing was also feasible at 60°C and
with 20 or 30 wt.% networks were also obtained at 37°C. By curing at 37°C high gel contents
were achieved, but the polymers still contained reactive double bonds, as shown by the
residual reactivity in the DSC scan. This was due to the fact that the curing temperature was
lower than the T, of the network. According to Burdick et al *, this reduces the mobility of
the reacting species and makes the achievement of high conversions more difficult. The
crosslinking initiator was chosen so that its reactivity was suitable at the desired temperature.
The crosslinking was initiated by thermal initiation with dibenzoyl peroxide at 90°C, and by
redox-initiation involving 2-butanone peroxide as initiator and cobalt naphthenate as promoter
used at 60°C and 37°C. In addition, visible light was also used to initiate the polymerization.
By using camphorquinone and ethyl-4-N,N-dimethylaminobenzoate, a network with high gel
content (95%) was obtained at room temperature.

3.1.4 Acid functionalization followed by methacrylation

The structure of the crosslinked polyesters was modified by introducing hydrolytically labile
anhydride bonds into the network precursors, and thus into the final polyester networks. In the
preparation, the hydroxyl end groups of the PLLA, PDLLA and PCL oligomers were first
converted to terminal carboxylic acid groups. This was carried out with 50% excess of the
stoichiometric amount of succinic anhydride at 160°C. Different reaction times were used for
different oligomers. PCL oligomers were functionalized in 3 h, because the terminal hydroxyl
group in the PCL chain is a primary hydroxyl and thus its reactivity with cyclic anhydride is
good."* The lactide-based oligomers, in which the terminal hydroxyl group is in the
secondary position, required a longer reaction time of 6 h. Despite the shorter reaction time,
the DS for functionalized PCL oligomers was 98-99%, while with polylactides a DS of 85-
93% was reached. The higher reactivity of the hydroxyl groups connected to CL compared to
the secondary hydroxyls in the terminal LA unit has been found previously in the
functionalization of hydroxyl telechelic polyesters with maleic anhydride by Lang and
Chy 311136

Crosslinkable oligomers that contained anhydride bonds were formed from carboxylic acid
functional oligomers with methacrylic anhydride, similar to the preparation of methacrylated
diacids as precursors for crosslinked polyanhydrides and poly(ether-anhydrides).””'** In the
functionalization, MAAH reacted with acid groups instead of hydroxyl groups. Substitution
was carried out for 24 hours at 60°C with an excess of MAAH also serving as a solvent. After
purification, the functionalized oligomers were characterized and the DS was found to be 92-
98%. According to the NMR and FTIR, the network precursors contained anhydride bonds
and crosslinkable methacrylate groups and the proposed structure was confirmed. The
crosslinking was performed with dibenzoyl peroxide at 120°C. Curing changed the sticky or
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waxy oligomers to a hard polymeric specimen, showing considerable swelling behavior in
CH,Cl. In addition, the crosslinking increased the Tj.

3.2 Propertiesof crosslinked polyesters

The main focus of this thesis was to prepare crosslinked polymers with different properties in
order to understand how the crosslinked structure affects the properties of the polymer. This
part of the thesis addresses the effect of molecular architecture on the properties of the
crosslinked polymers. PDLLA based networks were hard and rigid and were used to reveal the
effect of the length of the polyester blocks between the crosslinks.™™" The P(CL/DLLA)
copolymers were elastic and showed how the comonomer ratio can be used to control both the
mechanical and the degradation characteristics of the networks."

321 Hardandrigid PDLLA based networks

PDLLA based networks prepared through alkoxysilane or methacrylate functionalizations
retained the inherent mechanical properties of the thermoplastic PDLLA. They were hard and
rigid, as shown in Table 7. The networks exhibited compressive yield strain from 4-8%,
compressive yield strength of 18-120 MPa and modulus of 600-2800 MPa, depending on their
molecular structure. For thermoplastic PDLLA, Grijpma et al.'*® have described rather ductile
behavior with compressive strain of over 30% and a compressive stress over 100 MPa. In
tensile testing, PDLLA mainly fails by crazing, but crazing is suppressed under compression
and thus the brittleness of PDLLA observed in tensile testing is changed to ductile behavior
under compression.'*® The results shown in Table 7 indicate that crosslinking increased the
compressive modulus and lowered the compressive strain of the PDLLA.

Methacrylation as a functionalization method yielded crosslinked PDLLAs with higher
strength and modulus than in networks obtained with the alkoxysilane functionalization. The
methacrylated networks PDLLAS-2, PDLLAS-4, PDLLAS-8 and PDLLAS-12 were prepared
with equal amounts of co-initiators, BD, PERYT, PGL-06 and PGL-10 respectively,
containing different numbers of OH groups. By comparing them, the increase in branching of
the oligomer can be seen to lead to higher compressive strength and modulus. This was due to
the increase in reactive double bonds in the precursors and the resultant higher crosslinking
density of the networks. In addition, the T, was increased with branching due to the more
restricted movement of the chain segments.
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Table7. Compressive and thermal properties of the crosslinked PDLLA prepared via triethoxysilane and
methacrylic anhydride functionalization."" "
Crosdlinking based on alkoxysilanes Crosslinking based on methacrylation on -OH
DSC Compressive testing DSC Compressive testing
Yield Yield Yield ) .
Sample Ty strength Modulus rain Ty strength Modulus  Yield strain
°C (MPa) (GPa) (%) °C (MPa) (GPa) (%)
PDLLA5-2 43 182 0.6+02 41+0.5 42 78 +2 1.8+£0.3 6.5+0.4
PDLLA10-2 39 21£4  0.6+0.1 56+0.7 40 72+3 1.8+0.1 52+0.2
PDLLAS5-4 52 81+3 23+0.1 44+£0.1 46 91+5 2.0£0.1 6.7+1.0
PDLLA8-4 59 55+3 1.8+0.1 4.0+0.2 49 120+ 4 2.8+0.1 5.0+0.1
PDLLA12.5-4 - - - - 51 107 + 14 25+0.2 55+04
PDLLA3-8 66 71+7 22+02 4.0+£02 - - - -
PDLLA5-8 64 51+3 12+01 75+12 56 101 +8 2.6+0.1 47+03
PDLLA5-12 - - - - 54 116 +£3 24+0.2 58+0.3

By keeping the co-initiator content equal, increased branching reduced the length of the
PDLLA blocks; in other words, the distance between the crosslinks was reduced. Storey et
al.*> have shown that the poly(ester-urethane) networks based on PDLLA triols with M, of
1000-2000 g'mol™, had higher strength with decreasing M, of the precursors. By comparing
the networks PDLLAS-4 and PDLLAS8-4, it can be seen that the compressive strength and
modulus increased when the precursor M, decreased from about 3000 g'mol™ to 2000 g'mol™.
However, a further reduction of precursor M, and the PDLLA ester block length, as in
PDLLA12.5-4, started to decrease the strength and modulus again when compared to
PDLLAS-4. It seems that the mechanical properties were not solely a function of the distance
between the crosslinks, but depended also on the inherent properties of the constituent lactide
blocks, methacrylate blocks and the co-initiator units. In PDLLA12.5, the average length of
the PDLLA block was very short (2.0 LA units), and the molar ratio of repeating units
originating from methacrylic functionalization to lactide units was 50/100.

Overall, branched oligomers yielded networks with higher yield strength and modulus than the
linear precursors. Networks from linear precursors have crosslinking points only originating
from crosslinking sites, whereas the branched oligomers already contain crosslinking points in
their structure in addition to the final crosslinking bonds formed during curing. The length
between the crosslinks was equal to the length of the polyester arm in networks based on
branched oligomers, but in networks based on linear precursors the length between the
crosslinks was twice the length of the polyester arm. The longer distance between the
crosslinking points was probably one of the reasons why the linear oligomers showed lowest
compressive strength and modulus. Another factor contributing to this was the difference in
the structure of the co-initiators. The BD used in linear oligomers is a linear four-carbon
chain, producing inherently more flexible structures than pentaerythritol with four arms or
polyglycerines with even more arms. This was seen in lower T, of the networks prepared with
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BD. In addition, the T, of the networks prepared with BD decreased when shorter polyester
precursors were used. Every precursor molecule contained one BD unit, and in shorter
precursors the proportion of BD to DLLA units was higher. A similar trend in T, has been
found in networks containing oligo(ethylene glycol) and oligolactide blocks. Kricheldorf and
Fechner’® stated that the decrease in T, with decreasing size of the precursors was probably
attributed to a higher portion of oligo(ethylene glycol) blocks with inherently lower T,.

The highest compressive strengths for networks based on the methacrylated oligomers were
around 120 MPa in PDLLA8-4 and PDLLAS-12. PDLLA12.5-4 from methacrylated
oligomers also gave a high strength of 10714 MPa and its strength was further enhanced by
the addition of dimethacrylated butanediol (BD-Me,) as reactive monomer. The addition of 10
wt.% of BD-Me, was sufficient to increase the strength to 119£6 MPa, but further addition of
reactive diluent was not found to increase the strength significantly further. The addition of
reactive monomer increased the crosslinking density, contributing to the higher strength
obtained. By using reactive monomer, the curing temperature could even be lowered to room
temperature, but the compressive strength of the networks was found to decline with
decreasing curing temperature. The decrease in compressive strength could be attributed to
less efficient curing at lower temperatures due to the restricted movement of molecules. The
higher curing temperatures allowed the crosslinking reactions to reach full conversion and
high mechanical strength.

3.2.2 Elastic P(CL/DLLA) copolymer networks

In contrast to hard and rigid PDLLA based polymer networks, the range of mechanical
properties achievable by crosslinking was extended to soft and elastic polymers by using
P(CL/DLLA) copolymer precursors. The thermoplastic copolymers of €-caprolactone and
lactides have been extensively studied and their properties can be controlled by changing the
stereoisomer of lactide and the content and distribution of the comonomers, in addition to the
MW of the copolymers. The properties of block copolymers differ from those of random
copolymers."' Even a small increase in average CL and LLA sequence lengths has been shown
to increase the tensile strength by 100%."” The random copolymers of CL and DLLA with
55/45 molar composition have been shown to be very soft and even tacky.'®® In addition, they
creep heavily, even at 37°C, due to their low T, causing them to lose their form. However,
these copolymers have been shown to have good diffusion properties and they have been
described as promising candidates for controlled drug delivery by Rich et al.'*’ As a
crosslinked polymer, P(CL/DLLA) with 50/50 molar ratio has shown a nearly constant release
of 5-fluorouracil and dexamethasone over several weeks, controlled mainly by the degradation
of the matrix, as reported by Kricheldorf et al.**
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The polymer networks prepared were based on star-shaped P(CL/DLLA) oligomers prepared
with PERYT as co-initiator, as reported in publication V. The oligomers differed from each
other by their molecular weight and CL/DLLA ratio. All the networks with their mechanical
properties and the swelling factor (SF) describing the increase in sample volume when
immersed in dichloromethane, are shown in Table 8. The SF of networks showed that lower
molecular weight oligomers yielded networks with a higher crosslinking density, i.e. the
distance between the crosslinks was smaller. The T, values supported the swelling results by
indicating a higher T, for samples with a shorter distance between the crosslinkings, even
though the corresponding precursors exhibited lower T, values.

Table8. Tensile properties, swelling factor and T, of cured networks."
Tensile testing Swelling DSC
Sample: Modulus Strength Strain SF Ty
(kPa) (kPa) (%) (°C)
P(CL/DLLA30/70)-1-4 5210 + 160 9700 + 1300 190 + 20 3.4 16
P(CL/DLLA50/50)-0.5-4 250 + 30 720 + 140 350 = 40 6.3 -7
P(CL/DLLA50/50)-1-4 640 = 50 1120 + 240 190 + 30 42 -6
P(CL/DLLA50/50)-2-4 1430 + 30 1350 + 170 110 = 10 2.5 -4
P(CL/DLLA70/30)-0.5-4 580 + 10 1090 + 40 260 + 10 53 -32
P(CL/DLLA70/30)-1-4 1200 + 40 1000 + 60 100 + 10 3.2 -30
P(CL/DLLA70/30)-2-4 2290 + 50 1070 + 170 50 + 10 22 27
P(CL/DLLA90/10)-1-4 1600 + 80 1290 + 180 100 + 20 33 -53
P(CL/DLLA100/0)-1-4 25200 + 8700 5100 * 1100 80 + 40 2.8 -55

By comparing the mechanical properties of the networks prepared with different sizes of the
oligomers and 50/50 or 70/30 molar ratio of CL/DLLA, it can be seen that the tensile
properties were also affected by the length of the copolymer blocks (Table 8); the increase in
length decreased the tensile modulus and increased the maximum strain. This is also
illustrated in Figure 8, showing the stress-strain curves for 3 copolymer networks with 50/50
molar ratio, differing only by their P(CL/DLLA) block length. By increasing the amount of
pentaerythritol used in the oligomer synthesis, the precursors were smaller and networks with
higher crosslinking density were obtained. This led to an increase in the tensile strength of the
polymers and a decrease in the break strain. The increased crosslinking density was also
accompanied by a greater slope in the stress-strain curve, which meant that tensile modulus
1.* with

poly(ester-urethane) networks, where the effect of the polyester block length on the properties

was also increased. These results are in accordance with the findings of Storey et al

of the polymer networks has been discussed.

The ratio of CL/DLLA was found to have a pronounced effect on the properties of the
networks, as shown in Figure 9. In general, the properties followed the trends of the
thermoplastic P(CL/DLLA) copolymers. Crosslinked PCL showed properties rather similar to
thermoplastic PCL, even though the crystallinity and the mechanical strength were not as high
as in its linear counterpart. The PCL homopolymer network contained 20% of the crystalline
phase. From the copolymer networks, only P(CL/DLLA-90/10)-1-4 contained a small amount
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of crystallinity, 6%. Even though crosslinking restricted the movement of molecules, there
were still PCL blocks sufficiently long to crystallize. When the DLLA portion was increased
to 50 mol-%, the networks showed higher strain values and decreased tensile strength and
modulus. With a further increase in DLLA content in the copolymer networks, the stiffness of
the polylactide chains started to increase the modulus and strength. The change was also
observed in T, which increased from -55°C for PCL homopolymer to 16°C for
P(CL/DLLA30/70)-1-4), according to the DSC scans. Similar trends in T, and modulus on the
CL/DLLA ratio in copolymer networks have been shown previously by Davis et al.”> and
Storey et al.”
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Figure8. Stress-strain curves for copolymer networks prepared with different co-initiator amounts in the

oligomer synthesis (CL/DLLA ratio 50/50 mol-%, under tension to failure)."
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Characteristic features of the crosslinked polymers were the creep resistance and the lack of
flow region above Ty, or after the melting of the crystalline segments. DMA showed that none
of the networks exhibited viscous flow at high temperatures, whereas their thermoplastic
counterparts are viscous liquids. Instead, the networks remained at the rubbery plateau
throughout heating, from above the T, to 130°C. At the plateau, the tan & was 0.2-0.3,
indicating that the storage modulus was 3-5 times as high as the loss modulus. This meant that
the energy change required for displacement was mainly reversible.

The creep resistance was analyzed with tensile testing apparatus with two different
experimental set-ups. In Figure 10, the results of a stress relaxation test for
P(CL/DLLA100/0)-1-4 and P(CL/DLLA90/10)-1-4 (a) and of a cyclic tensile testing to 50%
strain for P(CL/DLLA90/10)-1-4 (b) are shown. The stress relaxation test revealed a small
change in relative stress immediately after the start of the experiment, but the change in stress
relaxation flattened almost completely for the copolymer network with 90/10 CL/DLLA molar
ratio. PCL homopolymer network showed some stress relaxation, but it still retained over 70%
of the initial stress for almost 17 h measurement. After the measurement, the tested copolymer
specimens recovered their original dimensions quickly. In crosslinked PCL, the recovery was
not as fast and complete as with the copolymer network. The stress-strain behavior in cyclic
tensile testing to 50% strain for P(CL/DLLA90/10)-1-4 was practically identical, despite the
number of cycles. This clearly proved the elastic nature of the networks.

a) b)
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Figure10. (a) Stress relaxation for two crosslinked P(CL/DLLA) (ratio of CL/DLLA shown above the curves,
CL/DLLA 90/10 stretched to 50% strain and CL100 to 25% strain) and (b) cyclic stress-strain
curves to 50% strain for P(CL/DLLA-90/10)-1-4.
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3.3 Degradation of crossinked polymers

The evaluation of the hydrolytic degradation is of importance when the preparation and
characterization of degradable polymers are considered. Thus, in publications III-VI the
degradation of the prepared networks was addressed. From the networks based on
alkoxysilane functionalized PDLLA, the crosslinked polymer prepared with 100/5 of D,L-
lactide to pentaerythritol (PDLLAS-4) was chosen as a representative sample. From the
networks obtained with methacrylate functionalization, PDLLA12.5-4 was used in the
hydrolysis study. It was prepared with and without reactive monomer (30 wt.%). As reported
in publication V, all the copolymer networks were characterized, showing the differences in
the degradation due to different polyester block length between the crosslinks and CL/DLLA
ratio. Publication VI focused on enhancement of the degradation rate of the PCL, PDLLA and
PLLA homopolyester networks by introducing anhydride bonds highly susceptible to
hydrolytic degradation. All the degradation tests were carried out in a phosphate buffer
solution (PBS) at pH 7.0 and 37°C. In addition to the water absorption and mass loss, changes
in mechanical and thermal properties were monitored as a function of immersion time.

331 Masslossand strength retention in polyester networks

The degradation tests of PDLLA based networks reported in publications III and IV are
summarized in Figure 11, which shows a) the water absorption and remaining mass and b)
compressive modulus and yield strength. The difference in the samples was in the
functionalization used, the length of the PDLLA blocks and whether or not reactive monomer
was used in the crosslinking of methacrylated oligomers.
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Figurel1ll. (a) Water absorption (open symbols) and remaining mass (closed symbols) and (b) compressive
modulus (open symbols) and yield strength (closed symbols) for PDLLAS-4 crosslinked via
triethoxysilane functionalization (e) and via methacrylation without reactive monomer (A) and
with 30 wt.% reactive monomer (m). The standard deviations ranged 1-5% in mass changes and 5-
20% in mechanical properties." "
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All the PDLLA networks started to show mass loss after 6 weeks. After that, the network
prepared with triethoxysilane functionalization exhibited the highest rate of degradation. The
pronounced increase in mass loss after 6 weeks was accompanied by a sudden increase in
water absorption. The networks prepared from methacrylated oligomers showed a steady
increase in the water absorption up to 18 weeks, when the water absorption in PDLLA from
methacrylated oligomer without reactive monomer abruptly increased. The addition of 30
wt.% of reactive monomer increased the resistance of the network to hydrolytic degradation,
and even after one year the mass of the sample had declined only by 44%.

The strength retention of the above mentioned polymer networks during the hydrolysis test
was followed by compressive testing of the specimen in the wet state. The polymer network
prepared through alkoxysilane functionalization lost most of its strength during the first week
in immersion, after absorbing 5% of water. It seems that water served as a plasticizer for this
network. The networks prepared through methacrylate functionalization also started to lose
their mechanical properties early in the hydrolysis, but the mechanical properties could be
tested for 18 weeks. The stress-strain behavior of the immersed samples became more
rubbery: the specimen showed no yield or break point and thus only the compressive modulus
could be obtained. The addition of reactive monomer made the network more stable to
hydrolysis, retaining part of its strength for one year."

It is clear that the degradation of the networks occurred through a bulk mechanism. The
specimens absorbed water, which started to cause random chain scission of ester bonds in the
polymer chain and the degradation was first seen in the drop in mechanical properties
followed by increased water absorption and mass loss. In the network prepared with
alkoxysilane functionalized oligomers, the degradation eventually led to hollow specimens
because of the autocatalytic effect. This meant that the degradation proceeded with a higher
rate inside the specimen than near the surface, due to acidic degradation products. This was
first seen in decreased T, values inside the specimen and finally in the hollow specimen.™

The effect of comonomer content and crosslinking density on the hydrolytic degradation was
evaluated in publication V, where the mass changes and retention of the tensile modulus were
monitored as a function of immersion time. In the copolymer networks, the copolymer ratio
governed the degradation rate, as shown in Figure 12. Networks with high CL content showed
practically no mass change during 12 weeks and their water uptake was low, whereas at the
same time the network prepared with 70% of DLLA had lost almost 40% of its mass. The
high lactide content in the copolymer corresponded to the increased mass loss and water
absorption. The degradation of the CL rich networks was seen in their tensile modulus, which
was lowered to almost half of the original modulus in 12 weeks, and in increased crystallinity.
During the immersion at 37°C, the crystallinity started to increase and the shape of the melting
endotherm changed, as shown in Figure 13. The new melting peak formed at 45°C, close to
the melting endotherm of the PCL polymer blocks. It seems that immersion served as
annealing for the networks, which increased the crystallinity. In addition, the degradation
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might have led to networks with slightly less restrictions for movement of the molecule
segments and thus the PCL blocks could align more easily and form crystallites. Copolymer
networks with a 50/50 ratio of CL/DLLA retained their shape, even though they lost their
mechanical properties in 6 weeks. By comparing the form stability and retention of the
modulus of the crosslinked copolymers with their linear counterparts, a marked improvement
was achieved by crosslinking. Thermoplastic random P(CL/DLLA) copolymers with a similar
molar ratio have been shown to creep heavily and their tensile properties could not be tested

after immersion at 37°C. 4514

mass (%)
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Figure12. Water absorption (open symbols) and mass (closed symbols) for P(CL/DLLA)1-4 with ratio of
CL/DLLA 100/0 (-), 90/10 (m), 70/30 (¢ ), 50/50 (e®) and 30/70 (A). The standard deviations
were typically 1-5%."

Week 12
exo

&——\/\f
Week 6
Week 3

S ———————

- T T T T T

-100 -50 0 50 100 150
T(O

Figure13. Melting endotherms of P(CL/DLLA-90/10)-1-4 before and after the hydrolysis."

The networks with different lengths between the crosslinks differed in their degradation
behavior. Networks with low crosslinking density, i.e. with long ester blocks, exhibited high
water absorption and, as the crosslinking density was increased, the water uptake decreased.
This could be related to the swelling behavior in an organic solvent, in which the decrease in
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crosslinking density led to greater swelling.” Surprisingly, the networks with low crosslinking
density showed low mass loss in spite of high water absorption, since, in general, a high water
uptake is related to a high degradation rate. It was suggested that this was due to the better
diffusion of acidic degradation products out of the specimen showing high water absorption,
which could lead to a less pronounced autocatalytic effect and thus slower degradation and
mass loss.” There could also be a difference in the size, and thus in the solubility of the
degradation products. The networks prepared with longer precursors could yield longer
oligomers as their degradation products.

3.3.2 Enhanced degradation of crossinked poly(ester-anhydrides)

The degradation of the polyester networks was enhanced by introducing anhydride bonds in
the polymers. Anhydride bonds have been shown to be very susceptible to hydrolysis and the
degradation of the polyanhydrides is governed by the hydrophobicity of the polymers. With
hydrophobic monomers, even surface-eroding polymers have been obtained with degradation
taking place either in hours, days or months, while hydrophilic poly(ether-anhydrides) have
been reported to degrade through a bulk mechanism in few days.”*'*-1>

Crosslinked polylactide and poly(e-caprolactone) based poly(ester-anhydride) networks
degraded in a few days in PBS at 37°C. Crosslinked polylactide based poly(ester-anhydrides)
absorbed water into the specimen during the first day and the anhydride linkages were
cleaved. The degradation of the anhydride bonds was followed by the degradation and
dissolution of the constituent oligomers. This type of degradation in two steps has been
described in linear poly(ester-anhydrides) by Korhonen and Seppild.'** The rapid degradation
of the crosslinked lactide based poly(ester-anhydrides) was due to the hydrophilicity of the
polylactide oligomers, which allowed the water to penetrate into the polymer and cause
hydrolysis of the anhydride bonds. Later on, the oligomers and their degradation products
dissolved in the dissolution medium.

It is well known that poly(e-caprolactone) is more hydrophobic than polylactides, and this was
also observed with the poly(ester-anhydride) networks. The water absorption was lower in
PCL based networks and the cleavage of the anhydride bonds took a longer time. PCL5-2-AH
exhibited mass loss during the first days of dissolution, as shown in Figure 14, but after 4 days
only oligomers insoluble in the dissolution medium were present. Further degradation of the
PCL oligomers was not detected in two weeks, as the mass loss remained at the same level as
after 4 days. In addition, the constituent oligomers tested did not show any mass loss or
decrease in molecular weight in two weeks.
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Figure14. (a) The water absorption and (b) mass loss of the PCL based poly(ester-anhydride) networks and
the corresponding COOH-terminated oligomers."!

PCL10-2-AH eroded almost completely in two days with a rather steady rate of mass loss. The
steady decrease in the sample dimensions is shown in Figure 15. According to FTIR,
anhydride bonds were still present after 40 h of immersion when only 10% of the mass
remained. This indicated that the degradation of PCL10-2-AH occurred mainly at the surface
and, inside the sample, the polymer properties obtained by crosslinking remained. The
corresponding waxy oligomers were also tested, with the result that they dissolved into the
dissolution medium in two days. This shows that the oligomers in PCL10-2-AH were short
enough for rapid dissolution from the surface after anhydride bond cleavage, but hydrophobic
enough as polymers to restrict the water penetration into the structure.
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Figure15. The disk degradation profiles for the PCL based poly(ester-anhydride) networks: (a) PCL10-2-AH,
(b) PCL5-2-AH.M
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4 CONCLUSIONS

The main focus of the thesis was to prepare branched and crosslinked resorbable polyesters
with a wide variety of properties. In addition, attention was paid to the structure-property
relations in branched and crosslinked degradable polymers and possibilities that this type of
macromolecular tailoring can offer. The work was based on the previous studies in our
laboratory concerning the synthesis of degradable polymers by ring-opening polymerization,
condensation polymerization and chain linking, and the applications of the degradable
polymers mainly for biomedical uses. The major findings of the thesis are summarized
follows:

Branched polyesters:

Chain linking of hydroxyl telechelic lactic acid oligomers with diisocyanate created
branches in the polymer backbone, when an excess of chain linking agent was used.
The branches formed, accompanied with the broader MWD, enhanced the flow
properties of the lactic acid based poly(ester-urethanes). The increased shear thinning
and melt strength are beneficial in processing, especially in extrusion coating.

The use of co-initiators with increasing number of hydroxyl groups increased the
polymerization rate in the ring-opening polymerization and, by using polyglycerines
as novel co-initiators, highly branched polylactides with a number of arms exceeding
8 were obtained. Rapid polymerization could be used in the preparation of high-
molecular-weight polylactides in an extruder. In addition, the use of co-initiators
enables tailoring of crosslinked networks with variable mechanical and degradation
properties.

Crosslinked polyesters:

Two different routes to resorbable polyester networks were applied. On the one hand,
triethoxysilane functionalization and subsequent crosslinking were developed as a
novel route to PDLLA based networks. On the other hand, methacrylated network
precursors with different molecular architectures were prepared to expand the range
of network properties from hard and rigid to soft and elastic.

The networks based on methacrylated DLLA oligomers exhibited high compressive
strength. The effect of the branching of the network precursors was systematically
studied and it was found that the mechanical properties of the networks can be
controlled by the number of arms in the constituent oligomer. Increased branching of
the polyester precursor leads to networks with a higher crosslinking density
accompanied by higher compressive strength and modulus. The crosslinked PDLLAs
degraded through bulk degradation in a few months, but they lost their mechanical
strength during the first weeks of the immersion.
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P(CL/DLLA) copolymers with highly random comonomer distribution yielded elastic
networks. The mechanical, thermal and degradation properties of the networks were
controlled mainly by the CL/DLLA monomer ratio, but also by the length of the
copolymer blocks between crosslinks. By crosslinking, the form stability of the
random copolymers with 50/50 molar ratio was enhanced significantly. The elasticity
of the crosslinked polymers was confirmed with a stress relaxation test and cyclic
tensile testing. The copolyester networks will be tested in applications of tissue
engineering and controlled release of active agents.

Novel poly(ester-anhydride) networks were prepared from PLLA, PDLLA and PCL
oligomers by carboxylic acid termination, followed by methacrylation and curing.
The networks typically exhibited a very rapid degradation to completion in four days.
The poly(ester-anhydride) network PCL10-2-AH showed characteristics of surface
erosion during degradation in two days. These networks with rapid degradation could
be utilized in controlled drug release.

This thesis has been a part of ongoing research in the field of degradable polymers. The
polymers were tailored mainly with biomedical applications in mind. The work continues in
materials development, as in application development. Elastic copolymer networks have
already been used in the preparation of porous matrices and composites for tissue
engineering."”' The composites have shown promising results in in vitro cell cultures and in
vivo study is planned. Furthermore, the possibilities of these networks have been considered
for the controlled release of active agents. The development of in Situ curable network
precursors and the enhancement of the degradation characteristics towards surface-erosion
with steady degradation rate and controlled retention of mechanical properties, can be
mentioned as the future challenges in the polymer synthesis related to this type of crosslinked

polymer.
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