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Controlled Ring-Opening Polymerization:

Polymers with designed Macromolecular Architecture

Kajsa M. Stridsberg

ABSTRACT
This thesis summarizes the development of new catalyst systems for ring-opening

polymerization and their use in the production of macromolecules with advanced architecture.

The influences of reaction conditions, i.e. reaction temperature, solvent and reaction time,

on the polymerization kinetics have been evaluated for the ring-opening polymerization (ROP)

of 1,5-dioxepan-2-one (DXO) initiated by a cyclic tin-alkoxide. The purpose has been to

achieve a controlled ring-opening polymerization of lactones and lactides, resulting in polymers

with desirable properties. The mechanism and kinetics of controlled ring-opening

polymerization of L-lactide (L-LA) have been investigated, leading to hydroxy telechelic

polymers to be used in macromer reactions of various natures.

The ROP mechanism of DXO with stannous octoate as catalyst has been investigated

theoretically with hybrid density functional methods. A new mechanism has been proposed

which provides an explanation of the experimental observations. The ROP mechanism has

been shown to involve the formation of a tin-alkoxide complex, which subsequently

coordinates a monomer. It has been demonstrated that the ring-opening of the monomer

proceeds via a concerted four-center transition state.

Elastomeric tri-block copolymers have been obtained from L-LA and DXO with a

difunctional tin-initiator. A two-step process has been developed to achieve a well-defined tri-

block copolymer, poly(L-lactide-b-1,5-dioxepan-2-one-b-L-lactide) (poly(L-LA-b-DXO-b-L-

LA)), in good yield. Thermal analysis of the poly(L-LA-b-DXO-b-L-LA) has been used to

examine the morphology of the block copolymer. The crystallinity and melting temperature

have been shown to increase with increasing amount of L-LA in the copolymer, but the glass

transition temperature was only slightly influenced by the polymer composition.

Poly(L-LA-b-DXO-b-L-LA) has been subjected to hydrolytic degradation in phosphate

buffer solution. The influence of molecular weight and chemical composition on the

hydrolysability has been investigated. The molecular weight change, weight loss and

composition changes have been characterized in order to determine the degradation pathway.

The degradation of poly(L-LA-b-DXO-b-L-LA) was characterized by a significant decrease in

molecular weight immediately after immersion in the buffer solution and a progressive increase

the amount of L-LA in the remaining copolymer with increasing degradation time. The primary

degradation products formed during hydrolysis have been detected as lactic acid and 3-(2-

hydroxyethyl)-propanoic acid. Results indicate that the composition had no effect on the rate of

degradation. The major factor determining the degradation rate was the original molecular

weight.

Keywords: controlled ring-opening polymerization, poly(1,5-dioxepan-2-one), poly(L-lactide),

kinetics, mechanism, block copolymerization, poly(L-lactide-b-1,5-dioxepan-2-one-b-L-

lactide), characterization, hydrolytic degradation,
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1 PURPOSE OF THE STUDY

Aliphatic polyesters are an attractive class of polymers, which can be used in
biomedical and pharmaceutical applications. One reason for the growing
interest in this type of degradable polymers is that their physical and
chemical properties can be varied over a wide range by e.g. copolymerization.
The synthesis of novel polymer structures through ring-opening
polymerization has been studied in our group for a number of years.[1,2,3,4,5]

Degradable materials with new mechanical properties and modified
degradation profiles have been produced and characterized. The increasing
demands of the larger number of biomedical applications have resulted in an
increasing interest in producing macromolecules through controlled
polymerization. This thesis is concerned with the synthesis of novel
degradable polymers and the ability to tailor the macromolecular structure
using new initiator systems.

The aim of the first part of the investigation was to find optimal reaction
conditions for the ring-opening polymerization of 1,5-dioxepan-2-one and L-
lactide with 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane.
The influence of experimental parameters such as monomer-to-initiator ratio
and initiator concentration on the chain length, and on the end group
composition of the poly(L-LA) macromers has been elucidated.

In order to investigate the reaction mechanism, a thorough study of the
kinetics of polymerization has been performed. Polymerization of L-lactide
has been carried out in solution with 1,1,6,6-tetra-n-butyl-1,6-distanna-
2,5,7,10-tetraoxacyclodecane as initiator. The results of the kinetic
experiments have been utilized to understand the action of the initiator in
more detail.

The reaction mechanism of one of the most utilized and effective
catalysts for ring-opening polymerization, stannous octoate, has been under
debate for the last decade. Despite the long use of this catalyst in both
industrial use and polymer research, several questions about the structure of
the reactive species and ring-opening of the monomer still remain. In this
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thesis, a theoretical approach has been used to achieve information about the
mechanisms of both initiation and propagation. For the calculations
regarding the reaction mechanism, hybrid density functional methods have
been used.

The newly developed tin-alkoxide initiator system has been used to
synthesize well-defined block copolymers. Special attention has been paid to
tri-block copolymers consisting of a soft inner poly(1,5-dioxepan-2-one) block
associated with semi-crystalline poly(L-lactide) outer blocks. The effect of
copolymer composition on the thermal properties has been determined.

The hydrolytic degradation of the elastomeric tri-block copolymer poly(L-
lactide-b-1,5-dioxepan-2-one-b-L-lactide) has been investigated. The effects of
composition changes and molecular weight variations on the degradability,
degradation rate and physical properties during hydrolysis have been
determined. The results have been analyzed in relation to the hydrolytic
degradation of the respective homopolymers and random copolymers.
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2 INTRODUCTION

The ability to control precisely the synthesis of advanced macromolecular
structures has been an important objective in polymer research during the
last decades. The development of macromolecules with strictly defined
structures and properties, aimed at biomedical applications, leads to complex
and advanced architecture and diversification of the hydrolyzable polymers.

2.1 Background
Polylactones and polylactides can be prepared by two different approaches, by
polycondensation of hydroxy-carboxylic acids or by ring-opening
polymerization (ROP) of cyclic esters. The polycondensation technique is less
expensive than ROP, but it is difficult to obtain high molecular weight
polymers, to achieve specific endgroups, and to prepare well-defined
copolyesters. The ROP of lactones and lactides has been thoroughly
investigated during the last 40 years, due to its versatility to produce a
variety of biomedical polymers in a controlled manner. Carothers and co-
workers first extensively explored the ROP technique for lactones,
anhydrides, and carbonates.[6,7,8,9] Since then the method has been applied to
a diversity of monomers to produce all types of polymers, and a number of
initiator and catalyst systems have been developed. In many cases, the
resulting polymers exhibit useful properties as engineering products.

There are several reasons for studying the polymerization of cyclic
esters. First, to exploit the potential of synthetic polymer chemistry to
prepare a variety of polymers with control of the major variables affecting
polymer properties. Experimental conditions have to be optimized in order to
find the best polymerization system for technological and industrial
processes. Factors such as economy, toxicology and technical apparatus
development are important. A second reason for studying ROP is to enable
various advanced macromolecules, including homopolymers with well-defined
structures or end-groups, to be prepared, as well as copolymers with different
architectures, e.g. block, graft or star copolymers. The physical, mechanical,
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and degradation properties of these various macromolecules are studied to
determine the structure-to-property relationship. The third reason for
studying these kinds of systems is that they are valuable models for the
examination of the kinetics[10] and mechanisms[11] of elementary reactions in
polymerization.

2.2 Ring-opening polymerization of cyclic esters
Polylactones and polylactides of high molecular weight are exclusively
produced by the ring-opening polymerization of the corresponding cyclic
monomers. A polyester is formed when cyclic esters are reacted with a
catalyst or initiator. Scheme 2.2.1 presents the reaction pathway for the ring-
opening polymerization of cyclic esters.

R

O

O

+ M O R'
M

O R
O

R'

O

n
 n

monomer initiator/catalyst polymer

Scheme 2.2.1 Schematic representation of the ring-opening
polymerization of a cyclic ester. R = (CH2)0-3 and/or (CHR’’)

Each macromolecule formed will generally contain one chain end terminated
with a functional group originating from the termination reaction and one
terminus end-capped with a functional group originating from the initiator.
By altering the catalyst or initiator and the termination reaction, the nature
of the functional groups can be varied to fit the application of the polymer.
The types of initiator and end-group play an important role in both the
thermal stability and hydrolytic stability of the resulting polyester.[12,13,14]

Functional groups accessible to post polymerization reactions can also be
introduced into the polymer structure this way.

The ring-opening reaction can be performed either as a bulk
polymerization, or in solution, emulsion or dispersion.[15,16] A catalyst or
initiator is necessary to start the polymerization. Under rather mild
conditions, high-molecular weight aliphatic polyesters of low polydispersity
can be prepared in short periods of time. Problems associated with
condensation polymerization, such as the need for exact stoichiometry, high
reaction temperatures and the removal of low molecular weight by-products
(e.g. water) are excluded in ROP.[17]
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Depending on the initiator, the polymerization proceeds according to
three different major reaction mechanisms,[18] i.e. cationic, anionic, or
“coordination-insertion” mechanism.[19,20,21] In addition, radical,
zwitterionic[22] or active hydrogen[18] initiation is possible although such
techniques are not used to any great extent.

2.2.1 Cationic ring-opening polymerization

Among the cyclic esters, 4-, 6- and 7-membered rings form polyesters when
reacted with cationic catalysts.[18,23,24,25] The cationic ring-opening
polymerization involves the formation of a positively charged species which is
subsequently attacked by a monomer (Scheme 2.2.2). The attack results in a
ring-opening of the positively charged species through an SN2-type process.

+
P

+ + R

O

O
R

O

OP +

RO

O

P
O R

O RO

O
+

Scheme 2.2.2 The reaction pathway for the ring-opening polymerization
of a cyclic ester by cationic initiation.

The cationic polymerization is difficult to control and often only low-
molecular weight polymers are formed. When the bulk and solution
polymerization of 1,5-dioxepan-2-one (DXO) with cationic initiators was
studied the highest molecular weight achieved was about 10 000.[23]

2.2.2 Anionic ring-opening polymerization

Anionic ring-opening polymerization of cyclic ester monomers takes place by
the nucleophilic attack of an negatively charged initiator on the carbonyl
carbon or on the carbon atom adjacent to the acyl-oxygen, resulting in a
linear polyester (Scheme 2.2.3).[26,27] The propagating species is negatively
charged and counter-balanced with a positive ion. Depending on the nature of
the ionic propagating chain end and the solvent, the reacting complex varies
from completely ionic to almost covalent.

R M
- + +

O

O

CH2

R

O
-M+O

R
-M+

O

O

1

2

1

2

Scheme 2.2.3 The reaction pathway for the ring-opening polymerization
of a cyclic ester by anionic initiation. Ring-opening of monomer by 1) acyl-
oxygen bond cleavage and 2) alkyl-oxygen bond cleavage.
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One of the best controlled methods leading to high molecular weight
polymers is anionic polymerization carried out in a polar solvent. The
Jedlinski group developed living anionic ROP methods of 4- and 5-membered
ring lactones and has reported well-defined polymers and copolymers of high
molecular weight.[28] The anionic ring-opening of four membered rings (β-
lactones) occurs through alkyl-oxygen or acyl-oxygen cleavage giving a
carboxylate or alkoxide.[29] Larger lactones, such as ε-caprolactone or lactide,
react only by an attack of the anion on the carbonyl carbon atom with acyl-
oxygen scission and the formation of an alkoxide as the growing species.[30,31]

A problem associated with the anionic ROP is the extensive back-biting, and
in some cases only polyesters of low molecular weight are achieved.[32]   

2.2.3 “Coordination-insertion” ring-opening polymerization

The pseudo-anionic ring-opening polymerization is often referred to as
“coordination-insertion” ROP, since the propagation is thought to proceed by
coordination of the monomer to the active species and then insertion of the
monomer into the metal-oxygen bond by rearrangement of the electrons.[19,20]

Scheme 2.2.4 shows a schematic presentation of the coordination-insertion
mechanism. The growing chain remains attached to the metal through an
alkoxide bond during the propagation. The reaction is terminated by
hydrolysis forming a hydroxyl end-group. With functional alkoxy-substituted
initiators, macromers with end-groups active in post polymerization reactions
are produced.

M OR R'

O

O

+
R

M

O C

O

R'

O

M O R' C

O

OR

Scheme 2.2.4 The proposed reaction pathway for the ring-opening
polymerization of a cyclic ester by the coordination-insertion mechanism.

The coordination-insertion type of polymerization has been thoroughly
investigated since it may yield well-defined polyesters through living
polymerization.[20] When two monomers of similar reactivity are used, block
copolymers can be formed by sequential addition to the “living” system.[58]
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2.3 Organometallic compounds as initiators for the ROP of

lactones and lactides
The synthesis of novel initiators and the ROP of existing or new monomers
and macromers substituted with functional groups provide a very interesting
and promising strategy to produce structurally advanced macromolecules.

A large variety of organometallic compounds, i.e. metal alkoxides and
metal carboxylates, have been studied in order to achieve effective polymer
synthesis.[33] Many reactions catalyzed by metal complexes are highly specific,
and, by careful selection of metal and ligands, reactions can be generated to
form a desired polymer structure.[34,35] The covalent metal alkoxides with free
p or d orbitals react as coordination initiators and not as anionic or cationic
inititors.[36] Figure 2.3.1 summarizes some of the most frequently used
initiators and catalysts.

a)

Sn
O

O
O

O

b)
O

Al

O

O

           

c)

�����
�����

��������������
�������

������������������������������������������������������������������������������������
�������

�����������������������
�����������������������

Figure 2.3.1 Chemical structure of initiators used in ROP of lactones
and lactides. a) stannous octoate b) aluminum isopropoxide c) lanthanide
isopropoxide. Lanthanum atoms are represented by gray circles, and
oxygen atoms by white circles. The black circle represents the bridging
oxygen atom connecting all lanthanum atoms. Alkyl groups are left out
for clarity

Transesterification reactions

It is well known from the ring-opening polymerization of lactones and lactides
that the catalyst or initiator causes transesterification reactions at elevated
temperatures,[37] or at long reaction times (Scheme 2.3.2).[38] Intermolecular
transesterification reactions modify the sequences of copolylactones and
prevent the formation of block copolymers. Intramolecular transesterification
reactions, i.e. back-biting, cause degradation of the polymer chain and the
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formation of cyclic oligomers.[39] Both types of transesterification reactions
broaden the molecular weight distribution.

Intermolecular Transesterification

Intramolecular Transesterification (back-biting)

R O
O

O

M +
O

O

O R'

O
O

R''

O

R O
O

O

O
O

O

R'' + O
O R'

O

M

O

Polym

O O

O
O

M

O

O Polym

O

Polym

O

O
O

O + O
O PolymM

Scheme 2.3.2 Reaction scheme for intermolecular and intramolecular
transesterification reactions

As displayed in the proposed scheme, each intramolecular transesterification
randomly breaks the polymer chain. In this way, an attack on the polymer
chain leads to a free residual polymer and a new randomized, modified
polymer. According to this, an original copolymer with a blocky structure
would be converted to a randomized copolymer after undergoing n

transesterifications.[40,41]

Parameters that will influence the number of transesterifications are
temperature, reaction time, and type of and concentration of catalyst or
initiator.[42] Depending on the metal used, the initiator is more or less active
towards side-reactions such as transesterification reactions.[43,44] The relative
reactivity of different metal alkoxide initiators towards chains already formed
has been reported to be: Bu2Sn(OR)2 > Bu3SnOR > Ti(OR)4 > Zn(OR)2 >
Al(OR)3.[43]

The lactide configuration influences the degree of transesterification
reactions taking place during polymerization.[45] The contribution of
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transesterification processes in the case of D,L-lactide was found to be
considerably higher than that observed when L,L-lactide was polymerized.
The difference in number of side-reactions was attributed partly to the
polymer chain stiffness. The poly(D,L-lactide) is more flexible than the
poly(L,L-lactide) due to the atactic lactide blocks.

When ε-caprolactone and L-lactide are block copolymerized, the
monomer addition sequence is very important. AB block copolymers can be
prepared by ROP with SnOct2 as catalyst and ethanol as initiator provided
that ε-CL is polymerized first.[46] If the L-LA block is synthesized first and the
hydroxyl terminated macromer formed is used to initiate polymerization of ε-
CL, the polymer formed is totally randomized.

2.3.1 Stannous(II) 2-ethylhexanoate

Stannous(II) 2-ethylhexanoate, commonly referred to as stannous octoate
[Sn(Oct)2], is a frequently used catalyst in the ROP of lactones and
lactides.[40,47,48,49,50,51] Stannous octoate has been approved as a food additive
by the Food and Drug Administration (FDA). The mechanism of
polymerization has been widely discussed, and despite several
proposals[11,46,52,53] the ROP mechanism remains unclear. The SnOct2 is not
thought to be the actual initiator since the molecular weight does not depend
on the monomer-to-SnOct2 molar ratio. The most promising mechanism is a
coordination insertion mechanism where a hydroxyl functional group is
thought to coordinate to SnOct2, forming the initiating tin-complex. The
SnOct2 catalyst is a strong transesterification agent, and resulting copolymers
normally have a randomized microstructure.[38] An increase in reaction
temperature or reaction time increases the amount of transesterification
reactions.

Investigations of the coordination-insertion mechanism have resulted in
two slightly different reaction pathways. Kricheldorf and coworkers have
proposed a mechanism[11] where the coinitiating alcohol functionality and the
monomer are both coordinated to the SnOct2-complex during propagation.
Penczek and coworkers have presented a mechanism[52] where the SnOct2-
complex is converted into a tin-alkoxide before complexing and ring-opening
of the monomer. Scheme 2.3.3 shows the two different proposals.
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a)

Oct2Sn O R' CO

H

R

SnOct2 + R-OH

C-O

O

R'

O

+

ROP

Oct2Sn O-R

H

O-C

R'

O

b)SnOct2 + R-OH OctSn-OR + OctH

OctSn-OR + CL OctSn COR

O

(CH2)5

Oε−

Scheme 2.3.3 The main ring-opening polymerization mechanism
proposals with stannous(II) 2-ethylhexanoate as catalyst, a) complexation
of a monomer and alcohol prior to ROP b) formation of a tin-alkoxide
before ROP of ε-caprolactone.

The ROP of lactide with SnOct2 is fairly slow and it is desirable for
economic and commercial reasons to increase the rate of polymerization. The
addition of an equimolar amount of triphenyl phosphine improves the rate
and as an additional advantage this compound delays the occurrence of the
undesirable back-biting reactions.[54]

2.3.2 Aluminum tri-isopropoxide

ROP initiated with aluminum tri-isopropoxide has been investigated
extensively by several research groups,[39,42,55,56,57,58,59] since it yields well-
defined polymers through living polymerization.[60,61] A living polymerization
is a chain polymerization which proceeds in the absence of the kinetic steps of
termination or chain transfer.[60]

Polymerization with aluminum tri-isopropoxide is assumed to proceed
through a coordination-insertion mechanism, which consists of monomer
complexation to the active species, and then insertion by rearrangement of
the covalent bonds. The mechanism leads to cleavage of the acyl-oxygen bond
of the monomer and the metal-oxygen bond of the propagating species. The
propagation is characterized by the almost total absence of side-reactions
such as transesterification reactions, at least until complete monomer
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conversion has occurred.[62,63,64] Some results indicate that transesterification
reactions may take place during the polymerization of L-LA.[64] However, the
main rearrangement of the polymer occurs when the monomers are
completely consumed. The initiator is active at low temperatures (reaction
temperatures of 0-25°C are often reported) and the initiator is preferentially
used in solution polymerization.

Most metal alkoxides are aggregated in solution and, as a result, an
induction period during which the initiator is rearranged to form the active
species often characterizes the polymerization. Only a few of the M-OR bonds
are not involved in coordination to the metal atom and can consequently
behave as initiation centers. The type and size of the aggregates depend on
the solvent polarity, the nature of the substituents, and the presence of
coordinative ligands such as amines[65] and alcohols.[66,67] The groups involved
in coordinative aggregation are not active in propagation. Significant
advances in the understanding of the “coordination-insertion” ROP
mechanism have been made through the kinetic studies by Duda and
Penczek.[10,39,65,66]

Recently, systems have been developed where the aluminum alkoxide is
covalently bonded to solid porous silica.[68] This system takes advantage of the
exchange reaction between the alkoxide and the hydroxyl-terminated free
molecules to produce a catalytic process, i.e. to produce a larger number of
polymer chains than aluminum complexes present. The initiator/catalyst
used can easily be recovered by filtration and recycled. In addition, the
polymers obtained are free from metal residues.

2.3.3 Tin-alkoxides

Mono-tin-alkoxides, tin-dialkoxides and cyclic tin-alkoxides have been
utilized as initiators in the ring-opening polymerization of cyclic esters. The
tin-alkoxides are known to form cyclics during synthesis and the dibutyl tin-
alkoxides are known to exist as monomers and dimers.[69] The cyclic tin-
alkoxides were originally studied because of their resistance towards
hydrolysis.[70]

The tributyl derivatives have been thoroughly studied since they are
easily synthesized by nucleophilic substitution of commercial tributyl tin
chloride, and they are easy to handle due to their moisture resistance and
they are relatively soluble in lactones.[71] The tin-alkoxides have been
reported to be an effective transesterification catalyst initiating
polymerization at moderate temperatures.[72]

The polymerization of lactones with tin-alkoxides is thought to follow
the coordination-insertion mechanism. The ring-opening of the monomer
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proceeds through acyl-oxygen cleavage with retention of the configuration.
Tin(IV) complexes have been used to produce predominantly syndiotactic
poly(β-hydroxybutyrate),[73,74] macrocyclic poly(β-hydroxybutyrate),[75] poly(ε-
caprolactone) and polylactide.[71,72]

2.3.4 Lanthanide alkoxides

Ring-opening polymerization of lactones and lactides using lanthanide
alkoxide based initiators is a relatively recent discovery. The first example of
lactone polymerization by lanthanide alkoxide complexes was reported in a
DuPont patent written by McLain and Drysdale in 1991.[76] In general, the
activity of these catalysts is much higher than that determined for aluminum
alkoxides, especially in lactide polymerization.[77,78,79] Polymers of relatively
high molecular weight and narrow MWD are formed. The negative side
reactions such as macrocycle formation, transesterification and racemization
are absent.

Yttrium isopropoxide and yttrium 3-oxapentoxide initiators were the
first lanthanide alkoxides described in the literature for the ROP of ε−CL.[80]

The discovery of lanthanide-based initiator systems allowed the block
copolymerization of ε-caprolactone with compounds such as ethylene,[81]

tetrahydrofuran,[82] L-lactide,[83] trimethylene carbonate[84] and methyl
methacrylate.[85] This type of initiator has also been used to prepare poly(β-
butyrolactone)s.[86,87]

2.4 Macromolecular architecture
Many recent advances in polymer synthesis have involved the development of
new controlled polymerization systems proceeding via a variety of
mechanistic types. A number of architectures may be produced as a result of
the great versatility of the ROP of cyclic esters. Different strategies have been
applied for the design of new polymeric materials.

2.4.1 Homopolymers

Several factors are known to affect the ring-opening polymerization of cyclic
esters. The main factors are the reaction conditions, i.e. the nature of the
initiator, type of solvent, reaction temperature, and also the ring size of the
monomer used, and the substituents on the monomer ring.[88,89,90] Cyclic
esters of four, seven and eight membered rings polymerize, whereas the five-
membered ester does not. In the case of six-membered rings, the
polymerizability depends on the substituents.[88]
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2.4.2 Block copolymers

Block copolymerization is one method of mixing chemically different
polymers. The block copolymers have received much attention, since the
different homopolymer properties are maintained in the block copolymer, and
this allows easy modification of the polymer characteristics.

Block copolymers are most readily prepared by the sequential addition of
monomers to systems polymerizing under living conditions. However, this
approach is of limited importance since the monomers involved must all be
capable of polymerizing by the selected propagating mechanism. The order of
monomer addition must be such that the macroinitiator generated by the
preceding monomer must be capable of rapidly initiating the polymerization
of the succeeding monomer. The last condition limits the combination of
monomers which can be used in block copolymerization. Figure 2.4.1 shows a
schematic presentation of a tri-block copolymer.

Figure 2.4.1 A schematic presentation of an ABA tri-block copolymer
with two A-blocks ( ) and one B-block ( ).

The preparation of prepolymers[91] or macromers with functional end-
groups, so called telechelic polymers, is another approach to structurally
unconventional architecture. The functional end-groups are introduced either
by functional initiation or end-capping of living polymers, or by a combination
of the two. In this way, monomers which not able to copolymerize can be
incorporated in a copolymer. Telechelic prepolymers can be linked together
using chain extenders such as diisocyanates.[92] In this process, it is essential
that the structure and end groups of the prepolymers can be quantitatively
and qualitatively controlled.[93]

One simple way of producing segmented (blocky) copolymers is reactive
extrusion.[94] If two homopolymers are mixed and the mixture is subjected to
high temperature, intermolecular transesterification reactions produce a
block structure. If only a limited amount of transesterification reactions are
allowed to take place, a block-type copolymer will form.

Thermoplastic tri-block copolymers are interesting since they possess
novel properties different from those of the homo- or copolymers. The
thermoplastic elastomers have many of the physical properties of rubbers, i.e.

softness, resilience and flexibility. The unique properties of this kind of
copolymer are due to the microphase separation of the hard crystalline
domains dispersed in a continuous amorphous matrix (Figure 2.4.2). Such
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phase morphology provides a physical network of flexible chains cross-linked
by crystalline microdomains. The advantage over natural vulcanized rubbers
are that thermoplastic elastomers are readily soluble in an appropriate
solvent and processed as thermoplastics.[95]

Figure 2.4.2 Schematized picture of a block copolymer with one hard-
phase-forming block and one soft-phase-forming block, giving rise to
phase separation.

2.4.3 Star-shaped (co)polymers

Macromolecular structures such as star copolymers have been synthesized in
the search for polymers with new mechanical and thermal properties and a
varied degradation profile. Figure 2.4.3 shows a schematic representation of
four-armed homo- and block copolymers.

a)

                

b)

 

Figure 2.4.3 Schematic representation of a four-armed star-shaped
homopolymer b) star-shaped block copolymer.

Star-shaped polymers can be prepared by using a multifunctional
initiator e.g. pentaerytritol and a catalyst which initiates ROP of the selected
monomer. A second approach is to use telechelic prepolymers that are linked
together after polymerization.

Aliphatic star-shaped polyesters of L-lactide have been synthesized[96,97]

with multifunctional hydroxyl compounds as initiators. The crystallinity of

amorphous
phase

crystalline
phase
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the star-shaped poly(L-lactide) was found to be higher than that of the
corresponding linear counterpart. The degradation rate at the later stages of
degradation was also faster, which was explained by the higher concentration
of chain ends facilitating auto-catalysis. Star-shaped poly(L-LA) has also been
block copolymerized with trimethylene carbonate / ε-caprolactone.[98] This
resulted in a less brittle and considerably toughened material.

The unique thermal and solution properties of star-shaped block
copolymers of poly(ethylene oxide)-poly(ε-caprolactone) and poly(ethylene
oxide)-poly(L-LA) have been studied.[99] The results, e.g. lower crystallinity
and lower swelling with increasing degree of branching, may be used to
influence the formulation, drug loading and in vivo fate of drug and polymers
in drug delivery applications.

2.5 Biodegradable polymers
Biodegradable polymers are receiving increasing attention for their use in a
wide variety of surgical and pharmaceutical applications[100] as well as in
disposable packages.[101] Novel synthetic polymer materials may provide
considerable improvement in medical applications due to their tailored
thermal and mechanical properties and their decomposition to non-toxic
products. Among various families of biodegradable polymers, aliphatic
polyesters have a leading position since hydrolytic and/or enzymatic chain
cleavage yields hydroxy carboxylic acids, which in most cases are ultimately
metabolized.[100,102,103] Typical examples of synthetic, biodegradable polymers
used in medical applications are polylactide,[102] polyglycolide,[104] and poly(ε-
caprolactone).[105] The key properties, e.g. the rate of degradation, tensile
properties and surface chemical composition, can be optimized by
copolymerization[106] or blending of homo- and/or copolymers.

2.5.1 Polymer degradation

There are two principal ways by which polymer chains can be hydrolyzed,
passively by chemical hydrolysis or actively by enzymatic reaction. The latter
is most important for naturally occurring polymers such as polysaccharides
and poly(hydroxy alkanoate)s e.g. polyhydroxybutyrate and polyhydroxy-
valerate.[103,107] Many synthetic aliphatic polyesters utilized in medical
applications degrade mainly by pure hydrolysis.[103]

There are several factors that influence the rate of degradation including
the type of chemical bond in the polymer back-bone, hydrophilicity, molecular
weight, crystallinity, copolymer composition, and the presence of low
molecular weight compounds.[108,109] Other concerns are related to the loss of
mechanical stability of polymers during degradation, which can be
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undesirable when it is too fast, or to the toxicity of high concentrations of
degradation products. Many biodegradable polymers contain some kind of
hydrolyzable bonds. Polymers containing anhydride[110] or ortho-ester[111]

bonds are the most reactive ones with a fast rate of degradation, ester bonds
degrade somewhat more slowly, and carbonates[112] are almost totally
resistant to hydrolysis.

2.5.2 Polyglycolide and copolymers

Polyglycolide was one of the first synthetic polymers used as a degradable
surgical suture.[104] Figure 2.5.1 shows the glycolide monomer and polymer
structure. This aliphatic polyester is biodegradable and exhibits negligible
toxicity when implanted in tissue. It is also possible to fabricate a strong fiber
of this polyester with satisfactory mechanical properties.

O
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 ROP

Figure 2.5.1 The chemical structure of glycolide and the resulting
repeating unit.

The polyester of glycolide has a melting point around 219°C and is difficult to
dissolve in most organic solvents. In order to produce materials suitable for
specific medical applications, glycolide has been copolymerized with a number
of monomers.[113]

2.5.3 Polylactide and copolymers

Due to the presence of two chiral centers, there are three forms of the lactide
monomer (Figure 2.5.2). Repeating units with different configurations have
been used to produce stereocopolymers where the physical and mechanical
properties and the rate of degradation are easily adjusted.

The most efficient way of preparing polylactides is the ring-opening
polymerization by coordination initiators.[114] This method usually allows a
controlled synthesis leading to quite a narrow molecular weight distribution.
Polymerization of the different stereoforms results in materials with different
properties. The polymers derived from the pure L,L-lactide or D,D-lactide
monomers are semi-crystalline, relatively hard materials with melting
temperatures around 184°C[115] and glass transition temperatures of about
55°C.[116] The L,L-lactide and D,D-lactide are normally termed L-lactide and D-
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lactide, respectively. Polymerization of the rac-(D,L)-lactide and meso-lactide
results in an amorphous material with a glass transition similar to that of the
semi-crystalline counterparts.[115] Polylactides are highly sensitive to heat,
especially at temperatures higher than 190°C. Heating these materials above
this temperature results in a noticeable decrease in weight-average molecular
weight.[115]

a)
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b)
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Figure 2.5.2 Structure of the different stereoforms of the lactide
monomer and the resulting repeating unit, the chiral center marked with
*. a) L,L-lactide, b) D,D-lactide, and c) meso-lactide

Poly(L-lactide) is biocompatible and when it is implanted in the body, it
will in the coarse of time undergo hydrolytic scission to lactic acid, which is a
natural intermediate in carbohydrate metabolism.[102] The in vitro

degradation of poly(L-LA) is generally rather slow compared to the
degradation of poly(D,L-LA). The higher degradability is probably due to the
greater water absorption in the amorphous domains. Copolymers of L-lactide
with several types of monomers e.g. glycolide, or ε-CL have been
investigated.[113] Copolymerization is an important tool to modify the
properties of the resulting copolymers and adjust them to the needs of a given
application.

The crystallinity, brittleness and melting point of poly(L-LA) can be
decreased by incorporation of comonomer units such as 1,5-dioxepan-2-one
(DXO). The large difference in reactivity ratio between the DXO and the
lactides leads to a microstructure with a more blocky nature than is expected
from a random copolymerization.[50] The copolymers have properties very
different from those of the homopolymers. They show a low stiffness and high
elasticity compared to poly(L-LA). The DXO/LA copolymers are interesting
materials with possible applications in e.g. the biomedical field.[117] The in

vitro / in vivo degradation has been studied and it was found that the
copolymer hydrolyzed mainly by ester bond cleavage.[118,119]
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2.5.4 Poly(εεεε-caprolactone) and copolymers

Poly(ε-caprolactone) has been investigated thoroughly because of the
possibility of blending this aliphatic polyester with a number of commercial
polymers such as PVC and bisphenol A polycarbonate.[17] It is interesting as a
packaging material and in biomedical applications due to its degradability to
non-toxic degradation products. Figure 2.5.3 shows the monomer structure
and the resulting repeating unit.

O

O

O
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n
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Figure 2.5.3 The chemical structure of ε-caprolactone and the resulting
repeating unit.

The poly(ε-caprolactone) material has a long degradation time, which is
usually a disadvantage in medical applications. The in vivo degradation of
poly(D,L-lactide) was 2.8 times faster than the poly(ε-caprolactone) chain
cleavage under the same conditions.[106] Different approaches have been used
to copolymerize ε-caprolactone to increase the degradation rate. Copolymers
of ε-caprolactone and D,L-lactide of all compositions degraded much more
rapidly than their component homopolymers.[106] This observation has been
attributed to morphological differences, specifically a reduction in
crystallinity and a lowering of the glass transition temperature.

Random copolymers of ε-caprolactone with 1,5-dioxepan-2-one (DXO)
have been investigated.[51,120,121] The copolymers were crystalline up to a DXO
content of 40%, and it was concluded that the DXO units were incorporated
into the poly(ε-caprolactone) crystals. The block copolymerization has also
been investigated and the resulting material was shown to exhibit
thermoplastic elastomeric properties.[58]
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3 SYNTHESIS

3.1 Materials
Dibutyltin oxide (Aldrich Chemie, Germany) and ethylene glycol (Merck,
Germany) were obtained commercially and were used as received. Toluene
(Merck, Germany) was dried over Na-wire before use. Dichloromethane
(KEBO Lab, Sweden) and chloroform, HPLC-grade (Merck, Germany) were
dried by stirring over CaH2 for 24 h prior to distillation under an inert
atmosphere. Anhydrous chloroform (Aldrich, Germany) and anhydrous 1,2-
dichloroethane (Aldrich, Germany) were used without further purification.
Ethylene glycol (Aldrich, Germany) and m-chloroperoxybenzoic acid (ACROS,
Belgium) were used as received. 4H-tetrahydropyran-4-one (Maybridge
Chemical Co. Ltd., UK) was used as received.

3.2 Initiator

3.2.1 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane

The 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane was
synthesized as follows. Dibutyltin oxide and ethylene glycol were weighed
into a round-bottomed flask containing dry toluene. The reaction vessel was
heated to 135°C and the slurry was refluxed for 22 h. After the complete
reaction, the theoretical amount of water had been collected in a Dean &
Stark trap. The slurry was then cooled in a refrigerator, the product was
precipitated as white crystals and the solvent was poured off. The precipitate
was first purified by recrystallisation twice from dry toluene, and then by
filtration from a hot slurry. The tin-alkoxide was dried at 130°C under
vacuum for 14 h. The melting point of the final product was 222-226°C (litt.
223-226°C).[122] The initiator was characterized by mass spectroscopy and 1H-
NMR. The 1H-NMR-spectrum of the initiator in CDCl3 showed two triplets at
3.65 and 1.9 ppm and two multiplets at 1.35 and 1.4 ppm, in agreement with
the expected structure. The mass spectrum of the tin-alkoxide shows a peak
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at m/z = 293 corresponding to the cyclic five membered ring but also at
higher values due to fragmentation of the dimer.

3.3 Monomers

3.3.1 L-lactide

L-lactide (L-LA) was purchased from Serva Feinbiochemica, Germany, and
purified through recrystallization in toluene and dried under reduced
pressure (10-2 mbar) overnight. Figure 3.3.1 shows the chemical structure of
the L-LA monomer.

O

O

O

O

Figure 3.3.1 Chemical structure of L-lactide (L-LA)

3.3.2 1,5-dioxepan-2-one

1,5-dioxepan-2-one[123] (DXO) was synthesized from 4H-tetrahydropyran-4-
one according to the literature.[50] Before polymerization, DXO was purified
by distillation twice and then dried over CaH2 in an inert atmosphere and
distilled under reduced pressure. 120 g m-chloroperoxybenzoic acid was
dissolved in dichloromethane, the aqueous phase was poured off and the
organic solution was dried over magnesium sulfate. 36.6 g tetrahydro-4H-
pyran-4-one was added dropwise to the filtered solution. After 16 h, the
reaction mixture was added to a slurry containing 50 g sodium bisulfite and
400 mL dichloromethane. Sodium bicarbonate was added until no further gas
evolution was detected. The organic phase was separated and the solvent was
evaporated. Yield DXO: 38 g. Figure 3.3.2 shows the chemical structure of the
DXO monomer.
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Figure 3.3.2 Chemical structure of 1,5-dioxepan-2-one (DXO)
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3.4 Polymerization

3.4.1 Homopolymerization of DXO and L-lactide

Monomer and initiator were weighed into a previously silanized round-
bottomed flask equipped with a magnetic stirring bar inside a dry box
(MBraun MB 150B-G-I, Germany). The flask was closed with a three-way
valve. The desired amount of solvent was transferred to the flask using a
syringe. The reaction vessel was then immersed in the thermostated oil bath
for the desired time. The temperature was held constant (±1°C of preset
value) using an Ikatron ETS D3 temperature-regulator (IKA Labortechnik,
Germany). 1H-NMR and SEC samples, for the kinetic investigation, were
withdrawn from the reaction mixture at various times with a flamed syringe
under flushing with an inert gas (Ar). After removing the solvent, the
monomer conversion was determined by 1H-NMR from monomer and polymer
signals. The polymer formed was precipitated into cold hexane. All glassware
were silanized, using Me2Cl2Si, and flame-dried in an inert atmosphere before
use.

3.4.2 Block copolymerization of 1,5-dioxepan-2-one and L-lactide

The desired amounts of DXO and initiator were weighed into a silanized
round-bottomed flask under a nitrogen atmosphere inside a dry box. The flask
was fitted with a magnetic stirring bar and sealed with a three-way valve.
Solvent was transferred to the flask using a syringe. Polymerization was
started by immersing the flask in a thermostated oil bath. The second
monomer, L-lactide, was charged into a round-bottomed flask, as described
above. The monomer was dissolved in chloroform and transferred with a
syringe to the reaction vessel containing the initiator-polymer complex after
almost complete conversion of DXO. All glassware was flame-dried prior to
use. The polymer formed was precipitated three times in a mixture consisting
of hexane and methanol (95/5).
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4 CHARACTERIZATION

4.1 Hydrolytic Degradation

4.1.1 Sample Preparation

For degradation studies, films were prepared as follows: Dichloromethane
solutions of different tri-block poly(L-lactide-b-1,5-dioxepan-2-one-b-L-
lactide)s were prepared to have a total polymer concentration of 0.16 g/ml and
cast onto flat glass plates followed by solvent evaporation at room
temperature. The resulting films were dried in vacuo for 2 weeks. Circular
plates 12 mm in diameter and weighing approximately 0.02 g were obtained
from the solution-cast films.

4.1.2 In vitro degradation of the poly(L-lactide-b-1,5-dioxepan-2-one-

b-L-lactide) tri-block copolymers.

Samples were subjected to hydrolytic degradation in a saline buffer of pH 7.4
at 37°C. The saline buffer contained per liter of water the following: 9 g NaCl,
10.73 g Na2HPO4×7H2O, 2.12 g NaH2PO4. The pH of the buffer solution was
adjusted to pH 7.4 by the addition of NaOH. The degradation experiments
were performed in 10 ml of the saline solution. In order to prevent microbial
growth, 100 µl 0.04 weight % NaN3 was added to the solution. The samples
were subjected to a gentle shaking motion during hydrolysis to achieve a
homogeneous solution. Samples were drawn from the test environment after
1, 2, 5, 10, 15 and 23 weeks of degradation. A 2 ml aliquot of the aqueous
solution was withdrawn for analysis of the degradation products. The
remaining polymer films were washed with deionized water before drying
under vacuum for two weeks prior to analysis.
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4.2 Instrumental Analysis

4.2.1 Mass Spectroscopy (MS)

The purity and structure of the initiator 1,1,6,6-tetra-n-butyl-1,6-distanna-
2,5,7,10-tetraoxacyclodecane were determined with a Finnigan SSQ 7000
mass-spectrometer using a direct inlet probe. The spectrometer temperature
was held at 50°C for 0.5 minutes and was then raised to 300°C at a rate of
100°C/min. The mass spectrum of 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-
tetraoxacyclodecane shows a peak at m/z = 293 corresponding to the cyclic
five-membered ring and also peaks at higher values matching the
fragmentation of the dimer.

4.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy (NMR) was used to analyze the
reaction progress, the chemical composition of the polymers formed, the
polymerization mechanism and the number-average molecular weight. The
monomer conversion was determined by 1H-NMR spectroscopy from the
relative intensities of the resonance peaks for the monomer and the polymer
protons. The chemical structure and the monomer sequence of the block
copolymers were determined by 13C-NMR spectroscopy. 1H-NMR spectra were
obtained using a Bruker AC-400 Fourier-Transform Nuclear Magnetic
Resonance spectrometer (FT-NMR) operating at 400 MHz. A 25 mg sample
was dissolved in 0.5 ml chloroform-d1 (CDCl3) in a 5 mm diameter sample
tube. Non-deuterated chloroform was used as an internal standard (δ = 7.26
ppm). The 100.61 MHz 13C-NMR spectra were obtained with a 100 mg sample
dissolved in 0.5 ml CDCl3 using a Bruker AC-400 FT-NMR spectrometer. The
number-average molecular weight was calculated from the 1H-NMR spectra
of the polymers. The peaks originating from the ethylene glycol bridge and
the -CH- group in the poly(L-lactide) and -CH2- group next to the carbonyl
carbon in the polyDXO unit respectively were used to calculate the molecular
weight.

DEPT (Distortionless Enhancement by Polarization Transfer) and
heteronuclear multiple quantum coherence – gradient selected (hmqc-gs)
spectra were obtained by a Bruker DMX-500 Fourier-Transform Nuclear
Magnetic Resonance spectrometer operating at 500.13 MHz and 125.77 MHz
respectively. DEPT (135°) spectra were obtained using a standard Bruker
microprogram utilizing 1.3 seconds acquisition time, and 2 seconds delay.
1J(C,H) was set to 130 Hz. 2D 1H-13C hmqc-gs spectra were acquired and
processed with a standard Bruker microprogram. A total of 20 scans were
accumulated with a relaxation delay of 2 s. The spectrum was obtained with
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3255.2 Hz spectral width over the F1 (proton) axis and 24509.8 Hz along the
F2 (carbon) axis.

The reaction progress was followed in situ by 1H-NMR utilizing the
Bruker AC-400. The monomer and initiator were charged into a silanized
round bottomed flask and closed by a rubber septum inside a dry-box.
Deuterated solvent, CDCl3; was transferred through the septum with a
syringe. The mixture was then transferred to a 5 mm NMR-tube equipped
with a rubber septum, and subsequently frozen in liquid nitrogen to prevent
any reaction from occurring before insertion into the NMR magnet. The tube
was inserted into the heated probe and a 1H-NMR spectrum was recorded
every 20 minute in order to follow the disappearance of peaks originating
from monomer and occurrence of peaks from the polymer. A reaction
temperature of 50°C in the NMR probe was used.

4.2.3 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) was used to monitor the molecular
weight change during polymerization and degradation. Spectra of
homopolymers from 1,5-dioxepan-2-one were recorded with a Waters model
510 apparatus with a Waters 410 differential refractometer equipped with
three PLgel 10µm mixed-B columns, 300×7.5 mm (Polymer Labs.). An IBM-
compatible PC was used to record and process the data. THF was used as
eluent, at a flow rate of 1.0 ml/min. Narrow MWD polystyrene standards
were used for calibration, range 1700 - 706 000 g/mol.

Tri-block copolymers from L-lactide and 1,5-dioxepan-2-one, and
homopolymers of L-lactide were analyzed using a Waters 717plus
autosampler and a Waters model 510 apparatus equipped with two PLgel
10µm mixed-B columns, 300×7.5 mm (Polymer Labs., UK). Spectra were
recorded with an PL-ELS 1000 evaporative light scattering detector (Polymer
Labs., UK) connected to an IBM-compatible PC. Millennium32 version 3.05.01
software was used to process the data. Chloroform was used as eluent, at a
flow rate of 1.0 ml/min. Narrow MWD polystyrene standards were used for
calibration, range 1700 – 706 000 g/mol. SEC measurements were performed
on both cyclic and deactivated chains (i.e., into hexane/methanol precipitated
chains).

4.2.4 Differential Scanning Calorimetry (DSC)

The thermal properties of the synthesized tri-block copolymers were
investigated by differential scanning calorimetry (DSC), using a Mettler-
Toledo DSC instrument with a DSC 820 module. A scanning rate of 10°C/min
was used and the samples were heated in a nitrogen atmosphere. Calibration
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was performed with Zn and In. The second scan was used to record the heat of
fusion and the glass transition temperature. In evaluating the crystallinity of
the tri-block copolymer, it was assumed that the only contribution to the heat
of fusion was from the poly(L-lactide) segments. According to earlier results
obtained by DSC, poly(DXO) is totally amorphous having a Tg between –35
and –40°C.

4.2.5 Solid Phase Extraction (SPE)

The following procedure was used for sample preparation and isolation of
degradation products from the aqueous solutions: 2 ml of buffer solution
containing degradation products was acidified to a pH of 1-2 with HCl, and 2
mg of the internal standard, 2-hydroxyvaleric acid sodium salt (Sigma,
Germany) was added. A SPE ENV+ column (100 mg, Sorbent AB) was pre-
washed with one equivalent of methanol (HPLC-grade, Kebo Lab AB), and
then equilibrated with one equivalent of acidified buffer solution. The
acidified sample solution was applied immediately after pre-washing and the
column was then allowed to dry before elution with an organic solvent,
acetonitrile (HPLC-grade, Kebo Lab, Sweden).

4.2.6 Gas Chromatography – Mass Spectroscopy (GC-MS)

GC-MS was used in the identification and quantification of degradation
products formed in the saline buffer solutions. The samples were analyzed
utilizing a Finnigan GCQ gas chromatograph - mass spectrometer. The GC
was equipped with a DB-5MS capillary column from J&W (30 m × 0.25 mm
i.d.) Helium was used as carrier gas. The samples was analyzed utilizing the
following temperature program of the column: the temperature was held at
40°C for 10 minutes and then allowed to rise from 40 to 250°C at a heating
rate of 10°C/min. The injector maintained a temperature of 200°C.

4.2.7 X-ray Diffraction Pattern Analysis

X-ray diffraction was used to investigate the influence of the chemical
structure of the tri-block copolymers on the crystalline phase formed. Wide
angle X-ray diffraction analysis was performed on a Philips generator PW
1830, nickel-filtered CuKα-radiation (λ=1.542 Å), with a Warhus camera. No
change in the X-ray pattern of the polymers with different compositions was
observed.
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5 RESULTS AND DISCUSSION

5.1 Influence of reaction conditions on the homo-

polymerization of 1,5-dioxepan-2-one and L-lactide
The importance of the reaction conditions was examined for the
homopolymerization of 1,5-dioxepan-2-one (DXO) and L-lactide (L-LA)
initiated with 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane.
The influence of monomer conversion, temperature, solvent and initiator
concentration on the molecular weight, molecular weight distribution and
rate of polymerization was investigated.

5.1.1 Synthesis of 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetra-

oxacyclodecane

The initiator 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetra-oxacyclodecane
was synthesized from dibutyltin oxide and ethylene glycol. After purification,
the initiator formed was characterized by mass spectroscopy and 1H-NMR.
The structure of the tin-alkoxide has previously been thoroughly investigated
by several research groups.[124,125,126] The analysis performed in this study
revealed the existence of two tin-alkoxide compounds, a monomer and a
dimer. Scheme 5.1.1 shows the equilibrium between the five-membered
monomer and the 10-membered dimer of the tin-alkoxide.
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Scheme 5.1.1 Equilibrium between 1) the monomer and 2) the
dimer of 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclo-
decane.

The direct inlet spectrum of the synthesized initiator is shown in figure
5.1.2, together with the mass spectra of the two compounds.
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1) 

2) 

Figure 5.1.1 The direct inlet spectrum of the monomer and dimer of the
1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane initiator.
1) mass spectrum of peak no. 1, and 2) mass spectrum of peak no. 2
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The direct inlet spectrum of the initiator clearly shows the existence of
two compounds with similar fragmentation patterns. The compounds have
been identified as the monomer and dimeric form of the tin-alkoxide.

It has been suggested that the polymerization of lactones and lactides
with the cyclic tin-alkoxide proceeds by insertion at the tin-oxygen bond.
However, it has not been clarified whether one or both tin-oxygen bonds are
active in polymerization. The polymerization of cyclic esters with the tin-
alkoxide results in di-hydroxy terminated polymers, suitable for post-
polymerization reactions.

5.1.2 Influence of the reaction temperature on the polyDXO

molecular weight and molecular weight distribution

The influence of reaction temperature, Tp, on the number-average molecular
weight ( nM ) of the polymer formed was examined with SEC and 1H-NMR.
Polymerizations were carried out at 30, 40, 50, and 60°C to a high monomer
conversion. Propagation was terminated by quenching the reaction mixture
and the solvent was subsequently evaporated. Polymerization was performed
with a monomer-to-initiator ratio of 100. Figure 5.1.2 shows the number-
average molecular weight as a function of the DXO monomer conversion.
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Figure 5.1.2 The number-average molecular weight as a function of
monomer conversion at different polymerization temperatures.
Polymerization of DXO in chloroform with an initial monomer
concentration of 1 mol/l.

As expected, the rate of polymerization was observed to increase with
increasing polymerization temperature (Tp). However, the figure shows that
the nM  of the polymer formed reached a maximum at a Tp of 40°C, and that
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a further increase in Tp resulted in a decrease in molecular weight. A
decrease in Tp to 30°C also yielded a polymer with a lower molecular weight.
The lower nM  at 30°C was a result of the long reaction times required at this
temperature which induced transesterification reactions. At 50 and 60°C the
polymerization was quantitative after a much shorter period of time, but the
molecular weight obtained was lower. The decrease in nM  at 50 and 60°C
was also due to an increase in the amount of transesterification reactions, as
an effect of the higher temperature.

The molecular weight distribution (MWD) was also monitored as a
function of DXO monomer conversion at the different reaction temperatures.
Figure 5.1.3 shows the MWD for the polymerizations performed. The increase
in the amount of transesterification reactions at higher temperature was also
indicated by the MWD. An increase in polymerization temperature resulted
in a broader MWD at higher monomer conversion. The increase in MWD can
be explained by the presence of intermolecular transesterification reactions.
The decrease in nM  indicates that an intramolecular process also occurs,
leading to lower molecular weight cyclic compounds. This has previously been
shown to occur for the polymerization of lactide with aluminum
isopropoxide.[62]
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Figure 5.1.3 The effect of temperature on the molecular weight
distribution as a function of monomer conversion. Polymerization of DXO
was conducted with an initial monomer concentration of 1 mol/l.

The limiting factor determining the lowest possible polymerization
temperature was the rate of polymerization. At high temperatures, the
limiting factor was the occurrence of transesterification reactions. An
optimized reaction temperature was found at 40°C for the polymerization of
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the DXO, where the reaction rate was sufficient and the amount of side
reactions was kept at a minimum.

The polymerization of DXO was characterized by an induction period,
with the polymerization starting after approximately 70 minutes reaction.
This behavior was proposed to be due to a rearrangement of the initiator, to
form the actual initiating species. The induction period was influenced by the
reaction temperature, a higher Tp resulted in a shorter induction period.

The rate of homopolymerization of L-LA was lower than the
corresponding rate of homopolymerization of DXO. Therefore, the subsequent
polymerization of L-LA was performed only at the highest reaction
temperature of 60°C.

5.1.3 Dependence of poly(L-lactide) number-average molecular

weight and molecular weight distribution on the degree of

monomer conversion

The progress of the reaction was monitored by 1H-NMR and SEC. The
analyses were performed on the crude reaction mixture to avoid artifacts
during e.g. fractionation of the samples during precipitation. Figure 5.1.4
shows the number-average molecular weight and molecular weight
distribution of the poly(L-LA) as a function of the monomer conversion. The
figure shows that the nM  increased linearly with increasing conversion and
that the MWD remained narrow throughout the polymerization reaction.
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Figure 5.1.4 The influence of L-LA monomer conversion on the number-
average molecular weight ( ) and the molecular weight distribution ( ).
Polymerization conducted at 60°C with an initial monomer-to-initiator
ratio = 100
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The linearity of the plot of number-average molecular weight versus
conversion indicates that the amount transfer reactions was low throughout
the reaction. The increase in molecular weight was proportional to the degree
of monomer conversion. Under these specific conditions and by withdrawing
the product as soon as the polymerization came to completion, a well-defined
polymer with a narrow molecular weight distribution was obtained.

No induction period was observed during polymerization of L-lactide,
contrary to what has been reported for many other metal alkoxide initiator
systems.[55]

5.1.4 The effect of solvent on the rate of polymerization and the

polyDXO molecular weight

The effect of the reaction medium on the polymerization was evaluated using
dichloromethane, chloroform and 1,2-dichloroethane as solvents. These
solvents have the dielectric constants, ε = 10.4, 9, and 4.8 D respectively.
Chlorinated solvents were used exclusively to minimize the difference in the
ability of the solvent to coordinate to the active species. Figure 5.1.5 shows
the semi-logarithmic plot of -ln([M]/[M]0) as a function of the reaction time.
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Figure 5.1.5 The influence of solvent on -ln([M]/[M]0) as a function of
reaction time. Polymerization conducted with an initial monomer
concentration of 1 mol/l at a reaction temperature of 40°C.

The figure shows that the apparent rate of polymerization was similar in
the different chlorinated solvents. A slightly lower rate of polymerization was
found in 1,2-dichloroethane probably due to lower miscibility of the initiator
in this solvent. The low solubility of the initiator resulted at first in a non-
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transparent reaction medium, which became clear after a few minutes of
polymerization. The data summarized in Table 5.1.1 indicate that the
propagation of cyclic esters probably proceeds with a coordinative character.

Table 5.1.1 Influence of solvent on the rate of 1,5-dioxepan-2-one
polymerization initiated with 1,1,6,6-tetra-n-butyl-1,6-distanna-
2,5,7,10-tetraoxacyclodecane at 40°C.

solvent k app×103 dielectric constant

[min-1] [D]
dichloromethane 3,5 10,4

chloroform 3,5 9
1,2-dichloroethane 2,5 4,8

The effect of the reaction medium on the number-average molecular
weight of the polymer formed was evaluated. Figure 5.1.6 shows the number-
average molecular weight as a function of the degree of monomer conversion.
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Figure 5.1.6 The effect of the reaction medium on the number-average
molecular weight of the polymer formed. Polymerization of DXO at 40°C
with an initial monomer-to-initiator ratio = 100.

The polymers formed exhibited almost the same number-average molecular
weight at the same monomer conversion. Results show that the change of
solvent did not influence the number of chains produced by the initiator. The
Mn was linearly dependent on the monomer conversion in all solvents.
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5.1.5 Dependence of poly(L-LA) molecular weight on the monomer-

to-initiator ratio

The number-average molecular weight of the polymers obtained was
determined by 1H-NMR. The peaks originating from the ethylene glycol
bridge (δ = 4.35 ppm) and the –CH- group in the polymer back-bone (δ = 5.18
ppm) was used to calculate the molecular weight. Molecular weights were
also determined by SEC. The molecular weights calculated from 1H-NMR
were systematically lower than those determined by SEC, but the order was
the same. The SEC was calibrated with polystyrene standards, and the SEC
results were therefore used as a quantitative tool to check the peak shape and
molecular weight distribution. It has been reported that molecular weights
determined by NMR analysis of the polylactides were lower than those
determined by SEC.[93] The higher the molecular weight the larger was the
difference between the results of these analyses. Figure 5.1.7 shows the linear
relationship between the number-average molecular weight and the
monomer-to-initiator.
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Figure 5.1.7 The influence of monomer-to-initiator ratio on the number-
average molecular weight: Molecular weight determined by 1H-NMR ( )
and SEC ( ). Polymerization of L-lactide in chloroform at 60°C.

A good correlation was observed between the molecular weight values
theoretically expected from the monomer-to-initiator ratio and the values
obtained experimentally. The linear relationship held even for both low and
high molecular weight poly(L-lactide)s, contrary to what has been reported for
the bulk polymerization.[126]
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The linear relationship indicated that the total number of polymer
chains was a function of the initiator concentration. It was also observed that
the increase in molecular weight was proportional to the increase in
monomer-to-initiator ratio. It can be deduced form the slope of the straight-
line relationship between nM  and the monomer-to-initiator ratio that one
initiator moiety initiates only one polyester chain.

5.1.6 Influence of hydroxyl-functionality-containing contaminants on

the molecular weight and molecular weight distribution

It is important to investigate the effect of hydroxyl-containing species due to
the large influence which traces of such compounds normally have on the
ring-opening polymerization with metal alkoxide initiators. It has been
reported that free hydroxyl compounds interchange with alkoxide groups
covalently bonded to the metal alkoxide initiators (Scheme 5.1.2).[66,127] The
free hydroxyl-terminated species are exchanged giving an increase in the
total number of polymer chains formed.

R OH + O MR' O MR R' OH+

Scheme 5.1.2 Exchange of alkoxide ligands covalently attached to
the metal atom in the initiator.

Table 5.1.2 shows the results of the homopolymerization of L-LA and
DXO with and without the addition of water.

Table 5.1.2. The influence of water on the outcome of polymerization. 

Monomer Amount reaction time conversionb)
yield Mn

c) MWDc)

H2Oa) [min] [%] [%]

L-LA - 1440 93,3 82,1 29400 1,12
L-LA 1 equiv. 1440 73,5 66,9 9700 1,15
DXO - 360 90,3 79,1 29400 1,46
DXO 1 equiv. 360 91,7 49,4 10000 1,65

Polymerizations conducted in chloroform at 60°C, initial monomer
concentration = 0.5M 
a)  compared to amount of Sn
b)  determined by 1H-NMR from crude reaction mixture
c)  number-average molecular weight determined by SEC; CHCl3 was

used as eluent, flowrate 1.0ml/min

The deliberate contamination with water caused the molecular weight of the
resulting polymer to decrease. The decrease in molecular weight was a
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consequence of an increase in the total number of polymer chains formed
when water was added, but the decrease was also partly due to a decrease in
L-LA monomer conversion and to an increase in transesterification reactions
for the DXO polymerization. These results show that avoiding contact with
even traces of water is essential for the reproducibility of the polymerization.

5.1.7 Catalytic degradation

The literature reports the effective ring-closing depolymerization of ε-
caprolactone utilizing Bu2Sn(OMe)2 resulting in a mixture of cyclic
oligomers.[128] In most cases, the depolymerization is undesirable but the
concept has been investigated as a tool for recycling suitable polymers.[129]

Parameters that influence the amount of transesterification are temperature,
reaction time, and type of and concentration of catalyst or initiator.

In the case of 1,5-dioxepan-2-one, transesterification reactions occur if
the polymer chains are left in contact with the active centers after
polymerization. Any active center can give rise either to an insertion step or
to a transfer reaction. Figure 5.1.8 shows the SEC chromatograms of the
depolymerization reaction.
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Figure 5.1.8 SEC chromatograms of the polymerization mixture at
various times after full monomer conversion. A) pure DXO monomer, B)
18 h, C) 40 h, D) 67 h, E) 82 h.
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The distribution broadened and was modified in different ways when the
polymer was left for a longer period of time in the reaction medium. The
curve became bimodal after 18 h reaction time, with an increase in the
amount of low molecular weight products at longer times. This is probably
due to inter- and intra-molecular transesterifications catalyzed by the tin-
alkoxide. It was found that the degradation reaction became significant when
the polymerization came near to completion. Oligomers were produced by
degradation of the initially formed linear polymers.

The numerical values show that longer degradation times broadened the
MWD and also led to an increase in weight-average molecular weight. The
increase in molecular weight was probably due to intermolecular
transesterifications, not changing the nM  markedly but increasing the wM .
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5.2 Kinetics of lactide polymerization
The kinetics of polymerization were investigated in order to study the
mechanism of controlled ring-opening polymerization of L-lactide. The results
of the kinetic experiments were utilized to understand the action of the
initiator in more detail. Polymerizations of L-lactide were conducted with
various monomer-to-initiator ratios.

5.2.1 Kinetic models

Ring-opening polymerization reactions initiated with a metal alkoxide
initiator are generally characterized by an equilibrium between the free and
the aggregated metal alkoxide:[10,130,131]
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) and M denote respectively non-aggregated active centers,
aggregated active centers and monomer. Kda is the aggregation equilibrium
constant, kp the propagation rate constant and m the degree of aggregation.
The aggregation causes a temporarily termination of the growing species,
since the chains are propagating only if they are non-aggregated. Due to the
difference in reactivities between the aggregated compounds, the kinetics of
polymerization are influenced.

In order to solve the kinetic equations corresponding to this system,
Penczek and co-workers have recently proposed a method to determine the
degree of aggregation from the curved plots of ln(kapp) versus ln[I]0.[132] The
solution for the general case of the m-aggregate formation is:
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and in the logarithmic form:

[ ] CIlnm/1)ln(
0app +=k (2)

This equation allows a straight linear interpretation of the experimental
data. When the logarithm of the apparent rate constant is plotted versus the
logarithm of the initial initiator concentration, the slope of the line gives the
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external order in the initiator. The equation is valid for polymerization in
which a fast reversible aggregation of the active centers takes place.

5.2.2 Kinetics of lactide polymerization

The polymerization of L-lactide was monitored in time by manual sampling
followed by 1H-NMR analysis to determine the degree of monomer conversion.
The kinetics of the L-lactide polymerization were investigated in chloroform
at 60°C. Figure 5.2.1 shows the semi-logarithmic plot of –ln([M]/[M]0) versus
reaction time, t. [M]0 is the initial lactide monomer concentration and [M] the
lactide concentration at a given reaction time t.
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Figure 5.2.1 The semi-logarithmic plot of –ln([M]/[M]0) versus the
reaction time for different monomer-to-initiator ratios.
M/I = 25, 35, 50, 100, 250, 360, 400

The linearity of the plot shows that the propagation was first order with
respect to lactide monomer when polymerized at 60°C in chloroform, and no
induction period was observed. The absence of induction period indicates that
the initiator was reactive from the beginning, no rearrangement of initiator
aggregates was necessary to form the active species. The nature of the metal,
alkoxide groups, solvent and temperature does not generally influence the
first order in monomer.[66,133] The linearity of the plot of –ln([M]/[M]0) versus
the reaction time also illustrates that no termination reactions occurred
during polymerization, i.e. the number of propagating chains remained the
same throughout the reaction. The kinetic equation describing this system is:

-d[M]/dt = kapp[M]
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In order to determine the order in initiator for the polymerization of L-
LA, the apparent rate constant was calculated from Figure 5.2.1. Figure 5.2.2
shows the apparent rate constant (kapp = -ln([M]/[M]0)/t) as a function of the
initial initiator concentration.
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Figure 5.2.2 Dependence of the apparent rate constant (kapp) on the
initial initiator concentration [I]0. Polymerization of lactide was
conducted in chloroform at 60°C.

If the polymerization is concluded to be first order in initiator, the
kapp/[I] ratio must be constant as long as the number of active sites is
independent of the initiator concentration. When the polymerization proceeds
with reversible aggregation, the plot is generally curved. Figure 5.2.2 shows
two distinct steps with different slopes, which reveals a change in the
external order with respect to the initiator.

The external order in initiator was determined by plotting the
logarithmic values of kapp versus the logarithm of [I]0. Figure 5.2.3 shows the
dependence of ln(kapp) on the initial initiator concentration. The external
order in initiator increases from a value of approximately 3/4 at [I]0 ≈ 5
mmol/l and higher to a value of 2 at [I]0 ≈ 2 mmol/l and lower. It is thus clear
that the tin-alkoxide growing centers do associate in chloroform. The change
in the kinetic order in initiator was attributed to the change in proportions of
aggregated and non-aggregated species.
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Figure 5.2.3 Dependence of the logarithm of the apparent rate constant,
ln(kapp), on the logarithm of the initiator concentration, ln([I]0).
Polymerization of L-lactide in chloroform at 60°C; initial monomer
concentration 0.5 mol/l.

This kind of change in external order in initiator has previously been
reported for the polymerization of ε-caprolactone initiated with aluminum
isopropoxide.[130] It was reported that plots of ln(kapp) versus ln[I]0 should
always by curved. However, many publications do not report this behavior
due to the limited range of [I]0 applied.[10]



Results and discussion

- 42 -

5.3 NMR analysis of the propagating species in ROP
NMR spectroscopy can be used to determine three important parameters of
the microstructure of polymers, specifically the composition of copolymers, the
monomer sequence and in many cases the end groups.[134,135,136,137]

5.3.1 NMR analysis of the reaction mixture

To identify the species involved in solution polymerization, and to obtain
NMR assignments, 1H-NMR spectra of the reaction mixture were recorded. A
monomer-to-initiator ratio of 8 was used to make it possible to detect peaks
originating from the initiator which were incorporated in the polymer chain
and/or participated in the reaction. Figure 5.3.1 shows the 1H-NMR spectrum
of the reaction mixture after approximately 55% of the initiator was activated
and the peak assignments.
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Figure 5.3.1 1H-NMR of the active reaction mixture and the peak
assignment. Polymerization conducted in chloroform at 50°C with an
initial monomer-to-initiator ratio = 8.
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The polymer peaks were assigned partly according to the literature.[91]

The peaks originating form the metal alkoxide and peaks emerging during
polymerization were analyzed, in addition to conventional 1H- and 13C-NMR,
with DEPT and 2D 1H 13C hmqc-gs. In DEPT (135°), the carbons attached to
an odd number of hydrogens (methine (-CH-) and methyl carbons (-CH3-))
produce signals with positive amplitudes while carbons coupled to an even
number (-CH2-) give signals with negative amplitudes. The 2D 1H 13C hmqc-
gs technique reveals the direct coupling between the 13C and 1H nucleus.

The peak at 4.35 ppm was determined using the above described NMR
techniques to originate from the –CH2- group in the ethylene glycol bridge
incorporated in the growing polymer chain. Figure 5.3.2 shows the DEPT
135° spectrum of the reaction mixture. The peak at 63.1 ppm was determined
to be a –CH2- group due to the negative amplitude of this peak. From the 2D
spectrum (not shown) this was correlated to the peak at 4.35 ppm, which
hence was assigned to the ethylene glycol bridge.
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Figure 5.3.2 DEPT 135° spectrum of the reaction mixture,
polymerization of lactide conducted in chloroform-d1 at 50°C. Peak
notation according to the previous figure.

5.3.2 Initiator efficiency

The choice of a homogeneous solution as reactive medium and of moderate
reaction temperatures was aimed at avoiding all the problems related to the
phase separation of the reagents and to limit the number of
transesterification reactions. The purpose was also to obtain a complete
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reaction of the initiator, since the initiator efficiency has been shown to be
limited in bulk polymerization of lactones and lactides.[126]

The reaction progress and the initiator efficiency were examined by
running the polymerization of L-LA in chloroform-d1 in a silanized NMR-tube.
Figure 5.3.3 shows the sequence of 1H-NMR spectra of the reaction mixture, a
spectrum being recorded every 20 minutes.

0.81.21.62.02.42.83.23.64.04.44.85.2

(ppm)

Figure 5.3.3 1H-NMR spectra showing the reaction progress, from
bottom to top, of the polymerization of L-LA in deuterochloroform,
monomer-to-initiator ratio = 8, initial monomer concentration = 0.5 mol/l.

Figure 5.3.3 clearly shows that all the initiator was consumed and
reactive in the propagation under these reaction conditions. The peak
originating from the ethylene glycol bridge in the original initiator (δ = 3.63
ppm) disappeared and a peak from the ethylene glycol bridge incorporated in
the polymer chain (δ = 4.34 ppm) emerged as the tin-alkoxide was consumed.
Propagation continued after all the initiator had reacted, and almost
complete monomer consumption was achieved. These results indicate that
both tin-oxygen bonds were active and participated in the propagation.

t = 0

t = 80

t = 180
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Proton signals originating from -CH- groups next to free hydroxyl groups
are normally found at 4.35 ppm.[138] According to the DEPT spectrum, the
peaks at this shift originated from –CH2- groups. This experiment shows that
the propagation proceeds by an insertion mechanism.

5.3.3 Mechanism

The NMR results indicate that hydroxy telechelic poly(L-LA)s were readily
obtained and that the molecular weights of those polymers can be controlled
by the amount of initiator added. From the nature of the end groups it must
be concluded that the DXO or L-lactide was inserted into the Sn-O bond of the
initiator through the selective cleavage of the acyl-oxygen bond of the
monomer. The polymer chains remain attached to the initiator through an
alkoxide link throughout the reaction. Scheme 5.3.1 shows a schematic
presentation of the mechanism of propagation of lactide polymerization. A
similar mechanism has earlier been proposed in the case of L-LA
polymerization in bulk with the same initiator.[126]
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Scheme 5.3.1 The reaction mechanism of L-LA polymerization with
the 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclo-decane
initiator.

This type of insertion mechanism has also been proposed for lactone
polymerization with aluminum alkoxide catalysts.[133]
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5.4 Study of the ROP mechanism by hybrid density

functional methods
Stannous octoate is suitable for the ROP of lactones and lactides because of
its solubility and ease of handling. Moreover, the catalyst has been approved
by the Food and Drug Administration (USA) as a food additive.

The starting point for this investigation was the mechanism proposals
contributed by Penczek and coworkers[52] and Kricheldorf and coworkers.[11]

Their suggested reaction schemes are given in Figure 2.3.3, Section 2.3.1.
This polymerization system is relatively complex but, due to the extensive use
of this catalyst, there are a large amount of experimental data for a number
of homopolymerizations and copolymerizations. Hybrid density functional
(HDF) methods have been used as a theoretical instrument to investigate the
ROP mechanism of lactones and lactides. HDF provides valuable theoretical
information about chemical reactions and experimental results, which can be
utilized to gain insight into the reaction mechanism.

5.4.1 Model system

The model system used in this study was the ROP of DXO with stannous
octoate as catalyst and methanol as initiator. Figure 5.4.1 shows the chemical
structures of the components involved in the reaction.
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(a)

(b) (c)

2.18Å

2.39Å

Sn:

O:

C:

H:

Note: Bonds merely  represent  lengths  

              
              and not explicitly bond character,

e.g. double bonds etc.

Figure 5.4.1 The optimized structures of the components in the
polymerization system a) stannous oct’ b) 1,5-dioxepan-2-one c) methanol.
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Functional groups which are not essential for the understanding of the
ROP mechanism have been removed to reduce computational costs. The 2-
ethylhexanoate ligands of the catalyst have been replaced with acetoxy
groups (SnOct’2).

5.4.2 Formation of the active species

Previous investigations have shown that hydroxyl-containing species in the
reaction mixture coordinate strongly to the tin complex.[11] The complexation
has been investigated by 119Sn-NMR, where the spectra of mixtures of
stannous octoate with hydroxyl functional compunds such as benzyl alcohol,
water or ethyl acetate reveals a large shift in the tin peak compared to that of
pure stannous octoate.[11]

In order to determine the structure of the reactive species in ROP, the
relative energies of different complexes have been determined. The
calculations show that the addition of hydroxyl-containing groups to the tin
complex is highly favored over monomer coordination. In the model system,
methanol had a calculated enthalpy of coordination of 15.2 kcal/mol. In
contrast to this strong coordination of alcohols, the coordination of the DXO
monomer to the plain stannous oct’ structure was markedly weaker and had
an enthalpy of only 6.2 kcal/mol. Figure 5.4.2 shows the structure of the
complex consisting of methanol and stannous oct’.
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Methanol hydrogen 
bonding with Oct' ligand

Figure 5.4.2 One methanol coordinated to SnOct’ stabilized by hydrogen
bonding to the acetoxy ligand.

The strongly favored coordination of the alcohol over the monomer was
due to hydrogen bonding between the hydroxyl group and the Oct’ ligand.
After the first alcohol moiety was complexed to the stannous Oct’ a second
alcohol was coordinated in the same manner.
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The formation of the active species takes place by hydrogen transfer
from one hydroxyl group to the Oct’ ligand forming an alkoxide group. This
hydrogen migration is highly endothermic with a barrier of 12.0 kcal/mol.
Proton transfer can be facilitated by the presence of surrounding hydroxyl
functionalities acting as transfer bridges. It has been suggested that the
octoate ligand dissociates from the complex when the alcohol is converted to
the alkoxide.[52] However, the calculations imply that both Oct’ ligands
remain attached to the tin atom during the propagation, the dissociation of a
ligand being thermodynamically unfavorable.

In the next step, the second alcohol is substituted by a monomer forming
the actual ROP species. Our calculations indicate that the addition of a
monomer to the tin-alcohol complex (structure 4, Figure 5.4.4) is slightly
endothermic (1.0 kcal/mol).

5.4.3 Ring-opening of the monomer

The ring-opening of the monomer proceeds by a nucleophilic attack by the tin-
coordinated alkoxide on the carbonyl carbon of the DXO. The reaction passes
through a four-centered transition state (Figure 5.4.3), with a high activation
barrier of 26.4 kcal/mol for the ring-opening.
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Figure 5.4.3 The transition state structure (structure 6, Figure 5.4.4).

After ring-opening of the monomer, the polymer formed remained
attached to the tin-complex. The structure was stabilized by the transfer of
the hydrogen back to the alkoxide and by the addition of a second alcohol-
terminated species (complex 9, Figure 5.4.4).

The complete reaction profile for the ROP of DXO with SnOct’ as
catalyst and methanol as initiator is shown in Figure 5.4.4. The figure
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summarizes the formation of the active species, the subsequent ring-opening
of the monomer and formation of the energetically most favorable complex 9.

����������������

����������������

������������������

�����������������
�����������������

���������������
�����������������

�����������������

������������������������������

E

Coordination of 1st MeOH 
Coordination of 2nd MeOH 
Hydrogen transfer to ligand 
MeOH substituted by DXO 
Progression to ring-opening transition state 
Ring opening of DXO 
Proton transfer to polymer chain end 
Coordination of MeOH 
Progression to ROP transition state

(1)

(2)

(3)

(4)
(5)

(6)

(8)

(9)

(7)

SnOct'2
MeOHSnOct'2
(MeOH)2SnOct'2
MeOH(MeO)Sn(Oct'H)Oct' 
DXO(MeO)Sn(OctH')Oct' 
Transition state for ring-opening 
Pol-OSn(Oct'H)Oct' 
Pol-OHSnOct'2 
MeOH(Pol-OH)SnOct'2 
Transition state for ROP

-15.2 
-14.1 
+12.0 
+1.0 
+17.4 
-24.5 
-3.2 
-12.5 
+26.4

(1-2): 
(2-3): 
(3-4): 
(4-5): 
(5-6): 
(6-7): 
(7-8): 
(8-9): 
(9-10):

kcal/mol 
kcal/mol 
kcal/mol 
kcal/mol 
kcal/mol 
kcal/mol 
kcal/mol 
kcal/mol 
kcal/mol

(1): 
(2): 
(3): 
(4): 
(5): 
(6): 
(7): 
(8): 
(9): 
(10):

-15.2

-14.1

+12.0

+1.0

+17.4
-24.5

-3.2

(10)

-12.5

+26.4

Figure 5.4.4 Schematic presentation of the calculated reaction profile for
the ROP of 1,5-dioxepan-2-one with stannous octoate as catalyst and
methanol as initiator.

5.4.4 Homo- and copolymerization

The L-LA monomer is known to homopolymerize slightly more slowly than
DXO with SnOct2 as catalyst under the same reaction conditions.[114,139] The
activation energy (step 9 – 10) was determined to be 29.2 kcal/mol, which is
2.8 kcal/mol higher than that for DXO. These values from the calculations
agree with the experimentally found results; the L-LA will polymerize more
slowly due to the higher activation barrier.

It has been reported that the copolymerization of DXO and L-LA with
SnOct2 as catalyst results in a polymer with a more blocky structure than is
expected from a random copolymerization.[50] The calculations show that the
transition state for the L-LA monomer ring-opening is 2.7 kcal/mol lower than
the transition state for the DXO ring-opening. This means a 97% selective
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consumption of the L-LA monomer. This is confirmed experimentally, but the
resulting polymer is randomized by transesterification reactions.[50]
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5.5 Block copolymerization of 1,5-dioxepan-2-one and L-

lactide forming a tri-block copolymer
To understand the relationship between the polymer properties and the
microstructure, it is important to study how to control the macromolecular
structure, molecular weight and distribution of hard and soft segments. The
block copolymers were synthesized from L-lactide and 1,5-dioxepan-2-one to
achieve a material with mechanical properties different from those of the
corresponding homopolymers, and to improve material factors such as
elasticity, toughness, and elongation at break, as well as to modify the
degradation profile. The initial requirement in the selection or design of a
novel material is that it should be non-toxic, both initially and during
degradation, and have the correct balance of mechanical properties.[140]

Scheme 5.5.1 shows the reaction pathway for the synthesis of tri-block
copolymers from L-LA and DXO.
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Scheme 5.5.1 The polymerization sequence for the synthesis of tri-
block poly(L-lactide-b-1,5-dioxepan-2-one-b-L-lactide).

Form the very start of our work with hydrolyzable polymers, it was
realized that block copolymers could be of interest since they have the
capability of combining properties of two different homopolymers into one
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unique structure.[141] One of the proposed block copolymerization methods
was based on the sequential addition of monomers to a living polymerization
system initiated with aluminum isopropoxide.[58] However, the addition of
DXO to a system of living poly(L-LA) macromers was not suitable for block
copolymerization of L-LA and DXO. The difference in reactivity ratio was too
large,[50] the macromer formed when polymerizing L-LA did not initiate
polymerization of DXO.

Tri-block copolymers of L-LA and DXO were synthesized in a new two-
step process as described in scheme 5.5.1. Table 5.5.1 summarizes the initial
amounts of monomer and initiator and the reaction conditions used.

Table 5.5.1. Polymerization conditions for the block copolymerization between L-lactide and  
1,5-dioxepan-2-one. All polymerizations were conducted in chloroform at 60°C 

Polym. DP0 in monomer feeda n (DXO)0
b n (L-LA)0

b reaction time reaction time [DXO]0
c [L-LA]0

c

No. L-LA/DXO/L-LA mmol mmol DXO [hours] L-LA [hours] [mol/l] [mol/l]
1 50/200/50 27,2 13,5 8 28 1 0,36
2 25/300/25 24,6 4,1 12 14 1 0,14
3 50/300/50 28,2 10,0 12 28 1 0,30
4 75/300/75 19,4 10,0 12 42 1 0,30
5 50/400/50 32,8 10,0 16 28 1 0,20

All polymerizations were conducted with tin-alkoxide 1 as initiator (Scheme II)
a)  DP0(DXO) = [DXO]0/[I]0 ;DP0(L-LA) = [L-LA]0/[I]0
b) total amount of monomer 
c )

 monomer concentration in the reaction mixture

Because of the controlled character of the propagation reaction and the
low MWD of the products obtained, it was possible to perform a block
copolymerization giving well-defined tri-block copolymers. The middle block
consisting of DXO was first polymerized through ROP to high conversion
before addition of L-LA. In the second step, the L-LA was added and
subsequently polymerized giving a tri-block copolymer. The use of the cyclic
difunctional tin-alkoxide gave a tri-block copolymer with hydroxyl
functionalities at both chain ends. Table 5.5.2 shows the result of the
sequential addition block copolymerization.

It follows from the SEC analysis that the addition of L-LA monomer
gave an increase in molecular weight without the formation of any
homopolymer. The poly(DXO) macro-initiator formed during the first step,
easily initiated the polymerization of L-LA. A narrow molecular weight
distribution was obtained. The NMR analysis of the polymer formed gave
much lower molecular weight values than the SEC analysis, as previously
experienced when analyzing the homopolymers of poly(L-LA) (see Section
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5.1.5 for further details). The SEC results were therefore mainly used as a
tool to check the peak shape and MWD.

Table 5.5.2. Molecular weight determination of the of the tri-block copolymer 
poly(L-lactide-b -1,5-dioxepan-2-one-b -L-lactide) by 

1
H-NMR and SEC analysis

Polym. Mn (DXO-block)a Mn  ( L-LA-block)a Mn (DXO-block)b MWDc
Mn (DXO + L-LA)b MWDc

No. [g/mol] [g/mol]
1 23500 10000 43000 1.30 54700 1.27
2 33400 2700 58500 1.35 63100 1.29
3 33500 10000 59500 1.36 69100 1.30
4 36500 15700 61700 1.33 78600 1.26
5 42800 6100 75800 1.26 76400 1.25

Molecular weight measurements were performed on precipitated samples.
a) number-average molecular weight determined by 

1
H-NMR

b)  number-average molecular weight determined by SEC, polystyrene used as standard
c)  molecular weight distribution, determined by SEC, chloroform used as eluent

5.5.1 NMR-analysis of the block copolymers

The microstructure of the tri-block copolymers prepared was quantitatively
and qualitatively studied with 1H- and 13C-NMR. Table 5.5.3 summarizes the
results from the 1H-NMR analysis of the block copolymerization of L-LA and
DXO.

Table 5.5.3. Results from the 
1
H-NMR analysis of the block

copolymerization of 1,5-dioxepan-2-one and L-lactide initiated by tin
alkoxide, in chloroform at 60°C 
Polym. conversiona conversiona yieldb DXO/L-Lac

No. DXO [%] L-LA [%] [%] [mol-%]
1 99,7 98,2 73,1 73/27
2 99,6 91,4 69,0 93/7
3 99,7 97,6 78,3 80/20
4 99,7 99,5 76,1 75/25
5 99,8 71,6 82,1 89/11

a)  monomer conversion determined by 1H-NMR
b)  amount of polymer formed after precipitation in hexane/methanol
c)  molar composition of the precipitated copolymer as determined by 1H-NMR

The polymerization was shown to proceed to a high level of monomer
conversion in all the experiments conducted. The polymers formed were
obtained in good yield, although, some material was lost during the rigorous
purification procedure. The isolated copolymers contained in general slightly



Results and discussion

- 54 -

lower amounts of L-LA than expected, taking into account the conversion of
the respective monomers.

The microstructure of the block copolymers was examined with 13C-
NMR. The main NMR spectrum shows only the peaks originating from the
main chain carbons in the L-LA and DXO repeating units. No additional
peaks from initiator residues were detectable, apart from the ethylene glycol
bridge which was incorporated in the polymer main chain. The expansion
spectra of the carbonyl region of the prepared tri-block copolymer poly(L-LA-
b-DXO-b-L-LA) are shown in Figure 5.5.1.

166168170172174176

(ppm)

50/200/50

25/300/25

50/300/50

75/300/75

50/400/50

L-LA/DXO/L-LA

174 172 170 168

Figure 5.5.1 The carbonyl region of the 13C-NMR of the tri-block
copolymers. Composition as indicated in the figure, DP0 of the different
blocks are given as L-LA/DXO/L-LA

The figure clearly shows that well-defined block copolymers were formed
during synthesis. Two distinct peaks assigned to the DXO-DXO-DXO (DDD)
and L-LA-L-LA-L-LA (LLL) existed. An insignificant amount of
transesterification reactions was taking place during block copolymerization,
since this type of reaction would give rise to the signals observed in the
random copolymers. The carbonyl region of random poly(DXO-co-L-LA) has
additional peaks at 170.8, 170.7, 170.1 and 169.7 ppm,[50] due to DDL, LDL,
LLD, and DLL sequences. When the L-LA was added to the polyDXO macro-
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initiator, the polymerization took place at the tin-alkoxide end-group to give
the desired ABA block copolymers in high yield.

5.5.2 Influence of the block copolymer composition on the thermal

properties

Thermal properties of the block copolymers prepared were investigated with
differential scanning calorimetry (DSC) on thin films of the tri-block
copolymers cast from dichloromethane solution. According to DSC, all of the
copolymers prepared were crystalline except the poly(L-LA-b-DXO-b-L-LA)
sample containing 93% DXO.

During evaporation of the solvent, crystallization occurred and well-
defined spherulites developed, as shown in Figure 5.5.2. The spherulites
varied in size from approximately 5 µm to 50 µm, larger spherulites were
found in the samples containing higher proportions of L-LA. The composition
of the block copolymers is given in the figure as the mol-% DXO/mol-% L-LA.
The polymer containing 89% DXO and 11% L-LA showed some crystallinity
according to DSC but no spherulites could be observed by SEM. The
crystalline domains were probably too small to be visible on the surface.

75/25

 

80/20

89/11

Figure 5.5.2 SEM micrographs of the poly(L-LA-b-DXO-b-L-LA) films of
different composition, cast from dichloromethane solution. The DXO/L-
LA compositions are given in the figure.
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DSC analysis was used to characterize the thermal properties of the tri-
block copolymers produced. The influence of composition and molecular
weight on the resulting thermal characteristics was investigated. Figure 5.5.3
shows the glass transition temperature, Tg, of the DXO and L-LA tri-block
copolymers.
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Figure 5.5.3 The glass transition temperature of the tri-block
copolymers as a function of the amount of L-lactide in the material.

The results in figure 5.5.3 demonstrate an almost constant Tg, independent of
the tri-block copolymer composition or the molecular weight, as expected for a
two-phase system. The random copolymers showed an increasing Tg with an
increasing amount of L-LA in the copolymer.[50]

It has been reported that the melting point is highly affected by the
molecular weight of the polylactide.[115] The Tm increases towards a constant
value of 184°C as the molecular weight increases. Figure 5.5.4 shows the
melting point for the crystalline samples. It is clear that an increase in the L-
lactide block length (i.e. an increase in molecular weight) led to an increase in
melting point. Also, an increase in the DXO block length with constant L-LA
block length (i.e. an increase in the overall DXO content) lowered the melting
temperature.
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Figure 5.5.4 The melting temperature of the tri-block copolymers as a
function of the average L-LA block length.

The heat of fusion (a measure of the crystallinity of the material) was
determined during the second scan. Figure 5.5.5 shows the heat of fusion as a
function of the amount of L-LA in the copolymer.
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Figure 5.5.5 The heat of fusion as a function of the amount of L-LA in
the tri-block copolymers.

The heat of fusion of the crystalline poly(L-LA) decreases as expected with a
decrease in the proportion of L-lactide units in the block copolymer. This is
due to poly(DXO) being totally amorphous, and not able to crystallize.
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5.6 Hydrolytic degradation of poly(L-lactide-b-1,5-dioxepan-

2-one-b-L-lactide)
The tri-block copolymers were hydrolyzed in order to study the effects of
copolymer composition and molecular weight on the in vitro degradation. The
hydrolysis was performed in a saline phosphate buffer solution at 37°C. The
hydrolytic degradation of the polymers leads to a decrease in molecular
weight, weight loss, morphological changes, and the formation of degradation
products.

Properties of the original tri-block poly(L-lactide-b-1,5-dioxepan-2-one-b-
L-lactide)s subjected to hydrolytic degradation are summarized in Table 5.6.1.
These copolymers were selected to provide representative information about
the influence of composition, molecular weight and crystallinity on the
degradation pathway. All polymers except No. 1 exhibited initially some
degree of crystallinity.

Table 5.6.1. Molecular characteristics and thermal properties of the 
tri-block copoly(L-lactide-b -1,5-dioxepan-2-one-b -L-lactide) 
prior to hydrolysis
Polym. DXO/L-LAa Mn b Mw b T g

c
T m

c
∆H

c

No. [%] [°C] [°C] [J/g]

1 93/7 65100 88900 -32,8 - -
2 89/11 74900 97700 -32,6 123,4 4,52
3 87/13 64900 80800 -32,7 130,3 7,67
4 80/20 68400 88900 -33,9 143,7 10,9
5 77/23 77300 96100 -33,8 152,3 15,2
6 75/25 65400 84900 -33,0 154,0 16,7
7 75/25 53700 70100 -33,6 149,8 15,5

a)  molar composition of the copolymer as determined by 1H-NMR
b) molecular weight of the tri-block copolymer as determined by SEC, 
   chloroform as mobile phase
c)  determined by differential scanning calorimetry, heating rate 10°C/min

The molecular weights of the original and degraded samples were determined
by SEC, with chloroform as mobile phase. The molecular weight values were
not absolute but relative to polystyrene standards. This was sufficient for this
study which was concerned with the changes in molecular weight of the
hydrolyzed samples relative to the original material to evaluate degradation.
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5.6.1 The influence of copolymer composition and original molecular

weight on the rate of degradation

Figure 5.6.1 gives the number-average molecular weight, nM , of the films
during hydrolytic degradation in phosphate buffer solution, pH = 7.4 at 37°C.
In general, the number-average molecular weight started to decrease
immediately after immersion in the buffer solution. The molecular weight of
the samples decreased rapidly during the first 10 weeks of hydrolysis, and the
rate of degradation thereafter decreased due to the increase in the proportion
of crystalline poly(L-LA) in the remaining polymer sample. After this first
stage, the degradation rate decreases strongly because further degradation
can occur only in the crystalline phase.
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Figure 5.6.1 The number-average molecular weight of the remaining
copolymer films during hydrolytic degradation.

The composition of the polymers had no significant effect on the rate of
degradation. The main factor influencing the degradation rate was the initial
number-average molecular weight, although the variation in the rate was not
very great. The fastest rate was found for the polymers with the lowest initial
molecular weight.

The SEC analysis revealed the formation of low molecular weight
compounds resulting in a multimodal molecular weight distribution. This is
probably due to the poly(L-LA) crystalline phase being more resistant to
water penetration and subsequent hydrolytic degradation. It has been
reported that the cleavage of ester bonds starts in the amorphous phase and
proceeds until most of the non-crystallized polymer has reacted
completely.[142,143]
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5.6.2 Changes in the copolymer composition during degradation.

The changes in copolymer composition during hydrolytic degradation were
determined by 1H-NMR. Figure 5.6.2 shows the proportions of DXO and L-LA
in the remaining copolymer sample. In general, the original copolymer films
contained an excess of poly(DXO). The L-LA content of the copolymers
increased as the degradation of the polymers proceeded. This is also probably
because the poly(L-LA) crystalline phase is more resistant to water
penetration and subsequent hydrolytic degradation, as discussed above.
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Figure 5.6.2 The copolymer composition as a function of the degradation
time. a) DXO content, and b) L-LA content in the remaining polymer.

The onset of the increase in proportion of L-LA in the polymer coincided
with the onset of weight loss.

5.6.3 Influence of the decrease in weight-average molecular weight on

the weight loss

Changes in the weight-average molecular weight and residual weight were
determined by SEC and gravimetry. Figure 5.6.3 shows the wM  and residual
weight as a function of the degradation time for all copolymers investigated.
A decrease in the residual weight was observed during the first week due to
diffusion of low molecular weight compounds out from the polymer matrix.
Residual monomer or solvent may be present in the original material, and
this can be removed when it is immersed into the buffer solution. The weight
loss was clearly dependent on the molecular weight. The rate of weight loss
increased substantially when the wM  had decreased sufficiently. It started
when the weight-average molecular weight had reached a value lower than
approximately 40 000.
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Figure 5.6.3 The weight-average molecular weight (•) and residual
weight ( ) as a function of degradation time.
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5.6.4 Degradation products

The degradation products formed during the hydrolysis of poly(L-LA-b-DXO-
b-L-LA) in phosphate buffer solution have been identified and quantified with
gas chromatography - mass spectrometry. The compounds released from the
polymer matrix were identified by comparison with library spectra and
examination of the fragmentation pattern. Figure 5.6.4 shows the mass
spectrum of the degradation products. The products formed during hydrolysis
were identified as 3-(2-hydroxyethoxy)-propanoic acid and lactic acid.

a)

 

b) 

Figure 5.6.4 The mass spectra of a) 3-(2-hydroxyethoxy)-propanoic acid
b) lactic acid formed during hydrolytic degradation.

It is important to know which low molecular weight compounds are
formed during hydrolysis, to be able to predict the biocompatibility of the
material.
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Figure 5.6.5 shows the gas chromatograms of the hydrolysis products
formed after 1, 10, and 23 weeks in buffer solution. The formation of lactic
acid and 3-(2-hydroxyethoxy)-propanoic acid has previously been reported for
the hydrolysis of random copolymers of L-LA and DXO.[118,144] The structures
of the degradation products indicate that hydrolysis proceeded by ester bond
cleavage, also that the ether bond in the DXO repeating unit remained
unattacked.

An internal standard was added to the sample solution before analysis
in order to determine the amount of degradation products released into the
aqueous buffer solution. The 2-hydroxy valeric acid sodium salt was selected
as internal standard due to its resemblance to the analyzed products and the
favorable retention time. Figure 5.6.6 shows the release of degradation
products and the residual weight as a function of degradation time. The
amount of products formed and released into the buffer solution was
determined by comparison with the amount of internal standard.

The copolymer samples showed a drop in the residual weight during the
first weeks of degradation. This was attributed to the diffusion of low
molecular weight compounds (e.g. residual monomer or solvent) from the
polymer matrix. After this initial decrease, the samples retained most of their
weight during the following weeks. The release of degradation products
started after five weeks of degradation, which coincided with the significant
decrease in residual weight. A good correlation was observed between the
weight loss in the degraded samples and the rate of production of degradation
products, lactic acid and 3-(2-hydroxyethyl)-propanoic acid.

The pH of the degradation medium remained stable for the first 10
weeks. It then started to decrease and the pH dropped down to at most a
value of 6.6, in agreement with the release of degradation products into the
aqueous medium.
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Figure 5.6.5 Gas chromatogram showing the aqueous degradation
products formed after 1, 10, and 23 weeks of hydrolysis of poly(L-lactide-
b-1,5-dioxepan-2-one-b-L-lactide). Peak notation: (1) 2-hydroxy valeric
acid (internal standard), (1b) methyl ester of no. 1, (2) lactic acid, (3) 3-(2-
hydroxyethoxy)-propanoic acid, and (3b) methyl ester of no. 3
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Figure 5.6.6 The release of degradation products and residual weight ( )
as a function of degradation time. (•) 3-(2-hydroxyethoxy)-propanoic acid,
( ) lactic acid.
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5.6.5 Dependence of the thermal properties on the composition and

molecular weight

The hydrolytic degradation of poly(L-LA-b-DXO-b-L-LA) caused changes in
the morphology as observed by differential scanning calorimetry (DSC). In
general, the thermograms originally exhibited a single glass transition and a
single melting endotherm when heated. The relative size of the melting peak
of the original polymer samples increased with increasing proportion of L-LA
in the copolymer. In general, all polymers exhibited crystallinity except No. 1
(93/7 DXO/L-LA), Table 5.6.1. The block copolymer containing 93 mol-% DXO
/ 7mol-% L-LA shows only a glass transition due to the excess of the
amorphous polyDXO in this material.

Figure 5.6.7 shows the evolution of the DSC thermograms of polymer
No. 6, Table 5.6.1. The thermograms recorded after 0, 1, 2, and 5 weeks of
degradation show only a distinct melting endotherm. After approximately 10
weeks of degradation the melting region exhibited double melting peaks or
shoulders, as shown in Figure 5.6.7.
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Figure 5.6.7 Evolution of the DSC thermograms of tri-block copolymer
No. 6, Table 5.6.1, during hydrolytic degradation, second heating.

The increase in degradation time resulted in a multimodal melting
endotherm. This was probably due to the crystallization of chain segments of
different sizes produced by hydrolysis of the polymer back bone. The
appearance of double melting peaks has been reported for the hydrolysis of
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pure poly(L-LA).[145] This was due to different degradation rates in the
crystalline and amorphous phases, which resulted in the formation of
macromolecular chains of different molecular weights. These macromolecules
of a number of sizes tend to form crystallites of different dimensions.

Figure 5.6.9 shows the melting temperature of the second heating as a
function of the degradation time. The plot shows that the Tm increases during
the first week of degradation. This phenomenon was partly attributed to the
diffusion of low molecular weight products from the polymer sample as
detected by gravimetry and GC-MS. It has previously been shown that
monomer intentionally added to poly(D,L-lactide) eluted from the sample
films upon immersion in buffer solution, without polymer degradation.[146]

The presence of low molecular weight compounds strongly influences the
properties of the polymer.[147] The behavior was also partly due to thermal
rearrangements in the polymer due to the plasticizing effect of water causing
an increase the Tm.

The Tm starts to decrease as the molecular weight of the polymer chains
decreases. It has been reported that the melting temperature is largely
affected by the molecular weight of the sample.[115] When the polymer
becomes enriched in L-lactide, the Tm increases again.
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Figure 5.6.9 The melting point of the polymer as a function of
degradation time. Melting temperature determined from the second
heating. Molar compositions of the tri-block copolymers are indicated in
the figure.

Figure 5.6.8 shows the glass transition temperature as a function of the
degradation time. The polymers originally exhibited similar Tg values,
despite the difference in L-LA content. The variation was within one degree.
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This is contrary to what has been reported for the random copolymers where
an increase in L-LA content from 10 to 25 mol-% resulted in an increase of
approximately 10 degrees.[50] This indicates that most of the amorphous
phase consisted of poly(DXO). The glass transition of the pure polyDXO has
previously been reported to be –39°C.[148]
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Figure 5.6.8 The glass transition temperature versus degradation time
for the tri-block copolymers. Molar ratios of the copolymers are indicated
in the figure.

The glass transition temperature remained constant until the onset of weight
loss. The Tg then increased due to the increase in the proportion of L-LA in
the remaining polymer matrix.
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Figure 5.6.10 Melting enthalpy of the crystalline fraction of the tri-block
copolymers as a function of degradation time. Molar ratios of the
copolymers are indicated in the figure.
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The heat of fusion is shown in Figure 5.6.10 as a function of the
degradation time for the melting endotherm recorded during the second scan.
The tendency is clear, the heat of fusion generally increased with increasing
degradation time. The increasing value of ∆H was explained by the increase
in L-LA content in the remaining polymer matrix, which was confirmed by
NMR measurements. The poly(DXO) phase is totally amorphous and does not
contribute to the amount of crystalline material in the polymer matrix.
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6 CONCLUSIONS

The ring-opening polymerization technique was developed to achieve a
controlled synthesis. The initiator 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-
tetraoxacyclodecane proved to be useful in the synthesis of well-defined di-
hydroxy terminated polymers. Our study showed that the experimental
conditions influenced the properties of the polymer formed. The highest
molecular weight poly(1,5-dioxepan-2-one) was synthesized at a reaction
temperature of 40°C under otherwise equal conditions. The polymerization of
poly(L-lactide) was slower than the polymerization of DXO and therefore
conducted at 60°C. The mild reaction conditions allowed us to perform the
polymerization with only a negligible amount of side-reactions such as inter-
and intramolecular transesterification reactions taking place. Bulk
polymerization was not useful since no correlation between the monomer-to-
initiator ratio and the obtained molecular weight was observed at the
conditions used.

Nuclear magnetic resonance spectroscopy proved to be a useful tool to
investigate the progress of the reaction. NMR of the reaction mixture
revealed the existence of tin-alkoxide end groups before precipitation and
hydroxyl terminated end groups after precipitation and termination in
methanol. The polymerization was shown to follow an insertion mechanism,
where both tin-alkoxide groups were active in propagation. The kinetics was
first order with respect to the monomer. The external order with respect to
the initiator changed with the initiator concentration, due to
aggregation/deaggregation of the initiator.

Hybrid density functional methods were found to be useful in the
theoretical investigation of the reaction mechanism of ring-opening
polymerization with stannous octoate as catalyst. According to calculations,
the catalyst is first transferred into a tin-alkoxide complex through reaction
between hydroxyl-containing co-initiators or impurities and stannous octoate.
The tin-alkoxide complex formed loosely coordinates a monomer, and
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propagation proceeds through insertion of the monomer into the tin-oxygen
bond through acyl-oxygen bond rupture.

A new family of well-defined tri-block copolymers containing the
amorphous poly(1,5-dioxepan-2-one) as the middle segment and the semi-
crystalline poly(L-lactide) as outer blocks has been synthesized. The
polymerization procedure was based on a two-step sequential addition of
monomers to a controlled polymerization system utilizing the cyclic tin-
alkoxide 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane as
initiator.

The hydrolytic degradation pathway of poly(L-lactide-b-1,5-dioxepan-2-
one-b-L-lactide) films were determined. The degradation of the tri-block
copolymers proceeded in two steps. During the first step the molecular weight
decreased rapidly without significant mass loss. In the second step, mass loss
occurred and the molecular weight continued to decrease but leveled off. The
composition of the block copolymer had a negligible effect on the rate of
decrease of the molecular weight. The original molecular weight was the
major factor affecting the degradation. The rate of hydrolysis of 1,5-dioxepan-
2-one units was much faster than that of lactide units, resulting in an
increase in lactide content in the remaining block copolymers. The major
degradation products formed were lactic acid and 3-(2-hydroxyethoxy)-
propanoic acid.

The study is summarized in the following points:
1. tin-alkoxides are effective initiators in the ring-opening polymerization

of lactones and lactides in solution
2. tin-alkoxides react through a coordination-insertion mechanism giving a

controlled polymerization
3. hybrid density functional methods are a promising concept to be utilized

in the investigation of the reaction mechanism
4. it is possible to effectively produce well-defined tri-block copolymers
5. the block copolymers are degraded in saline buffer solution into lactic

acid and 3-(2-hydroxyethoxy)-propanoic acid
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