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AssTRACT: A series of approximately 50:50 mol % poly(L-lactide-co-€-caprolactone) copolymers were synthesized
by bulk copolymerization of L-lactide (LL) and &-caprolactone (CL) using stannous octoate (Sn(Oct),) and
diethylene glycol (DEG) as the initiating system. The resulting P(LL-co-CL) copolymers were characterized
by various analytical techniques including dilute-solution viscometry, GPC, 'H/>C NMR and DSC. It was
found that both the Sn(Oct) ) and DEG concentrations exerted important but different effects on the molecular
weight (average and distribution), chain microstructure and temperature transitions of the copolymer
formed. Whereas the Sn(Oct), initiator mainly affected the molecular weight distribution and comonomer
sequencing, the DEG coinitiator was more influential on the average molecular weight. The results are
discussed in the light of current theories of the coordination-insertion mechanism of cyclic ester ring-
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opening polymerization.

Keyworbs: L-lactide, e-caprolactone, poly(L-lactide-co-g-caprolactone), biodegradable polyesters.

INTRODUCTION

During the past 3 decades, research interest in
random copolymers of L-lactide (LL) and
e-caprolactone (CL) has increased steadily as their
potential in awide range of biomedical applications has
been realized. These applications have so farincluded
biodegradable controlled-release drug delivery
systems,'? monofilament surgical sutures®*and, most
recently, absorbable nerve guides.” By varying the
copolymer composition, monomer sequencing and
molecular weight, the copolymer properties can be
tailored to meet the specific requirements of each
particular application. The copolymers have been
shown to be both biocompatible and biodegradable.
Biodegradation proceeds viasimple hydrolysis (random
chainscission) leading to progressively lower molecular
weight fragments. In the case of LL-rich fragments,
hydrolysis usually continues unabated until L-lactic
acid is formed. However, CL-rich fragments tend to be
taken up in the final stage by macrophages and giant
cellsand degraded within these cells by enzymes before
eventually yielding e-hydroxycaproicacid. Both L-lactic
acid and e-hydroxycaproic acid are either metabolizable
orexcretable from the human body without any adverse

toxicological effects.

Previous studies of the synthesis of poly(L-lactide-
co-g-caprolactone), P(LL-co-CL), copolymers revealed
the sensitivity of copolymer microstructure and
molecular weight to the copolymerization conditions
used.®® Amongst these conditions, the choice of
initiating system was particularly influential. Grijpma
and co-workers®’ studied the effects of temperature
and time and demonstrated the increasing importance
of transesterification reactions as both temperature
and time increased. Microstructural characterization
of P(LL-co-CL) random copolymers, both in terms of
their monomer sequencingand average monomer block
length, has been described by several workers using
BC NMR as the main analytical technique.®'*"" Since
the two monomer reactivity ratios are quite different”!,
r (LL)>1, (CL), tapered copolymers with some blocky
character tend to be formed. However,
transesterification, depending on the extent to which
itoccurs, tends to randomize the monomer sequencing.

Much of this previous work has concentrated on
the synthesis and characterization of the copolymers
formed. In parallel, a protracted debate about the exact
nature of the underlying coordination-insertion
mechanism of cyclic ester polymerization has been
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conducted in the literature, as recently reviewed by
Albertsson and Varma.'? While these previous studies
have clearly defined the central role which the initiating
system (initiator-coinitiator) plays in controlling both
the rate and polymer molecular weight in
homopolymerization, much less attention has been
paid to its influence on the chain microstructure in
copolymerization. In view of the importance of
microstructural control to the tailoring of copolymer
properties, this present paper now focusses in more
detail on the effects of the initiator-coinitiator
concentrations and their ratio on the outcome of a
random LL-CL copolymerization. The initiator-
coinitiator combination chosen for this study was
stannous octoate (Sn(Oct) )-diethylene glycol (DEG),
a combination generally accepted for use where the
polymer product is to be employed in a biomedical
application. The results are discussed in the light of the
latest mechanistic theories.

MaATERIALS AND METHODS

Materials

L(-)-lactide monomer, hereafter referred to as
simply L-lactide, was synthesized from L(+)-lacticacid
(Fluka) and purified by repeated recrystallization from
distilled ethyl acetate until amol % purity (DSC) of at
least 99.9 % was obtained. e-Caprolactone (Fluka)
monomer was purified by fractional distillation over
calcium hydride under reduced pressure and stored
over molecular sieves in a refrigerator.

The stannous octoate (Sigma) initiator, systematic
name : tin(1I) bis(2-ethylhexanoate), and the diethylene

L(-)-lactide g-caprolactone

LL CL
glycol (Fluka) coinitiator were also purified by fractional
distillation under reduced pressure and stored over
molecular sieves at room temperature. Ethyl acetate
and toluene solvents, used for recrystallizing L-lactide
and dissolving Sn(Oct), respectively, were each purified
by fractional distillation at normal pressure and stored
over molecular sieves.

stannous octoate
Sn(Oct),
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diethylene glycol
DEG

HO OH

Analytical Methods

The intrinsic viscosity, [7], of each copolymer was
determined from flow-time measurements onadilution
series of solutions in chloroform as solvent at 30 °C
using a Schott-Gerate AVS300 Automatic Viscosity
Measuring System. The number-average molecular
weight, M, ,and polydispersity, PD, were determined
by gel permeation chromatography (GPC) using a
Waters 150-CV GPC equipped with an Ultrastyragel®
column operating at 30 °C and employing universal
calibration. Chloroform was again used as the solvent
at a flow rate of 1 ml min*.

Copolymer composition and monomer sequencing
were characterized by a combination of high-resolution
300 MHz 'H and 75 MHz "C nuclear magnetic
resonance (NMR) spectrometry using a Bruker Avance
DPX 300 "H/”C NMR Spectrometer. Spectra were
obtained from copolymer solutions in deuterated
chloroform (CDC13) at room temperature.

Thermal analysis was carried out by means of
differential scanning calorimetry (DSC) using a Mettler
Toledo DSC822. Copolymer samples of 5-10 mg in
weight were heated at 10 °C min™ under a nitrogen
atmosphere over the temperature range -70 to 200 °C
in order to observe both the glass transition, Tg, and
crystalline melting, Tm, temperatures. Prior to DSC
analysis, the samples were stored in a vacuum
desiccator at room temperature for at least 1 monthin
order to allow for any crystallization to take place, as
had been previously reported.”

Copolymerizations

All copolymerizations were carried out in bulk at
140 °C under a dry nitrogen atmosphere. Scrupulous
attention was paid to the purities of the reagents and
the dryness of the apparatus. Even trace amounts of
moisture and/or other hydroxyl-containing impurities
(e.g.,L-lacticacid and e-hydroxycaproic acid impurities
in the monomers) can influence the molecular weight
of the final product via their possible roles as either
coinitiators or hydrolysis/alcoholysis agents.

In the first set of experiments (Copolymer Nos. 1-
5), the stannous octoate initiator concentration,
[Sn(Oct), ], was kept constant at 0.02 mol % relative to
the total monomer concentration, [LL] + [CL] = [M],
and the diethylene glycol coinitiator concentration,
[DEG], varied over the range 0.16-0.80 mol %, i.e.

[M)/[Sn(Oct),] = 5000
[MJ/[DEG] = 125-625
[DEG)/[Sn(Oct) | = 8-40
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Table 1. Effects of the Sn(Oct), initiator and DEG coinitiator concentrations on the molecular weight characteristics of the

copolymers formed.

Copolymer No. Time (hrs) M/DEG * M/Sn # [n] ®(dV/g) M= € PD ¢
1 24 125.0 5,000 0.43 15,900 1.84
2 24 156.3 5,000 0.51 18,100 1.79
3 24 250.0 5,000 0.62 33,800 1.79
4 24 312.5 5,000 0.81 37,100 1.81
5 24 625.0 5,000 1.32 85,300 1.78
6 48 250.0 5,000 0.74 31,700 2.00
7 48 250.0 10,000 0.76 33,100 1.85
8 48 250.0 20,000 0.78 33,300 1.50
*M/DEG = [MJ/[DEG] mole ratio; M/Sn = [M]/[Sn(Oct),] mole ratio; where [M] = [LL] + [CL] = total moles of comonomers

" measured in chloroform as solvent at 30 °C
¢ Mn value from GPC
4PD = polydispersity from GPC

In the second set of experiments (Copolymer Nos.
6-8), the [DEG] was kept constant at 0.40 mol % and
the [Sn(Oct), ] varied over the range 0.005-0.02 mol %,
giving the ratios

[M]/[DEG] = 250
M1/[Sn(Oc),] = 5000-20000
[DEG)/[Sn(Oct),] = 20-80

These [Sn(Oct),] and [DEG] concentration ranges
and ratios were chosen so as to encompass those which
have been commonly reported in the literature in recent
years for this and other similar initiating systems. For
convenience and accuracy in weighing, Sn(Oct), was
prepared as a 0.8 M solution in dry toluene.
Copolymerization temperature and times were based
on past experience, the main considerations being to
maximize conversion and molecular weight while
minimizing the effects of transesterification.
Consequently, a temperature of 140 °C was employed
forall copolymerizations but the time depended on the
rate of reaction which, in turn, appeared to be controlled
mainly by the [Sn(Oct),]. Thus, fora [Sn(Oct),] =0.02
mol %, a reaction time of 24 hrs was found to be
sufficient, but fora [Sn(Oct),] < 0.02 mol %, a longer
time of 48 hrs was needed to achieve a similar result.

Atthe end of each synthesis, the copolymer product
was cut up into small pieces and dried to constant
weightinavacuum ovenat 80 °C. Finally, it was stored
in a vacuum desiccator at room temperature.

ResuLts AND DiscussioN

Copolymer Characterization

Molecular weight characterization was carried out
by means ofacombination of dilute-solution viscometry
and gel permeation chromatography (GPO).

Chloroform was used as the solvent at 30 °C in both
techniques so that the equivalent copolymer-solvent
interactions in solution would enable the results to be
compared and, where possible, correlated. As seen in
Table 1, the variations in the intrinsic viscosity, [n],
values from viscometry are indeed consistent with those
in the number-average molecular weights, MH , from
GPC. This consistency substantiates the observed
trends. All of the copolymers gave similar unimodal
GPC molecular weight distributions, an example of
which is shown in Fig 1 for Copolymer No. 1.
Copolymer compositions were determined from
the "H NMR spectra by taking the ratio of the peak
areas corresponding to the LL methine protons at
8 =5.0-5.3 ppm and the CL e-methylene protons at
8=3.9-4.2 ppm. The '"H NMR spectrum of Copolymer
No. 1 shown in Fig 2 is typical of those obtained. The
calculated compositions (LL:CL mol %) in Table 2 are

1.40
1.20
1.004

0.80]

0.60-

dwt/d(logM)

0.40
0.20

0.00]

5.00 4.50 4.0 3.50 3.00
Log Mol Wt

Fig 1. GPC molecular weight distribution curve for Copoly-
mer No. 1.
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Table 2. Effects of the Sn(Oct), initiator and DEG coinitiator concentrations on the microstructural and thermal characteristics
of the copolymers formed.

Copolymer No.* Composition *(LL : CL) L€ Lc© ng(°C) T_4(°C)
1 48 : 52 3.2 2.8 -24 75
2 48 : 52 3.9 2.8 -37 41, 94
3 49 : 51 3.9 2.9 -35 42, 102
4 49 : 51 4.2 2.8 -37 42, 103
5 49 : 51 4.9 3.2 -36 42, 109
6 49 : 51 3.2 2.4 -21 39, 69
7 49 : 51 3.7 2.7 -27 42, 95
8 48 : 52 4.2 3.0 -30 41, 97

* conditions of synthesis as given in Table 1

" from the 'H NMR spectrum; LL:CL (mol %)

< calculated from equations (1) and (2)

4 from the DSC curve; Tg (mid-point), T _(peaks)

all seen to be within 2% of the initial LL:CL = 50:50 Monomer sequencing in the copolymers was

comonomer feeds, as would be expected, since the
copolymerizations were taken to near-quantitative
conversion. The percent conversions after vacuum
drying of the copolymers to constant weight were all
in excess of 95 %.

a a

% % cae v ag L
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Fig 2. 300 MHz "H NMR spectrum of Copolymer No. 1 in
CDCl, as solvent at room temperature.
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Fig 3. Expanded carbonyl region of the 75 MHz “C NMR
spectrum of Copolymer No. 6 in CDCI, as solvent at
room temperature.

characterized from the *C NMR spectra, specifically
from the expanded carbonyl carbon (C=0) region from
8=169-174 ppm. A typical example is shown in Fig 3
for Copolymer No. 6. The various peaks can be assigned
to the C=0 carbons of the middle units of various triad
sequences, as labelled in Fig 3. For example, the small
peak appearing at about 170.7 ppm corresponds to
the CLC triad

H3
—O—CH;I—EC#—ECI—ECI—Q—E—O—IH@O—CHZCHZCHZCHZCHZ—E—

C unit L unit C unit

and is particularly interesting since a half-lactide (L)
unit between two caprolactone (C) units can only occur
via transesterification. The relative intensity of this
CLC peak therefore provides some qualitative
indication of the extent to which transesterification of
the lactide units takes place.

(NOTE: Itshould be mentioned here that, whereas
LL and CL are the common abbreviations for the L-
lactide and e-caprolactone monomer units in the
copolymer’s structural formula, the abbreviations
commonly used for designating triad sequences are
simply L and C. In these designations, L refers to only
a half-lactide unit, -O-CH(CH3)-CO-, in order to take
account of their occurrence due to the cleavage of
lactide monomer units by transesterification.)

A more quantitative approach is possible through
the use of equations (1) and (2) which allow for
calculation of the average monomer block lengths,
L. and J ., of the respective monomer units from the
triad peak intensities (I).!* The various triad peaks
which are referred to in these two equations are labelled
inFig3.

I 1| Ly +(le+lqr) 2 1
I = - @)
2| (Lye+lon) 241 ¢
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The [, and [ values for the copolymers are
givenin Table 2. Varying mainly within the range of 2-
5, these values are consistent with a tapered monomer
sequencing, bearing in mind that they will have been
decreased to some extent during the course of the
copolymerization by the randomizing effect of
transesterification. The higher [, values reflect the
higher reactivity ratio of L-lactide which, in
microstructural terms, manifests itself as longer but
fewer LL sequences than C sequences within the
copolymer chain.

Thermal analysis of the copolymers was carried out
by means of differential scanning calorimetry (DSC).
To enable them to be compared, all of the copolymer
samples had identical thermal histories. Asshown in
Figs 4 and 5, the DSC curves obtained each exhibit a

2

No. 1

Endo >
=z
o
F.

60 -40 -20 0 20 40 60 80 100 120 140 160 180
Temperature (°C)

Fig 4. DSC thermograms of Copolymer Nos. 1—5 (as
indicated) synthesized at constant [Sn(Oct)Z] and
decreasing [DEG]. (Heating rate = 10 °C min™).

No. &

Endo >

<60 -40 <20 0 20 a0 60 80 100 120 140 160 180
Temperature (°C})
Fig 5. DSC thermograms of Copolymer Nos. 6—8 (as
indicated) synthesized at constant [DEG] and decreas-
ing [Sn(Oct),]. (Heating rate = 10 °C min™).
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clear, well defined glass transition over the range of
-40to -20 °Cbut a very broad melting transition from
30-130°C. Furthermore, the melting transition shows
evidence of two distinct melting ranges, the lower
narrower one at 30-50 °C corresponding to
caprolactone-rich crystalline domains and the higher
broader one at 60-130 °C corresponding to domains
richinL-lactide. These observations, together with the
fact that these copolymers can crystallize at all despite
their near 50:50 compositions, are further indications
of the tapered character of the copolymer chain
microstructures.

The glass transition, Tg, and melting peak, T_,
temperatures are given in Table 2. It is interesting to
compare the T values with that which can be calculated
from the Fox Equation (3) for a random copolymer of
known composition:

Wi Wa 1

T T 1 3

8L 8L 8LicL

where w  and w_, are the respective weight fractions
ofthe LLand CL monomer units in the copolymer while
Ty, and Ty are the respective T, (K) values of the PLL
and PCL homopolymers. For a 49:51 mol % LL:CL
copolymer composition, as in Table 2, w = 0.55 and
w., = 0.45. Substituting these and the reference T,
values of Ty, =65°C(338K)and Iy, =-60°C
(213 K) into equation (3) yields a predicted random
copolymer T of -6 °C. The fact that most of the
experimental values in Table 2 are more than 20 °C
lower than this predicted value is further evidence of
the deviation from a random monomer sequencing.
The experimental values also suggest that, as they are
considerably closer to the T, of PCL than PLL, the
amorphous regions of the copolymers are
proportionately richer in CL units.

Finally, itisalso interesting to compare Copolymer
Nos. 3 and 6 across the two seriesin Table 1, since they
were each synthesized using the same [Sn(Oct),] and
[DEG] concentrations but for different reaction times
(24 and 48 hrs respectively). The differences in their
properties, for example the slightly higher PD (Table 1)
and lower [, and [ (Table 2) values for Copolymer
No. 6, can be largely attributed to increasing
transesterification as the reaction time is increased.

Mechanistic Considerations

After much discussion in recent years, it is now
becoming increasingly accepted that, when Sn(Oct), is
used in conjunction with an alcohol, ROH, as the
initiating system, the two react together in situ to form
a stannous alkoxide, Sn(OR)z, and octanoic acid, as
shown in equations (4a) and (4b).
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Sn(O(:t)2 + ROH —_— OctSnOR + OctH
(4a)
OctSnOR + ROH Sn(OR), + OctH
(4b)

As reported by Kowalski and co-workerst>7,
reactions (4a) and (4b) are reversible but gradually
shift to the right as the alkoxide products are consumed
in (4b) and in the polymerization reaction (5). Once
formed, the final Sn(OR), alkoxide then becomes the
‘true’ initiating species in the ring-opening
polymerization of the cyclic ester monomer. The
mechanism, now well established, is of the coordination-
insertion type, as represented in equation (5).

o]
Il
— R CK RjtSn—OR (5)

The effects of the Sn(Oct), initiator and DEG
coinitiator concentrations, as varied in this work, can
now be interpreted in the light of this mechanism.

Effect of DEG Coinitiator Concentration

As seen in Table 1, as the [DEG] is decreased at
constant [Sn(Oct) |, as in the Copolymer Nos. 1—5
series, the copolymer number-average molecular

weight, M, , increases but with relatively little change

in polydispersity (PD). These results are consistent
with the findings of Kowalskiand co-workers' " who
described the alcohol coinitiator as having a dual role.
In its primary role, the alcohol reacts with Sn(Oct), to
form the Sn(OR), initiator, as shown previously in
equations (4a) and (4b). However, if the alcohol is
present in a stoichiometric excess above that required
to react with the Sn(Oct)z, the excess alcohol can act
as a chain transfer agent. This secondary role is
represented in equation (6) and has the effect of
terminating the growing chain by displacing the active
-O-5n-OR chain end. Even though the Sn(OR), by-
product formed is free to initiate a new chain, this chain
transfer reaction increases the number of chains and
thereby decreases the average molecular weight.

o pfron + o = ol o som, (g

Additionally, the excess alcohol may act as a
transesterification agent via alcoholysis of the ester
bonds along the chain, as shown in equation (7). This
would also serve to decrease the average molecular
weight.
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The effect of the [DEG] on molecular weight also
has implications as far as the semi-crystalline
morphology is concerned. As seen in Table 2 and Fig
4,asthe [DEG] decreases (and M, increases)through
Copolymer Nos. 1-5, the melting transition resolves
itselfinto two distinct ranges. These ranges obviously
correspond to CL-richand LL-rich crystalline domains,
made possible by the tapered sequencing within the
samples.

Effect of Sn(Oct), Initiator Concentration
According to the previous equations (4a) and (4b),
since the Sn(Oct), initiator is the source of the active
Sn-O bonds, a decrease in its concentration should
result in a decrease in that of the Sn(OR), formed. In
turn, this should decrease the rate of polymerization
but increase the M, of the polymer product. In this
work, anoticeable decrease in rate was observed, albeit
subjectively since this wasnot a detailed kinetic study
as such. Indeed, this was the reason why the reaction
time needed to be increased from 24 to 48 hrs for
[Sn(Oct),] < 0.02 mol %. However, as the results in
Table 1 show,asthe [Sn(Oct), | decreased for Copolymer
Nos. 6—8, anincreasein M, was not observed. Instead,

remained fairly constant but with a decrease in

polydispersity (PD) from 2.00—1.50.

Possible explanations for these results can be
derived from the previous mechanistic considerations.
Forexample, in this work, and typical of similar studies,
a relatively large excess of the DEG coinitiator was
used, well above the amount required simply to
generate the Sn(OR), alkoxide. Consequently,itis quite
conceivable that the effect of the excess DEG asa chain
transfer agent could have obscured the effect that the
[Sn(Oct),] would have had on M, . Another point to
note here is that Sn(Oct), is an effective
transesterification catalyst. Therefore, in addition to
itsreaction with DEG in equation (4a), it may also have
a significant role to play in facilitating the type of
alcoholysis reaction shown in equation (7). This role
is visualized in more detail in equation (8). Similar
reactions can be envisaged for both intermolecular
transesterification between different polymer chains
and intramolecular transesterification (back-biting)
within the same chain. These competing side-reactions
will tend to obscure the effect of the [Sn(Oct),] on M.,
especially when used in conjunction with an excess of
DEG.
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Further evidence of the contrasting effects of the
Sn(Oct), and DEG concentrations is provided by the
resultsin Table 2. Whereas the [Sn(Oct),] appeared to
have little effect on M, in Table 1, Table 2 shows that
ithad amuch more noticeable effect on the comonomer
sequencing. Asthe [Sn(Oct),] decreased for Copolymer
Nos. 6—8, the [;1 and [ values increased
progressively, indicating aless randomized sequencing.
This would be consistent with less transesterification
and also with the decreasing PD values in Table 1.
Furthermore, the DSC curvesin Fig 5 suggest differences
inthe copolymers semi-crystalline morphology, as would
be expected from variations in comonomer sequencing.
This combined evidence points to Sn(Oct), having key
roles to play in controlling not only the kinetics of the
polymerization but also the chemical microstructure
of the final product.

CONCLUSIONS

The main focus of attention in this paper has been
ontheeffects of the Sn(Oct), initiator and DEG coinitiator
concentrations. As the results have shown, the DEG
coinitiator playsadualrole: (a) to react with the Sn(Oct),
to form the ‘true’ alkoxide initiator and (b) to act as a
chain transfer agent. It is in this latter role (b), when
present in stoichiometric excess over that required for
role (a), that the DEG can effectively control the
molecular weight of the final copolymer. The Sn(Oct),
also appears to have a dual role. Firstly, since it is the
source of the active Sn-O bonds, it exerts a rate-
controlling effect. Secondly, but less obviously, the
Sn(Oct), seems to have an effect on the copolymer
microstructure. As the [Sn(Oct),] increases, the
comonomer sequencing appears to become more
randomized, an effect usually associated with the ability
of Sn(Oct), to act as a transesterification catalyst.

Clearly, the overall polymerization mechanism in
this type of system is a complex one, comprising as it
does a myriad of interdependent reversible reactions.
Inevitably, this means that the ‘true’ Sn(OR), initiator
concentration is uncertain, thus detracting from both
kinetic and microstructural control. To overcome this
problem, it would seem logical to synthesize the Sn(OR),
separately and then add it directly rather than have to
generate it in situ. However, despite this obvious
advantage, Sn(Oct), remains the popular initiator of
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choicein theliterature due to its commercial availability,
high efficiency and, importantly as far as biomedical
polymersare concerned, its status as an FDA-approved
food additive. Current workin the Biomedical Polymers
Technology Unit in Chiang Mai is looking at the more
direct Sn(OR), route and the results will form the subject
of a future paper.

In conclusion, asinterest increases in biodegradable
polyesters for use in biomedical applications, so does
the demand for more controlled molecular
architectures. This demand can only be met through
understanding the mechanism and using this
understanding to achieve the necessary reaction
control. Lookingahead to the future, itislikely that the
development of new initiating systems will be as
important as the design of new polymer architectures
in this active field.
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