APPENDICES

209



APPENDIX A

Theory of the Calorimetric Purity Method
(Standard Method of Calculation)

The determination of the purity of an organic compound by DSC is based upon the well
known fact that the presence of even minute amounts of impurity in a material
broadens its melting range and lowers the final melting point of the material from T,,

the melting temperature of an infinitely pure material, to a lesser temperature, Tm.

As the DSC theory predicts, as the impurity content increases, the melting point
decreases and the range of melting broadens. Even minute differences in the impurity
content of a sample result in distinct differences in the DSC melting peak shape and

final melting temperature.

The quantitative assessment of the purity of an organic material requires the knowledge
of three important sample parameters: melting point, heat of melting (AHm) and

analysis of the DSC melting peak shape.

Power-compensated differential scanning calorimeters provide both accurate
temperature measurements and true calorimetric measurements, thus permitting the
simple determination of each of these three important sample parameters from a single

dynamic DSC experiment.

A true DSC measures directly the amount of energy absorbed or emitted by a sample,

dg/dt, which can be expressed by the following simplified expression (Equation 1):

dq _ dT;  dq 0
dt dt dTg
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where

dTg . :

- scanning rate, degree/min

dgq .

. - heat capacity of the sample
]

The heat capacity term in this expression provides important information about the
shape of a melting peak and, therefore, is the most important term here. From the Van’t
Hoff equation, which describes the rate of meting of a compound as a function of
sample temperature, we can obtain a relationship describing the heat flow to or from a
sample and the melting point depression of a sample due to the presence of an impurity.

The relationships (Equations 2 and 3) are as follows:

d_q _ Aq(Ty—Tm)
dTs ~ (To-Ts)? @
where:
Aq = total heat of fusion of the sample, joules
To = melting point of a 100 % pure material
Tm = melting point of the sample
(To-Tm) = melting point depression due to the impurity
Ts = sample temperature

The melting point depression due to an impurity (To-Tm) can be expressed as:

- RTE X,
ToT) = 3)
where:
R = molar gas constant, 8.314 J/mole-K
X2 = mole fraction of the impurity
AHm = molar heat of melting, joules/mole

From these basic Van’t Hoff relationships (Equations 2 and 3), the theory of the
determination of the purity of a sample by DSC can now be derived. To do this, we

must first integrate Equation 2. This results in an expression which describes the
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fraction of material reacted (melted in the case of an impurity) at any sample
temperature on the melting curve (Equations 4 and 5):

T,—T
SR @
Rearranging this equation gives:
o= Tt )
where:
F = fraction melted
Ts = sample temperature

The theoretical discussion is now nearly complete. By substituting Equation 3, which
defines the melting point depression due to an impurity, into Equation 5, we can obtain

the now familiar linear equation for the determination of purity by DSC (Equation 6):

RTZX, 1

Ts AH X E) (6)

To —(

Since Equation 6 is a linear equation, a plot of the sample temperature (Ts) versus the
reciprocal of the fraction of material melted at that temperature (1/F) should give a
straight line with a slope equal to the melting point depression (slope = RTo?X2 / AHm)
and a Y intercept To. This linear plot is referred to as a Van’t Hoff plot. The fraction of
material at any sample temperature is determined directly from the dynamic DSC scan
and is proportional to the peak area under the curve up to that temperature. By
generating this Van’t Hoff plot from a series of sample temperatures and fraction
melted results, in the range from approximately 5 to 60 percent melted, it is a relatively
simple procedure to obtain values for To, the slope of the line, and finally, the direct
determination of the mole fraction of impurity from Equation 6.
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Abstract: Tin(I) alkoxides are commonly used as
initiators in the ring-opening polymerization (ROP) of
cyclic ester monomers to control the reaction kinetics and
the molecular weight of the polyesters formed. Examples
are poly(s-caprolactone) and poly(L-lactide) which are
used in various biomedical applications. This project has
been concerned with the synthesis and characterization
of a novel tin(II) poly(propylene glycol) initiator for use
in ROP of cyclic ester, namely: c-caprolactone. The
tin(I) poly(propylene glycol) was synthesized via the
reaction between anhydrous tin(Il)  chloride,
poly(propylene glycol)400 (PPG400) and triethylamine
at  20-16°C under a nitrogen atmosphere. After
separation and purification, the product, Sn(PPG400),,
was obtained as fine white powders with approximately
93% yield. The Sn(PPG400), was characterized by a
combination of analytical techniques such as Fourier-
transform infrared spectroscopy (FI-IR), proton nuclear
magnetic resonance spectroscopy (‘H-NMR) and
differential scanning calorimetry (DSC). It was found
that polymers with controllable molecular weights could
be produced, when Sn(PPG400), was used as an initiator
0.1, 0.5 and 1.0 mol%) in the bulk ROP of &
caprolactone at1 50 °C.

1. Introduction

Aliphatic polyesters are the most widely used
biodegradable polymers in biomedical applications.
These applications include absorbable sutures, nerve
guides, bone fixation devices, drug delivery systems
and 3-D scaffolds for tissue engineering [1]. The main
method used in the synthesis of biodegradable
polyesters is ring-opening polymerization (ROP) of the
corresponding cyclic ester monomers. The polyesters
formed are versatile polymers having good mechanical
properties, hydrolyzability and biocompatibility. The
synthesis of novel polymer structures through ROP has
been studied for a number of years [2]. The polyesters
which have so far found the most commercial
importance are those derived from cyclic ester
monomers such as glycolide, lactide (L, D and DL)
and e-caprolactone.

Poly(s-caprolactone), PCL, has attracted particular
attention because of its partial compatibility with a
number of commercial polymers such as PVC and
bisphenol A polycarbonate. It is of interest as a
packaging material and in biomedical applications
since it 1s degradable and its degradation products are
non-toxic to the human body [3]. PCL is a synthetic

biodegradable aliphatic polyester which has been
attracting increasing research attention in recent years,
notably in the specialist biomedical areas of
controlled-release drug delivery systems and 3-D
scaffolds for tissue engineering [4-6]. PCL is
manufactured commercially via the ROP in bulk of e-
caprolactone, CL, as shown in Figure 1.

Tin(IT) 2-ethylhexanoate, commonly known as
tin(IT) octoate or stannous octoate, Sn(Oct),, in
combination with an alcohol ROH is employed as the
initiating system at a temperature of, typically, 140-
150 °C[3].

O A
o Sn(Oct),/ROH %
\{’ Jk/\/\/
140-150 °C O "

e-caprolactone poly(e-caprolactone)

Figure 1. Ring-opening polymerization of -
caprolactone as employed in its manufacture

Stannous octoate, Sn(Oct),, is a frequently used
initiator in the ROP of lactones and lactides. In
combination with an alcohol, ROH, it is a very
effective and versatile initiator which 1s easy to handle
and is soluble in common organic solvents and
lactones. It also has the advantage, as far as its use in
the preparation of biomedical polymers is concerned,
that the American Food and Drug Administration
(FDA) has approved it as a food additive. However,
Sn(Oct); 1is also known to be an efficient
transesterification agent which makes it difficult to
synthesize controlled microstructures. Furthermore, it
has now been established that Sn(Oct), is not the true
initiating species in the polymerization reaction.
Instead, it has been shown that the Sn(Oct), initiator
and ROH coinitiator react together ir situ to form the
corresponding tin(Il) monoalkoxide, Sn(Oct)(OR), and
dialkoxide, Sn(OR),, which are the true initiators. The
sequence of reactions is:

Sn(Oct), + ROH === Sn(Oct)OR + OctH (la)

Sn(Oct)OR + ROH == Sn(OR), + OctH (1b)
where OctH is the octanoic acid by-product.

The generally accepted coordination-insertion
mechanism of the ROP of a cyclic ester monomer by a
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tin(I) alkoxide, Sn(OR),, initiator is shown below in
equations (2) and (3). This mechanism involves acyl-
oxygen (CO-O) bond cleavage in the monomer
followed by insertion into the tin-oxygen (Sn-O) bond
of the initiator.

R/O‘sﬁo‘R
V> initiation j\ - @
O'L ROT RS
( 0
)

3

" O
O] f

—>p <l Ry Pk ,O]L 2O
|I\ ol R §1n R

(S

Since reactions (la) and (1b) are interdependent
equilibrium reactions, the actual [Sn(Oct)(OR)] and
[Sn(OR),] initiator concentrations are unknown
throughout the polymerization. Thus, it is difficult to
produce polymers with predictable and reproducible
molecular weights and, in the case of copolymers, with
consistent chain microstructures. It has therefore been
in an attempt to overcome these uncertainties that this
work has been focusing its attention on the synthesis
of tin(IT) alkoxides, Sn(OR),, so that they can be used
directly in accurately known concentrations rather than
have to be generated in situ.

The synthesis of tin(Il) alkoxides, Sn(OR),, was
first reported about 40 years ago by Morrison and
Haendler [7]. It involves the reaction between
anhydrous SnCl, and the corresponding alcohol ROH
with triethylamine as HCl scavenger, as shown in
equation (4) below.

SnCl,+ 2ROH + 2AC,H)N —  Sn(OR), +2(C;Hy);,N‘HCl ~ (4)
2. Materials and Methods

2.1 Initiator Synthesis

All chemicals used were purified by distillation.
Since tin(IT) alkoxides are both moisture and air-
sensitive, their synthesis needs to be carried out using
pure reagents in an inert atmosphere. Following the
method of Morrison and Haendler [7], anhydrous
tin(Il) chloride was dissolved in poly(propylene
glycol)400 (PPG400) and triethylamine added to cause
a permanent precipitate. The reaction was stirred at 16-
20 °C under a dry nitrogen atmosphere. The precipitate
was filtered off, washed with methanol and dried
under vacuum. This crude product was a mixture of
the Sn(PPG400), and the (C,H;);N-HCI by-product, as
shown in reaction (5). They were separated by using
chloroform to dissolve the hydrochloride after which
the Sn(PPG400), was purified and characterized.

SnCl, + 2HOROH + 2(C;Hs)sN — Sn(OROH), + 2(C;Hs):NHCI (5)

where HOROH = PPG400 = HO-[CHy(CHCH3)O-],-H
(average n =~ 9-10)

A A

Sn(PPG400),

The rationale behind the synthesis and use of the
novel tin(IT) alkoxide, Sn(PPG400), as a coordination-
insertion initiator in this work has been that, rather
than being generated i» situ in an indeterminate
concentration, it could be synthesized separately and
added directly into the system in an accurately known
initial concentration. The main purpose of the long
PPG400 substituents is to help make the initiator more
soluble in cyclic ester monomers than conventional
Sn(OR), compounds synthesized from simple alcohols
ROH which tend to be difficult to dissolve due to their
tendency for molecular aggregation, [Sn(OR),],, as
shown below. This insolubility greatly reduces the
activity of the initiator since the Sn-O bonds, which
are the active sites for polymerization, are only
accessible on the surfaces of the initiator particles.

n Sn(OR); —  [Sn(OR)],
non-aggregated aggregated

soluble (homogeneous) insoluble (heterogeneous)
active less active

2.2 Bulk ROP of e-Caprolactone

The bulk ROP of s-caprolactone (CL) was carried
out at 150 °C in a round-bottomed flask with magnetic
stirring. Sn(PPG400), initiator concentrations of 0.1,
0.5 and 1.0 mol % relative to the CL. monomer were
weighed accurately into the reaction flask in a glove
box under dry nitrogen. After removing the flask from
the glove box, it was immersed in a silicone oil bath at
a constant temperature of 150 °C for 72 hrs. At the end
of this period, the polymer was allowed to cool to
room temperature. The crude PCL was purified by
dissolving in chloroform, precipitating in ice-cooled
methanol before finally drying in a vacuum oven at 45
°C to constant weight.

The purified polymers were characterized by a
combination of analytical techniques, namely: Fourier-
transform infrared spectroscopy (FT-IR) and proton
nuclear magnetic resonance spectroscopy (‘H-NMR)
for structural confirmation, differential scanning
calorimetry (DSC) for melting point and %
crystallinity ~ determinations, and  dilute-solution
viscometry for weight-average molecular weight, My,
determination.

3. Results and Discussion

3.1 Sn(PPG400), Initiator Characterization

The purified Sn(PPG400), initiator product was
obtained as a finely divided white powder in 93%
yield. Solubility testing in a range of organic solvents
showed that it was only partially soluble which
indicated that, despite its long PPG400 substituents, it
was still aggregated to a certain extent with only the
lower aggregates being able to dissolve.
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In order to confirm its chemical structure, the
Sn(PPG400), initiator was characterized initially by
Fourier-transform infrared spectroscopy (FT-IR), as
shown in Figure 2 below.

P I T T T

Figure 2. FT-IR spectrum of the Sn(PPG400), initiator

The most prominent peaks in the FT-IR spectrum
of Sn(PPG400), are assigned to their respective bond
vibrations as listed in Table 1 below. The appearance
of these characteristic peaks is consistent with the
chemical structure of Sn(PPG400),.

Table 1: Vibrational ~assignments in the FT-IR
spectrum of the Sn(PPG400), initiator.

Wa‘(’:;‘.l?;ber Vibrational Assignment
3506 O-H (stretching)
2932 C-H (stretching)
1520 C-H (bending)
1027 C-O (stretching)
676 0-Sn-O (stretching)
539 Sn-O (stretching)

The DSC thermogram of the Sn(PPG400), initiator
in Figure 3 shows a broad melting peak from 90-150
°C with a peak melting temperature (T,,) of 124.5°C.
The enthalpy of melting (AH,,), which is calculated
from the area under the melting peak and is
proportional to the % crystallinity, was 60.80 J/g.

The broad melting peak in Figure 3 is a further
indication of the Sn(PPG400), initiator’s molecular
aggregation and also the distribution in the degree of
aggregation. Larger aggregates would be expected to
have a higher T, than smaller aggregates.

Figure 3. DSC thermogram of the Sn(PPG400),
initiator (Heating rate = 10 °C/min)

3.2 Polymerization of CL Monomer

In this work, bulk polymerization (CL monomer +
Sn(PPG400), initiator only) was the chosen method of
polymerization since (a) it eliminated any
complicating solvent effects and (b) biomedical
polyesters are invariably synthesized by bulk
polymerization in order to avoid potentially toxic trace
amounts of solvent impurities remaining in the final
product. The results obtained from the three
polymerization experiments carried out here are
summarized in Table 3 below.

The purified PCL was characterized by nuclear
magnetic resonance spectroscopy (‘H-NMR) for
structural confirmation as shown in Figure 4 and Table
2 below.

a b ¢ d e ﬁ e
0-CH_- CH_-CH -CH -CH -C
‘8 8 ° n
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Figure 4. 400 MHz 'H-NMR spectrum of PCL in
deuterated chloroform (CDCl;) as solvent.

Table 2: Chemical shifts of the peaks in the "H-NMR
spectrum of PCL in Figure 4.

Proton Assignment Chemical Shift

(8, ppm)
e-CH, a 4.045
§-CH, b 1.634
y-CH, ¢ 1.383
B-CH, d 1.634
a-CH, e 2.290

Table 3: Comparison of PCL properties obtained
using various initiator concentrations.

[Initiator] Yield T, M M

%bymol % °C dl/g =
0.1 73.8 65.7 0.629 2.82 x 10
0.5 83.8 64.3 0.378 1.53 x 10
1.0 89.5 665 0336 132x10"

taken as the peak T, from the DSC melting peak
intrinsic viscosity measured in chloroform as
solvent at 30 °C

o

Under the temperature/time conditions (150 °C / 72
hrs) employed, the various initiator concentrations
gave high yields (>70%) and reasonably high weight-
average molecular weights (M, > 10%). As expected,
the M, of the PCL decreased with increasing initiator
concentration, as shown in Table 3. These M,, values
were obtained from dilute-solution viscometry via the
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Mark-Houwink Equation below for PCL in chloroform
as solvent at 30 °C [4].

] = 1298 x10™ M, dlg

Table 4 shows the DSC melting parameters and %
crystallinities for the PCL samples. The values, which
are comparable with those of commercial samples, are
similar enough to suggest that, at a molecular weight
level of M, > 10, the thermal properties and semi-
crystalline morphology of PCL are fully developed.

Table 4: DSC melting points, heats of melting and %
crystallinities of the purified PCL products.

hiiater] Me;;]i:g Melting Parameters

% by mol T ¢y AH,(Jg)™ % Crystallinity™
0.1 65.7 107.8 75.9
0.5 64.3 136.9 96.4
1.0 66.5 87.0 61.3

taken as the peak T,, from the DSC melting peak
AH,, = heat of melting (oc area under T, peak)
™ calculated from the equation:
% crystallinity = (AH,/AH,,) x 100%
where, for PCL, AH,, = 142 J/g[8]
AHm* = AH,, of a 100% crystalline sample

ok

Regarding initiator solubility, which has been one
of the main focal points of this work, it was observed
that, during the polymerization of the CL monomer at
150 °C, the Sn(PPG400), initiator gradually but only
partially dissolved. Dissolution continued until the
system became so viscous that magnetic stirring was
no longer possible. Thereafter, the polymerization had
to continue in the viscous melt state. However, it can
be said that the Sn(PPG400), initiator was certainly
more soluble than conventional Sn(OR), initiators
made from simple ROH alcohols.

4. Conclusions

The results presented here have shown that the
Sn(PPG400), initiator is effective in the bulk ROP of
CL monomer and, by varying its concentration, can
control the molecular weight of the PCL polymer
formed. Moreover, it is easy to prepare and stable on
storage in a desiccators. Since PPG alone is already
used in biomedical applications, it would be expected
to be non-cytotoxic.

However, the observation that the Sn(PPG400),
initiator did not completely dissolve in CL monomer
during polymerization indicates that, despite its long
PPG400 substituents, molecular aggregation in the
solid state still occurred to a limited extent.
Consequently, even though the initiator gave high
yields and reasonably high molecular weights, its
efficiency would have been slightly impaired by the
fact that it was not completely soluble.

In conclusion, the use of a low molecular weight
polymeric diol, PPG400, instead of a simple alcohol ,
ROH, in the synthesis of a tin(IT) alkoxide, Sn(OR),,
has succeeded in reducing, but not completely
eliminating the tendency for molecular aggregation.

n Sn(OR), —  [Sn(OR)

Based on these results, it is reasonable to conclude
that initiators such as Sn(PPG400), have considerable
potential for the use as initiators in the controlled ROP
of cyclic esters, especially where the polymers are
designed to be used in biomedical applications.
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Controlled Synthesis and Processing of a Poly(L-lactide-co-g-caprolactone)
Copolymer for Biomedical Use as an Absorbable Monofilament Surgical Suture
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Abstract

The main objectives of this work are twofold: (1) to synthesize new soluble tin(Il) alkoxide
initiators for the controlled ring-opening polymerisation (ROP) of cyclic ester monomers and
(2) to synthesize and melt spin purpose-designed copolyesters for use as monofilament
absorbable surgical sutures. The chemical structures of the two cyclic ester monomers used: L-
lactide (LL) and ¢-caprolactone (CL), and the two initiators synthesized: tin(ll) poly(propylene
glycol) 400, Sn(PPG400),, and bis(tin(ll) octoate) diethylene glycol, [Sn(Oct)].DEG, are
shown below.

N o\/o o\/o 0 o
) //(O /|\ (_) H{o)\io—Sn—o{—)\o}nH /?_<O>S"_O_/\O\/_O_S"<O>_<:/\

LL cL Sn(PPG): [Sn(Oct)].DEG

Poly(L-lactide-co-g-caprolactone), P(LL-co-CL), 75:25 mol % copolymers were synthesized
via the bulk ROP of LL and CL at 130°C for 48 hrs using 0.02 mol % of initiator. The liquid
[Sn(Oct)].DEG initiator was found to be the more efficient due to its much easier and faster
solubility than the solid Sn(PPG400), initiator. Both copolymers were characterised and
compared according to their molecular weights, monomer sequencing and thermal properties.
Both P(LL-co-CL) copolymers could be melt spun into monofilament fibres of uniform
diameter and smooth surface appearance. The required semi-crystalline morphology could be
built into the as-spun fibres in a series of controlled off-line annealing and hot-drawing steps!
resulting in tensile strengths in the region of 200-400 MPa. The small-scale melt spinning
apparatus? and an example of the as-spun fibres obtained are shown below.

Photograph and schematic diagram of the small-scale melt spinning apparatus Monofilament fibre

The underlying theme of this work is that it is only by understanding how the various synthesis
and processing variables affect the copolymer’s physico-chemical microstructure that fibres
with consistent properties can be obtained. Microstructural control at the molecular level is
very challenging and results so far have demonstrated that the nature and specificity of the
initiator used in the ROP reaction is a key factor in achieving this.
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ntroduction bjectives

Biodegradable polymers are a class of biomaterials of growing technological > To synthesize some novel, more soluble tin(ll) alkoxide initiators for the

importance. Cyclic esters such as L-lactide (LL), e-caprolactone (CL) and controlled ring-opening polymerisation (ROP) of cydlic ester monomers
glycolide (G) are widely used as monomers in polymer synthesis for medical > To ] . .

S 3 4 synthesize, melt spin and test the properties of some purpose-
applications because their cofterpolymers can degrade in the body through : olyes onofi absorbable surgical
simple hydrolysis of the main chain ester bonds to non-toxic cleavage products. gﬁ:ﬁd 00 et fonteciany lament ©
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As-spun

monofilament Fig. 3 Tensile testing of the fibres after d hot ing and
fibre from P(LL-co-CL) 75:26 obtained using:

(a) 0.02mol % Sn(PPG400),  (b) 0.01 mol % [Sn(Oct)l,DEG

. ; r 3
onclusions | s S
The results have shown that the liquid [Sn(Oct)],DEG initiator is more efficient due to its much easier and faster solubility than the solid Sn(PPG400), initiator.
P(LL-co-CL) 75:25) obtained using the liquid [Sn(Oct)],DEG initiator gave the higher molecular weight (intrinsic viscosity 7= 1.504 dl/g in chloroform at 30°C).
* | Both random P(LL-co-CL) copolymers synthesized using 0.02 mol % Sn(PPG400), and 0.01 mol % [Sn(Oct)},DEG could be melt spun into monofilament
fibres. The mechanical strengths of the as-spun fibres could be improved by off-ine annealing and hot-drawing steps. The results obtained showed that the
fibre properties were strongly dependent on the matrix morphology (molecular orientation and crystallinity), draw ratio and fibre diameter.

: [1] J. Siripitayananon, R. Molloy, S. Bunkird, A. Kleawkia, R.
R(“ CUECICES Chooprayoon, /nt. Polym. Proc. (2008), 23(2), 161-167.
[2) Y.Baimark, R. Molioy, N. Molloy, J. Siripitayananon, W.
M. Sriyai.J. Mater. Sci: Mater. Med. (2005), 16(8), 699-707.
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Abstract

A poly(L-lactide-co-g-caprolactone), P(LL-co-CL), 75:25 mol % statistical copolymer
was synthesized via the bulk ring-opening copolymerisation of L-lactide (LL) and e&-
caprolactone (CL) at 130°C for 48 hrs. The initiator used was 0.02 mol % bis[tin(II) octoate]|
diethylene glycol, [Sn(Oct)];DEG = Oct-Sn-OCH,CH,OCH,CH,0-Sn-Oct, which had been
synthesized via the reaction between Sn(Oct); and DEG. The P(LL-co-CL) obtained was
characterized in terms of its molecular weight (GPC: M, = 4.09 x 10*, My/M, = 1.83),
copolymer composition (lH-NMR), monomer sequencing (13C-NMR) and thermal properties
(DSC: Ty, = 155°C; TGA: Ty = 240°C). For processing, the P(LL-co-CL) was melt spun into
a monofilament fibre with fast cooling and minimal draw in order to produce a largely
amorphous and unoriented as-spun fibre. The purpose of this was so that the required semi-
crystalline morphology could be gradually built into the as-spun fibre and at the same time
monitored in a series of controlled off-line annealing and hot-drawing steps. The final fibre,
which combined a sufficiently high tensile strength with flexibility for use as a surgical suture,
exhibited a tensile stress and strain at break of 344 MPa and 70 % respectively.

Keywords: 1-Lactide, s-caprolactone, ring-opening polymerisation, melt spinning,
absorbable surgical suture
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Introduction

Biodegradable polymers, especially aliphatic polyesters, have been investigated worldwice as biomaterials for medical applications due to their biocomp
this research, attention is focused on suture application. Attempt to synthesize a novel tin{lljalkoxide initiator for the controlled ring-opening polymerisaq'b
L-lactide and e-caprolactone. Synthesized poly (L-lactide - co - € - caprolactone) or PLLCL copolymer was melt spun into a monofilament fibre with

absorbable surgical suture. /

|NOVEL INTIATOR Synthesis and Characterisation

M /0 /_/\
Su(Oct), + HO-CH,CH,OCH,CH,-OH —> \,-C\ﬂ-o—/\o\/-w A +20eH
-4 0

Tin (1) octoate  diethylene glycol [Sn(Oct)],DEG octanoic acid T Ao

Comenting
omgenard

“m 30 00 B0 W00 W0 W0 S0

Warermmber fome 1) Fig. 2 'H-NMR spectra of (a) Sn(DcT iators.
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Fig. 3 H-and °C- NMR spectra of PLLCL using [Sn{Oct)],DEG initiator

|FIBRE Processing and Testing

Table 2 Values of stress and strain of PLLCL i
fibres using [Sn(Oct)],DEG initiator
obtained at various stages.

Fibre Sample Tensnle Testln
MPa MPa
As-spun 1363 157
First- draw 235 119 633
First-anneal 284 155 618

Second-draw 344 70 173
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s

Fig. 5 Stress-strain curves!

. initiator obtained at
onclusior l

In conclusion, the results presented here show that the novel [Sn{Oct}],DEG initiator is a more efficient initiator for the ROP of L-lactide and &-cap!
Sn{Oct}, initiator, yielding a much higher M, at the same initiator concentration of 0.02 mol %. In addition, P{LL-co-CL) copolymer has the potential
absorbable suture. The i of the as-spun fibres could be i bya of off-line and ho
of steps enabled the changa in mechamal propemes after each step to be individually observed. The results obtained showed that the fibre properties
the matrix pl and c inity). If this can be achieved, the copolymer could provide a viable lower-cost alternative
monofilament absorhab(e sutures. It is towards this end that work in the Biomedical Polymers Technology Unit in Chiang Mai is continuing.
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Introduction

The development of new biodegradable polyesters is an
attractive area of research aimed at producing polymers that can be
used in biomedical and pharmaceutical applications such as
absorbable sutures, nerve guides, bone fixation devices and drug
delivery matrices [1]. Biodegradable polymers can be either natural
or synthetic. An important advantage of synthetic polymers as a
class of material is that their physical and chemical properties can
be varied over a wide range by, for example, advanced
macromolecular architecture and copolymerization. Aliphatic
polyesters prepared by ring-opening polymerization (ROP) are
versatile  polymers having good mechanical properties,
hydrolyzability, and biocompatibility. The synthesis of novel
polymer structures through ring-opening polymerization has been
studied for many years [2]. The polyesters which have so far found
the most commercial importance are those derived from cyclic ester
monomers such as glycolide, lactide (L, D and DL) and -
caprolactone.

Poly(e-caprolactone), PCL, has attracted particular attention
because of its partial compatibility with a number of commercial
polymers such as PVC, poly(L-lactide), and bisphenol A
polycarbonate. It is of interest as a packaging material and in
biomedical applications since it is degradable and its degradation
products are non-toxic to the human body [3]. PCL is a synthetic
biodegradable aliphatic polyester which has been attracting
increasing research attention in recent years, notably in the
specialist biomedical areas of controlled-release drug delivery
systems and 3-D scaffolds for tissue engineering [4-6]. PCL is
manufactured commercially via the ROP in bulk of e-caprolactone,
CL, as shown in Figure 1. Tin(I) 2-cthylhexanoate, commonly
known as tin(Il) octoate or stannous octoate, Sn(Oct), in
combination with an alcohol ROH is employed as the initiating
system at a temperature of, typically, 140-150 °C [3].

(o]
s (0]
? e )J\/\/\/}’
_ =
140-150 °C \I"O -

e-caprolactone poly(e-caprolactone)
Figure 1. Ring-opening polymerization of e-caprolactone as
employed in its manufacture.

Stannous octoate, Sn(Oct),, is a frequently used initiator in the
ROP of lactones and lactides. In combination with an alcohol,
ROH, it is a very effective and versatile initiator which is easy to
handle and is soluble in common organic solvents and lactones. It
also has the advantage, as far as its use in the preparation of
biomedical polymers is concerned, that the American Food and
Drug Administration (FDA) has approved it as a food additive.
However, Sn(Oct); is also known to be an efficient
transesterification agent which makes it difficult to synthesize
controlled microstructures. Furthermore, it has now been
established that Sn(Oct); is not the true initiating species in the

polymerization reaction. Instead, it has been shown that the
Sn(Oct); initiator and ROH coinitiator react together in situ to form
the comresponding tin(Il) monoalkoxide, Sn(Oct)(OR), and
dialkoxide, Sn(OR);, which are the true initiators. The sequence of
reactions is:

Sn(Oct), + ROH===Sn(Qct)OR + OctH (la)

Sn(Oct)OR + ROH==—8n(OR), + OctH (1b)

where OctH is the octanoic acid by-product.

The generally accepted coordination-insertion mechanism of the
ROP of a cyclic ester monomer by a tin(Il) alkoxide, Sn(OR),,
initiator is shown below in equations (2) and (3). This mechanism
involves acyl-oxygen (CO-O) bond cleavage in the monomer
followed by insertion into the tin-oxygen (Sn-O) bond of the
initiator.
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Since reactions (la) and (1b) are interdependent reversible
reactions, the actual [Sn{Oct)(OR)] and [Sn(OR);] initiator
concentrations are unknown throughout the polymerization. Thus, it
is difficult to produce polymers with predictable and reproducible
molecular weights and, in the case of copolymers, with consistent
chain microstructures. It has therefore been in an attempt to
overcome these uncertainties that this work has focused its attention
on the synthesis of a novel tin (IT) alkoxide, Sn(OR),, so that it can
be used directly in an accurately known concentration rather than
have to be generated in situ.

Experimental
Initiator Synthesis
All chemicals used were purified by distillation. Since tin(I)
alkoxides are both moisture and air-sensitive, their synthesis needs
to be carried out using pure reagents in an inert atmosphere. Tin{I)
octoate was heated under vacuum with diethylene glycol monoethyl
ether (DEGMEE) after which the (Oct)Sn(DEGMEE) product was
characterized by Fourier-transform infrared spectroscopy (FT-IR)
and proton nuclear magnetic resonance spectroscopy (‘H-NMR) for
structural confirmation.

Sn(Oct); + DEGMEE — (Oct)Sn(DEGMEE) + OctH
@

/i>_<o \n—o\/\o /\/ovCH;

(Oct)Sn(DEGMEE)

The rationale behind the synthesis and use of this novel
tin(Il) alkoxide, (Oct)Sn(DEGMEE), as a coordination-insertion
initiator in this work has been that, rather than being generated in
situ in an indeterminate concentration, it is synthesized separately
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Introduction

The development of new biodegradable polyesters is an
attractive area of research aimed at producing polymers that can be
used in biomedical and pharmaceutical applications such as
absorbable sutures, nerve guides, bone fixation devices and drug
delivery matrices [1]. Biodegradable polymers can be either natural
or synthetic. An important advantage of synthetic polymers as a
class of material is that their physical and chemical properties can
be varied over a wide range by, for example, advanced
macromolecular architecture and copolymerization. Aliphatic
polyesters prepared by ring-opening polymerization (ROP) are
versatile  polymers having good mechanical properties,
hydrolyzability, and biocompatibility. The synthesis of novel
polymer structures through ring-opening polymerization has been
studied for many years [2]. The polyesters which have so far found
the most commercial importance are those derived from cyclic ester
monomers such as glycolide, lactide (L, D and DL) and e-
caprolactone.

Poly(e-caprolactone), PCL, has attracted particular attention
because of its partial compatibility with a number of commercial
polymers such as PVC, poly(L-lactide), and bisphenol A
polycarbonate. It is of interest as a packaging material and in
biomedical applications since it is degradable and its degradation
products are non-toxic to the human body [3]. PCL is a synthetic
biodegradable aliphatic polyester which has been attracting
increasing research attention in recent years, notably in the
specialist biomedical areas of controlled-release drug delivery
systems and 3-D scaffolds for tissue engineering [4-6]. PCL is
manufactured commercially via the ROP in bulk of e-caprolactone,
CL, as shown in Figure 1. Tin(Il) 2-ethylhexanoate, commonly
known as tin(Il) octoate or stannous octoate, Sn(Oct), in
combination with an alcohol ROH is employed as the initiating
system at a temperature of, typically, 140-150 °C [3].

(o}
o Sn(Oct),/ROH

0
———J A~
140-150°c  [O =

e-caprolactone poly(e-caprolactone)
Figure 1. Ring-opening polymerization of e-caprolactone as
employed in its manufacture.

Stannous octoate, Sn(Oct),, is a frequently used initiator in the
ROP of lactones and lactides. In combination with an alcohol,
ROH, it is a very effective and versatile initiator which is easy to
handle and is soluble in common organic solvents and lactones. It
also has the advantage, as far as its use in the preparation of
biomedical polymers is concerned, that the American Food and
Drug Administration (FDA) has approved it as a food additive.
However, Sn(Oct); is also known to be an efficient
transesterification agent which makes it difficult to synthesize
controlled microstructures. Furthermore, it has now been
established that Sn(Oct); is not the true initiating species in the

polymerization reaction. Instead, it has been shown that the
Sn(Oct); initiator and ROH coinitiator react together in situ to form
the corresponding tin(Il) monoalkoxide, Sn(Oct)(OR), and
dialkoxide, Sn{OR);, which are the true initiators. The sequence of
reactions is:

Sn(Oct), + ROH=—=Sn(Oct)OR + OctH (la)
Sn(Oct)OR + ROH===S5n(OR), + OctH (lb)

where OctH is the octanoic acid by-product.

The generally accepted coordination-insertion mechanism of the
ROP of a cyclic ester monomer by a tin(Il) alkoxide, Sn{(OR),,
initiator is shown below in equations (2) and (3). This mechanism
involves acyl-oxygen (CO-O) bond cleavage in the monomer
followed by insertion into the tin-oxygen (Sn-O) bond of the
initiator.
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Since reactions (la) and (1b) are interdependent reversible
reactions, the actual [Sn{Oct)(OR)] and [Sn(OR);] initiator
concentrations are unknown throughout the polymerization. Thus, it
is difficult to produce polymers with predictable and reproducible
molecular weights and, in the case of copolymers, with consistent
chain microstructures. It has therefore been in an attempt to
overcome these uncertainties that this work has focused its attention
on the synthesis of a novel tin (II) alkoxide, Sn(OR),, so that it can
be used directly in an accurately known concentration rather than
have to be generated in situ.

0y O~
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Experimental
Initiator Synthesis
All chemicals used were purified by distillation. Since tin(I)
alkoxides are both moisture and air-sensitive, their synthesis needs
to be carried out using pure reagents in an inert atmosphere. Tin{II)
octoate was heated under vacuum with diethylene glycol monoethyl
ether (DEGMEE) after which the (Oct)Sn(DEGMEE) product was
characterized by Fourier-transform infrared spectroscopy (FT-IR)
and proton nuclear magnetic resonance spectroscopy (‘H-NMR) for
structural confirmation.

Sn(Oct); + DEGMEE — (Oct)Sn(DEGMEE) + OctH
@
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(Oct)Sn(DEGMEE)

The rationale behind the synthesis and use of this novel
tin(Il) alkoxide, (Oct)Sn(DEGMEE), as a coordination-insertion
initiator in this work has been that, rather than being generated in
sitn in an indeterminate concentration, it is synthesized separately
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initiator concentrations gave high yields (> 80%) and reasonably
high viscosity-average molecular weights (M. > 10%), as would be
expected, it was found that the percentage yield increased while the
molecular weight is decreased with increasing initiator
concentration. These M, values were obtained from dilute-solution
viscometry via the Mark-Houwink Equation below for PCL in
chloroform as solvent at 30 °C [4].
] = 1.298x 10" M, di/g

Table 3 shows the DSC melting parameters and % crystallinities
for the PCL samples. The values, which are comparable with those
of commercial samples, are similar enough to suggest that, at a
molecular weight level of M, > 10, the thermal properties and
semi-crystalline morphology of PCL are fully developed.

Table 3. DSC melting points, heats of melting and % crystallinities
of the purified PCL products.

[nitiator] g{)ei::éng zflgltmg Parameters

: y - el
% mol T (°C) le) % Crystallinity
0.10 56.6 87.6 61.7

0.20 62.0 109.3 77.0

zero order kinetic

S e

{{h0-h)/{h0-heo))

0 10 20 30 40 50 60

Time(min)

Figure 6. Zero-order kinetic plots of the bulk CL polymerization at
130 °C using 0.1 mol % initiator.

Table 4. Comparison of the zero-order, kg, and first-order, k;, rate
constants of CL polymerization at 130 °C from dilatometry.

" Taken as the peak Ty, from the DSC melting peak

AH;, = heat of melting (oc area under Ty, peak)
" Calculated from the equation:

% crystallinity = [AH,/AH',] x 100 %

where, for PCL, AH',, = 142 Jig (for a 100% crystalline sample)

The bulk polymerization kinetic studies were carried out by
dilatometry as shown in Figure 5-6 and Table 4. From the
dilatometry data, it was found that the data fitted more closely to
first-order kinetics with respect to monomer rather than zero-order
kinetics with a first-order data constant, k;, of 2.7x 10?min™'.

Firstorder kinetic |
25
g 2 |
=
=
€ 15
? y=0.0273x- 0.0523 |
£ *=0.9807 |
= ky=2.73% 102 min'!
£ o5
|
s [
0 40 50 60 70 80 90 100 |
Time (min)

Figure 3. First-order kinetic plots of the bulk CL polymerization at
130 °C using 0.1 mol % initiator.

[ M

[Initiator] ky (min") ki (min!) M,
mol %
0.10 Tl 107 2.7 R107 2.13 x 10*
3
020 14x107  32x10? 1.23 x 10*
Conclusions
The results presented here have shown that the

(Oct)Sn(DEGMEE) initiator is effective in the bulk ROP of CL
monomer. Since it is the true initiator for coordination-insertion and
can be added in an accurately known concentration, it can yield
polymer with predictable and reproducible molecular weights. This
is an important advantage for polymers which use in biomedical
applications.
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€-Caprolactone

Achara Kleawkla™ Thidarat Khawjanta', Sujitra Ruengdechawiwat’, Robert Molloy™

Aliphatic polyesters are the most widely used bi

polymers in b
applications. These applications include absorbable sutures, nerve guides, bone fixation

devices and drung delivery systems for fissue engineering [1]. The main method used in
the synthesis of biodegradable polyesters is ring-opening polymerization (ROP) of the

corresponding cyclic ester The poly

formed are versatile polymers
patibility. The synthesis of
novel polymer structures through ROP has been studied for a number of years [2]. The

having good ica properties, bi

polyesters which have so far found the most commercial importance are those derived

from cyclic ester monomers such as glycolide, lactide (L, D and DL) and €-caprolactone.

$n(Oct)+(DEG monoethyl ether) — 5 Sa(Oct DEG monoethyl ether)2

Figure 1. synthesis of the Sn(Oct DEG monoethylether)2 Initiator

Seaprolactone + $n( Oct DEG monoeth ether), *

1300C l 48 hrs

Poly (E-caprolactone), PCL
* [Initiator] : 0.02, 0.10,0.20 mol%

Figure 2. Bulk polymerization

The results presented here have shown that the Sn(Oct DEG monoethyl elher)1 initiator

is effective in the bulk ROP of CL monomer and, by varying its concentration, can
control the molecular weight of the PCL polymer formed.

! Department of Chemistry, Faculty of Science, Maejo University, Chiang Mai 50290, Thailand
2 Polymer Research Group, Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
¥ Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

The Sn(Oct DEG moncethylether), initiator product was obtained as a finely divided white liquid
in 98% yield.

) Fourier-transform infrared spectroscopy (FT-IR)
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Figure 3. FT-IR spectrum of Sn(Oct DEG monoethylether)2 ini iator
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) Nuclear magnetic resonance spectroscopy (H-NMR)
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Figure 4. 400 MH,, 'H-NMR spectrum of $n(Oct DEG monoethylether),

Table 1. C ison of PCL p obtained using various initiator concentrations
{Initiator] | Yield ;i Melting Parameters ml
wbyml | % | C | Aulp | %Crsalintyt | ag | M,
002 %5 | 61l 187 722 0% 2825 10°
010 81 | s6 76 617 0 |27xi02| 1s3x0
020 893 | a0 1093 70 03% |32xi0?| 13210t

The (CL monomer + Sn(Oct DEG momelhylelher)2 initiator only) kinetic studies were carried out
by dilatometry as shown in Figure 5.

Firstorder kinetic

o0 )

Figure 5 First order kinctic

231




Rure) an d/ Applied| Ch emlstrl |
International Ceonference) 201S)

ﬁ@ HEG @M‘l@y ‘

232



PPC-PO-015

Ring-Opening Polymerization of Cyclic Ester Monomers for the
Synthesis of Biodegradable Polyesters
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Biodegradable polymers are versatile materials with a wide range of applications including surgical
sutures, scaffolds, matrix materials for tissue-engineering and regenerative medicine, biodegradable
packaging and agriculture. The ring-opening polymerization of cyclic ester monomers such as L-
lactide and €-caprolactone has been studied using novel organotin compounds as coordination-
insertion initiators. In this research, a novel initiator was synthesized via the reaction between tin(II)
octoate and diethylene glycol monoethyl ether at 130 °C under vacuum. After purification, it was
obtained as a colourless liquid. The poly(IL-lactide) and poly(€-caprolactone) products were
characterized by a combination of analytical techniques such as fourier-transform infrared
spectroscopy (FT-IR)thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC).The organotin initiator were used in concentration of 0.10, 0.20, 0.50 and 1.0mol% in the
bulk ROP of €-caprolactone at 130°C and their efficiencies compared. The molecular weights of the
poly(€-caprolactone) products were determined by dilute-solution viscometer. The results showed
that an initiator concentration of 0.10 mol% gave the highest viscosity-average molecular weights
2.13x194

Keywords Biodegradable polyesters; Ring-opening polymerization; Poly(L-lactide), Poly(€-
caprolactone)
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1. Synthesis of initiator :
Sn(Oct), + Diethylene glycol monoethyl ether
(T €

Dry gas

Stir for 3 hrs

Figure 1. Synthesis of tin(I) octoate diethylene glycol monocthyl
2. Polymerization of €-caprolactone :
E-caprolactone + Sn(Oct)

130 °C.
for 48 an

GME

Poly(E-caprolactone)

Figure 2. Bulk polymerization. g
3. Analysis of poly(€-caprolactone) :

3.1 Fourier-transform infrared spectroscopy (FI-IR)

3.2 Dilute-Solution Viscosity

3.3 Differential Scanning Calorimetry (DSC)

3.4 Thermogravimetric Analysis (TGA)

1. Fourier-transform infrared spectroscopy (FT-IR)
Ay B In N

Warcmmartee (o)

encies

of poly(E-cap
monocthyl ether (.10 mol% as initiator, 130°C for 72 hrs.

(Heating rate = 10°C/min; N, pure gas)
{. Thermogravimetric Analysis (TGA)

lactone) using tin(l) Oct

FT-IR spectrum of pol 1
structure. The results of dilute-so

concentration of 0.10 mol% heate
viscosity-average molecular weights
can relate to % crystallinity which hat
thermogram found that there is one step

Figure 3. FT-IR spectrum of poly(€-caprolactone) using tin(Il) Octoate dicthylene glycol

monoethyl ether 0.10 mol% as initiator, 130°C for 48 hrs.
2. Dilute-Solution Viscosity
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Figure 4. Graph show relative between concentration and n . and n , of poly(€-caprolactone) using
tin(IT) Octoate diethylene glycol monoethyl ether 0.10 mol% as initiator, 130°C for 72 hrs.
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Abstract. Poly(L-lactide-co-g-caprolactone) 75:25 % mol, P(LL-co-CL), was synthesized via bulk
ring-opening polymerisation (ROP) using a novel tin(Il)alkoxide initiator, [Sn(Oct)];DEG, at 130°C
for 48 hrs. The effectiveness of this initiator was compared withthe well-known conventional tin(IT)
octoateinitiator, Sn(Oct);. The P(LL-co-CL) copolymersobtained were characterized using a
combination of analytical technique including: nuclear magnetic resonance spectroscopy (NMR),
differential scanning calorimetry (DSC), thermogravimetry (TG) and gel permeation
chromatography (GPC). The P(LL-co-CL) was melt-spun into monofilament fibres of uniform
diameter and smooth surface appearance. Modification of the matrix morphology was then built
into the as-spun fibresvia a series of controlled off-line annealing and hot-drawing steps.

Introduction

Aliphatic polyesters have been investigated worldwide as biomaterials which are useful for
biomedical and pharmaceutical applications such as absorbable sutures, nerve guides, bone fixation
devices and drug delivery matrices [1-4].Biodegradable polymers break down in physiological
environments by random chain scission into smaller fragments and ultimately into simple stable
end-products. The main mechanism of degradation in the human body has been shown to be by
simple hydrolysis of the main chain ester groups. This occurs by acyl-oxygen bond scission
resulting ultimately in the release of low molecular weight products. These hydrolysis products are
non-toxic and are eliminated from the body by the normal metabolic processes[5-6]. Most of these
polymers have degradable backbones that are composed of esters, anhydrides, carbonates, urethanes
and so forth. One of the most frequent applications of biodegradable polymers prepared from o-
hydroxy acids(glycolic acid, lactic acid) and e-caprolactone is in orthopeady [7-11]. The most
widely used initiating system for research purposes and for the technical production of polylactides
and related copolyestersis tin(II) octoate, Sn(Oct),, in combination with an alcohol to produce a
tin(Il) alkoxidein situ as the “true” initiating species [12-13]. However, the tin(Il) alkoxide is
produced in an unknown concentration and so attention has been focussed in this work on
synthesizing a novel soluble tin(Il) alkoxidewhich can be used directly rather than generated in situ.
The ultimate objective is then to process the copolymer into amonofilament fibre with suitable
properties for use as an absorbable surgical suture.

Experimental

Synthesis and Characterisationof Tin(II)Alkoxide Initiator. The two polymerisation initiators
used in this work are tin(II)octoate,(Sn(Oct),, systematic name: tin(Il) bis(2-ethylhexanoate), and a

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www ttp.net. (ID: 202.28.247.194-16/02/14,12:56:30)
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novel tin(Il)alkoxide, [Sn(Oct)].DEG.bis(tin(Il) octoate) diethyleneglygol. Their molecular
structures are compared in Fig. 1.

OO, e O

tin(Il)octoate, Sn(Oct)2 bis(tin(II) octoate) diethyleneglygol ([Sn(Oct)].DEG)
Fig.1 Molecularstructures of the polymerisation initiators used.

The [Sn(Oct)]-DEG initiator was prepared from the reaction between diethylene glycol (DEG),
HOCH,CH,OCH,CH,-OH, and Sn(Oct),.as shown below. The product, [Sn(Oct)].DEG, was
characterized by FT-IR and"H-NMR to confirm its chemical structure, as shown in Fig. 2. The by-
product of the reaction was octanoic acid (OctH).

2 Sn(Oct), + HO-CH,CH,OCH,CH,-OH  —  [Sn(Oct)].DEG + 2 Oct
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Fig. 2FT-IR and "H-NMR spectra of the synthesized initiator[Sn(Oct)],DEG.

Monomer Preparation.L-Lactidemonomerwas purified before use by recrystallisation from
distilled ethyl acetate and dried to constant weight at 55°C in a vacuum oven. g-Caprolactone
monomer was purified by vacuum distillation. Purified e-caprolactone was obtained as a clear
colorless liquid and was stored over molecular sieves in a refrigerator in a tightly sealed container
until required for use.
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Polymerisation and Characterisation of Poly(L-lactide-co-&-caprolactone). Poly(L-lactide-
co-e-caprolactone), P(LL-co-CL), with a mole % composition of LL:CL = 75:25 was obtained by
ring-opening polymerisation (ROP) of L-lactide and e-caprolactonein bulk under dry nitrogen at
130°C for 48 hrs, as shown in Fig. 3. The crude copolymer was purified by cutting into small pieces
to increase its surface area and then drying to constant weight in a vacuum oven at 80°C to remove
any trace amounts of residual monomers.

HyC,. OTO Q
oJ/io “CH, O

L-lactide {LL) e-caprolactone (CL)

bulk ring-opening initiator
copolymerisation

CHy CH, s
fOCH%OCHEIZ ----- OCH2CH2CH2CH2CH2%}
. (0] (0] Q/n

poly(L-lactide-co-e-caprolactone), P(LL-co-CL)
Fig.3Bulk ring-opening copolymerisation of L-lactide (LL) and e-caprolactone (CL).

P(LL-co-CL) obtained using the two different initiators were characterized byDSC, TG and
GPC. DSC and TG characterized the thermal properties while GPC gave the number-average
molecular weights, My, and polydispersities, PD. The results are summarized in Table 1.

Table 1 Characterization of the P(LL-co-CL)copolymers obtained from the twodifferent initiators.

E3

Initiator Initiator DSC TG* ¢ GP@***
Conc. Tm | AHm | T4 Mn PD
Cemd) | ¢O) | (ilg) | CO)
Sn(Oct), 0.02 143 | 19.7 | 234 | 17,658 1.9538
[Sn(Oct)],DEG 0.02 153 | 11.6 | 240 | 40,882 1.8263

* Tmand AHm were measured by DSC at a heating rate of 10 °C/min from 0 to 200 °C under dry nitrogen

™ Thermal degradation was measured by TG at a heating rate of 20 °C/min from 50 to 450 °C under dry nitrogen

dekeke
GPC measurements were carried out using tetrahydrofuran (THF) as the solvent at a flow-rate 1 mL min™. The

system, operating at 40 °C, was calibrated with narrow molecular weight distribution polystyrene standards.

As shown in Table 1, it was found that, under the temperature/time conditions (130 °C for 48hrs)
employed, both the Sn{Oct), and [Sn{Oct)],DEG initiators at a 0.02 %mol initiator concentration
gave reasonably high number-average molecular weights (M, > 10%)with the novel[Sn(Oct)],DEG
initiator giving the higher value. Copolymer compositions were determined from peak area
integrations in the "H-NMR spectra andwere found to be very similar to the monomer feed ratio
despite the different monomer reactivities (LL > CL). From 'H-NMR, the copolymer compositions
weredetermined asLL:CL = 76:24 and 75:25 % mol for the Sn(Oct), and [Sn(Oct)],DEG initiators
respectively.

Fibre Processing. The P(LL-co-CL) copolymers weremelt-spun into monofilament fibres using a
small-scale melt-spinning apparatus which was capable of processing as little as 10 g of material.
The as-spun fibreswere of uniform diameter in the range of 0.6-0.8 mm and were of smooth surface
appearance. On their emergence from the spinnerette, the as-spun fibres were cooled quickly with
only minimal draw so that they would be largely amorphous and unoriented. The reason for this
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was so that the required semi-crystalline morphology and molecular orientation could be gradually
built into the fibres off-line via a series of well-controlled hot-drawing and annealing steps.

For hot-drawing, both the temperature and draw rate needed to be carefully chosen, while for
annealing, temperature and time were similarly important. These conditions and the sequence in
which they were applied were critical in determining the degree of induced molecular orientation
and crystallinity which, in turn, determined the mechanical properties. Sufficient tensile strength
combined with sufficient flexibility (good handling properties) is essential for a monofilament fibre
to be used as a surgical suture.

Tensile Testing.Fibre tensile strength was determined at ambient temperature using a Lloyds
LRX+ Universal Testing Machineequipped with a 100 N load celland bollard grips. The initial
gauge length of each fibre test sample was 40 mm and the test was carried out at a crosshead speed
of 80 mm/min. The stress-strain curvesof the P(LL-co-CL) fibre, obtained using [Sn(Oct)[.DEG as
the initiator, are shownin Fig. 4 and Table 2 at various stages of processing.

Stress (MPa)

Seccond-draw 70 C

¢

|Anneal 50 Clfor3 h

-

i

rmY"W”
M
,/3’ rﬂ'ﬂ Firlst-draw 70 (

P

// Aspun

'F‘ercenlage Slra»ﬁ

Fig.4Stress-strain curves of P(LL-co-CL) fibresusing [Sn(Oct)];DEG as the initiator obtained at
various stages of fibre processing

Table 2:Values of stress and strain at break from the curves shown above in Fig. 4.

Fibre Sample Tensile Testing
Stress | Strain
(MPa) | (%)

As-spun 25 1368
First- draw 247 151
First-anneal 284 155
Second-draw 344 70

Conclusions

The copolymer synthesis results have shown that the novel [Sn{Oct)];DEG initiator is a more
efficient initiator for the ROP of L-lactide and e-caprolactone than the conventional Sn(Oct),
initiator, yielding a much higher M, at the same initiator concentration of 0.02 mol %. However,
both initiators producedP(L1L-co-CL) copolymers which were of sufficiently high M, to be melt
spun into monofilament fibres. The mechanical strengths of the as-spun fibres could be improved
by a controlled sequence of off-line annealing and hot-drawing steps. This sequence of steps
enabled the changes in mechanical properties after each step to be individually observed. The
results obtained showed that the fibre properties were strongly dependent on the matrix morphology
{molecular orientation and crystallinity).

Thus, the overall conclusion to be drawn from this work is that, in order to develop a polymer for
use in such a specialist application as a surgical suture in which the property requirements are very

239



176 Advanced Materials Research IV

stringent, it is essential to control each step of both the synthesis and processing procedures. While
the synthesis procedure determines the copolymer’s chemical microstructure, the processing stage
determines the fibre’s physical microstructure. Understanding the combination of the two and how
they relate to properties is the key to the successful development of a new material.
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Abstract

Poly(L-lactide-co-¢-caprolactone) 75:25 mol %, P(LL-co-CL), initiated by either tin(I1)
octoate, Sn(Oct)., or bis[tin(ll)(octoate)] diethylene glycol ([Sn(Oct)].DEG]), was
synthesized via bulk copolymerization at 130°C for 48 hrs. The copolymers obtained
were characterized by a combination of analytical techniques, namely: nuclear
magnetic resonance spectroscopy (NMR), gel permeation chromatography (GPC),
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). For
processing, the copolymers were melt spun into monofilament fibers and the required
oriented semi-crystalline morphology developed via a series of controlled off-line
annealing and hot-drawing steps. Depending on the draw ratio, the final fibers obtained
had tensile strengths in the region of 200-400 MPa.
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