CHAPTER 3

EXPERIMENTAIL RESULTS

3.1 Synthesis of Block Copolvmers

3.1.1 Monomer Preparation

9.1.1.1 Synthesis of Glycolide

The synthesis of glycolide dates back to the early 1930s and
the pioneering days of Carothers [13J. It is a two-step synthesis
involving, firstly, the linear polycondensation of glycoclic acid to low
molecular weight poly(#lyceolic acid} (ﬁ; < 85000) followed, secondly, by
thermal decomposition of the polymer to yield glycolide as the primary

decomposition product, as shown below.
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dlycolic acid low mol. wt. PGA glycolide

In a typical synthesis reaction in this work, approximately

30 § of glycolic acid together with approximately 0.3 ¢ of antimony
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trioxide catalyst (1% w/w) were heated at 120—130°C under a nitrogen
atmosphere in a conventional short—path distillation apparatus (see
Fig. 3.,1a)., Heating was continued for about 3 hours until the water
of polycondensation ceased to distill from +he flask. The apparatus
was then adapted for vacuum take—off <(see Fig. 3.1b) and heating
continued for a further 1 hour at a reduced pressure of 2-4 mm Hg.
Over the following 2 hours, the heating temperature was gradually
increased up to 150 C and then, when the flask contents started to
solidify, increased further up to 170 C. The product at this stage
was low molecular weight poly(glycolic acid) (PGA)., Finally, for an
additional period of about 4 hours, the heating temperature was increased
up to 270*2850C in order to thermally degrade the low molecular weight
PGA to yield glycolide as the primary product. Crude glycolide began
to distill out oP-the flask and solidify in the condenser at about
265 C. This crude product was obtained as a yellow crystaliine solid
in approximately 50-60% yield based on the initial glycolic acid, It
had an observed melting range of g80-g4 C (c.f+ey 11it. E£203 m.DL. 82—8400).
The crude glycolide was stored in =2 vacuum desiccator until
. required for further use, [t could be purified by recrystallisation
from ethyl acetate at 50~60°C, the recrystallised material being =

white, needle-~iike, c¢rystalline solid of narrower melting rande 82-84 C.
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Apparatus used in the two—~stage preparation of glycolide:
(2) glycolic acid polycondensation to low mol. wt. P@A
(b) thermal degradation of low mol. wt. PGA to glycolide
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3.1.1.2 Purification of Poly(ethylene glycol)

Commercial poly(ethylene glycol) <(PEG 200 and PEG 15003
E; & 190-210 and E; N 1800-16003 Fluka AG) was thoroughly dried before
use by heating to 100°C under vacuum with continuous magnetic stirring,
Drying was considered to be complete when both constant weight and a
constant O-H peak absorbance in the infrared spectrum were attained,
Dfied PEG was stored under vacuum +to prevent contact with atmospheric

moisture until required for use.

3.1.2 Synthesis of Poly(glycolic acid-b—oxyethylene)

In this work, the aim was +0 prepare a series of block
copoly(ester—ether)s comprising poly(glycolic acid) segments attached
to low molecular weight polyoxyethylene (ﬁ; & 200 and 1800) segments.
The latter, more commonly referred to as poly(ethylene glycol) (PEG),
is the "comonomer"” with glycolide and forms the "soft" middle segment,

as represented in the structure (I11) below.

a
il I
o — CHz - G 0 — CH2 — CHz - ¢ C - CH2 - Q
1 n m

ABA poly(glycolic acid-b-oxyethylene)

il
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(a) Apparatus

{a)

VACUUM

(b)

Fig. 3.2 ¢ Apparatus used for the block copolymerisation of

glycolide and PEG.
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(b) Block Copolymerisation of Glycolide and

Poly{ethylene glycol)

A series of experiments employing different PEG
molecular weights, initiators, temperatures, and comonomer feed ratios
were carried out, as summarized in Table 3.1. The two initiators used
in this work were aluminium triethyl [used as a 10% v/v stock solution
in disitilled decahydronaphthalene (decalin) as soclvent] and stannous
oxalate.

In a typical experiment, using the apparatus showﬁ in
Fig. 3.2a, approximately 5 & of glycolide and the appropriate weight of
PEG (calculated as mole %) were mixed together under a dry nitrogen
atmosphere at room temperature in a controlled atmosphere glove box.
1 mole %X of the initiator was then added into the mixture and the
reaction flask removed from the slove box. The mixture was immersed
in an oil bath at the required temperature with stirring under a
nitrogen atmospheré. After the system had been maintained under these
conditions for 30 minutes, the pressure was gradually reduced to 3-4
mm Hg by connection to a vacuum pump (See Fig. 3.2b) and the reaction
continued until the mixture had completely solidified. The crude
product was obtained as a whitish solid with a slight brown
discoloration.

The crude copolymer was stored in a vacuum desiccator
until required for wuse. It could be purified by extraction with
refluxing absolute ethanol, the purified copoclymer being an off-white
solid powder,

In this way, a series of copoclymers with different

compositions were prepared by varying +the conditions of synthesis, as
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detailed 1in Table 3.1. The homopolymerisation of glycolide alone to

poly(glycolic acid) was .also carried out in a similar manner for

comparison.

3.2 Purification of Poly(glycolic acid-b-oxyethylene)

by Ethanol Extraction

CaCl2 guard tube

"

[ S

RN

-

Fid. 3.3 * Apparatus used for the purification of the crude product

by hot ethanol extraction.

In a typical purification, using the apparatus shown in Fig. 3.3,
approximately 0.2 g€ of crude product was refluxed in 50 ml of absolute
ethanol in +he heating flask under a dry nitrogen atmosphere 3t

78-80 C. Heating was continued for about 12 hours with constant
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stirring. The products cbtained are described in Tables 3.2-3.5 in

terms of their physical appearances and weights both before and after

purification.
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Key to Abbreviations and Symbols :

G = glycolide
PEG = poly(ethylene glycol)

X = polymerisation apparently did not occur or occurred to
only a very limited extent; hence, purification was

considered unnecessary
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The- results of the copolymer extractions provide some qualitative
indication as to whether or not the cop&lymers actually contain any
copolymerised PEG. Following hot extraction in absdlute ethancl, the
resultant weight loss can be ascribed to the solubilization of such

low molecular constituents as:

(1) unreacted glycolide
{(2) unreacted PEG
(3) oligomeric products

(4) catalyst residues

Provided that the total weight loss on extraction did not exceed
the initial weight of PEG in the comonomer feed, it can be concluded
that +the copolymer product must therefore contain at least some PEG,
even though +the exact amount remains unknown. The results are

summarized in Tables 3.,6-3.9.

‘Sample Calculation:

In Table 3.6, for the Eopolymerisation at 150 C of i

G ¢+ PEG 200 = 899 3 1 mole %
3 5.000 ¢ 0.087 g
theoretical 100 % copolymer yield = 5.087 g
weight of crude copelymer used in extraction = 2,030 g

theoretical weight of PEG in crude copolymer before extraction

= 2.030 x 0.087 = 0.035 g

5.087
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actual weight loss from crude copolymer following extraction
= 0.025 g
ive., < 0.035 g
What this result serves to show is that the product is indeed a
copolymer containing "bound" PEG, since all "free" PEG wouid have been
removed by the extraction procedure.
Finally, in Table 3.6, for this samplet
% weight loss = 0.025 X 100 = 1.23 %

2.030

However, from these results alone, it is not possible to calculate
the exact copolymer composition or to draw any firm conclusions as +o
the copolymer structure. This requires much more detailed study such
a5 that provided by the DSC, TG and *H-NMR analyses described in later

sections of this thesis,
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From the results in Tables 3+.6—3.+.9s some general conclusions can

be drawn.

(1) In the majority of cases, the weight loss after purification (i.e.,
extraction + washing + vacuum oven drying to constant weight) was
less than the theoretical amount of PEG contained in the crude sample.
This supports the view that +the products do contain at least some

copolymerised PEG in their chemical structures.

(2> For a given monomer ratio, the % wight loss tends to inérease
with increasing temperature of copolymerisation. This may be due
to (a) an increasing tendency for the glycolide monomer to
homopolymerise with itself at higher temperatures, and/or (b)
increasing thermal degradation of the copolymerised PEG blocks to
extractable low molecular wight products. This latter suggestion
(b) is supported by the observed increase in brown discoloration

of the product with increasing temperature,

(3) As the mole % PEG in the comonomer feed increases from 1-10 %, the
% wight loss on purification increases accordingly. This suggests
that the weight loss may be partly due to unreacted PEG, However,
more definitive evidence concerning this is provided by other

techniques as will be described later.

{4) On comparing Tables 3:6 and 3.8, there do not appear to be any
significant differences between using aluminium triethyl or

stannous oxalate as initiator,
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In this project, the copblymer products obtained were characterised

by the following combination of analytical techniguess

(i} infrared spectroscopy (IR)
~ for structural characterisation
{{1) nuclear magnetic rescnance spectroscopy (NMR)
- for structural characterisation
(iii) differential scénning calorimetry (DSC)
- for temperature transitions and crystallinity studies
(iv) thermogravimetry (TQ@)
— for thermal stability studies
(v) dilute—-solution viscometry

~ for molecular weight determination

3.3 Infrared Spechroscopy (211

A Jasco Model IR-810 Infrared Spectrometer was used in this
project. Fidgs. 3.4-3.5 show the infrared (IR) spectra of dlycolic
acid and glycelide. The spectra were obtained with +the samples in

the form of compressed KBr discs.
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Infrared spectrum of glycolide.
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The chemical structures of #lycolic acid and €lycelide are as

followst
0
V4
H - OH H g— C H
N/ ['We'd N/
C G C
/N /N
H GOOH H ¢C—0 H
4
0]
glycolic acid glycolide

The major bands in the spectra of glycolic acid and glycolide are
compared in Table 3.10 and sre consistent with the above structures.
The transformation from the ¢of ~hydroxy acid to the cyclic diester is
indicated 1in the spectra by +the near—disappearance of the broad 0-H
band in glycolic acid and the shift to higher wavenumber of thea (=0

band in dlycolide due to the effect of ring strain,
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Table 3.10 ¢ Comparison of IR data of glycolic acid and glycolide.

Vibrational Wavenumber (cm )
Assignments
Glycolic Acid Glycolide
0-H str., in OH and COOH & 38002500 (weak)
C-H str., in CHz & 3000 £. 30002950
C=0 str. & 1760—1700 & 1780-1740
C-H bend, out—-of-plane 14401350 1440. 1400
C-0 str., acyl-0 & 1260-1200 0 | 2 1320-1280
alky1-0 ® 1100-1080 1060
0-H bend, in-plane " 1440, 1380
0-H bend, out—of-plane &~ 1000—-880
KEY 1
0
fl
a = in -C-Q of glycolic acid
i
B = in -C-0 of glycolic acid
|
0
I
c = in ~-C-0 of glycolide
l .
d = in —-C-Q of glycolida
|
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From the copolymerisations, it was expected that +the copolymers
would comprise adjoihing poly(glycolic acid) and poly(ethylene glycél)
blocks:, iIn Figs. 3.6~3.9 are shown the ianared spectra of poly
(glycolic acid), polyl{ethylene €lycol) PEG 200 and some of the
copolymer products. The spectira were either obtained with the sample

in the form of a KBr disc or, for PEG, using NaCl discs.

= Q o o Q @ o o

Q =] 2 9 S 2 <] Q-

=} = S @ = ~ <

<+ 2 § = A —1
cm

Fig. 3.6 ¢ Infrared spectrum of poly(glycolic acid).
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cm

4000
3000 R
2000 H
1200H
1000 H
700
400

Fig. 3.7 ¢ Infrared spectrum of poly(ethylene glycollPEG 200.

— 1 11 1 1| 1 i 1 1 1 ) 1 A L) I 1 d. | 1 A L 1 1 L L 1
Q = Q [=] =] Q = T
Q o Q =2 o S o 8 cm
=) o Q @0 &N o P~ -
h- o [x¢ ] o™ - - -

Fid. 3.8 ¢+ Infrared spectrum of polyi{glycolic acid—b—oxyethylene)/

99:1/200 C/using aluminium triethyl as initiator.
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4000 3500 3000 2500 2000 1500 1000

cm

Fig. 3.9 : Infrared spectrumn of poly{dlycelic acid-b—oxyethylene)/

97:3/200 C/ using aluminium triethyl as initiator.
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The chemical structures of the two homeopolymers and the block

copolymer are compared below:

0
il
H 0 — CHz - C OH H Q - CHz - CHz OH
n n
poly{(glycolic acid} poly{ethylene glycol)
PGA PEG
0o 0
N i
0 ~-CH —¢ 0 -CH —CH Q C -~ CH -0
=2 2 2 2
1 n m

poly(glycolic acid-b-oxyethylene)

P(GA-b-PEG)

The major bands in their IR spectra are compared in Table 23.11.
Not surprisingly, since PGA is by far the major component, the
P(GA-b-PEG) copolymer spectra in Figs, 3.8-2.9 closely resemble +that
of the PGA homopolymer in Fig. 3.5. This is only to be expected if
the copolymer chain is comprised of adjoining blocks as represenéed in

the above structure.
Points to note in the copolymer spectra aret

(1) the absence of any strong 0-H stretching band in the region

3600—3200 cmqt; this indicates that the relatively short PEG blocks
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are bonded through their OH end-groups to longer PGA Dblocksi
hence, the weak O0-H end-group bands in the copolymer spectra

resemble that in the spectrum of PGA.

the relatively sharp alkyl C-0 stretching band in PGA alone at
about 1080 cm ~ (Fig., 3.6) is seen to be broader (1120-1080 cm )
in the P(GA-b—PEG) copolymer spectra, presumably due to its overlap

with the corresponding C-0 band from the incorporated PEG segments.
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3.4 Proton Nuclear Magnetic Resonance (*H-NMR)

Spectroscopy [223

4 Bruker Model AFC-200 MHz Nuclear Magnetic Resonance Spec-
trometer was used in this project. The *H-NMR spectra of PGA, PEG and
P{(GA-b-PEG 200) are shown in Figs. 3.10-3.14. The relative are as
under +the various resonance peaks, as calculated from the intégration
lines, are directly proportional to the relative numbers of protons to
which they correspond. This enables the copolymer composition to be
determined. The chemical shifts and corresponding proton assignments

are tabulated in Tables 3.12-3.16.
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Fig. 3.10 t 200 MH_ ‘H-NMR spectrum of PGA synthesized at 200 C using

aluminium triethyl as initatori solvent = dG—DﬂSO at QD.G.
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Table 3,12 ¢ Interpretation of tH—NMR spectrum of PGA synthesized at
200°C using aluminium triethyl as initiator, as shown

in Fig. 3.10.

(a) O (h) O (c) 4]
Il

' i I
chain end — ¢ - CH2 - C o — CHz - C 0 — CH2 - C ~—— chaln end

Proton Assignment | Chamical ShiPt (&)
a 4.13, 4.09
b 4.88
{4-851 4.81
c 4465, 4.58
unaséigned pesak * 3.83
dE—DMSO solvent 2.54

possibly due to Hzo impurity in solvent

DMSO is known to be hygroscopic

NOTE: other small peaks mot listed in the table could be due to

protons in AI(CZHS)3 initiator residues at the chain ends



b5

i

Fig. 3.11 ¢ 200 Mz 'H-NMR spectrum of PEG 200 in d_-DMSO at 5o C.
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Table 3.13 ¢ Interpreatation of '"H-NMR spectrum of PEG 200, as shown

in Fig. 3.11.

(b) (a) {a) ’ (b)
HO CH2 - CHz -0 H for PEG 200

n n® 4-5

Proton Assignment Chemical Shift ¢ 8)

a 3:55s 3.50
b 4.87
unassigned pesk * 3:43

* possibly dus to Hzo impurity in DMSO solvent
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Fig., 3.12 : 200 MHz 'H-NMR spectrum of P(GA-b—~PEG 200) 99:1
synthesized at 200 °C using aluminium triethyl as

initiator; solvent = d_-DMSO at 90 C.
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Table 3.34 : Interpretation of 1H—NMR spectrum of P(GA-b—PEG 200}
99:1 synthesized at 200 °C using aluminium triethyl as

initator, as shown in Fig. 3.12.

a 0O B ¢ c 0O d e e e e e e d
[} Il Il
O—CHZ—C—O-CHZ—C—O~CHa—C—~— —-O—CHz——CHz--O—CHa-—CHZ—O—-CHZ~CH2-0—CH2—CHz R § |

PGA block centra]l PEG 200 block
O ¢ 0 b a 0
I i ]
———C-CHz—O—C—CHz—O—CHZ—C——— ,
PGA block

Proton Assignment Chemical Shift (S )]

a 4.13, 4.10
b ‘ 4.88

4.87, 4.81
c 4.65
d 4.09
e 3.85

unassigned peak 3.83

dstMSO solvent 2:+51
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- From the peak area integrations of the assigned methylene (a, b,

cy dy e) peaks in Fig. 3.12, the copolymer composition is determined as

follows:

OCH_CO : OCHZCH2

glycolic units oxyethylene units

total area of glycolic unit peaks ! total ares of oxyethylene unit peaks

2 4

115

F -9

29

-
[y

Copolymer Composition OCHzCO : OCHZCH2

= 29 1 1 (by mole}
Converting this repeat unit ratio into a comonomer ratio:

Copolymer Composition 7 moles of glycolide

moles of PEG 200

= moles of dlycolic units/2

moles of oxyethylene units/4.55

= 29/2

1/4.55

( where 4,55 average value of n in PEG 200 )
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o
O

This comonomer mcle ratio of 65 ¢ 1 (98.5 ¢ 1.5) in the final
copolymer composition corresponds closely to the 99 ¢ 1 mole ¥ ratio

of +the initial comonomer feed.
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Fig. 3.13 ¢ 200 MHz 'H-NMR spectrum of P(GA-b~PEG 200) 97:3
synthesized at 200 C using aluminium triethyl as

initiator; solvent = de—DHSO at QO.C.
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Table 3.15 ¢ Interpretation of "H-NMR spectrum of P(GA-b-PEG 200)
g7:3 synthesized at zoo'C using aluminium triethyl as

initiator, as shown in Fig. 3.13.

a O b © c O d e e e e e e d
It Il f}
O—CHZ—C—O—CHz—C—O—CH2~C O—CHZ—C_Hz—O—CHz—CHz—O—CHz—CHz—O—CHz—CH2
PGA block central PEG 200 block
Q0 ¢ QO b a O
_ ! Il ]
e C—CHZ—O—C—CHZ—OmCHz-C _
PGA block

Proton Assignment | Chemical Shift (&)

4.85+ 4.84, 4.81

< 4.65

d 4.09

e 3.55
unassigned peesk 3.93, 0.05
d,-DMS0 solvent 250

From the peak arez integrations of the various methylene (a, b,

[
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c, d, e) peaks in Fig., 3.13, the copolymer composition 1is again

determined as:

OCHZCO t OCHzCHz
"glycolic units H oxyethylene units
14 : 1

Copolymer Composition ¢ OCHZCO H OCHzCHZ

> 14 % 1 (by mole)

Via a similar calculation to +that Jjust described, this OCHzCO:
OCHECHz unit ratio converts to a comonomer mole ratio in the copolymer

of:

1

glycolide ¢ PEG 200 31.8 ¢+ 1 {by mole)

I

7.0 ¢ 3.0 (mole %}

This corresponds exactly to the 97:3 mole % ratio of the initial

comonomer feed,
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Fig. 3.14

200 MHz 'H-NMR spectrum of P(GA-b-PEG 200) 9416
synthesized at 200 c using aluminiuwm triethyl as

initiator, sclvent ds—DMSO at so'C.
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Table 3.16 ¢ Interpretation of the 1H—NHR spectrum of P(GA-B—PEG 200)
94:6 synthesized at zoo'c using aluminium triethyl as

initiator, as shown in Fig. 3.14.

a 0 b O c O ' d e e e e e e d
Il I I
—«—O—CHZ—C—O—CHz—C—O—CHz—C O—CHz—CHz—O—CHz—CHa—O—CHz—CHZ—O—CHz—CHZ
PGA block central PEG 200 block
O ¢ o b a 0
Il Il Il
— C~CH2—O—C—CH2—O—CH2—C —_
PGA block

Proton Assignment Chemical Shift (SJ

a 4.13
b 4.88

4.87, 4.85, 4.8]1

c 4.65
d 4.09
e 3.55
—CH_OCH_ - (DEG) 3.50
unassigned peak 3.93

ds—DMSO solvent 250
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From the peak area integrations of the methylene (a, b, ¢, d,

peaks in Fig., 3.14, the copolymer

OCH_CO
z
glycolic units

9

composition is determined as:

H OCH2CH2
H oxyethylene units
4 1 {by mole)

which, in turn, corresponds to a comonomer mole ratio of

1l

Copolymer Composition
= 9
2

= 4.5

205

]

95.3

glycolide 1 PEG 200

H 1

4.85
: 0.22
H 1 (by mole)
: 4.7 (mole %)

This result again agrees closely with the initial comonomer

mole %X ratio of 94:6.

el

feed
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Table 3.17 ¢ Comparison of the comonomer mole X ratios in the initial
comonomer feeds and in the resulting copolymer
compositions for the P(GA-b-PEG 200) / AI(CZHS)3 /!

200 ‘c samples.

Initial Comoncomer Feed Copolymer Composition
Glycolide ¢ PEG 200 Glycolide ¢ PEG 200
(mole %) (mole %)

85 1 1 98.5 t 1.5
97 ¢+ 3 87.0 ¢ 3.0
84 ! 6 95,3 t 4.7

In this project, the copolymer products‘ obtained have been
characterised by a range of analytical techniques: IR, *H-NMR and,
still to follow, DSC, TG and dilute—-solution viscometry. However, only
'H-NMR provides direct quantitative evidence confirming that +the
copol&mers do actually contain copolymerised PEG 1in their chemical
structures. The other techniques, while supporting this HNMR view,
provide only indirect evidence of PEG inclusion.

From the results in Table 3.17, the comeonomer mole % ratios in
the copolymer compositions correspond very closely with those of the
initial comonomer feeds. From this, it can be concluded that, under
the conditions of synthesis employed in this project, the PEG 200 has
been successfully incorporated into +the block copolymer structure in

almost quantitative fashion. However, the precise microstructure
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{i.e., number of blocks per chain, average PGA block length, etc.)

remains unknown. Elucidation of this copolymer microstructure should

form the subject of a future research project.

3.5 Determination of Melting Point/Range

3.5.1 Visual Observation

A Buchi SMP-20 Melting Point Determinator was used to determine
the melting range (Tm) of poly(glycolic acid-b-oxyethylene) by visual

observation. The results are shown in Table 3.21-3.24.

3.5.2 Differential Scamning Calorimetry (DSC)

3.5.2.1 Theory and instrumentation {23, 243

Differential scanning calorimetry (DSC) 1s a technique of
non-equilibrium calorimetry in which the heat flow intoc or from a sample
and reference is measured as some function of time or temperature. It
can show how strongly polymer properties are influenced by their
thermal treatment. The most fregquent application of DSC has been
to +he measurement of +transition heats and temperatures.

For precise measurement of heats of transition, it is necessary
to ensure!

{a) precise sample weighing}
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(b) precise measurement of the peak aresa lying under the

endotherm or exotherm caused by the transition.

The area of the transition pesk is directly proportional +o
the energy of the change per unit weight (heat of Fusion,ﬁst, in terms
of J/g). DSC is also widely used to determine the percent crystallinity
of a polymer via heats of fusion [251.

In this project, the particular 1nstrument used was g
Perkin-Elmer DSC7 Differential Scarming Calorimeter which was a
state—-of-the~art, computer—controlled iaboratory instrument. The theory
of operaﬁioﬁ of the DSC7 is based on the power compensated
"nuli-balance” DSC principle in which energy absorbed or evolved by
the sample 1is compensated by adding or subtracting an equivalent
amount of electrical energy to a heater located in the sample holder.
The Perkin-Elmer DSC design measures the energy of a +transition

directly and thus provides true calorihetric information.

3+5:.2.2 Analytical Procedure

"

The following operating conditions were employed for each

sample analysiss:
Parameters:

Final Temp 250.00 C

Start Temp : 25.00 C

-

Scanning Rate 10.00 °C/min

Y Range t 40.00 my

Sample Weight approx. 5 mg
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d

Baseline Status

Multitasking H Y or N (optional}

Conditionss

End Condition 3 S

Load Temp 3 25.00 C
Go To Temp Rate ¢ 8§0.00  °C
Event 1 Time s 0.00 min.
Event 2 Time L 0.00 min.
Data Delay H 0.00 min,
Time at T Start 1 0.00 min.
Time at T Final : 0.00 min.
Y Initial Value 1 10.00 mb

In addition, a NZ purse s$as pressure of 20 1bs/in~ (flow-rate =
approx, 40 ml.min) was employed throughout, as recommended by the
instrument wmanufacturer. The Nz gas was high-purity (gg.5 %),
oxygen—free grade and was further pre-dried by passage through an
in-line drying cdlumn containing both calcium sulphate ('Drierite")

-}
and molecular sieves (type 4 A ) as desiccants.
3.5.2.3 Results
The DSC thermograms in Figs. 3.15-3.21 and the data in Tables

3.18-3.20 compare the melting characteristics of both the crude and

purified copolymers synthesized under various conditions.
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]
Poly (GA-b-FEG20C! 9% 1/200 C/Aluminium triethyl

; \

/g

T
3 »
- \
=
g !
i
1.9
A
Crude Poly (GA-B-PEG206) 99: 1/200° C/Aluminium triethyl Y, l
e — — — — — L e e o e e em - - = N
LI % T I 2 R - S . T SR V.- o RN 3 R 1. R & - T .
date: sAug 0B, 1992 :0: Sdam Temoerature (C)
Scanning Rate: 16.0 C/atn
Samole Wi 5.000 mg Pakh: G WPE\

File i PEREGA/S CHONNANAD FPERKTN-ELMER D507

Fid. 3.15 ¢ Comparison of the DSC thermodrams of crude and purified
copolymers
% Crude P(GA-b-PEG 200)9931/200 C/aluminium triethyl
#% Purified P(GA-b-PEG 200)89:1/200 C/aluminium triethyl

% {
Paly (GA~-D-PEGE00] 97: 3/200 C/Aluminium trietn

W/y)

HEAT FLUK
-3

- — — e — —

t om T F T T 75 R TR I R N A - R ¥ R - . K

Jate: Aug 08. 1992 10: Sdam Tempersture (C)
Scanning Aate: 10.0 €/ain
Sample We: 5.450 mg Path: C: \PE\

File 1 PEIECO0 CHOMMINAD PEEKIN-ELMER 0567

Fid. 3.16 ¢ Comparison of the DSC thermograms of crude and purified
copolymers
% Crude P(GA-b-PEG 200) 97:3/200 C/aluminium triethyl
%% Purified P(GA-b-PEG 200) 97:3/200 C/aluminium triethyl
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£33
Poly (GA-0-PEG200) 94: En'EDD.Clﬂ-lumintum triethytl

%
Crude Foly (GA-b~PEGZ00Q) 94; 5/200°C/A1umln1um triethyl

Lﬂﬁ TN 0w LW .00 oI ZL:_ o

T ww W
Oate: Aug 0H. 1992 10! Sdam Temperaturs [C]
Seanning Rate: 10,0 C/min
S5ample Wt: S5.210 mg Path: C: \PE\ -
File 1:C94EF08  CHONMANAD PEGKINV-ELMER DSC7

Figf. 3.17 ¢

Comparison of the DSC thermogrames of crude and purified
copalymers

% Crude P(GA-b—PEG 200) 9416/200 C/aluminium triethyl
#% Purified P(GA-b—PEG 200) 94:6/200 ‘c/aluminium triethyl

]
1
h

i35 Il l
= /
32 L 4.3 o |
= Poly [GA-0-FEG200} 99: 17200 {./Stanncus oxalate / N

3 e e e e e - = e — = = = _ =
x
°
@
<
w
x

1.5

@
Poly (GA-D-PEGZ200) 95 1/200 C/Stannoua oxalate

¢ onm ] T 3 R S I R v R TS .0
Jate: fug 09, 1932 110 32am Temperature ()
Scanning Fase: 19,0 C/ain
Sample At; 5.850 mg Path: Cl\PEN

~lle

Fig. 3.18

£SAIZEV  CRHOMMINAG PEHRR TN -FL MFR 0507

Comparison of the DSC thermogrames of crude and purified
copolymers

* Crude P(GA-b—PEG 200) S9:1/200 C/stammous oxalate

*¥% Purified P(GA-b-PEG 200) 90:1/200 C/stannous oxalate
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k)
E
(=]
-
[
-
5 p
/1
E] 3
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File 1PEYSEY — CHOMMANLE LERA TN ==L MER OSC7

-

Fig. 3.19

Comparison of the DSC thermogrames of crude and purified
copolymers

% Crude P(GA-b—PEG 200) 9§7:3/200 C/stammous oxalate

¥% Purified P(GA-b-PEG 200) 97:3/200 C/stannous oxalate

&

4.5
—_ *% °
*E Pely IGA-PEGIS0N) 99t 1/48% C/Stannous oxslate

3
»
o
‘ J
e i

18 Q / ‘

Crude Holy (GA-D-PEGISOE] 99: :/180 C/Stanncu$ gxalate y
_——a g
— ‘! = e - e~ T l— ey ey

O R R A R Y M BN LU N R M 5 X X < R
Dace: aug §8. 1992 Qi Sdam Temperacure (C]
Scanning Rate: 10.0 C/min
Sample Wty  5.560 mg Pachi G VPEN — L,
File 1 PGOEED  CHOMMANAT FPERN TN-ELMNER D5C7

Fig. 3.20 ¢

Comparison of the DSC thermograms of crude and purified
copolymers

¥ Crude P(GA-b-PEG 1500} 99:1/180 C/stammous oxalata
£% Purified P(GA-b—PEG 1500) 99:1/180 C/stannous oxalate
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copoliymers

8
45 + A
g * ° /
= Paly (GA-b—PEG1500) 97: 3/180°C/Stannous oxalate I|
—_ /
Y 20U S 4500 . A\ i VA -~ - R
=
S
=
=
L4
# o,
- Cruge Poly I8A-9-PEGL500) 87: 3/480 “C/Stannous oxalate
5
/ -
’—,’H_/ [ e )
L 2 R 3T V1 I (I VRt VT MY | R N2 v+ . YO
Jate: Aug 08, 1982 10 Sdam Temperature (C}
Scann:ing Aace:r  10.0 C/ain
Sampliz Wk:  5.130 mg Faca: G \REY A
FIlE 1 LGTTISIE  CHOMMANAD PEGKIN-ELMES D567 .
Fig., 3.21 ¢ Comparison of the DSC thermograms of crude and purified :
[

% Crude P(GA-b-PEG 1500) 97:3/180 C/starmmous oxalste

%¥% Purified P(GA-b—PEG 1500) 97:3/180 C/stanmous oxalate
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Table 3.18 ¢ Comparison of DSC melting points (peak Tm) of crude and

purified P(GA-b—PEG 200): aluminium triethyl as

initator.

Monomer Ratio Pelymerisation Peak Tm
{mole ¥ Temperature
G : PEG C°C Crude Purified
¢ °C) o
8g & 1 200 218.23 218.08
87 ¢ 3 200 211.27 213.32
94 1 6 200 198.17 199.64

Table 3.19 @

Comparison of DSC melting points {(peak Tm) of crude and

purified P(GA-b~-PEG 200)t stammous oxalate as

initiator.

Monomer Ratio Polymerisation Peak Tm
(mole %) Temperature
G + PEG o)) Crude Purified
¢y o
89 t 1 200 211.76 216+17
97 + 3 200 205.83 211.73
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Table 3.20 : Comparison of DSC melting points (peak T_) of crude and

purified P(GA-b-PEG 1500): stannous oxalate as

initiator.
Monomer Ratico Polymerisation Peak Tm
(mole %) Temperature
G t PEG ¢ ‘o Crude Purified
°C) )
90 ¢t 1 180 208.82 2158.60
97 + 3 180 196.72 208.23

From the results in Figs. 3.15-3.21 and Tables 3+.18-3.20, it
appears that the main effect of purification of the copolymer products
by extraction in hot absolute ethanol is to improve their chemical
homogeneity by removal of low molecular weight oligomeric products.
The DSC -<copolymer melting points, taken as the peak 'I'm rather than
the onset T temperatures, show a deneral decreasing trend with
increasing PEG content. This supports the NMR view that, even thouwh
the exact microstructure may not be known, the PEG does enter the
copolymer structure in increasing smounts as its amount in the comonomer
feed increases.

The DSC curves in Figs. 3,22-3.33 show how the melting peaks of
poly(glycolic acid) and P(GA-b-PEG) vary with the conditions of

synthesis and comonomer feed.
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Fig. 3.22 ¢ The DSC curve of PEG Z00.

5.29 T .
Paly (GA-b=PEG200} 90: 10/200 C/Aluminium triachyl
P
DT ) A LN
‘_--—-....._--—__._._._..-—--'-"""H'—n- r
3 ' - FANVAR
E Poly (GA-0~-PEGR00) 94: 6/200'C/Aluminium trietnyl v
1 T \
5 L XX
p Poly [G4-0-PEGRED) 97 3/200°C/alumintum criecnyd
- . —_—
- P e e — o — —— —
-
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Pely (GA-D~FEG200) kSEI: 17260 'C/aluminium eriegnyl
~

1.7

Poly iglycotic acid) 200 CAAluminium tetathyl Vs

b e | e e e e e e — iy, —— e S e T

[}

QT ) K] 176,00 230.0¢
Qaze; May 04, 1892 1 i6om Temperatura (C}
Scanning Rate: 10,0 ¢/min

Sampla Me:

5.000 mg Pathr WPEL

Flla L POBEGHUE  CHOMYINAT

PEAK TN-ELMER D507

Fig. 3.23 ¢+ Comparison of the DSC curves of poly(glycolic acid) and
P{GA-b—PEG 200) of variocus compositions symthesized

at 200'C using aluminium triethyl as initiator.
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File 1 PCIETIUS  CHOMMANAD PERR TN —ELMER O5CF
Fig. 3.24 + Comparison of the DSC curves of poly{(glycolic acid) and
P(GA-Db-PEG 200) g99:1 synmthesized at various temperature

using aluwminium triethyl as initiator.
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1 P = — e mm = o e = e — = = e e =T
Poly {glycolic acid) 200 C/Aluminium triethyl
L X 15785 I N N I S R v/ BN B RN+ 1T R
Data: Apr 2B, 1992 2: 02pm Tamperazure {C]
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Sample wrr  5.210 mg Patni \PEN J,
THig 1 PRAAZOO | CHOMMaNAD PEBN IN=-FLMER 0507

Fig, 3.25 : Comparison of the DSC curves of poly(glycolic acid) and
P(GA-Db—PEG i500) S9:1 synthesized at verious temperature

using aluminium triethyl as initiator.
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t Comparison of the DSC curves of P(GA-H~PEG 200) 991 and
P(GA-b-PEG 1500) 99:1 synthesized at 200 °C using

aluninium triethyl as initiator.
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Fig. 3.27 ¢+ Comparison of the DSC curves of poly(glycolic acid) and

P(GA-b-PEG 200) of varlous compositions at 180°C using

stannous oxalate as initiator.
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Fig. 3.28 : Comparison of the DSC curves of P(GA-b-PEG 200) g9:1
synthesized at variocus temperatures using stannous

oxalate as initiator.
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Fig., 3.29 : Comparison of the DSC curves of P(GA-b-PEG 1500} 99:1
synthesized at various temperatures using stannous

oxalate as initiator.
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P(GA-Db-PEG 1500) 97:3

Comparison of the DSC curves of P(GA-b~-PEG 1500) 99:1 and :

symthesized at 200 ‘c using

shbamnous oxalate as initiator.
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Comparison of the DSC curves of P(GA-b~PEG 200) S9:1 and

P(GA-b—PEG 1500) 99:1 symthesized at 200 C using

starmous oxalate as initiator.
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Table 3.25 ¢ DSC heats of fuslion and % crystallinities of PGA

synthesized under various conditions.

Initiater Temperature of Heat of % Crystallinity
Polymerisation Fusion
o)) (/%)
Aluminium 150 93.26 45.1
triethyl 180 95.93 46.4
200 S7.04 46.9
Stannous 150 95.36 46.1
oxalate 180 97.28 47,1
200 38.36 47.6

The data in the previous Tables 3.21-3.,24 compares the PGA and
P(GA~b-PEG) melting ranges, as determined by visual observation, with
various melting peak parameters, as derived from the previous DSC
curves. From +this combined data, the following conclusions can be

drawnt

(1) Comparison of Methods
The melting ranges determined by visual observation correspond
approximately, in the majority of cases, to the " onset —

peak (max,)" range of the DSC melting pesk. However, visual



2

(3)

{4)
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comparisons are often complicated by the different melting
behaviours of samples of varying crystallinities/morpheologies. In

this respect, DSC analysis is much more reliable.

Effect of Temperature

As a genergl +trend, as +the temperature of copolymerisation

increased, the melting rande Iincreased. This was probably a

molecular weight effect arising from the limitation imposed by

rremzature solidification at +the reaction temperature., Thus, as

the temperature increased, the time for reaction in the melt state
increased, leading to higher molecular waights and higher melting

ranges.,

Effect of Mole ¥ PEG in Comonomer Feed

As the mole % PEG in the comonomer feed increased from 1-10 X, the
melting ranges of the copolymers decreased, as would be expected
if there were Iincreasing amounts of lPEG in +he copolymer

structures.

Effect of PEGQ Molecular Weight

Again .as expected, the melting ranges of +the P(GA-HB-PEG 200)
copolymers were higher than +those of +the corresponding
P(GA-b-PEG 1500} copolymers synthesized under the same conditions
(comonomer feed mole %, temperature, initiator). Since the PEG
1500 "soft segment” blocks are approximately 7.5 times longer than
the PEG 200 blocks, they will surely exert 2 much greater
"flexibilizing effect" on a copolymer's matrix morphology. This,

in turn, would lead to an increase in molecular mobility, a looser



(5)

{(6)

2o

matrix and, hence, lower onset and preak melting temperatures. It
should also be noted in Tables 3.22 and 3,24 that, in the case of
PEG 1500, copolymerisation to a solid product was only possible up
%0 a certain limit of PEG 1500 in the comonomer feed. Abéve this
limit, the copolymer was chtained in the‘Form of a viscous liquid,

even after prolonged (> 15 hours) heating.

Effect of Initiator

On comparing the +two initiators used, aluminijum triethyl and

stannous oxalate, there iz no clear indication that elther one is
more effective than the other, The melting ranges of copolymers

obtained under the same conditions but with different initiators

are, with a few exceptions, very similar in value. However, where

differences do exist, the aluminium triethyl-initiated copolymer

tended to the slightly higﬁer melting range. MNot shown in the

tables but worthy of mention is the observation that +the apparent
rates of reaction, as compared in terms of the times taken to

solidify, were also quite similar for the two initiators studied.

Heats of Fusion

The heats of fusion given in Tables 3:21-3.24 a3are computed from

the normalized DSC melting peak areas. They are directly related

to the % crystallinities of the samples. From the results, it is

difficult +to draw any firm conclusions about the effects of the

various synthesis variables on polymer crystallinity, Quantitative
comparisons of heats of fusion are usually restricted to samples of

the same polymer which differ in only a single aspect of synthesis

or thermal history. To calculate the % crystallinity of a sample



S0

from its heat of fusion, a reference value for the heat of fusion
of a theoretical 100 % crystalline sample must be known, usually
from the tables of data available in the "Polymer Handbook"™ [ 25 3.
For +the polymers/copolymers studied here, only the value for
poly(glycolic acid) is listed; consequently, the % crystallinity
can only be calculated for this polymer. The DSC heats of fusion
and corresponding % crystallinities of the PGA synthesized here
under various conditions are shown in Table 3.24. Their
similarities indicate that the % crystallinity was not significantly

affected by either the initiator or reaction temperature employed.
Sample Calculationt

From the "Polymer Handbook"” ({251, heat of fusion of a theoretically

100 % crystalline sample (stF*) of PGA = 12 kd/mole

where, mole molecular welght of repeat unit in o

B5B.s04 &

i

1|e|g AHF 12 kJ/58'04 g

From Table 3.24 the experimental heat of fusion (A}h) of PGA
synthesized using aluminium +triethyl as initiator at 150 °C was

deterimined as:

AH =  93.26 J/¢g
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Therefore, % crystallinity = AH ®x 100 %

93.26 x 58.04 X 100 %

12000

Il

45.1 4

This and the other values in Table 3.25 are of the seme order as
commercial PGA scld in the form of absorbable surgical sutures (trade
name "Dexon": Davis & Geck, American Cyanamid) which is usually claimed
to have a % crystallinity of about 50 %. This slightly higher‘value is
probably due to +the additional crystallisation which is induced -by

drawing of the fibres during melt spinning.
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3.6 Thermogravimetry (TG}

Thermogravimetry (TG) 1is a technique in which the mass of a
substance is measured as a function of temperature while the substance
is subjected to a controlled ﬁemperature program. There are two types
of thermogravimetry: (a) i{scthermal +ithermogravimetry, In which the
procedure is +to record the change in weight of the sample as a
function of time at constant temperature, and (b)) non-isothermal
fdynamic) thermogravimetry, in which the change in weight of the
sample 15 recorded as a function of both temperature and time as its
temperature is raised at a constant heating rate.

In this' project, the thermal stabilities of polymer/copolymer
samples were compared by means of dynamic thermogravimetry using a

Stanton Thermobalance Model TR-i.

3:68.1 Analybical Procedure

For dynamic TG analysis, a weished amount of sample was placed
in a silica crucible and heated in an inert nitrogen atmosphere
employing the following conditions:

initial sample weight H 80 mg (approx.)

atmosphere H Nz (dryv, Oz—Pree)

.Na flow-rate 100 mi/min (downflow)

12 ins/hr

-

chart speed

heating rate 4 °C/min

ambient — end of decomposition

temperature range
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3.6.2 Results

A typical set of results is shown in Table 3.26 and Fig. 3.34
from which it can be seen that PGA initially begins to lose weight at
about 220°C with weight loss complete at about 390°C.

The other TG curves which follow in Figs., 3.35-3.51 compare the
thermal desradation characteristics of selected combinations of the

PGA and P(GA-b~PEG) samples synthesized in this project.
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Table 3.26 : Dynamic TG data for PGA synthesized at 180 C using

stannous oxalate as initiator.

Temperature ( C) Weight (mg) Temperature { o)) Weight (mg) '
80 8O 280 52
100 80 290 48
120 80 300 . 41
140 80 | 310 27
160 80 320 25
180 80 330 23
200 80 340 i6
210 8O 350 ‘ 9
220 73 360 =
230 78 370 8
240 76 380 5
250 68 390 2
260 65 400 2
270 54




55

100

60 |

Weight (mg)

40 L

t

20 |

0 L I L a&—a |
80 160 240 320 400 450
Temperature (’c)

Fid. 3.34 ¢ Dynamic TG curve for PGA synithesized at 130.6 using

stannous oxalate as initiator.
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Fig. 3.35 : Comparison of the TG curves of PGA synthesized at various

temperztures using aluminiuwn triethyl as initiator.
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Fig, 3.36 ¢ Comparison of the TG curves of PGA symthesized at various

temperatures using stamnous oxalate as initiator.
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Fig. 3.37 + Comparison of the TG curves of PEG of different

molecular wieghts.
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Fig. 3.38 ¢ Comparison of the TG curves of PGA and P(GA-B-PEG 200)

of various compositions synthesized at 200 ‘c using

aluniniun triethyl as initiator.
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Fig. 3.389 : Comparison of the TG curves of P(GA-b-PEG 200) gotri

synbhesized at various temperatures usindg aluminium
triethyl as initiator.
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Fig. 3.40 : Comparison of the TG curves of P(GA-b-PEG 200) 97:3

synthesized at various temperatures using aluminium

triethyl as initiator.
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Fig. 3.41 ¢ Comparison of the TG curves of P{GA-LH~-PEG 200} 94:5

synbhesized at various temperatures using aluminium
triethyl as initiator.
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Fig., 3.42 : Comparison of the TG curves of PGA and P(GA-b-PEG 1500)

of various compositions symthesized at 200 c using
aluminium triethyl as initiator.
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Fig. 3.43 : Comparison of the TG curves of P(GA-b—PEG 1500) 99:1

synthesized at various temperstures using aluminium

triethyl as initiator.
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Fig, 3.44 + Comparison of the TG curves of PGA and P(GA-b-PEG 200)

of various compositions synthesized at 200 ‘c using

stannous oxalate as initiator.
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Fig. 3.45 ¢ Comparison of the TG curves of DP(GA-b-PEG 200) 9911

synthesized at various temperatures using stannous

oxalate as initiator.
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Fig. 3.46 ¢ Comparison of the TG curves of P(GA-b-PEG 200) S7:3

synthesized at various temperatures using stamous

oxalate as initiator.
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Fig. 3.47 :+ Comparison of the TG curves of P(GA-b-PEG 200) 24:&

synthesized at various temperatures using stanmous

oxalate as initiator.
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Fig. 3.43 ¢+ Comparison of the TG curves of PGA and P(GA-b-PEG 1500)

of various compositions synthesized at 200 ‘c using
stannous oxalate as initiator.
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Fig. 3.43 ¢+ Comparison of the TG curves of P(GA-b—PEG 1500) o531
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synthestized at variocus temperatures using starmmous

oxalate as initistor.
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Fig. 3.50 + Comparison of the TG curves of  P(GA-b-PEG 200) o1

and ' P(GA-b-PEG 1500) 99:1 symthesized at 200°C using

aluminium triethyl as initiator.
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Fig. 3.51 ¢+ Comparison of the TG curves of P(GA-b-PEG 200) 0o:i

and - P(GA-b-PEG 1500) 99:1 synthesized at zgg C

using stannous oxalate as initiator.
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Table 3.27 * The melting and thermal desradation ranges of

Poly(glycolic acid}), poly(ethylene glycol) and

P(GA-Db-PEG 200) using aluminium triethyl

as initiator.

Monomer ratio Temperature of Temperature Range AT ok
(mole %) copolymerisation
G + PEG 200 TN T,

¢ C) ) ¢ °CH €°CH

100 ¢+ O 150 211—220 160—-380 -60

180 214-219 200—-380 -18

200 212-220 210—-380 —10

0 ! 100 - - 100-260 .y

QS 1 150 . 204-214 210-370 -4

180 206-216 210-370 -6

2C0 209-218 230-360 12

37 ¢+ 3 150 191-201 100—-370 =101

180 195-210 210360 0

200 199213 230-370 17
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27 ¢+ (continued)

Table 3.

Monomer ratio Temperature of Temperature Range AT i
(mole %) copolymerisation
G : PEG 200 : T, * T, "
e ¢ ¢y ) 0
94 &+ 6 150 158-18% 160~-360 —-25
180 183~198 180-370 -38
200 188199 100-370 -99
90 ! 10 150 148-175 120—-360 -85
180 153-176 120-360 -56

LE X |

obtained from DSC
obtained from TG
A T calculated as the difference between the lower 1limit of
the Td range and the upper limit of the Tm range

tv@ey, AT = Td (min) - Tm {max)
This T wvalue cén be considered as an indicator of the width
of the polymer's processing stability range for melt spinning,
the process normally used for the spimning of monofilament

fibres for use as surgical sutures.
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Table 3.28 3§ The melting and thermal degradation ranges of

poly(glycolic acid), poly(ethylene g¥lycol) and

P(GA-Db—PEG 1500) using aluminium triethyl

as initiator.

Monomer ratio Temperature of Temperature Range AT
(mole %) copolymerisation

G 3 PEG 1500 T "~ T, "
€0 ¢’ ¢ °C) C°C
100 ¢ © 150 211-220 160—-380 -60
180 214-218 200~380 -19
200 212-220 210-380 -10

0t 100 = - 160-360 o
899 s 1 150 193-203 120380 -83
180 206213 140-360 -73
200 204215 140~-370 =75
o7 ¢+ 3 150 189-190 140-320 -50
180 181-203 160—370 =43
200 207-213 180-370 -33
AT = Td {(min) - Tm (max)
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Table 3.29 : The melting and thermal degradation ranges of

poly(glycolic acid), poly(ethylene €lycol) and

P(GA-b—PEG 200) using stannous oxalate as

initiator.

Monomer ratio Temperature of Temperature Range A_T”*“
(mole %) copolymerisation
G 1 PEG 200 T * T,

‘) °C) ¢’ ()

100 ¢ O 150 210-220 160—380 -60

180 212-218 210-380 -8

200 212-220 230380 10

0% 100 - - 100*260 e

99 t 1 150 206-2156 160-340 -55

180 205-213 220—350 7

200 207-216 230-350 14

97 1+ 3 150 186—193 100~350 -83

180 182-201 180-360 =21

200 200-211 180-340 -31
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Table 3.28 2 {continued)

) o
Monomer ratio Temperature of Temperature Range AT "
{mole %) copolymerisation
G : PEG 200 7l/ T, ™"
o o) C°t o
94 : 6 150 159~181 | 200-340 19
180 177-195 180-340 -18
200 196206 200340 -6
90 ¢ 10 150 186—-200 120—360 -80
180 145—-174 140-360 -34

AT = T (min) - T (max)
-1 ™
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Table 3.30 ¢ The melting and thermal degradation ranges of

poly(glycolic acid), poly(ethylene "lycol) and

P(GA-b-PEG 1500) using stammous oxalate as

initiator:

oK
Monomer ratio Temperature of Temperature Range AT
(mole %) copolymerisation
G ¢ PEG 1500 T " T, "
o)) ) ) ¢ "C)
100 : O 150 210220 160-380 -60
180 212-218 210-380 -8
200 212-220 230380 10
0 s 100 - - 160-360 -
g9 3 1 150 189-201 100-370 -101
180 206-215 160-360 =65
200 203-213 160-370 ~53
87 3 3 150 160—-179 140-370 -39
180 197-208 120-380 -88
200 208—-217 200-370 -17

AT = T, (min)

= T <{max)
™
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From the data in Tables 3.27-3.30, the following conclusions can

be drawm:

(1) Effect of Temperature

As the temperature of copolymerisation increased, the degradation
temperature range also increased. This was probably a molecular
weight effect since, as the temperature increased, the time for
reaction in the melt state increased, leading to higher molecular
waights and_ higher degradation +temperature ranges. It is

denerally +the c¢ase in linear aliphatic polyesters that low
molecular weight fractions decrease the initial decomposition
temperature of the polymer, although have 1little effect on +the

upper limit of +the decomposition range.

(2) Effect of Mole X PEG in Comonomer Feed

At the same copolymerisation temperature, as the mole ¥ PEG in the
comonomer feed increased from 1-10 %, the initial degradation
temperature decreased while the finel temperature remained

approximately constant, This was to be expected if the PEG
content of the copolymer increased, since the initial +thermal
decomposition temperature of PEG is considerably lower than that of
PGA. It 1is also interesting to note +that the initial Td of
P(GA-co-PEG 200/1500) is generally higher than that of PEG 200/1500
alone, a fact which suggests that the interconnecting PGA blocks

exert a stabilizing effect on +the PEG blocks.

({3) Effect of PEG Molecular Weight

The degradation ranges of the P{GA-b—PEG 200! copolymers were higher
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than those of the corresponding P{(GA-b-PEG 1500) copolymers
s&nthesized under the same conditions. Again, this 1is not

surprising because the PEG 1500 "soft segment" blocks are
approximately 7.5 times longer than those of PEG 200. They will
also exert a much greater "flexibilizing effect” on a copolymer's
matrix morphology so that +the intermolecular forces aﬁd, hence,
the temperature required to overcome the energy barriers for chain

scission will be reduced,

Effect of initiator

On comparing the two initiators used, aluminium +triethyl and
stannous oxalate, there is no clear indication +hat either one
is more effective than +the other. The degradation ranges of
copolymers obtained under the same conditions but with different

initiators are seen to be very similar,

Significance of A T

The A T value was calculated as the difference between the lower
limit of the Td range and the upper limit of the_Tm range, so that
it could be considered as an indicator of the width of +the
polymer's processing stability range for melt spinning. Hence,
A T should be a positive value of at least 20‘30°C. However,
almost all of the synthesized copolymers showed a negative AT
value, thus making them unsuitable in their present form for the
melt spinning process. Even those few positive AT copolymers
showed a A T < 30°C which would necessitate extremely careful
temperature control in the melt spinning process. This highlights

a problem which needs to be solved in future research.
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Introducing flexible blocks into a copolymer chaln may create
new problems for melt processing if the Td of the less . stable
component (PEG) is below the T . of the more stable one (PGA). On
the other hand, if the copolymer is to be used in an application
for which melt processing is unnecessary, such as a drug delivery

matrix, this problem does not arise.

In general, the results in Tables 3.27-3.30 show that the
copolymers have very wide decomposition temperature ranges over
which weight loss occuré. Some of thercopolymers exhibit quite
distinct two-stage reactions with the transition occurring in the
region of about 240-260 C. It seems likely that the first-stage
weight loss (120-220°C) is due +to a combination of both PEG block
and low molecular weight (oligomeric) PGA decomposition. The
major second-stade weight loss (250—380°C) 15 solely due to highér
molecular weight PGA and is comparable with the decomposition

range of commercial "DEXON" PGA sutures (240-400°C) [261.
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3.7 Dilute—-Solution Viscometry

3.7.1 General Introduction {27,281

The ability of polymers, in general, to increase the viscosities
of solvents 1is one of their most significant properties. The viscous

drag created by the presence of random—coil polymer molecules in a
flowing .solveng is a measure oé the size, not the mass, of the
molecules. Provided that it is known that +the polymer 1is linear
rather than branched, empirical relationships can be developed between
the solution viscosity and the average molecular weight of the valymer.

One of the implest ethods of examining this effect is by

capillary viscometry. The most commonly used viscometers are of the

Ostwald and Ubbelchde £ypes, 3s shown below.

Ostwald viscometer Ubbelohde viscometer
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3.7-2 Determination of Intrinsic Viscosity

(a) Huggins—Kraemer Double Ixtrapolation Method

The intrinsic viscosity, Eq}, of a polymer is most commonly

determined via a combination of the Huggins Equation
Meea = TMu/c = I3 + k'inl’c (3.11)

and the Kraemer Equation

— — 1] 2
ann = (In qr_l)/c = Eq} + k [q} c (3.12)
wheret
qr_d = qu/c = reduced viscosity
q’nh = (In qr.I)/c = inherent viscosity
qrol = t/to = relative viscosity
q‘p = (t—to)/to = specific viscosity
t, to = flow-times of the polymer solution and
pure solvent respectively

c = concentration of polymer solution in g.dl—1

Also in these Hug#¢ins and Kraemer Equations:
k' and k" are physical interaction constants for a given polymer
in a given solvent at a given temperature and are themselves related

by the equation

k' — k" = .5 (3.13)
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The value of k' is usually in the range 0.3 < k' < 0.5 and 1increases

as solvent power decreases..

Eq] is the so—called " "intrinsic wviscosity" at infinite dilution

{(c = 0), as given by

Consequently, it has become standard practice in dilute-solution
viscometry to determine both the reduced and i{nherent viscosities,
q_n/c and (1ln qr.I)/C, over a range of concentrations, ¢, and +to
extrapolate their values back to their common intercept, Cq}, at ¢ = 0.

Both q-D/c and (1n qr_l)/c give reasonable straight 1lines when
plotted against ¢ at low concentrations. The plot of (In q{_l)/c
usually gives a line of small negative slope while +the corrgsponding

W,“/c plot has a lgrger positive slope, .as shown in Fig. 3.52}

3d— T T i T T

i

Q 28 ”///
£ = ,//’/ iﬂ .
— /.ﬂ C
a? e o
:40 - -7 -
/
25 in
-y »
EQZ/ B -“-‘“.'“--._.__._‘ -% .
23K 1 ' R B v S P
Q0 04 08 2 46 «20 .24

Concentration (g/di)

Fig. 3.52 ¢+ Reduced and inherent viscosity-concemtration plots for a

typical polymer sample.
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Good straight 1line graphs are usually obtained when the
concentrations of the solutions measured is not too large (i.e., < 1 %
w/v), thus avoiding intermolecular forces and chain entanglement

effects between polymer molecules of very high molecular weight.

(b} Solomon—Cuita One-Point Approximation Method

Measurement of +the solution viscosity at only a single
concentration can also enable calculation of the intrinsic viscosity,
Eq], from the Sclomon-Ciuta Equation L[291].

1/2

Eq; = L2 (qﬁn - In qr") 3 /c (3.14)
This equation is obtained by combination of the previous

equations (3.11), (3.12) and (3,13} followed by elimination of k' and
k". However, this method is accurate only when it is already known

that there is a good linear relationship between ¢ and qﬁﬂ/c and/or

(In qf")/c-

3.7.3 Intrinsic Viscosity — Molecular'Weight Relationship

The intrinsic viscosity, Eq?, is related to the polymer molecular

weight through the Mark-Houwink-Sakurada Equation {30,31,321.

(3.15)

wheret K and a are physical interaction constants for a given polymer

in a given solvent at a given temperature, as listed for many
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combinations 1in +the "Polymer Handbook" [331. ﬁv is the

so~called "viscosity-average molecular weight" of the polymer.

3.7.4 Experimental Procedure

Approximately 0.5 % w/v polymer solutions were accurately
prepared using dimethyl sulfoxide (DMSQ) as soclvent. The solutions
were prepared by heating to 150 'C under a dry nitrogen atmosphere.
The flow-times, t and to, were then determined at 90°C ( 0.1°C) using
a Schott—-Gerate micro-Ubbelohde viscometer (type No. 531 03). In each
case, particular care was taken to ensure that, following dissolutioh,
the solution was not allowed to cool below the temperature at which
the polymer would start to precipitate out of solution. Using the
Solomon—-Ciuta One-Point Approximation Method, the intrinsic viscosities,
[q;, of each sample were calculated from the Solomon—-Ciuta Equation
{3.14). The results are given in Tables 3,31-3.32 for the PGA and
P(GA-b-PEG) samples synthesized under the various conditions previously

described.
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Table 3.31 ¢ Intrinsic viscosities of poly{glycolic acid) and
P(GA-b—PEG 200): using aluminium triethyl as
initiator.
Monomer Ratio Temp. of Flow-time qf" q-p [q?
(mole %) Copolymerisation
G : PEG 200 °Cy (sec) (d1/g)
100 : O 1850 266.57 1.020 0.020 0.040
180 269.47 1.031 0.031 0.061
200 270.61 1.035 0.035 0.069
Qg @ 1 150 266.88 1.021 0.021 0.042
180 268.38 1.027 0.027 0.0854
200 265.66 1.082 | 0.032 0.063
97 ¢+ 3 150 263.81 1.009 0.009 0.017
180 264.25 1.012 0.021 0.024
200 265.43 1.018 0.016 0.032
S4 1 6 150 265.38 1.015 0.015 0.030
180 263.67 1.009 0.008 0.018
200 264.12 1.011 0.011 0.022
S0 ¢ 10 150 263.43 1.008 0.008 0.016
180 264.54 1.012 0.012 0.024
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Notes:
(1) t_ = Flow-time of DMSO solvent at 90°C = 261.35 sec.
(2) Flow-times, t and to, are the averades of at least 4
readings which.agreed to within # 0.2 % of their
averagde value.
éa) Samples prepared as (.50 g-dl_1 solutions in DMSO..

(4) Viscosity terms calculated from:

Relative Viscosity qr.l = t/to

rl-p r\r-l—t
i1/z

Eq] L2 (qrp - In r.l)J /c

Specific Viscosity

Intrinsic Viscosity
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Table 3.32 ¢ Intrinsic viscosities of poly(dglycolic acid) and

P{GA-b—-PEG 1500Q): using aluminium triethyi

as initiator.

Monomer Ratio Temp., of Flow—time WF" q’p Eq]

(mole %) Copolymerisation

G : PEG 1500 ¢ (sec) (d1/€)

100 ¢+ O 150 266.57 1+020 0.020 ~0.040

180 269.47 1.031 0.031 0.061

200 270.66 1,035 | 0.035 | 0.0869

9g : | 150 264.67 1.013 0.013 0.028

180 26B.75 1.028 0.028 0.085

200 269.25 1.030 0.030 0.059

97 + 3 150 264.60 1.012 0.012 0.023

180 266.41 1.019 0.019 0.038

200 282.91 1.082 0.082 0160
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From the data in Tables 3.31-3.32, the following conclusions can

be drawn:

(1)

2)

(3]

Effect of Temperature

As the temperature of copolymerisation increased, the Iintrinsic
viscosity of the polymer or copolymer increased. This is
consistent with the earlier suggestion that higher temperatures
enable the polymerisate to remain molten for a longer +time during
which the molecular weight can ipcrease to a higher wvalue before

solidification occurs.

Effect of Mole %X PEG in Comonomer Feed

The general +trend as the mole % PEG in +the comonomer feed
increased from 1-10 % was for the intrinsic viscosity of +the
copolymer to decrease. However, since the copolymer compositions
are not exactly the same, their Eq? values will also vary slightly
with chemical microstructure as well as molecular weight. In this
case, the combined effects on qu of molecular weight and
copolymer-solvent interactions in solution are impossible to

separate.

Effect of PEG Molecular Weight

On comparing +the intrinsic viscosities of the P(GA-b-PEG 1500)

copolymers with those of the P(GA~b-PEG 200) copolymers, no obvious
conclusions can be drawn., Adain, as in (2) above; the differing

microstructures preclude comparisons of +the qu on molecular

weight grounds alone.
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In general, however, taking the results in Tables 3.31 and 3.32 as
a whole, it must be concluded that values of [q} of less +than 0.1
indicate that +the polymer/copolymer molecular weights are all
relatively low, probably less +than 5000. Unfortunately, absolute
values of +the molecular weights (ﬁv) cannot be calculated due to the
fact that the interaction constants ¥ and a in the previous
Mark—Houwink~Sakuréda Equation (3.15) are not available in the

literature for these speciality materials,
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- 3.8 'In Vitro' Biodegradation of PGA and P(GA-b~PEG)

3.8.1 Apparatus

In this work, the apparatus used was as listed in +the table

below.

Table 3.33 : Apparatus used in *in vitro’ biodegradability

experiments.
Apparatus Company Model
Vacuum Oven Lab—-1line Instruments 3620-1
Incubator Memmert
pH-meter Radiometer Copenhagen PHM 61 a
Ahalytical Balance Mettler H 31 AR

3.8.2 Experimental Procedure

All ¢glassware items were sterilized before use by steam
autoclaving at 110 °C for 20 mins. A phosphate buffer of physiological
PH 7.40 prepared from a mixture of 0.2 M NazHPOA- and Q.2 M
NaHzpoq_.szO was used as the immersion medium. Approximately 0.2 g of
PGA and each of the copolymer samples were compressed. into circular

dizcs (diameter & 10.1 mm, thickness 2 mm) using a pressure of
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10 ton—ram area 33.18 cm” and re-weighed accurately. A total of 36
samples (6 sets of §) were then immersed individually in 30 ml screw-top
glass bottles, each containing 20 ml of the pH 7.40 phosphate buffer.
The bottles were immediately placed in an incubator, thermostatically
controlled at 37.0 — 0.5 C. At time intervals of 1 week, 6 bottles (1
from each set) were removed from +the incubator and the samples
filtered off, washed with distilled water, dried to constant weight in
a vacuum oven at 60°C, and their weights accurately recorded. The

experiment lasted for a total of § weeks.

3.8.3 Weight Loss Calculations

The % weilght retention for each sample was calcuiasted as

follows:
# weight retention = ﬂf x 100'%
wa
where:
WQ = initizal weight of sample (before immersion)
W = Final weight of sample (after immersion)

The ¥% weight retentions and the pH changes in the phosphate
buffer are shown in Tables 3.34-3.39 for each of the § sets of samples.
To facilitate +their comparison, the weight loss profiles are also
plotted alongside each other in Fig. 3.53., Finally, the weight loss

data for the PGA samples in Table 3.34 is compared 1in Table
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commercial

PGA ('Dexon') sutures

obtained under the same conditions in a previous study [261.

Weights and X weight retentions of PGA, synthesized at

200°C using aluminium triethyl as initiator, immersed

in pH 7.40 phosphate buffer solution.

Time of Initial Final X Weight pH of phosphate
Immersion Welght Weight Retention buffer
{(weeks) t 0.0001 (g) + 0.0001 (&) + 0.1 + 0.01

1 0.2164 0.2004 82.6 7.40

2 0.2053 0.1355 66.0 7+40

3 0.2089 0.1266 60.6 7+.40

4 0.2171 0.1266 58.3 7.40

5 C.2156 G.1244 57.7 7.35

6 0.1985 0.0984 49,3 7.00
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Table 3.35 : Weights and X weight retentions of P(GA-b-PEG 200) 99:1,
synthesized at 200 °C using aluminium triethyl as initiator,

immersed in pH 7.40 phosphate buffer solution.

Time of Initial Final % Weight pH of phosphate
Immersion Weight Weight Retention buffer
(weeks) * 0.0001 (&) [ + 0.0001 (&) + 0.1 t 0.01

1. 0.2045 0.1878 81.8 7.40

2 0.2135 0.1399 65.5 7.40

3 0.2135 0.1285 60.7 7+40

4 0.2008 0.1190 58.3 7.35

5 0.2060 0.1175 57.0 ' 7.30

6 0.2158 0.1040 48.2 7+10
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Table 3.36 ¢ Weights and X weight retentions of P(GA-b-PEG 200) 97:3,
synthesized at 200 C using aluminium triethyl as initiator,

immersed in pH 7.40 phosphate buffer solution.

Time of initial Final %X Weight pH of phosphate
Immersion Weight Weight . Retention buffer
(weeks) + 0.0001 (&) | * 0.0001 (& £ 0.1 + 0.01

1 0.2058 | 0.1834 9.1 7.40

2 0.2137 0.1521 - T1.2 . 7.40

3 0.2002 0.1288 | _64-87 7+40

4 0.1958 0.0989 50.5 7.30

5 0.1865 0.0848 45.5 7.30

6 0.2043 0.0823 40.3 7.15
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Table 3.37 : Weights and ¥ weight retentions of P(GA-b—PEG 200) S4:6,
synthesized at 200°C using aluminium triethyl as initiator,

immersed in pH 7.40 phosphate buffer solution.

Time of Initial Final % Weight pH of phosphate
Immersion Weight Weight Retention buffer
(weeks) + 0.0001 (&) £ 0.0001 () * 0.1 * 0.01

1 0.2171 0.1945 89.6 7.40

2 0.2033 0.1208 59.5 ' T.40

3 0.2178 0.1232 56.6 7.40

4 0.1980 0.1008 51.0 7.30

5 0.2204 0.1064 48.3 7,30

6 0.2153 0.0863 40.1 7.20
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Table 3.38 : Weights and X weight retentions of P(GA-b-PEG 200) 99:1,
synthesized at 200 °C using stannous oxalate as initiator,
jmmersed in pH 7.40 phosphate buffer solution.

Time of Initial Final % Weight pH of phosph.ate
Immersion Weight Weight Retention buffer
(weeks) + 0.0001 (&) + 0.0001 (&) 1 G.1 1t 0.01

1 0.,1919 0.1765 92.0 740

2 0.2112 0.1404 66.5 7.40

3 0.2059 0.1270 61.7 7.40

4 0.2023 0.1216 60.1 7.40

5 | 0.1993 0.1088 54.6 7.35

6 0.1954 - - -

error occured in the experiment
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Table 3.39 : Weights and X weight retentions of P(GA-b-PEG 1500) 99:1,
synthesized at 200°C using aluminium triethyl as initiator,

immersed in pH 7.40 phosphate buffer solution.

Time of initial Final 4 Weight pH of phosphate
Immersion Weight Weight Retention buffer
(weeks) + 0.0001 (&) | + 0.0001 () + 0.1 + 0.01

1 0.2056 0.1859 90.4 7.40

2 ) 0.2094 0.1355 64.7 7.40

3 0.2087 0.1275 61.1 7.40

4 0.1986 0.1108 55.8 7+40

5 0.2003 0-1104 B5.1 7440

6 0.2054 0.0965 47.0 7.20
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Fig. 3.53 ¢+ Comparison of the 'in vitro' weight loss profiles of the
PGA and various P(GA-b—PEG) samples studied in this work
after immersion in pH 7.40 phosphate buffer solution at
37.0'C for 6 weeks. (from the previous data in Tables

3.33-3.38)

* using stannous oxalate as initiator
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Table 3.40 : Comparison of the X weight retentions of PGA from this
study and commercial PGA ('Dexon’) sutures from a
previcus study {263 after immersion in pH 7.40Q phosphate

buffer solution at 37°C for 6 weeks.

Time of % Weight Retention (+ 0.1}
Immersion
(weeks) PGA '7 *Dexon'’

1 82.6 100.0

2 66.0 99.5

] 60.6 98.9

4 58.3 94.6

5 57.7 54.3

6 49.3 18.9

PGA data taken from Table 3.33

tDexon' data taken from reference [281]
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Fig., 3.54 : Comparison of the 'in vitro' weight loss profiles for the

PGA synthesized in this work and commercial PGA {'Dexon'}
sutures from a previous study £261 after immersion in

pH 7'.46 phosphate buf-‘«f‘er solution at 37 °C for & weeks.
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From +the results shown in Tables 3.34-3.39 and Figs. 3.53-3.54,
the following conclusions <an be drawn regarding the 'in vitro®

biodegradability of the polymers studied.

(1) Effect of PEG Content in Copolymer

From Fig. 3.53, as the PEG content in the copolymer increased, the
rate of weight loss also increased. This finding is coﬁsistent with
expectations since PEG is a water-soluble polymer whereas PGA is not.
The ‘presence of PEG blocks in the copolymer chain would therefore be
expected to increase the rate of solubilization of the chain Pragménts
following hydrolysis of the main PGA component. It can also be
expected that the "soft segment” PEG blocks will increase the tinitial
hydrophilicity of the copolymer and therefore +the rate at which water
molecules can adsorbk at the surface and subsequently diffuse into the
interior matrix. This combination of different biodegradation
mechanisms within the same material-simple hydrolysis (for PGA) and
solubilization (for PEG)-provides a potential means of controlling
the rate of absorption in an 'in vivo' aqueous environment such as the

extracellular fluid in the human body.

{(2) Effect of PEG Molecular Weight

On compéring the two weight loss profiles for the P(GA-b-PEG 2000
200) 99:1 and P(GA-b-PEG 1500) 9931 samples in Fig. 3.53, it is not
surprising that the latter shows the slightly faster rate of weight
loss. This is consistent with the previous arguments presented in (1),
Since the PEG 1500 blocks are approximately 7.5 times 1onéer than
those in PEG 200, at the same mole % level they will exert a greater

"flexibilizing effect" on the copolymer's matrix morphelogy. This, in
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turn, will enhance the contribution of the solubilization mechanism to

the overall absorption process.

3

(4)

Effect of Polymerisation Initiator

Comparison of +the results for the +two P(GA-b-PEG 200) 9931
copclymers synthesized wusing different initiators, aluminium
triethyl and stannous oxalate, as shown in Fig. 3.53, shows no
clear inidication of any significant difference in their weight
loss profiles., It must therefore'be concluded that the nature of
the initiator used is relatively uninfluential in determining +the

copolymer's subsequent bicdegradability.,

Comparison of PGA synthesized in +this work and commercial PGA
('Dexon') sutures [26]
Returning +o Table 3.40/Fig. 3.54, there was very little weight
loss in the 'Dexon' sutures during the first 2-3 weeks, This must
have been because.the iow molecular weight chain fragments, formed
as a result of hydrolysis, were stilil too large to diffuse out of
the degrading matrix. This contrasts with the small water
molecules which could easily diffuse in. Eventually, as +the
degradation products became small enough in size to diffuse out,
the matrix became more porous, thus Facilitating further diffusion
in and out of water and products respectively. This resulted in
an accelerating reduction 1in weight between 4-6 weeks. Finally,
as bulk erosion reached an advanced stage, the suture fibres
‘broke up into small fragments.

In contrast to this, weight loss in the PGA synthesized 1in

this work occurred t'in vitro' within the first week of immersion.
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The marked differences in the weight loss profiles, clearly shown
in Fig. 3.54, must be due to physical factors since the PGA

chemical structures are the same. These factors include:

(a) physical form/dimensions
‘Dexon' sutures : braided multifilament fibres,
diam. & (.30 mm
synthesized PGA : compressed discs,

diam. & 10.1 mm, thickness &2 2 mm

(b) polymer molecular weight

'Dexon’ sutures § usually reported as M“ & 20,000 - 50,000

synthesized PGA : suspected as having E; < 5000

(c) polymer crystallinity (from DSC

3

*Dexon' sutures : % crystallinity 48 4 [z263]

synthesized PGA : % crystallinity 46-48 %

ETable 3.25 /page 87J

From these di??erences in their physical properties, the much
faster initial weigh£ less in the synthesized PGA can almost
certainly be ascribed to 1ts much lower molecular weight. This
has the effect that the critical molecular weight level for
diffusion of hydrolysis products out of the semi-crystalline
matrix is reached much more quickly. It 1is probably also true
that the synthesized PGA discs, made by simply compressing

powdered samples, are initially more porous water +than the melt
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spun fibres, However, by the end of the immersion period (weeks 5§
and 6, the weight loss from +the sutures had caught up with and
surpassed that from the discs. The most likely explanation for
this is that, once the sutures have reached the critical molecular
weight level for diffusion cut of products to occur (end of week 4),
their higher surface area-to-bulk ratio enables continued
hydreolysis and, hence, absorption to occur more rapidly. This
effect is also aided by the onset of suture fragmentation which
serves to 1ncrease the surface area of the degrading polymer still

further.

In view of these differences in their weight 1055 profiles, it
must be concluded that +he results obtained for the compressed
discs cannot be taken as a reliable guide to how the sutures would
perform under %the same 'in vitro' conditions. Biodegradability,
under any conditions, is a property dependent not only on chemical
structure but also on physical characteristics such as geometric
configuretion, surface-to-bulk retio, macroporosity, polymer

molecular weight and its distribution, and matrix morphology.

Variation of Buffer pH wiﬁh Time

Finally, from Tables 3.34-3.39, it can be seen that the initially

adjusted pH of 7.40 of +the phosphate buffer solution decreased

during the final period of each experiment. This decrease in pH

is undoubtedly caused by the release into solution of water—-socluble
acidic compounds formed as the products of the sample's hydrolytic

breakdown. It therefore lends support to the simple hydrolysis

mechanism of PGA biodesradation in an agueous environment.



