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CHAPTER 11

THEORY AND LITERATURE REVIEW

21  Lactic acid N ””/

Lactic acid or 2-hydrox 10 ic acid-car % produced by fermentation from

renewable resources suck
The chemical structure of
carbon, thus it has two opiica ‘ -Ck ,
(Figure 2.1). The L(+)Fisomierfis predomibate sinée it can be produced in animals and
human being [2-3]. ‘ \

uch as potato, cane, and cassava.
metric carbon atom or a chiral
ely D(-)- and L(+)-isomers

Figure 2.1 Two confi unns of lactic acid: D{ }-1scmrﬂnd L(+)-isomer

ﬂumwﬂmwmm

2.2 Poly(lactic acid)

Pt G DDA TN AL i i

lactide rep:anng unit. PLA is a biodegradable, biocompatible polymer, derived from
renewable resources such as comn, potato, and cassava. PLA is considered an
environmentally friendly thermoplastic which it can be recycled back to lactic acid
which is a non toxic and naturally occurring metabolite through hydrolysis (Scheme
2.1) [3]. Its physical and mechanical properties can be tailored through the
modification of its architecture [4-5]. Most of PLA is used in biomedical such as
tissue engineering, orthopedic implants, surgical sutures, and drug delivery system.



Moreover, PLA has promising application in fiber and packaging. Figure 2.2 shows a
closed life cycle of the PLA in the environment [6-7].

T
y L)

+ H -
O 20 Lactic acid

* dugingnineans
QRN IUNRINY NG

Dehydration

o "CH"‘C"'GH CH, H,C® 0" "0
I : ! Lactide
0 H;.rd‘.mzs;s el CH___C OH Q
Lactic acid \_y I =i .
o/, INg opening
polymerization
Enz;rﬂlin PLLA
Breakdown

Figure 2.2 The cycle of PLA in the environment



From the chiral nature of lactic acid, polylactide has various structural
configurations such as poly(L-lactide), poly (D-lactide), and poly(D,L-lactide).
Polymerization of L-lactide will give poly(L-lactide) and pelymerization of D-lactide
will give poly(D-lactide). Poly(L-lactide) and poly(D-lactide) will have identical
properties. However, its racemic mixture (50% D- and 50% L-lactide) will give poly
(D,L-lactide), which it is an amorphous polymer. PLA with varying fractions of L- &
D-lactic acid can also be , y
stereocopolymers is an imper ik
polylactide. The high D- o t homopolymers poly(D-lactide) or
poly(L-lactide) have regular simiCiniies and form & erystalline phase [8].

ptiomeric  purity of the lactic acid
fluences the physical properties of

The property of L ASSch 2 lting point, crystallinity, and mechanical
strength depend on its mdlegfilar Aveight Ty and, Tapof PLA are dependent on the
amount of L- and D-}8 : ‘!
Table 2.1 [9-12].

Table 2.1 Glass transitio
copolymer

ig temperature of selected PLA

i

.7 Ulassira | Melting temperature
Copolymer ratid
) (Tm)(-C)

ol INEYINEINT
“ARIBAN TN INA Y

85/15)(L/D,L)-PLA

80/20 (L/D,L)-PLA 56 125

Different degradation of PLA was shown in Figure 2.3. The polymer
degradation rate is mainly determined by polymer reactivity with water and catalysts.
The factor affects reactivity such as particle size and shape, temperature, moisture,



crystallinity, % isomer, molecular weight, water diffusion which all factors will affect
the polymer degradation rate [4, 13-16].

PIA Degradation

v
v v v

Thermal Degradation Deg by Radianion  Biodegradunon

v v

"y
e W
Oradanve Degradation gl dation in Inert LT Neon-enzymatic

phl degradation
1y dinlases
Figure 2.3 Degradati.
For example, the e gradat 1 ‘PEA that were considered to have highly
concentrated ester bonds on the main chai : " 1ons include thermohydrolysis,

depolymerization, intermoleculal ffon resulting in formation of monomer
and oligomeric ester, anc formation o ner, and.oligomeric lactide of low
molecular weight ¢ '7——-_——"_—['* However, hydroxyl
end groups of the m hai o o in lowering the molecular

weight at high terﬂpcratmg@ [3.9]. J

G NS 45 A s oo

lactide, a cyclic 8imer of lactic acid, ?'nd direct polywndcnsanon uf lactic acid. Scheme

m‘“ﬁ"ﬂ’ﬁﬂW‘ﬂﬁﬂ NYIRE



(I-:HS CHJ
CH, Direct polycondensation polymerization O/CH 0 ¢l o OH
| -~ fo S e s
no” oM = G ¢ JOO ¢
I O\ Hy /) o
Lactic acid

In ROP method, a imier 67 {aefic acidlor Ylactide’ is used as the monomer
to synthesize PLA. Lactide i§ olitaised by d sition of low molecular weight PLA
by heat. The pulymeriza ion.an be accurately, and the properties of
resulting polymer ¢az applicatioy [3,17]. Importantly, the
molecular weight o ‘z : if.: Sried to be quite high in the

range of 20,000-600,060 Da dcpandmg on catalyst *"ﬂ-: The reaction mechanisms

TN VAR ThY
e TSRO AR

solubility in lactide. This catalyst gives low levels of racemization and provides high
molecular weight PLA [20-21]. The ROP in the presence of Sn(Oct), takes place via
coordination-insertion mechanism (Scheme 2.3).



0
\/\j\n/ﬂ 'Snpfu)k(\/\
8]

Figure 2.4 Chemical structure of stannous octoate (Sn(Oct);)

N g"”’/ "

R
)\Lr“' entﬂd:z ‘ —— 5" -Sn(Oct); O Sn(oct,

Scheme 2.3 Coordinatig
catalyst; R = growing po

Despite the high m __ ined by ROP, disadvantage of this
method is its high cost of mon due to the complicated purification
process of the lactidemo Bl

Y]

2.2.2 Direﬂmulycunden ation (FC) ﬁ
JIJ a 4? m f lactic acid is usually
perfonned in sti atmn vacuum while temperature are
mmmﬁm@mﬁ rorars
mzm the molecular

weight obtained by the ROP method.
CH*" anycundmuunn ?Hj
m Hﬂ-CH“CHDH = HFO-CH-CTOH + (m-1)H,0
0 @l
Lactic acid PLLA

Scheme 2.4 Polycondensation reaction of lactic acid to give poly(lactic acid)



A number of catalysts for PLA synthesis by PC method were reported. In 1997,
Hiltunen er al. [22] studied the synthesis of PLLA by PC method. All polymerizations
were carried out in the melt using different catalysts such as phesphoric acid (H;POs3),
zinc chloride (ZnCl;), aluminium acetylacetonate (Al(acac)), tin(ll) octoate
(Sn(Ilyoct), dibutyltin dilaurate (DBTL), antimony(III) oxide (Sb,0;), titanium(IV)
butylate (Ti(IV)bu), titanium(IV) isopropylate (Ti(IV)iso), and sulfuric acid (H,SOy).

The temperatures being studied were 1§ d 220 "C. They reported that sulfuric
acid was the best catalyst at'eyery & ' .providing PLA with molecular weight
bout 30,000 D My =y m:m f catal shd
about 30, a. Mo SIS Tesed! t the amount of catalyst an

racemization occu [ : - and when the amount of catalyst was
increased. Scheme 2. A chains where the ester bond
can break. Only the

result in racemization.

oxygen and a-carbon can

¢ o . i ;
AP R e shisp e v g o
Scheme 2.5 ét'lmd cleavage positigns during trangsterification of PLLA [22]

ARIANNIUARIINE IR Y

Other catalyst systems being investigated in order to achieve high molecular
weight PLLA are as follows. Stannous(II) chloride dihydrate/para-toluene sulphonic
acid monohydrate (SnCl,/TSA) is a binary catalyst that was found to be more effective
than Sn(Oct), a single catalyst performed as the same condition (at 180 'C, 10 Torr and
reaction time 12 h). The molecular weight obtained was 30,000 Da, as reported by Lee
et al. [17]. Next, scandium trifluoromethanesulfonate (Sc(OTf);) was studied by Takasu
ef al. in 2006 [23]. The reaction condition was at 170°C and 0.3 torr, the resulting in



10

PLLA with molecular weight as high as 73,000 Da. In 2006, Chen, G. X. erf al. [24]
studied the synthesis of high molecular weight PLLA by using titanium(IV) butoxide
(TNBT) as a catalyst at 180 'C. Time of the esterification at 760 Torr was 3 h. The
duration of air decompression from 760 to 1 Torr was 7 h, and polymerization at 1 Torr
was 40 h. The resulting PLLA had a molecular weight of 130,000 Da. In the same year,
Kim ef al. [25] tried to produce high molecular weight PLLA-based copolymers which
were synthesized through direct co: / lymerization of LA with succinic acid
(SA) and 1.4-butanediol (E n?‘“ catalysts such as titanium(IV)-2-
ethyl(hexoxide), indi : Tvdrontd
trioxide, dibutyl tin oxi

., antimony acetate, antimony
-hexanoate, and titanium(I'V) butoxide
F4 gl ‘\‘\- -lactic acid-co-succinic acid-
co-1,4-butanediol) (PEASBY w5 219,000 Ba at the fatio of LA/SA/BD of 100/0.5/0.5

In general, ROP
involves an extra step of
PLLA from lactic acid, but the mﬂar
than the ROP method, becarge’ﬁ '

ar weight PLLA but this method
a one-step synthesis method for
of PLLA obtained is somewhat power
involve a vigorous water removal.

el by two methods i.e. solid-

state pu]ycnndcnsau and chain )

3
’ﬁ'ﬁﬁﬁ‘wrmwmm

In 2001%Moon et al. [26 -27] studied mcwsuhd-state uycondensauon for

g L m LN L)
melt polycondensation at 1 using tin chlonde dihydrate/p-toluenesulfonic acid

(SnCly/TSA) as catalyst at 10 Torr for 5 h. The molecular weight obtained was 13,000-
20,000 Da. In the second step, this obtained product was preheated at 105 'C which at
this temperature, PLLA chain will occur arrangement for promoting crystallization.
Then it was heated at 140150 'C, 0.5 Torr for 10-30 h for further polycondensation. A
high molecular weight of PLLA was obtained in high yield in a relatively short
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reaction time and its molecular weight exceeded 500,000-600,000Da which had never
been obtained by the simple melt-polycondensation of L-lactic acid.

2.4  Polymer chain extension

Chain extension of polymer is an alternative way to achieve high molecular
weight polyesters. The principle of this method is to join two pelymer chains together
by using a bi-functional low-molegular Wei mpound, called a chain extender. In
the polyester chains, the hydroxyl end-; y coexists with the carboxyl end-
i cleaders can be more effective in

[28-37]."Examples of chain extender used
E, olines) [40-43]. In 1995, Woo
eight PLA. First, PLA was

group [28]. However,
increasing the molecula:
with most polyester are'd
et al. [1] reported
prepared by direct pol 1 15, molecular weight was then
increased by adding hexamethy lénc disocys o MIDD) as a chain extender at the last
stage of polycondensation fé EivE eacédwith the hydroxyl terminal group (-OH)
of polymer. Molecular weight of PLW& was broi g_ as 75,900 when the ratio of [NCO]
to [OH] is 4.11 at 160 "C after 105w ,s,-;-:-l'-'- i time. A linear structure occurred when
the ratio of [NCO] 1o [0 '" h

HMDI camemwi e other end group st 5oy lic group (-COOH) or the
-»%D with urethane) which will

owever, the excess amount of

urethane group (allophihat
form a branch structure {Scheme 2.6b).

S UUIRIN T4
ARIRIATRURAINEAR Y
|

CHy
HD{E-&H-D}E-NH-{-U—[;-]—N g}ng rz}
0 0 LJ 0

u=c=u{cu§; NH- '

Scheme 2.6 The reaction of hydroxyl terminal group (-OH) of PLA with HMDI (a) and
branch structure of PLA with HMDI (b)



12

Afterward, Hiltunen er al. and Zeng et al. studied the synthesis poly(ester-
urethane) by using 1,6-hexamethylene diisocyanate (HMDI) as a chain extender.
Hiltunen et al. [44] used PLLA hydroxyl terminal group (-OH) reacting with HMDI at
180 "C for 15 min. Molecular weight of poly(ester-urethane) as high as 390,000 Da was
obtained when the ratio of OH/NCO was 1:1. This ratio seemed to be optimum for
lactic acid)-diol (PLLA-OH) (Mw= 10,700
) (Mw= 12,700 Da) reacting with

linear polymer. Zeng er al. [36] used pol

HMDI at 160 °C for 1 h. Mble lar

than 200,000 Da whcnw_

many ty’pcs of dusucyana :

with L-lysine diisoCyanafc /methyl" csier dicyclohexylmethane 4,4’-

Da) and poly(ethylene succi

ester-urethane) obtained was more

,mpolymer was 1:1. In addition,

hain ,,, nders such as; Cooper et al. [34]

.
diisocyanate (H;;MDI)fas ghaih extend ‘~ ) this r'-n ion was proceeded at 40 C,
for 25 h, and toluene 1ver VB as synthesized via ring-opening
polymerization (ROP) of Jact A A . yimethyl) butyric acid (BHMBA)
as initiator formed hydro -terminaied containing a single pendent
carboxylic acid group. Mulmglgriiaﬁ hain extended BHMBA-PDLLA was

hexenetereph-thalate) EE ' acti .E:id} (PLLA-OH) by chain
extension, using toluene;2 4-diisocyanate (IDI) as a chain extender. This reaction

proceeded at tﬁ u%ﬂ]ﬂ%@}w{} qtf]nﬁﬂC{}fDH of 1:1. High

molecular weight!of copolyesters (m‘grc than 301} 000 Da) could be eas:[y synthesized

“EARTANN 38U UANINYA Y

Il addition, many coupling agents such as diphenyl carbonate (DPC), diethyl
carbonate (DEC), 1,1’-carbonyl diimidazole (CDI), and epichlorohydrin (EC) were
studied for the purpose of increasing the molecular weight of polymer and, hence, its
property improvement.

Polycondensation of DPC with diol monomers will obtain phenol as a by-
product (Scheme 2.7a). Polycondensation of DEC with diol monomer will obtain
ethanol as a by-product (Scheme 2.7b).
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0 OH
2 PN
(3 m HO-R-0OH + n ﬂ""JC“‘Q —_— 0" "O-RTOH +
mn
Diol DPC

Phenaol
0 0
(b) MHO-R-OH + n E10” " “oE *lD’JL‘G-R]»OH +  EtOH

Diol T Edhanol
Scheme 2.7 The synth wc (a) and DEC (b) with diol
compound .

Kim er al. [45)" p€,  polycarbonates by melt tranesterification and
polycondeasation of bispli€nal A (BPA) With DI u.\l MC at temperature 150-300 'C
and different catalyst. '_ bonates synthesized from DPC
was higher (My= 16,0 D4} han the one prepared from DMC (M= 25,000

Da). This was because Me "DMC, was a stronger nucleophile

than phenol. From this information: 4 in extender should be the one that
resulted in a by-p icity'tg avoid tranesterification of
the polymer. Ther; ‘Chandur rf'j poly(ester carbonate)s by
polycondensation anc 3' ansestrification process by us .l adipic acid, 1,3-propanediol
and DEC with TNBT a¥ cétal id:DEC:1.3-propanediol
was varied HISJI’} ﬁmmgﬂﬂﬂ . Molecular weight of
poly(cstcr ca:bonate)s increased with increasing DEC from 0.1 19,0.4. Subsequently,
s U] SR8 PR Y b R ifn canonne
(My> 251000 Da) via copolymerization of DEC with 1.6-hexanediol. The process was
catalyzed by immobilized Candida antarctica Lipase B (CALB). The reactions were
performed by using a pressure-varied two-stage process for removing only ethanol by-
product and preventing premature volatilization of DEC. First stage oligomerization
occurred at low vacuum (600 mmHg pressure) and the second stage polymerization
took place under high vacuum (1-5 mmHg pressure).
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For 1,1°-carbonyl diimidazole (CDI), it is a coupling agent that can be used to
form carbonates, esters, ureas, urethanes, and amides [48]. In 1999 and 2000, Rannard
et al. [49-50] studied the synthesis of polycarbonate in which imidazole carboxylic
esters was synthesized as an intermediate by the reaction of CDI with alcohols at 60
'C in the presence of KOH and toluene as solvent. Then, another alcohol was added,

resulting in polycarbonate as the final product (Scheme 2.8).

o
~ R—OH L
R-OH + z?"“NJL - ' =\ — R-0" O-R'

polycarbonate
Scheme 2.8 The synthesi
In 2004, Rannard £ 4 -.i ovel water-soluble hyperbranched
polyurethane. The formatic E— e shown in Scheme 2.9. When the
molar ratio of EPA (3) to CDI was stion formed isolated carboxamide (4) in

" was increased to 2:1, the
symmetric urea (5) W48 obtained. THe hyj ¥ urethane (Scheme 2.10) was
prepared by using an excess ame the m@r ratio of CDI to APDE (2)

was close to 1:1, very h conversion of gmine to carboxamide was obtained. If the

residual mnmﬁ%%ﬂ%@%q)ﬂ@m urea was formed.
ammﬂ‘imu MNNPRY

-C' NH c o i
Toluene, RT 4 Toluene, 60°C
3 KOH 6

D
T
e
5

Scheme 2.9 The formation urea (5) and urethane (6) via carboxamide (4) [48]

high recovered vyie o
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HO,
‘\_\!'q
m/_,
HO
L\
HO Yy
Scheme 2.10 The faﬂum'nn hyperbranched pol ethane by N-(3-aminopropyl)-

e T S

Epichlor8hydrin (EC) is a ‘)u'ghly reactive cumpuund.‘g was used as a
o

cmssliuﬂnw mmﬁﬂ% ﬂlgjﬂwa ghbl) foam [51],
polysaccharides [52], cr starch/poly(vinyl ~ alcohol) green films [53],
poly(vinyl alcohol) resins [54], hydrogel based on poly(vinyl alcohol) [55], and
hydrogels of cellulose [56]. The crosslinking reaction of epichlorohydrin and hydroxyl-

containing polymers was generally carried out in the basic condition as shown in
Scheme 2.11
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OH OH i
B _a

IM NaOH, 40°C

al
}uu OH
O OH O OH
n
Scheme 2.11 The th EC [51]
In this work, the fofus® -':.a_:;f -:,_- gating four chain extending compounds;
DPC, DEC, CDI, and ECJto_iftfease ain length of PLLA that was pre-

synthesized from L-lactic acid. Af ons Were carried out in solution so that the
temperature used wou d ne ' high to ¢ egradnﬁonuftthLLﬁ.

] )
AULINENINYINS
PMIANTUAMINYAE



CHAPTER III

EXPERIMENTAL
3.1 Materials ’,ﬂ/
Lactic acid {mmlm : E% by weight) was purchased
from Carlo Erba Reagen n(IV) butoxide (TNBT, reagent grade 97%),
i\\i‘;ﬁ-.,, rarbonate and epichlorohydri
pichlorohydrin
:\\

1,1’-carbony! diimidazele] dipHcat »
were purchased from 3 _; A), Pyr '-r\ adium hydrogent carbonate

(NaHCO3), sodium carbgffatgf() , . and 1
Merck (Germany). Chlorgforgh (Cf \ \ n (HPLC grade), and xylene

m imited (Thailand). Calcium
Specialty Chemicals Limited

(assay 98% min.) wer¢ puf
carbonate (CaCQ;) was p
(Australia).

3.2 Equipments
7
3.2.1 Nnclmwl. sme

'H NMR spectra vete recorded in golution of CDCl; using a Varian, model

ey 410 il i i g 5N s 0 i

Chemical shifts Were reported in part per million (ppm} relative m tetramethylsilane

WS}W?W?&W%%‘B@G d

3.2.2 Fourier Transform -Infrared Spectroscopy (FT-IR)

IR spectra were collected using a Nicolet 6700 FT-IR spectrometer. All samples
were prepared as KBr pellets.
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3.2.3 Gel Permeation Chromatography (GPC)

Gel permeation chromatograms of PLLA were obtained from Waters 600
controller chromatograph equipped with two HR (Waters) columns (HR1 and HR4)
(MW resolving range = 100-500,000) at 35 'C and a refractive index detector (Waters
2414). Tetrahydrofuran (HPLC grade) was used as an eluent with the flow rate of 1.0

mL/min. Sample injection volume Pn[}rsl}n'cncs (996-188,000 Da) were
used as standards for calibratio '

‘l' —
33 Methods /

3.3.1 Synthesis EY lymerization
N
Synthesis of PLL dlow -.-' \\

rted by Chen et al. in 2006
fure w | Torr, and reaction time of 40
h. In this work, howEvef fthe femperature \used for all direct condensation
polymerization of PLLA was/'& avoid over heating which could
result in racemization.

o

il

| w A ror B

m HO-CH-C=CI CE -'E}OH + (m-1)H,0
Lactic acid PLLA

ﬂumwﬂmwmm
Wmmsmﬁzafmmm Iy

slow mlmgen purging for 4 h to remove water. In the second step, the reaction flask
was heated to 178 'C, and then was added TNBT (0.11 mmole). The reaction mixture
was stirred under nitrogen atmosphere for 1 h. After that, the pressure was reduced
gradually to a full vacuum within 2 h. The reaction was left with slow stirring in
vacuum for 5, 7, 20, 30, 40, or 50 h. Finally, the resulting polymer was dissolved in
chloroform and precipitated by pouring the polymer solution into an excess volume of
methanol (10 times of chloroform). The appearance of synthesized PLLA is white solid.
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3.3.2 Chain extension of PLLA by chain extender compound

In this step, various types of the chain extender, i.e. 1,1"-carbonyl diimidazole
(CDI), diethyl carbonate (DEC), diphenyl carbonate (DPC), and epichlorohydrin (EC),
were used to acts as coupling agent of the two PLLA chains. Table 3.1 shows the
chemical structure of the chain extender investigated in this work.

Table 3.1 Chemical structure of chain extetit

. __ -
Chain extender | Chemical structure

/ - \ it
l,l,*carbﬂﬂ}’l “. T . - \ - NJ!\N..%
oM\ N N N
. [;:‘ "‘.
| &.-c::r "

Diphenyl carhon;

33.2.1 QI) uchainute

rLi fbine Q mlm %&lﬂrﬁl @i and sylene (1 mL)

were put into thr. flask which was purged with aitrogen. The mgle ratios of PLLA
peonop 4 RN 3 B D T4 14 8 b 1

in a 110 'C silicone oil bath in which the polymer dissolved at this
temperature and stirred for 0.5-20 h. After the reaction, the polymer was dissolved in
chloroform and precipitated by pouring the polymer solution into an excess of methanol
(10 times of chloroform) in which unreacted CDI was removed in this step. The
appearance of resulting PLLA is white solid.
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Table 3.2 Variation of mole ratio of PLLA prepolymer:CDI

M. of PLLA
| " Mole ratio of Temperature Reaction time
SI]I ¢ name
3 prepolymer 4 1 A/CDI ¢C) (h)
(Da)
P-CDI3 7.396 1:0.5 110 3

P-CDI4 4,033 110 3
P-CDI5 110 3
P-CDI6 110 3
P-CDI7 110 3
P-CDI2 110 3
P-CDI8 110 3
P-CDI9 110 3
P-CDI10 110 3
5 5
PLLA prepoly ). Dz "; DPC (0.75 mmol, the mole

ratio of PLLA prepolym%{ to DPC was 1: S} and xylene (1 mL) were put into the flask

which was p lmersn'd inall0 C

silicone oil mmﬂmﬂm ed in chloroform and

precipi £XCE eth i

chlomfm
q

is white solid.
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3.3.2.3 DEC as chain extender

PLLA prepolymer (0.15 mmole, M»= 4,600 Da), DEC (0.75 mmol, the mole
ratio of PLLA prepolymer to DEC was 1:5) and xylene (1 mL) were put into the flask
which was purged with nitrogen. Then the reaction flask was immersed in a 110 'C
silicone oil bath and stirred for 3 h. The polymer was dissolved in chloroform and
precipitated by pouring the polymer
chloroform) in which DEC w
PLLA is white solid.

into an excess of methanol (10 times of

step. The appearance of resulting

PLLA prepolymeuf(0 16le; ¥~ 5,600-7,.300 Da), EC (varied mole), base

(varied types) and xyleng which was purged with

nitrogen. Then the reaciion fask silicone oil bath and stirred
for 3-10 h. The polymer wis ered (to eliminate base particle
that is insoluble in the reaction & : g PLLA was then precipitated by
pouring the polymer solution jala ar v ethanol (10 times of chloroform) in
which EC was remavec e ofxesulting PLLA is white solid.
The mole ratios of F Y time, and base type were
medasshnwnmthcmblefll?

ﬂﬁﬁl?ﬂﬂﬂﬁﬂﬂﬂﬂ‘i
Q‘W’W&Nﬂﬁﬁu AN Y



Table 3.3 Variation of the mole ratio of PLLA:EC:Na;CO; and reaction time (h)

Sample M. of PLLA Mole ratio of Temperature Reaction
name prepolymer (Da) PLLA/EC/Nay,CO; (°C) time (h)
P-EC6 5,760 1:0.5:0.5 110 3
P-EC7 6,552 1:1:1 110 3

P-EC2 110 3
P-ECS 110 3
P-EC9 110 3
P-EC2 110 3
P-EC10 110 5
P-EC11 110 7
P-EC12 5 110 10
P-EC13 6552 (e ':‘ A0S 110 3
P-EC2 TN 110 3
P-EC14 5 w1 110 3

P-ECIS U 110 5

e AWfANENYerng,,

ARIANTUAMINIAE
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Table 3.4 Variation base type in the reaction between PLLA and EC

o Mole ratio
M» of PLLA
Sample of _— Temperature Reaction
B prepolymer b L AJEC ) time (h)
(Da) /Base
P-EC2 110 3
P-EC3 110 3
P-EC4 110 3
P-EC5 110 3
,///é’\\ \
After the chain 4 change (%) of PLLA was
calculated by the followiag eg
Meolecular weight chang oo prepafymar 100

prepa{}mer

]

ﬂ‘IJEI’J'VIEWIﬁWEI']ﬂ‘i
ammﬂimum'swmaa



CHAPTER IV

RESULTS AND DISCUSSION

This chapter was divided ir \ ‘4 Wﬂ first part focused on the synthesis
and characterization of PL \.q__‘__ c : ﬂmz&l through polycondensation

polymerization. In this partethenfluentes of temperature, amount of catalyst, and
reaction time were investigaled

PLLA was studied thrili / “Q\\

eh il and a selected coupling agent
in solution. The influefiCes ¢! ig &\“ . mole ratio of reaction, and

ain extension of the resulting

reaction time were investigaiéc

4.1  Synthesis of PL

CH, CH,
m Hﬂ-(IJH-E-CIH ',; i ~CH- c}ou + (m-1)H;0
0 ; 0lm
Lactic acid m m WA

Scheme 4.1 sﬁ&ﬁﬂ«ﬂﬂﬂﬁﬂ BIN3
il i SEUNBAT RN L e e

studied for polycondensation of lactic acid to produce PLLA (Scheme 4.1). This
method followed the work reported by Chen er al. in 2006 [24]. The mechanism of
PLLA synthesis in the presence of TNBT is shown in Scheme 4.2.

Figure 4.1 shows 'H NMR spectrum of the obtained PLLA. The proton signals
at 1.58 and 5.18 ppm were assigned to methyl (a) and methine (b) protons of the lactide
unit, respectively.
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CH,
HO-CH-C-OH
(8] I:I:H]
MH“E-GH
CH; Ti(O(CH,);CHy), Hy s 9 ) 0

HO-CH-€~0H ———————= HO-CH-(~0H —————— HO—CH—C—0H
0 ..

Lactic acid o~ Tl CH;)3CHy )y THO(CH, 1 CH, ),

|

Repeat the <2 THO{CH 1 CH; by
FI“PO?; (I:H3 g r! 1
PLLA T s HD-CH-(E:QH:
0 (I:Hj
CH"'E"ﬂH
(8]
Scheme 4.2 Mechanism o

(a)

AU INgnIneng
TR AN TS NEAA I

Figure 4.1 "HNMR spectrum of PLLA in CDCl;

-

Table 4.1 shows molecular weight, PDI, and yield of the PLLA synthesized by
varying reaction temperature, reaction time, and amount of TNBT. Upon increasing the
temperature from 154-178 "C, the molecular weight (M. ) of PLLA increased from
7,400-25,000 Da. At 204 'C, the resulting product appeared brownish possibly resulted
from thermal degradation at this rather high temperature.
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The molecular weight of PLLA was slightly increased when the amount of
TNBT was increased from 0.1 to 0.2 mol%, but decreased at 0.3 mol% of TNBT. At
0.3% catalyst, the content of TNBT is probably so high that the titanium atom can
coordinate with the oxygen atoms of the carbonyl as well as with the hydroxyl group of
the terminal lactic acid. When the hydroxyl group is coordinated by Ti, its
nucleophilicity is lowered so the condensation reaction rarely occurs. In addition,
TNBT is a weak ester-interc If the amount of TNBT is high, ester
interchange would frequentl would be low molecular-weight
PLLA. Moreover, an i
occurred when the amo
more than 180 "C [22,24

from L-isomer to D-isomer
e temperature was increased to

The effect of rez
highest molecular weight g
40 and 50 h, moleculag®
process called “tranesteri§

become dominant causing the

P olymerization was found that
ion time of 30 h (PLLAG6). At
high reaction temperature, a
on the chain ester bond could

Table 4.1 Molecular Seight, p¢ 1y indes, and s ‘F'i d of PLLA synthesized by
N

varying reaction température, BL

-E'J’
Amount of
Sample  Reaction Yield

B T N N B ™

""“‘nw"jaquimwnmmaa,ﬂ- |

PLLAZ 18571 24921 ls2 124

PLLA3 154 0.1 5470 7379 135 44

PLLA4 178 20 02 20727 26844 130 33

PLLAS 178 20 03 18175 24554 135 32
19.139-  28388-  1.23-

PLLAG 178 30 0.1 40614 50083 148 210

PLLA7 178 40 0. S hae Ll i

. 26,537 35,502 1.42
PLLAS 178 50 0.1 20,360 26,063 1.28 30
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Furthermore, low molecular weight of PLLA was synthesized using 0.1 %
TNBT. at 178 "C. and reaction time were limited to 5-7 h. The molecular weights [H..]

of PLLA obtained were in range of 4,500-9.400 Da {Hn= 4,000-7,300 Da). The
appearance of PLLA as synthesized by condensation pelymerization is white solid as

shown in Figure 4.2.

[a} b .i.JJ"- -:.'Iﬁfﬁ.‘ [-b}
Figure 4.2 The appearance of PUEACas synihesized by condensation polymerization at
178 “C, reaction time of 5 h {alﬂy@%actiﬁqmef 20 h (b)
b ' V.

#

—

U=,

TV
|
wf:
- —

42  Chain mem@ of PLLA .

T

In this section, PELA, was reacted with selected coupling agents in solution as
an attempt to ificrease the PLLA nolecular weight” The role of these coupling agents
was to join two polymer chains together. A theoretical mole ratio_of polymer chain to
chain efsténider {s|2flory 05 Adthis fdtio] fi¢ mébléctildr Weight ol PLLA can increase
two foldsi(molecular weight change= 100%). The molecular weight change (%) and %

recover were calculated by the following equation (1) and (2):

Mo of PLLA - Maof PLLA prepolymer
== x
Muof PLLA prepolymer

Molecular weight change (%) =

weight of PLLA
weight of PLLA prepolymer

Yield (%) =
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Four types of chain extender molecules were studied, i.e. 1,1"-carbonyl
diimidazole (CDI), diphenyl carbonate (DPC), diethyl carbonate (DEC), and
epichlorohydrin (EC).

4.2.1 CDI as chain extender

0
1 I
C=CH-0-C.
N
{ CH; }
HOFC-CH—OFH + /N . R
N Hy N € CH, CH;
" \""J e (- 1~ Cs CH—0~-C-0-CH-C}-0-CH-CHOH
PLLA prepolymer ch ) o 5 5
m
\. arbonate-linked PLLA
it
H—-:;—u—ékN..h
N

AUy tlwbmhﬂﬁﬂ-f%—?ﬁ’ o

Estmlmlmd

schem| 401 a5 SRS TDYNE B

chains, fﬂrmmg a carbonate bond (a), and coupling agent by activating ester bond
formation between a hydroxyl and carboxylic ends of two PLLA chains (b)
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(a) aH LY f’:\ 0 s
PLLA chain = = .
CDlI
mﬂH

[b} ME =0OH = _/;"

L
PLLAchain N ks \ T

Scheme 4.4 Mechanism of chai

hydroxy! group of PLLA Hdins. | L;;*_._.:......_...._:.;::._:..._..'_.H; oxylic acid activated
\7 A

by CDI .
7 )
Scheme 4.3 ta m.i and CDL. In the
1* reaction {Schemeﬂmmﬁ 1 ﬁm:{yl group (-OH)
of two PLLA chains to form “carbonate-link PLLA” ™ reati e 4.3b
and 4.4b), ﬂﬁﬂmﬂ Wa d [Tﬁmmm a
terminal carboxylic acid to an anhydride which is more active toward —OH attack than
the original -COOH. The resulting product is “ester-linked PLLA™ [57].

w CDI (a) by joining the two

The effect of temperature was studied by using two solvents. Chloroform was
used in the coupling reaction performed at 75 'C, while xylene was used in the reaction
at 110 "C. Table 4.2 shows the effect of temperature on molecular weight change of
PLLA. It was found that at 110 'C, the molecular weight of PLLA was increased to
almost 56 % (P-CDI2), which was higher than the reaction at 75 'C (P-CDI1). Thus, the
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reaction occurred faster at higher temperature. In general, the use of CDI as coupling
agent to form carbonates, ureas, amides, urethanes, and ester were achieved at
' temperature in range of 60-70 'C [48,50). The high temperature required in this work
(110 'C) was probably because one of the reactant was a long chain polymer. Factors
include chain mobility and probability of molecular attack (at the chain end) must be

taken into account

Table 4.2 The effect of 'lw%wmght change of PLLA in the
presence of CDI as chain le lymerrCDl (1:5), reaction

time3 h
B_efure rea j‘ﬂ ‘\\\ ~ r reaction with CDI
n Molecula
Sample Mot \\ TR
PLLA weight Yield
code ! emp
prepolymer { = change (%)
(Da) (%e)
P-CDI1 6,441 1.27 27.42 62
P-CDI2* 5,366 7 56.28 37

!

*m:vllutshuumwasn_ 3 from 2 s
molecular weight of PLLA wis 4,14 I molegllar weight of PLLA increased by
7,063 Da (molecular weight ge as 70.48%). In the second synthesis of P-CDI2*, starting molecular

weight of PLLA w with CDI'fblecular weight of PLLA increased by 9.709 Da
A RTINS e

12, and CDI.
The protor signals at ﬂm?mﬁmt}mﬁﬂﬁgﬂum protons

of the lactide unit, respectively. The proton signals of CDI at 7.25, 7.54, and 8.21 ppm

C‘a thesis of P-CDI2* , starting

were no longer present in the spectrum indicating that CDI and imidazole by-product
were removed from the polymer product.
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CDCI| "
PH)LH"%."
hL==-«e
a|l b n
(2)
i i

!.IHI.I‘I.S'I‘JI.S

Figure 4.3 'H NMR spectrum of (|
and PLLA prepolymer (3) (before ghaif ¢

I extension reaction),

FTIR was used to analyze the fur tional
shows the FTIR spectra of F D1. Fhe appearance of a
characteristic peak at 1758 civ/ assignedoC fof P-CDI2 and PLLA
prepolymer. The peak at 'I C eonjuga

ps in the polymers. Figure 4.4

d cyclic system of

g
imidazole. From P-CDI2, it showgthax the peak ambuted to the C=N conjugated cyclic

system was not found ﬂ‘ Wltﬂldﬂﬂlc was
removed from the resulting polymer cunsmtent wi

ammnmummmaﬂ
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1542 (C=N conjugated cyclic system)
Col i

P-CDI2

PLLA prepolymer

Figure 4.4 FTIR spectra of C fiersehain '\‘n‘w reaction), and PLLA

prepolymer (before chain extensig

Table 4.3 shows influence ok; PLLA prepolymer:CDI and
reaction time on chain e IBS 1 At the thec | mole ratio of 1:0.5, the
molecular weight of PL TRy ased by 21% (P-CDI3)
which was rather low. ThisBsuil uge plinﬂreacﬁon between two
polymer chains by CDI is rathcr‘d'm'mult. This is paffible due to the fact that one of the

i e PR B R Py oo

extender molecule walltherefore low. Additionally, this reaction was carried out in

o NPT NP (10815

the chance for reacting the hydroxyl chain ends of PLLA chains with CDI. It was found
that molecular weight of PLLA was increased when the amount of CDI was increased
excessively from 1:1 to 1:10. At 1:10, the molecular weight of PLLA increased by as
high as 107% (P-CDI10). Thus, a large and excess amount of CDI was needed to
achieve a large increase or double value of molecular weight. During the course of this

study, the author suspected that PLLA would degrade during heating in the coupling




33

step in which the temperature as high as 110 'C was reached. Therefore PLLA
prepolymer was subjected to blank reaction test, by bring the polymer to the same
heating condition and solvent but without added CDI for a total time of 3 h. It was

found that the M. in fact decreased by about 2%, indicating that no chain extension
took place without the chain extender. The recovery yield, however, was only 54% and
the PDI was slightly lowered from 1

0 1.16 after precipitation in MeOH. It was

believed that a certain amount ight polymers and oligomers were
washed away by MeOH d

The effect of rea CXIension capability of PLLA and CDI
(molar ratio = 1:5) was studied (Fablg' 4.3). It was found that the molecular weight of

PLLA was increased
molecular weight of [ eveu lower than the starting

value after 20 h of reation A 4 lofig ecular weight of PLLA was

decreased because the imidazole by-prodi icted as a base subtracting a
proton of the methyl groupfin ‘it adjag ly formed carbonate bond and
methyl group in lactide unitThe ‘_ -chanis arbonate cleavage and ester cleavage

mpmposadechemedSand 1.6

..-_.

'_y;.

e

Iﬂ
ﬂ‘lJEl’J'VIWlﬁWEI']ﬂ‘i

ammmm UANINYAY
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Table 4.3 Influence of mole ratio of PLLA prepolymer:CDI and reaction time on
molecular weight change of PLLA in the presence of CDI as chain extender;

solvent:xylene, T= 110 i 3

Before reaction with CDI1 After reaction with CDI

Sample M. of Molar ratio Sis 30 Mule:cul:r e
code PLLA of P PLLA PDI weight

prepolymer : change (%)
(Da) (%)

PLLA-pre 4,143 116 2076 4
P-CDI3 7.396 126 2135 b4
P-CDI4 4,033 122 2601 o
P-CDIS 125 31.52 “
P-CDI6 127 44.68 #
P-CDI7 4,033 128 5061 38
P-CDI8 6,839 131 4167 23
P-CDI9 5.928 125 77.88 <9

P-CDI10* 4,962 133 1068 =
P-CDII | ; _. 127 4651 6
P-CDI12 VLSO 506 3%
P-CDI13 4,769 9/ ;‘r 128 6649 32
P-CDI14 476 ; ) ss180 130 1554 b
P-CDII5 5626 € 135 Q20 5972 123 6150 9

PLLA-pre . 3 X I 4242 7
P-CDI16 22,400 17,020 -24.02 64

1:10 3 1.18
i L1 KTIRTOPIL g Toh 11kl
F-CDH 2 : 3 1) £ 911 59
P-CDI19 7.314 1:25 3 13,629 1.43 86.34 45
P-CDI20 10,277 1:30 3 13,014 137 2663 45

* The value shown was averaged from 2 sets of experiments. In the first synthesis of P-CDI10* , starting
molecular weight of PLLA prepolymer was 4,620 Da after reacting with CDI molecular weight of PLLA
increased by 9,934 Da (molecular weight change as 115.0%). In the second synthesis of P-CDII0*,
starting molecular weight of PLLA prepolymer was 5,664 Da after reacting with CDI molecular weight of
PLLA increased by 11,307 Da (molecular weight change as 99.63%).
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Carbonate-linked PLLA

methyl group in the unit adjicght fo thel newlyform
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Scheme 4.6 Fragmentation of PLLA by the abstraction of proton by imidazole at the
methyl group in the lactic acid repeat unit
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After PLLA was reacted with CDI, the appearance of PLLA at longer reaction
time (at 10-20 h) before precipitation gave more viscous product, presumably because
at long reaction time, there was a longer amount of salt of PLLA with imidazole formed
in the reaction (Scheme 4.7).

0 0

MG\H"\ 6 H- ﬁf‘n.. H
, CH, =/
PLLA chain i ' --""'

...—-' Salt of PLLA with imidazole

PP B 1850 1900 1950 32000 2050

Figure 4.5 GPC chromatograni 6f P4 DI10 (46
prepolymer (before chdin extension!

in extension) and PLLA

Vi )

A comparison lﬂween GPC chmmatug;rﬂms of PCDI10 and PLLA prepolymer

polymer shows some

was made in Fmﬁj ape.
tailing to the le 4 ore symmetrical. The

result suggests thai the low moleculaf weight PLLA,chains reactediwith the CDI more
oo i PSRRI N 3T E) 1 ) &

ver, the decrease of molecular weight of PLLA may be because PLLA
chain was thermally self-degraded during the reaction. This result agrees with the
previous research by Li and co-worker [58]. They reported the synthesis of PLA-co-
PGMA copolymer performed in xylene as solvent at a reaction time of 5 h and

temperature of 70 "C. The starting number-average molecular weight ( M, ) of PLA was
70,000 Da but after the synthesis of PLA-co-PGMA copolymer, the molecular weight
of copolymer decreased to 42,000 Da through self degradation.
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The chain extension by CDI of PLLA prepolymer having number-average
molecular weight ( M. ) in the range of 10,000-22,000 Da was also studied (Table 4.3).
The condition used was the optimum condition for low molecular weight prepolymer;
i.e. the mole ratio of PLLA:CDI was 1:10, and the reaction was carried out in xylene at
110 °C for 3 h. It was found that the number-average molecular weight of PLLA in
range of 10,000-22,000 Da after reacting with CDI was decreased at this condition. It

may be because the starting mo PLLA prepolymer was very high. The
probability of the chain end e so low, that the fragmentation of
PLLA by imidazole bec '

From all of the reguit® i zar ncluded chain extension by CDI was

achieved only for the BMLASpropol y . ith starting number-average molecular
weight (M. ) about 4,00€
prepolymer to CDI as 1:

u.' on was at mole ratio of PLLA

- ent, and temperature as 110

G
422 DECandD
CHy o 1. jo cHy
(8) HOPC-CH—OtH + Py 1207 CH0-CH—CHOH + CH,CH,0H
0 " o i} n =
PLLA prepolymer lPE‘.’: Carbonate-linked PLLA

ﬂuﬂ’mﬂﬂﬁ‘i‘lﬂlﬂ‘i
. fafwh Knelmidde o

PLLA Iymer Carbonate-linked PLLA

Scheme 4.8 Chain extension reaction by using DEC (a) and DPC (b) as chain extender
which two hydroxyl group of PLLA chains joined

Scheme 4.9 shows the coupling reactions between two PLLA prepolymer
chains and DEC (Scheme 4.8a) and DPC (Scheme 4.8b). Table 4.4 shows influence of

chain extender to chain extension on molecular weight change of PLLA in the
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presence of DEC and DPC as chain extender. It was found that both DEC and DPC was
able to increase the molecular weight of PLLA by only 8% (P-DEC and P-DPC). At the
same reaction condition, the molecular weight of PLLA increased by CDI was higher
than those by DEC and DPC. It was likely that imidazole (from CDI) was a better
leaving group than ethoxide (from DEC) and phenoxide (DPC) ions.

wggc of PLLA in the presence of

DEC and DPC as chain der: atio lymerichain extender (1:5),

solvent:xylene, T = 11048
vemRyene \\xx

Before i : i E ‘\
“reaction with chain extender
Sample  __ ’\\\\ N Molecular
code Al» S TiSN s weight Yield

J‘é

b5 - id
prepolyme A %‘?‘ - change (%)
- 2275 ‘\ e
e JEe - - 8.203 7l
ST
PBRC “BpCE 8.506 3

.

4 U anend PR B
U MENRITE MR REE

Scheme 49 Chain extension by using EC as chain extender which two hydroxyl end
group of PLLA chains joined
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(@) ~wenOH + Cl ——* e Q—CHy-CH-CHy-Cl —> mﬂvCHz-éH-CHg-Cl

PLLA epichlorohydrin o
HEI | e GH
oH
snsoon©-CHy~GH—CHy -0
0 (e 0
(B) ~~rOH + Q.Vq + /ﬁ\&\/c[—l— mmcn,—ér:ém-f::;
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4:||---6
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Scheme 4.10 Mechanis " 4 tensi \\'\ A prepolymer with EC by joining
two hydroxyl end gréup of PETA Chains; (a k\' aﬂdfhl“ﬁthﬂddﬂdb‘m

Scheme 4.8 show \ Mepolymer by EC. Without a base,
the reaction proceeded and v=product that might have retarded
reaction (Scheme 4.10a). d is added to achieve higher yield
and faster reaction rate (Scheme4:10b) T4 shows the effect of the added base

on chain extension feaction. It was found that if no Base wvas added. the molecular
weight of PLLA was incre ; ’f:;f an appropriate base was
added, molecular weig 1' of PLLA was increased by up - 0% (P-EC2), as expected by
the mechanism i

than the hydro cark to be a more effective
catalyst than ﬁ%ﬂnﬂ (18%) (P-E@3), whereas sedium bicarbopate (NaHCO;) and

iRV ST A TA S P B Blnecren v
1:3:3. It should be noted that among all of base tested only pyridine was soluble in the

reaction mixture,

on was more reactive




Table 4.5 Influence of base on molecular weight change of PLLA in the presence of
EC as chain extender using xylene as solvent, T= 110 ‘C, reaction time 3 h

Before reaction with EC After reaction with EC
Sample M. of Mole ratio — Molecular
i PLLA of PLLA weight  Yield

PLLA PDI

prepolymer I‘"P.ﬂi}' (Da)

(Da)

change (%)
(%a)

P-EC1 7,058 1.18 7.566 7

P-EC2 6,552 1.18 29.85 20
P-EC3 6,925 1.24 18.06 25
P-EC4 6,552 1.20 4.640 57

P-ECS 6,552 1.17  -0.672 39

Table 4.6 shows the inflisaee of mele rtio of PLLA:EC:Na,CO; and reaction
time on molecular weig geof PLLA in e of EC as chain extender. The
mole ratio of PLLA'RC:Nas€65-was-varied-tkeepingthe ritio of EC:Na,C0;) from

e .
1:0.5:0.5 to an excess at Ef

(ﬁulmu]ar weight increase of
PLLA at 30% (P-E ,‘Table 4.5) was already at optimum (mole ratio of

o e o WM
TR TUUNNINGIAY
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Table 4.6 Influence of mole ratio of PLLA:EC:Na,CO; and reaction time on molecular
weight change of PLLA using xylene as solvent, T=110"C

Before reaction with EC After reaction with EC
Sample M. of Mole :lna Ren 3ot Molecular .
PLLA 0 weight ie
code - w PDI Clgh

change (%)
(%)

1.16 18.32 43

P-EC6 5,760
P-EC7 6,552 1.18 16.04 50
P-EC2 6,552 1.18 29.85 20
P-EC8 6,300 1.18 28.35 28

P-EC9 6,693 1.17 22.89 31

P-EC10 5,921

1.17 39.40 37
P-EC11 5,928 1.19 41.16 36

P-ECI2  7396° 448 53

F
P-ECI3 6,552 %4 S48 1450 19

P-EC14 5,664 Iﬂ 1:3:5 7, 3T£ 1.15 30.28 35

3
s EUEAMININGANG oo >
P-EC16 1:3:7 o Blﬂl 431]3 17
e LEL TR
P—EC]E 20,361 1:5:5 3 22,854 1.57 12.24 69
P-EC19 18,073 1:3:3 5 23,262 1.53 28.71 65
P-EC20 20,216 1:3:7 5 21,610 1.51 6.895 64

In the sample P-EC2, P-EC10, P-EC11, and P-EC12, the reaction time was
varied as 3, 5, 7, and 10 h for the reaction having the reagent content of 1:3:3 (Table
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4.6). As a result, the molecular weight of PLLA was increased with increasing the
reaction time. At the long reaction time, the chance for PLLA chain to react with EC
would increase too. At 10 h, the molecular weight was increased by up to 45% (P-
EC12). Moreover, attempts on increasing the base content in the reaction from 5 to 10
times of PLLA were also carried out (sample P-EC15 to P-EC17, Table 4.6). The
optimum base amount was achieved in sample P-EC16 (1:3:7), in which the molecular
weight increase was 43% with rathes :

\ f only 17%. Therefore. the mole ratio
PLLA:EC:Na;COs of 1:3:3, ionger rea

to 10 h seemed to give the better

presence of Na,CO; base, in
© be at 3:7 after 5 h of reaction time
mes of the PLLA, the molecular
ble that the based-catalyzed
--\ of base combined with trace

which the best ratio of E
(P-EC16). When the base «
weight increase was ¢
hydrolysis of PLLA chaift

were also studied (Table 4.6)/In g¢ the Melecular weight increases were moderate
i [

at 7 to 29% for the reaction ca o . It was possible that at high Na,CO;
i ""r"l‘."__ =

content, the chance oﬁ*lagﬁﬁ.

aethyl group in lactide unit
could have occurred

competitively. |-| | m
Figure 4.6 shows the 'H NMR spectra of PLLA prepolymer with EC, P-EC16

(after reacting \ﬂnﬂm njhmt Tﬁlﬁ with EC). The proton
signals at 1.58 and were assigned to methyl and methine protons of the
lactide ivel nf iy[ ﬁ‘fasmmd to the
methme’q“ ﬁﬂﬁe M}T ton ilp']n acted EC were
found at 2.67 and 2.89 ppm (-CH,- in epoxide ring), 3.23 ppm (-CH-), and 3.55 ppm (-
CHy-) (Figure 4.6a). For reacted EC. the methine signal (CH-OH) would show up at
3.87, the methylene signal (-CH,-O) would shift to 3.52 ppm. Analysis of sample P-
EC16 (the resulting product of PLLA and EC) revealed that not a single peak of reacted
and unreacted EC was found in the product (Figure 4.6b). The disappearance of

unreacted EC suggested that it was completely removed from the polymer product. But
the missing signal of reacted EC was somewhat surprising. It was possible that the
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mole ratio of EC in the overall product was too low to be detected by NMR method.
Also a number of unreacted PLLA remained in the product as reported earlier that the
molecular weight of resulting PLLA was only 43%,

(a)

b

| Bl LA B M 5 - - WL N LAl LA RS DR ma

B0 TS S =S Ay 5w 15 s es

spectrum (in C epalymer with EC(a), P-EC16
ymier (before reacting with EC) (c)

Figure 4.6 'H
(after reacting with EG)(b), and PLL

F igurc% uﬂ.{immﬂg n iLA prepolymer. It was
found that chromatogram of P-EC16 was spli : ests that during
e A L o ot TNl ot i



was found that at the molesafia Bl LA B \:- of 1:3:3 and reaction time of 5 h,
the molecular weight of BIFL A" Wa5/incteased by o, 9% (P-EC19). but when used
the mole ratio PLLA'EC ¥6,€Q" bf 1:5:5and th {{on time of 3 h, the molecular
. : - i \
weight of PLLA waf iy A “C18), and at the mole ratio
PLLA:EC:Na;CO; of #8:7 l rcﬁ \ 1, the molecular weight of PLLA
was increased by only 7% | 3 RT ) \ Na;CO; content, the chance of
Na;CO; subtracting a profon, $f-the m group in lactide unit became high.

Pt

Therefore, the fragmentations of PELA would have competitively occurred.

200\ 2 N
From the resiis weig cbuld not be doubled from the
ring-opening reaction/of EC. It Bkidbase in the reaction mixture

withdrew the pmmn,Bm the hydro d group (-a:l} of PLLA to make it more
reactive enough to causestransesterification @f PLLA chains. In addition, the added base

o e o 8 A e Ve e s e

Accordingly, mblecular weight i increase of PLLA by these processes was limited.
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CHAPTER V

CONCLUSION

5.1 Conclusions

Chain extension - nvestigated 45 a way to increase the molecular

hydroxyl group in each chfun: suf g _3;;. nerease the molecular wetght Four types

of coupling agents

diimidazole, and epichléro :’! It?;g d that.ameng the coupling agents studied

here, CDI was the most & é’t\ ck end olecular weights of PLLA with
Al S L

Mnof 4,000 to 7,300 Da ¢buldbe increast as high as 107% (slightly more than

double in length) by CDI, in t} @mole ratio of PLLA to CDI was 1:10 at

the reaction tempera had low reactivity for chain

extension of PLLA~They onl ' : -“}‘ of melecular weight

whereas up to 56% . increase was observed for E)I at the condition where
PLLA:couplin For the egioxide derivative, EC provided up to 45%
increase of ﬁﬂﬁglgﬂm gm {w gm@m the mole ratio of
PLLA: ECNaz y was 1:3: 3atﬂtegeactmnumc 0 h.

RV bbb &mempa i the escin

with t.hc coupling agent as well, especially when the molecular weight (Ma) of the
starting PLLA was more than 10,000 Da. In the case of CDI, imidazole by-preduct
could possibly cause chain cleavage by subtracting protons from the repeating units of
PLLA, which subsequently led to cleavage at the ester and the newly formed carbonate
bonds. Another explanation for failed attempts in the chain extension of high molecular
weight PLLA was that the longer the polymer was, the lower probability of successful



reactions between the terminal hydroxyl groups of polymer and the coupling agents
became.

5.2  Future Direction
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