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# # 5372287323: MAJOR Chemistry
KEYWORDS: Poly(lactic acid) / Glycidyl trimethyl ammonium chloride /
Hydrophilicity

PIYACHAI KHOMEIN: SYNTHESIS OF POSITIVELY-CHARGED
POLY(LACTIC ACID). ADVISOR: ASST. PROF. VARAWUT
TANGPASUTHADOL, Ph.D. 44 pp.

In order to increase the hydrophilicity of biodedphle poly(L-lactic acid)
(PLLA), PLLA with a terminal positively-charged ammonium ion (p-PLLA) was
synthesized. PLLA withM, of 3,500 Da was reacted with glycidyl trimethyl
ammonium chloride (GTMAC) to obtain up to 76% of substitution on the PLLA
chain end. It was also confirmed that the attachment occurred mostly on the
carboxyl chain end side. The degree of substitution was determin&d-KyIR
spectroscopy. Hydrophilic property of the polymer was analyzed by measuring air-
water contact angle of the modified PLLA films and it was found that the contact
angles of p-PLLA (45°) was lower than that of the neat PLLA (57°). No significant
change in the thermal properties when PLLA was transformed to p-PLLA as

analyzed by DSC and TGA since PLLA was modified only at chain end position.
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CHAPTERI

INTRODUCTION

1.1 Statement of Problem

Poly(lactic acid) (PLA) can be produced from renewable resource such as corn,
potato and cassava. It is a biodegradable polymer possessing biocompatibility and
physica properties similar to the polymer obtaining from petroleum product.
Nowadays, PLA is used in many applications such as materias for medical devices,
textile and packaging. Hence, there are many interests in modification of the polymer
property in order to meet the demand of applications.

PLA is water insoluble and considered to be rather hydrophobic. This limitsits
use in some applications, for example, as carriers for high polarity drugs. Furthermore,
it is known that the product after degradation of PLA is acid, and was proved to cause
inflammation to tissue when it was implanted in human body. Since the main route of
degradation in PLA is hydrolysis, PLA with lower hydrophobicity would increase the
degradation rate and therefore shorten the residence time of the device at the implanted
site. For those reasons, increasing the hydrophilicity of PLA have been reported in
recent years by blending poly(lactic acid) with hydrophilic polymers, copolymerizing
PLA with hydrophilic monomers, or adding hydrophilic functional group such as
carboxyl (-COOH) and amino (-NH;) groupsto PLA.

In this research PLA with increasing hydrophilicity was synthesized by reacting
with glycidyl trimethyl ammonium chloride (GTMAC) which is a compound
possessing epoxide ring and a positive charge on the quaternary ammonium group in its
structure. 1t is expected that PLA will open the epoxide ring of GTMAC by using it
hydroxyl group at the polymer chain end position giving a positively-charged polymer
with more hydrophilicity and faster degradation.



1.2 Objectives

To synthesize poly(lactic acid) with positively-charged chain end to enhance the
hydrophilicity of the polymer.

1.3 Scopeof Investigation

1. Synthesis of positively-charged poly(lactic acid) by two methods
1.1. PLA was direct reacted with GTMAC.
1.2. Positively-charged lactic acid was first synthesized and then,
polymerized with lactic acid.
2. Characterization of positively-charged PLA by 'H-NMR, *C-NMR, gel
permeation chromatography, contact angle goniometer and differential

scanning calorimeter (DSC).



CHAPTER I

THEORY AND LITERATURE REVIEW

2.1 Lactic acid

Lactic acid is bi-functional monomer carrying a hydroxyl and a carboxyl groups
and it is a monomer to produce PLA. Lactic acid can be produced by bacterial
fermentation [1] of carbohydrates such as corn, potato and cassava which are renewable
resource. Due to a chiral carbon in its structure, there are two active optically
configurations of lactic acid. L-(+)-lactic acid or (S)-lactic acid is natural and the most
common form of the acid [2, 3] but D-(-)-lactic acid or (R)-lactic acid can be produced

by microorganisms or racemization reaction.

Hojﬁ( el Ho/:ﬁ( oH

@) O

L-(+) lactic acid  D-(-)-lactic acid

Figure 2.1 Two configurations of lactic acid: D-(-) and L-(+)-isoraer

2.2 Poly(lactic acid)

Poly(lactic acid) (PLA) is an aliphatic polyester and considered to be a
biodegradable polymer. Degradation of PLA occurs by hydrolysis, which is accelerated
by enzyme or catalyst. The rate of the reaction depends on size and shape of the
polymer and temperature of the reaction. Although PLA can be degraded if there is
water present but under typical used conditions, it is very stable and will retain its
physical properties for years. PLA is also a low releasing greenhouse gas polymer
because the CQyenerated during production and biodegradation of PLA is reduced by
using CQ from the atmosphere during the growth of plant. Figure 2.2 is a life cycle of

PLA in the environment.
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Figure 2.2The cycle of PLA in the environment

PLA is a rigid thermoplastic polymer which can be semi-crystalline or
amorphous depending on the amount of L-lactic acid and D-lactic acid repeating units
on the polymer backbone. PLA may be the polymer with broadest range of applications
because the physical properties of PLA is similar to polyethylene (PE), poly(ethylene
terephthalate) (PET) and polypropylene (PP) [4] and it possesses biocompatibility,
therefore PLA can be used for either in industry packaging field or material medical
devices [2, 4].

The thermal properties of the PLA depend on molecular weight of PLA and the
amount of L-lactic acid and D-lactic acid repeating units on the polymer backbone.
Glass transition temperaturegfTand melting temperature §of PLA with various
ratio of L-lactic acid and D-lactic acid repeating units are shown in the Table 2.1 [5].



Table 2.1 Glass transition temperature and melting temperature of selected PLA

copolymer
Copolymer ratio Glass transitiorl Melting temperature
temperature (Tg) (°C) (Tm)(°C)
100/0 (L/D,L)-PLA 63 178
95/5 (L/D,L)-PLA 59 164
90/10 (L/D,L)-PLA 56 150
85/15 (L/D,L)-PLA 56 140
80/20 (L/D,L)-PLA 56 125

PLA can be synthesized by two methods which are ring-opening polymerization
(ROP) from lactide and direct condensation polymerization. For the ring-opening
polymerization (Scheme 2.1), the starting material is lactide which is a cyclic di-ester of
lactic acid produced by decomposing of low molecular weight of PLA using heat and
catalyst [6, 7]. The advantages of the ROP are yielding high percent conversion and
molecular weight with range of 20,000-600,000 Da depending on the type of catalysts.
However, the cost to produce lactide is high due to complicated purification process of
the lactide. The reaction mechanism can be either cationic [8], anionic [9], or

coordination-insertion mechanisms [10].

] ]
OH )
HOJ\( HO{JK( 1H
n
Lactic acid High molecular weight PLA
Condensation Ring-opening
-H,0 polymerization
(@)
0 Depolymerization o0._0O
m
P I ©
Mrr(]a Eos%nagr Lactide

Scheme 2.55ynthesis of PLA via ring-opening polymerization



Another method, direct condensation polymerization from lactic acid, is cheaper
than the previous method. The molecular weight of synthesized PLA by this method,
however, is generally low with range of 10,000-130,000 Da. because the direct
condensation route is an equilibrium reaction and it is difficult to remove trace amounts
of water in the late stages of polymerization because of the viscosity of the reaction. For
the synthesis, lactic acid is used as a starting material and the reaction needs heat and
vacuum condition in order to remove water out of the reaction to shift the equilibrium
move to the product side as shown in scheme 2.2. A number of catalysts were suggested
in literatures. PLA with molecular weight as high as 130,000 Da was synthesized by
direct condensation polymerization at 180°C using titanium(IV) n-butoxide [TNBT] as
the catalyst [11]. Another study reported that tin(ll) oxide (SnO) was the most effective
with regard to molecular weight but the percent yield was below 40% when performed
at 180°C for 20 h [12]. Binary catalysts system was also studied. V@ghen
toluenesulfonic acid was used as co-catalyst with S molecular weight of the
received PLA was 100,000 Da after 15h of reaction time. Solid state polymerization of
PLA was reported to obtain PLA with molecular weight up to 320,000 [13].

0] | . ) (0]
Polycondensation
o
n HO)H/OH _ HO‘FH/ 1H +n-1 H,O
A, vacuum, catalyst n

Lactic acid (LA) Poly(lactic acid) (PLA)

Scheme 2.5ynthesis of PLA via direct condensation polymerization

During the synthesis of PLA, thermal degradation can occur. Almost all active
chain end groups, residuals catalyst and monomers can enhance the thermal degradation
of PLA. It has been reported that the thermal degradation of PLA consists of random
main-chain scission and unzipping depolymerization reactions. The random scission
reaction involves hydrolysis, oxidative degradation, and inter- and intra-molecular
transesterification (Scheme 2.3). Therefore, there are many studies trying to reduce the
thermal degradation of PLA. In 2001 [14], the effect of chain end structure was studied.
The -NH, and —CI terminated PLA were synthesized. The modified chain end PLA

were more resistant to thermal degradation than unmodified PLA.
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Scheme 2.3’ hermal degradation reactions of PLLA at high temperature

PLA, however, is water insoluble and considered to be rather hydrophobic
which limits its use in some applications. Therefore, there are studies trying to increase
the hydrophilicity of PLA. In 2006 [15], multiple block copolymer of PLA,
polyethylene glycol (PEG) and pyromellitic dianhydride was synthesized (Figure 2.3).
The polymer contains PEG, hydrophilic polymer, and carboxyl group of pyromellitic
dianhydride which could increase the hydrophilicity of the polymer. It was found the

degradation time of the block copolymer was shorter than that of neat PLA.

pyromellitic dianhydride

A ddod

Figure 2.3 Multiblock copolymers of lactic acid and ethylene glycol containing

periodic side-chain carboxyl groups

Gene therapy has been extensively studied due to its curing potential for many

diseases. There are two systems to carry DNA to disease site, viral vectors and non-



viral vectors. Although gene delivery by viral vector system is more effective but non-
viral vector system is preferred due to lack of immunogenicity, more safety, and large
scale production [16]. The material to use as a carrier in non-viral system should have a
good biocompatibility so PLA has been used in many studies. Since DNA is a
negatively-charged compound so several authors have been reported the using of
cationic PLA microsphere as gene carrier which can form complex with DNA. In 2007
[17], cationic polyethylene glycolylated PLA (MePEG-PLA) nanoparticles can be
prepared with high percent DNA loading (85%) and it exhibits low cytotoxicity to
normal human liver cells. The positive part came from chitosan (CS) and MePEG-

PLA/CS nanoparticles were prepared by diafiltration method.

For those reasons, this research aimed to synthesize positively-charged PLLA
with positive charge permanently attached to the chain end position of PLLA. Glycidyl
trimethyl ammonium chloride (GTMAC) was used to react with PLLA via epoxide
ring-opening reaction. It is expected that the present of positive charge on the polymer

helped increase the hydrophilicity of PLLA.

2.3 Glycidyl trimethyl ammonium chloride

GTMAC is a compound consisting of a quaternary ammonium group which
presents a positive charge. The compound also contains an epoxide ring which easily
reacts with nucleophile so this compound has been used in many works to synthesize
positively-charged polymer (Scheme 2.4). In 2000 [18], positively-charged chitosan
was synthesized by using GTMAC. The substitution percentage of GTMAC on the
repeating unit of chitosan was up to 90%. In 2011 [19], positively-charged polyvinyl
alcohol (PVA) was also synthesized by using GTMAC and the result showed that the
positive charge density of derivative of PVA was about 1.3 meg/g which was higher
than the result obtained from other reagents such as diallyldimethyl ammonium chloride
(DADMAC) [20]. From the two studies, GTMAC is a very effective reagent to react
with the hydroxyl group, which is also present on one end of PLLA chain. In fact PLLA
possesses two reactive functional groups on its chain ends; one hydroxyl and one
carboxyl groups. Therefore the probability for PLLA to react with GTMAC is less than

chitosan and PVA. Reaction condition for the end-capping reaction must be optimized



by studying choice of solvent, temperature, and catalyst. In 2008 [21], there was a
report preparing unsaturated PLLA by the reaction between PLLA and allyl glycidyl
ether (AGE) to prepare biodegradable microgels. The reaction was performed at 80°C
in solvent of DMSO and Zn powder as catalyst (Scheme 2.5)'H4NMR and*°C-

NMR spectra of the product confirmed that the unsaturated PLLA was successfully
synthesized. The degree of AGE substitution on PLLA chain end was, however, not

mentioned anywhere in the paper.

HO HO

NV A
N+ Cl
HO 0 GTMAC Ho ) HO
HO Oty HO O+H
HoN n HN n
OH (6)
o P, S,
cr n n

=

A \_ B
Scheme 2.4Synthesis of A) positively-charged chitosan and B) positively-charged
PVA

n

PLLA AGE

Scheme 2.55ynthesis of PLLA carrying an unsaturated group the carboxyl chain end

2.4 Epoxide ring opening reaction

Epoxides are much reactive than simply ethers because of highly ring strain.
The ring can be attacked by large range of nucleophiles causing the break of C-O bond
resulting in the relieving of the ring strain. There are two types of mechanism of the
reaction depending on the condition. If the reaction condition is basic or strong

nucleophile is used in the reaction23nechanism will occur. For asymmetric epoxide,
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nucleophile will attack the least steric hindrance of epoxide ring and the invers

stereochemistry will occur. Theaction mechanism is showed ich&me 2.6.

inversion of stereochemistry

O . \(O RH o + RH OH
H... R Nu . H.. R B H =
HN yfﬂ — R pa

Nu +

R R Nu R R
less steric hindrance

Scheme 2.@&poxide ring opening reaction viiy2 mechanism

For acidic condition reaction and poor nucleophiy2-like mechanism (loos
Sn2 mechanism) will occur. For asymmetric epoxide, nucleophile will attack the
steric hindrance oépoxide ring and the inversion of stereochemistry will ocThe
difference between 2 and &2-like mechanismss the position in which nucleophi
attacks. Since the reaction is acidic, the epoxide ring wiprotonate making the
epoxide more electphile and if the mechanisis considereds {1 mechanism, the
C-O bond of thgrotonate epoxide will break generating carbocation. more stable
carbocation is favored then the nucleophile attacks the more substituted enc
epoxide. In reality its usually that the epoxide-O bond ofthe more substituted cen
is weaker resulting ircarbocation character at that carbon afigure 2.4)and the

nucleophile willsattacks ther The reaction mechanism is showeScheme 2.7.

H CI)+6
RH R o’ H OH g
= HrA\R HMIL,\\\R
+ B — —_— + 5_< +6
HO R R R R R R R R
3° carbon more stable 2°carbon less stable in reality

Figure 2.4Description of \2-like mechanism as® mechanism
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inversion of stereochemistry

RR OH

H
Rf,lﬁ\uH H* >§LO;\”H
R/ R

R\R )
Nu +

high steric hindrance

Nd H R

Scheme 2.Epoxide ring opening reaction vigZlike mechanism

In summary, this research intends to add positively-charged functional group to
the chain end position of PLLA in order to increase the hydrophilicity. The advantage
of end-capping modification is that the bulk properties of the polymer such as melting
temperature and crystallinity remain but only the surface property change. In 2004 [22],
the carboxyl group at the chain end position of PLLA was modified to dodecyl group
which was a hydrophobic functional group, and 2-(2-(2-methoxyethoxy)ethoxy)ethyl
(MEEE) group which was a hydrophilic functional group so as to study the change of
wettability of PLLA derivatives. The results of air-water contact angle measurement
showed that when dodecyl group was added to the PLLA chain end, the polymer
surface has higher air-water contact angle (93)1d®aning that the polymer was
more hydrophobic. When MEEE was added to the chain end, the polymer surface has
lower air-water contact angle (74-§2meaning that the polymer was more hydrophilic
compared with that of neat PLLA (87-89

ol o
0 0 o
chﬁoh 1H chf \/TO{JH/ 1H
1 n 3 n
A B

Figure 2.5 Structure of A) dodecyl group and B) 2-(2-(2-methoxyethoxy)ethoxy)ethyl
(MEEE)



CHAPTER 11

EXPERIMENTAL

3.1 Chemicals

L-lactic acid (88% by wt) was purchased from Carlo Erba Reagent (France).
Titanium(lV) n-butoxide (TNBT, reagent grade 97%) and glycidyl trimethyl
ammonium chloride (20-25% by wt of water) were purchased from Sigma-Aldrich
(USA). Methanol, sodium chloride, chloroform-d and deuterium oxide were purchased
from Merck (Germany). Chloroform, tetrahydrofuran (THF) (HPLC grade), and
dimethyl formamide (DMF) were purchased from RCI Labscan Limited (Thailand).

3.2 Instruments

A Varian model Mercury-400 (USA) operating at 400 MHz and a Bruker
Advance-lIl 300 operating at 300 MHz nuclear magnetic resonance spectrometers were
used to characterize all products. Molecular weight of PLLA and positively-charged
PLLA were analyzed by gel permeation chromatography (GPC) using Waters 600
controller chromatograph equipped with HR1 and HR4 columns (Waters, MW
resolving range = 100-500,000) at 35 °C and a refractive index detector (Waters 2414).
THF was used as an eluent with the flow rate of 1.0 mL/min. Sample injection volume
was 50 . Five polystyrenes standards (996-188,000 Da) wseel for calibration. The
hydrophilicity of the polymer was analyzed by measuring contact angle between water
and surface of the polymer film using Ramé-Hart Contact Angle Goniometer Model
100-00 equipped with Gilmont syringe and 24-gauge flat-tipped needle. All polymer
films were prepared by melt-casting the polymer in an oven to obtain a film of about
0.5-0.9 mm thick. Filtrate after precipitation of the products was freeze-dried to collect
the dissolving product (freeze dryer model Freezone 77520, Benchtop, Labconce). The

thermal properties of the products were analyzed by differential scanning calorimetry
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(DSC) technique using METTLER TOLEDO STARe SYSTEM, DSC 822e Module
and thermal gravimetric analysis (TGA) using Perkin Elmer, Pyris Diamond TG/DTA.

3.3 Methods
3.3.1 Synthesisof PLLA

PLLA was synthesized following a modified method reported by Chen et al
[11]. L-lactic acid was dehydrated under vacuum at 80 °C for 4 hours. Then, the
reaction was placed in JNatmosphere and heated up to 170 °C. TNBT (0.1 mol% of
monomer) was then added to the reaction. After stirring for 30 min, the pressure was
reduced gradually to vacuum. The reaction was left with stirring in this step for 5 hours.
The obtained product was purified by dissolved in chloroform and precipitated in
methanol and washed with methanol 3 times. Then, the product was further dried under

vacuum until dry giving white powder PLLA with 30-45 % vyield.

O O 0, O
80°C, vacuum 170°C, vacuum
OH 0 S o
m TNBT n
L-LA PLLA oligomer PLLA

Scheme 3.1 Synthesis of poly(L-lactic acid) by direct condensation polymerization

from L-lactic acid

3.3.2 Synthesisof positively-charged PLLA

e Method 1
PLLA and GTMAC were dissolved in DMF. The solution was stirred for 1
day at 80 °C. After that, the solution was precipitated in 1M NaCl in deionized water
and the precipitate was collected by centrifuge at 3,500 rpm. The precipitate was
washed with deionized water 4 times and dried under vacuum for 1 day giving white
solid with 40-47 % vyield. The substitutions of GTMAC on PLLA-COOH chain end

was more than 76%.
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o) \N/ o) OH |
— o
H. o) 0 *cl DMF  H_ o) N~ ci
O{)H/ ]\H + T >— o N
80T
n
PLLA GTMAC Positively-charged PLLA

Scheme 3.2 Synthesis of positively-charged PLLA from PLLA and GTMAC

e Method 2

First, positively-charged L-lactic acid was prepared. L-lactic acid was
dehydrated under vacuum at 80 °C for 4 hours. Then, the reaction was placed in N
atmosphere and added GTMAC (1/70 times the mole of LA). The reaction was stirred
for 2 hours. Next, the reaction was heated to 170 °C. TNBT (0.1 mol% of L-lactic acid)
was then added to the reaction. After stirring for 30 min, the pressure was reduced
gradually to vacuum. In this step the remaining of L-lactic acid will polymerize with
positively-charged L-lactic acid to produce positively-charged PLLA. The reaction was
left with stirring for 5 hours. The obtained product was purified by dissolved in DMF
and precipitated in 1M NacCl in DI water and washed with DI water for 3 times. Then,
the product was dried under vacuum for 1 day giving waxy-light brown product with
20-35 %yield.

0]
Cl —— |
Excess L-lactic acid GTMAC Positively-charged L-lactic acid
(0] OH | 0] 0] OH
- | e
Cr OH -
HO)H/O\)\/N\ L HOJH/ =H[\OJH/O]\)\/I>I\ Cl
n
Positivelv-charaed L-lactic acid L-lactic acid Positively-charged PLLA

Scheme 3.3 Synthesis of positively-charged PLLA from lactic acid and positively-
charged lactic acid
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3.3.3 Characterization of the products by *H-NMR spectrum

There are three solvents using to dissolve the produg@.vias used to
dissolve L-lactic acid and GTMAC. CD£band DMSO-d6 were used to dissolve
PLLA and positively-charged PLLA. Varian model Mercury-400 nuclear magnetic
resonance spectrometer was used to provide atHENMR spectra and a Bruker

Advance-IIl 300 was used to provide all 2B-NMR spectra.

3.34 Molecular weight deter mination

A polymer product (6 mg) was dissolved in 1 ml THF (HPLC grade). Then the
solution was filtered through a nylon filter with pore size of 0.46 After that 50 [iof
the solution was injected into the GPC. Molecular weight of products was defined by
using standard calibration curve of five standard polystyrenes with molecular weight
range of 996-188,000 Da.

3.3.5 Air-water contact angle measurement

Samples were tested for their hydrophobic/hydrophilic property in the form of
flat films. Positively-charged PLLA from®Imethod was melt-cast into films at heating
the polymer on metal sheet in an oven (150 °C). Using Rameé-Hart Contact Angle
Gonio-meter, each data point reported was averaged from 4 measurements, each from a
different spots on two films.

Air-water contact angle can be defined the hydrophobicity and hydrophilicity on
polymer surface [23]. If the angle is almost 0°, the polymer surface is completely
wetting and the result refer that the polymer surface is super hydrophilic. If the angle is
in range between 0° to 90°, the polymer surface is good wetting and the result refer that
the polymer is hydrophilic. If the angle is in range between 90° to 150°, the polymer
surface is poor wetting and the result refer that the polymer is hydrophobic. If the angle
is more than 150°, the polymer surface is non-wetting and the result refer that the

polymer is super hydrophobic.
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Syringe —_ '

Water drop

Polymer film surface

Figure 3.1 An air contact angle image from the goniometer

3.3.6 Thermal properties measurement

The measurements of thermal properties were performed using differential
scanning calorimeter (DSC 822e) and thermo gravimetric analyzer. For DSC
measurements, the sample was subjected to two consecutives heating scans to ensure an
identical thermal history for the sample. All scans were measured under nitrogen
atmosphere. In the first scan, 10 mg of the sample was heated from 30 to 150°C at
20°C/min and the temperature was hold at 150°C for 5 min. Then, the sample was
cooled down to -20°C at 30°C/min. The second scan was performed immediately at rate
of 10°C/min from -20-150°C. Glass transition temperaturg), (Erystallization
temperature (J, and melting temperature {J of the sample were determined in the
second scan. For TG measurements, 10 mg of the sample was heated from room

temperature to 800°C at rate of 10°C/min under nitrogen atmosphere.



CHAPTER IV

RESULTSAND DISCUSSION

4.1 Synthesisof PLLA

In the present work, PLLA was synthesized by direct condensation
polymerization following the method reported in 2006 [11] with a slight modification in
the ' dehydration step in which it was performed at 80°C and under vacuum. This was
done to increase the amount of water being removed from the starting material which
was 88% by weight of lactic acid in aqueous solution. After the dehydration step,
TNBT catalyst was added to the reaction with an increase of reaction temperature and
the pressure was gradually reduced to vacuum. The effect of reaction temperature in the
range of 170-190°C on the polymerization was studied and the results are shown in

Table 4.1. Percent yield of the products was calculated by using Eq. 1.

mole of lactide unit in PLLA

%yield = (Eq.1)

mole of L—lactic acid

amount of PLLA (g) +~ molecular weight of lactide unit

amount of L—lactic acid solution (g) x% -+ molecular weight of L—lactic acid

Table 4.1 The effect of reaction temperature on the polymerization of L-lactic acid in
the presence of TNBT catalyst

Entry Reaction Amount of lactic Ma Mw ’ Yield
temperature (°C)  acid solution (g) (Da)* (Da)* (%)
1 170 10 9,200 12,900 1.39 47
2 180 10 10,100 15,300 1.50 33
3 190 10 13,800 21,400 1.54 30
4 170 20 3,500 4,600 1.31 33
5 180 5 12,200 15,800 1.30 27

'determined by GPC
“polydispersity index
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From Table 4.1, the PLLA vyield increased when the reaction temperature
increased. This finding was similar to the result reported earlier by Achmad, et al. [24].
Moreover the study also reported that thermal degradation of the PLLA occurred at the
temperature higher than 200 °C without the catalyst. Since the thermal degradation
reactions such as hydrolysis reaction and transesterification reaction produced lactide
and lactic acid, they were vaporized and freed from the reaction at high temperature and
low pressure, causing the reduction of the PLLA yield. In addition, the synthesis of
PLLA in this work used the catalyst which can accelerate those thermal degradation
reactions so the thermal degradation might occur at temperature lower than 200°C. In
order to increase the PLLA yield, the condition to synthesize PLLA oligomer was
employed in the method of synthesis of PLLA reported by Wang, et al.[25]. Since L-
lactic acid was lost easily when the temperature reached 180°C under vacuum because
the boiling point of lactic acid was lower than 140°C (1.8 kPa). Therefore after
removing free water, the reaction was set at 140°C for 5 h to convert L-lactic acid to
PLLA oligomer. Then a catalyst was added to the reaction, temperature was heated to
180°C and pressure was reduced to vacuum to synthesize PLLA. The percent yield of
PLLA received by this method was 76%.

d c
@] CH;
a |
0 CH_
HO CH OH
| n b
CH; O
[
a
} o
' . NW_
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
ppm(8) 5.0 4.0 30 2.0 1.0

Figure 4.1 *H-NMR spectrum of PLLA in CDGI
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'H-NMR spectrum of PLLA in CDGlis shown in Figure 4.1. The proton
signals at 5.16 and 1.56 ppm were assigned to methine (a) and methyl (c) protons of
PLLA repeat unit, respectively. The signals of methine (b) and methyl (d) protons of
hydroxyl-side chain end unit were found at 4.36 and 1.48 ppm, respectively.

4.2 Synthesisof positively-charged PLLA

The preparation of positively-charged PLLA (p-PLLA) was based on the ring-
opening reaction of the epoxide in GTMAC by the hydroxyl-chain end or carboxyl-
chain end of PLLA. To follow the extent of reaction, the relative amount of reacted
GTMAC was monitored by NMR analysis. The 1D and 4NMR spectra of
GTMAC are shown in Figure 4.2. The proton signals in the epoxide ring of GTMAC
are located at 2.65 and 2.92 ppm for the two protons in methylene group (d) and at 3.49
ppm for the methine proton (c). In 2IB-NMR spectrum, the three signals correlate
with each other and the proton signal at 3.49 also correlates with the signals at 3.07 and
3.85 ppm so the two proton signals were assigned to methylene proton (b). After the
reaction with the epoxide ring opened, the peaks of epoxide ring should be shifted to
lower field (higher chemical shift numbers). Three methyl groups (a) adjacent to the

guaternary ammonium atom in GTMAC were assigned to the proton signal at 3.16

ppm.
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Figure4.2 A) COSY-NMR spectrum of GTMAC in BO and B)'H-NMR spectrum of
GTMAC in D,O

Considering the structure of PLLA, there are two active functional grou
each chain; hydroxyl and carboxyl, one on each chain end. Both can in fact re:
the epoxide ring of GTMAC. In 201(25], multifunctional group PLLA wa
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synthesized by reacting with an epoxy compound. The structure of the product was
proposed that PLLA connected with the epoxy compound via carboxyl chain end unit,
proven by*H-NMR spectrometry. In this work, however, confirmation on which chain
ends, the hydroxyl or carboxyl group or both, reacted with GTMAC was somewhat
inconclusive because only the hydroxyl terminal lactide unit was present in the
spectrum when CDgWas the solvent (Figure 4.1). In other words, the lactide end unit
at the carboxyl side was not resolved in the chloroform-d solvent. Therefore DMSO-d6
was tried as the solvent used fBENMR analysis of p-PLLA since it was reported that
both hydroxyl and carboxyl terminal lactide units was resolved clearly in this solvent
[26]. Additional signals were observed in Figure 4.3 as follows. The proton signal at
5.09 ppm was assigned to methine proton (f) of penultimate lactide unit, next to the
hydroxyl terminal lactide unit. Importantly, the proton signals of hydroxyl and carboxyl
terminal lactide unit were clearly seen. The methyl and methine proton signals of the
lactide unit at hydroxyl chain end appear at 1.26 (a) and 4.19 (d) ppm while those at the
carboxyl end appear at 1.39 (b) and 4.97 (e) ppm, respectively.

0 =
Ho d €%; OH
j*ojfﬁr[ ﬁojﬁr
a 0 C . 0

H.O

=

' DMSO b

|
\ J,i:l Monomer
L DAY

ITl(IZII'I{}l'I'Il‘.I'

fe d | J

A . —

i

T T T T T T T T T T T T T T T T

ppm(3) 50 4.0 3.0 2.0 1.0

Figure 4.3 'H-NMR spectrum of PLLA in DMSO-d6
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4.2.1 Synthesismethod 1

In this method, PLLA withV, of 3,500 Da was reacted with GTMAC directly

to synthesize p-PLLA. After purification, the p-PLLA products were characterized by
'H-NMR in CDCk and the spectrum is shown in Figure 4.4. The proton signals of the
GTMAC epoxide ring (2.65 and 2.92 ppm) were disappeared and a new set of signals
apart from those of PLLA were found at 3.31, 3.60, 3.78, 4.21 and 4.60 ppm. The high
intensity signals from lactide repeat unit were clearly seen at 1.58 ppm for the methyl
(b) and 5.16 ppm for the methine (f) protons. Nevertheless the proton signals at 1.47
and 4.35 ppm assigned to the methyl (a) and methine (d) group of the free hydroxyl
terminal lactide unit remained. This suggested that a portion of PLLA chains did not
react with the GTMAC. In addition, the signal at 4.98 ppm was believed to belong to
the methine proton (j) of the chain end lactide unit connecting to GTMAC, which was
confirmed by 2D-NMR (COSY, Figure 4.4). A complete assignment list of NMR

signals is shown in Table 4.2.
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o o} OH | c
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Figure 4.4 '"H-NMR spectrunof p-PLLA in CDCk
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Figure 4.5 COSYNMR spectrum of -PLLA in CDClg

Table 4.2 Complete assignment *H-NMR chemical shifts§, in ppm) of p-PLLA
(CDCly)

a i c
%ﬁeo C8'S
O\H\}JWO Ni

HO 07 +
d I nJ ]l h8f ¢

Unit  Chemical shifts Unit Chemical shifts

a 1.47 f 3.60
b 1.58 9 3.78
c 3.31 h 4.21
d 4.35 i 4.60
e 5.16 j 4.98
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Figure 4.6 'H-NMR spectra of PLLA (bottom) and p-PLLA (top) in DMSO-d6

In Figure 4.6 the spectrum of p-PLLA in DMSO-d6 is also presented for
comparison with the starting PLLA. The signal of methyl protons adjacent to
guaternary ammonium atom was again found at 3.10 ppm confirming the presence of
positive charge on the polymer. Interestingly, the proton signals of ‘carboxyl’ terminal
lactide unit (1.39 and 4.97 ppm) were disappeared. Moreover, the ratio between the
peak area of methine proton (d) of ‘hydroxyl’ chain end and the methine proton (5.09
ppm, (f)) of penultimate lactide unit was 0.89, lower than a theoretical value of 1,
indicating that GTMAC was rarely attached to PLLA on the hydroxyl chain end side.
The attachment of GTMAC on the —OH chain end of PLLA occurred about 11% of the
total polymer. This result came as a surprise since it was initially believed that the
nucleophilicity of hydroxyl group was higher than that of the carboxyl. Nevertheless the



25

degree of GTMAC substitution on PLLA chain end was calculated based on their
relative ratio of the three methyl groups on the attached GTMAE€3.31 ppm) and
the methine group of lactide repeat unit of PLLAX 5.16 ppm). The calculation

formula exhibits in Eq.2.

Hof-N*(CH3)3/9
Hof—-CHof PLLA/n

%Substitution = X 100 (Eq.2)

. Mol l ight PLLA
n = Repeat units of PLLA == W:zlg of

Table 4.3 shows the synthesis results after the maties of PLLA:GTMAC
were varied in order to determine the optimum amount of GTMAC in the reaction to
achieve the highest substitution at the polymer chain end. From Table 4.3, increasing
the equivalent of GTMAC from 1 to 4 folds resulted in an increase of the substitution
percentage from about 2 to 77, but when increasing the GTMAC amount beyond 4

equivalents, no clear impact on the reaction was obtained. It was, however, found that

the conversion andl» of the product unexpectedly decreased. A possible explanation
was that during the purification step some portions of low molecular weight p-PLLA
were lost. Water was the solvent of choice to purify the intended product p-PLLA
because it was able to dissolve GTMAC that was excessively added in the reaction. The
presence of the ammonium group in the low molecular weight PLLA could result in an
increase of solubility in water. Concerns about product degradation during the water
washing step was also investigated. The purification step usually lasted about 20 min at
room temperature. A trial study was set up by monitoring the molecular weight change
of p-PLLA that was immersed in water at room temperature for up to 60 min. Analysis
result by GPC is presented as the chromatograms shown in Figure 4.7. The molecular
weight change was observed when the product was in contact with water for longer
than 20 min. It was thus concluded that during the 20 min washing step, the obtained p-
PLLA was not hydrolyzed.
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Table 4.3 The effect of mole ratio of PLLA:GTMAC on the synthesis of p-PLLA by

fixing the reaction temperature at 80°C

PLLA: M of garti M of p-PLLA %Weight
n of Starting % Conversion % Substitution h
GTMAC  PpLLA (PDI) (PDI) change
1:1 3,503(1.31) 87.5 2.17 2,785(1.36) 20.5
1:2 9,285(1.39) 75.4 15.9 7,706(1.39) 17.0
1:4 3,503(1.31) 46.6 76.5 2,029(1.33) 42.1
1:8 3,503(1.31) 45.0 54.8 1,505(1.32) 57.0
1:13 9,285(1.39) 47.8 75.5 4,309(1.38) 53.6
1:15 2,978(1.17) Very low 56.1 1,117(1.24) 62.5
Omin, M_=2,051
20 min, M, = 2,043
40min, M, = 1,745
60 min, M, = 1,977
Vi
A
1200 1400 1600 1200 2000

Betention tme (rman)

Figure 4.7 GPC chromatograms of p-PLLA after immersed in water for 20, 40, and 60

min

A similar drop of conversion was also obtained from the study in which reaction

temperature was optimized (Table 4.4). The substitution of ammonium group at the

polymer chain end increased with the reaction temperature, but less yield and molecular

weight were obtained. It was possible that the increase of temperature led to faster rate

of epoxide ring-opening of GTMAC by the hydroxyl end of PLLA as well as the

degradation rate of the ester bonds in p-PLLA.
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Table 4.4 The effect of reaction temperature on the synthesis of p-PLLA by fixing the
mole ratio of PLLA:GTMAC at 1:4

Temp Mn of starting % Conversion % Substitution Mnof p-PLLA voweadnt
PLLA (PDI) (PDI) change
30°C  2,978(1.17) 90.5 9.97 3,047(1.17) 23
50°C  2,978(1.17) 85.6 116 2,945(1.17) 11
60°C  3,503(1.31) 85.0 59.3 3,135(1.35) 10.5
80°C  3,503(1.31) 46.6 76.5 2,029(1.33) 57.0

To confirm the assumption that low molecular weight p-PLLA can dissolve in
1M NacCl, the filtrate after purification was freeze dried under vacuum to collect the all
dissolved chemicals in the filtrate. After freeze dry step, white solid was obtained and
then the solid was stirred in THF to extract the low molecular weight p-PLLA. After
THF removal, light yellow film was found coating on the container. The received
products were analyzed by GPC dhNMR spectrometry. The results are shown in
Table 4.5 and Figure 4.8. The results show that there was some low molecular weight of
the product dissolved in water and the patterfHsRMR spectrum in Figure 4.8 also
confirmed that the products in filtrate consisted of p-PLLA because the pattern was

similar to the pattern dH-NMR spectrum of the product p-PLLA (Figure 4.4).

Table 4.5 Analyzed results of products in filtrate

Temp  PLLA:GTMAC %Converson %Filtrate Mna(pm)

80°C 1:4 59 15 1,145(1.27), 270

80°C 1.0 76 9 N/A
3 j1,,of product in filtrate® out of calibration curve range.
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ppm(8) 5.0 4.0 3.0 2.0 1.0

Figure 4.8 'H-NMR spectrum of products in filtrate in CDCI

Since it was found that the degradation of PLLA causing the reduction of
molecular weight which most likely occurred during the synthesis step. The cause of the
result might be water containing in GTMAC (20-25% by wt, as received from Sigma-
Aldrich). Hence, GTMAC was dehydrated under vacuum condition at 50°C for 4 h. The
dehydration of GTMAC was performed at low temperature to avoid thermal
degradation. After 4 h, the received GTMAC was white paste. Then, it was used to
synthesize p-PLLA at 80°C with PLLA:GTMAC equaled 1:4 by mole for 24 h and the
results are shown in the Table 4.6. The reduction of the molecular weight of p-PLLA
still occurred but with less extent than the synthesis using GTMAC without
dehydration. The degree of substitution using the dehydrated GTMAC slightly
increased (15%). The increase of GTMAC attached to the PLLA chain end could be
due to the fact that the dehydrated reagent contained less water which was somewhat

reactive towards the epoxide of GTMAC.
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Table 4.6 Synthesis results of p-PLLA at 80°C with PLLA:GTMAC = 1:4 by mole
using dehydrated GTMAC

v - v % Weight

M of start M of p-PLLA 9

p-PLLA n O Starting % Conversion % Substitution norp change
PLLA (PDI) (PDI) 9

1 2,978(1.17) 50.2 86.1 2,069(1.24) 30.5

2 3,503(1.31) 48.0 90.0 2,838(1.24) 19.0

3 3,503(1.31) 46.6 76.5 2,029(1.33) 42.1

"Using as-received GTMAC (containing 20-25%wstH

The degradation rates of PLLA and p-PLLA were studied by dissolving the
polymer in 5% by volume of water in DMF. The solution was kept stirring at 80°C for
24 h. After that, the polymer was precipitated out of the solution by pouring in 1M
NaCl solution. The precipitate was washed with water 3 times. The changes of
molecular weight are showed in the Table 4.7. The decrease of molecular weight of p-
PLLA (53%) was greater than the change of PLLA (34%). It can be concluded that the
presence of positive charge on to PLLA chain end can increase the degradation rate of

the polymer.

Table 4.7 Molecular weight changes of PLLA and p-PLLA after dissolved in 5% water
in DMF at 80°C for 24 h

Sample M\ before M, after %\r/]Veight
incubation (PDI) incubation (PDI) change
PLLA 3,503 (1.31) 2,322 (1.38) 33.7
p-PLLA
(DS = 90) 2,838 (1.24) 1,343 (1.47) 52.7

The two catalysts, TNBT and 98% sulphuric acidS#&;), were used in the
synthesis of p-PLLA in order to improve reaction efficiency because both catalysts can

activate epoxide ring. Since the titanium metal in TNBT and the proton from sulphuric
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acid can coordinate to the lone pair electrons of oxygen atom in epoxide, facilitating the
ring opening reaction by a nucleophile, in this case which is the hydroxyl chain end of
PLLA. For TNBT, 1 mole of the catalyst was added directly to the reaction at 80°C
with PLLA:GTMAC was equaled to 1:4 and the reaction was stirring for 24 h.
However, it was found that TNBT was immiscible with the reaction mixture in which
DMF was used as a solvent. After adding the catalyst, the reaction color was changed
from colorless to opaque white. FosFOy, 1 mole of the catalyst was added directly to

the same reaction condition of the synthesis using TNBT. The results of the synthesis of
the both methods showed that the degrees of substitution of received p-PLLA were 39%
for TNBT and 23% for SOy, lower than the product received by the synthesis without
catalyst (76%). This result might be due to over activating by the catalyst at the epoxide
ring of GTMAC. So water containing in the reaction was also able to attack the epoxide
ring, lowering the desired reaction with p-PLLA. However, the reduction of molecular
weight of the product from the synthesis using &, was similar to the product with

high degree of substitution when no catalyst was used. Sulfuric acid could accelerate
the hydrolysis reaction of the polymer since this catalyst was miscible with the reaction

mixture.

In summary, there are two problems for the synthesis of p-PLLA in this method.
The first is the degradation of the product during the reaction. The cause of this problem
is water containing in the reaction. To solve the problem the reagents using in the
reaction must be dehydrated and completely dry especialy GTMAC. However,
GTMAC can be degraded by heat so to avoid this problem freeze drying technique may
be useful to dehydrate GTMAC. The second problem is the dissolving of product in 1M
NaCl causing the reduction of product yield. To solve this problem, the solvent in
purification step should be studied. The use of mixing solvent may be useful to solve

this problem.

4.2.2 Synthesismethod 2

The 29 method to prepare p-PLLA was carried out by first synthesizing
positively-charged L-lactic acid (p-LA), which was subsequently used in the

polymerization reaction with L-lactic acid:he p-LA was first synthesized by the
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reaction between dehydrated L-lactic acid and GTMAC. *Fh&lMR spectum of p-

LA is shown in Figure 4.10. The proton signals of lactic acid were clearly seen at 1.15
and 4.07 ppm which were the signals of methyl (d) and methine (e) protons. The
evidence to confirm the epoxide ring-opening was the disappearing of the proton
signals of the GTMAC epoxide ring at 2.65 and 2.92 ppm. Since the lactic acid
solution consists of lactic acid monomer and a few dimers and oligomers as seen in
'H-NMR spectrum of as-recieved L-lactic acid in Figure 4.9. After the reaction with
GTMAC, it was found that the signals of carboxyl terminal lactide unit (c and g) of
dimer and oligomer was disappeared as well. The result suggested that lactic acid
connected to GTMAC by its carboxyl group, as was also found from the product
obtained by the®isynthesis method. The signals at 4.09 could be assigned to methine
or/and methylene protons of GTMAC connecting to carboxyl end group of PLLA
since the carboxyl group can react to both methine and methylene of epoxide ring.
However, splitting pattern of this peak is quartet so the signal should be assigned to
methine proton. The peak area of signal at 4.09 was calculated to be 10% of all
products containing of ammonium atom by compared to the peak area of signal at
3.01 ppm, which are the signal of methyl protons next to ammonium atom. Therefore,
there was only 10% of p-LA connecting to GTMAC by carboxyl group. The 90% left
might be p-LA connecting to GTMAC by hydroxyl group and some by-products since
there was water containing in GTMAC.
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Figure 4.10 *H-NMR spectrum of p-LA in BO

p-LA was then polymerized with lactic acid to yield p-PLLA. The relative
amount of p-LA to L-lactic acid was 1:70. The received product was rather viscous
with yellow in color.’H-NMR spectrum was different from p-PLLA received from
the ' synthesis method in which GTMAC reacted with the chain end of PLLA
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(Figure 4.11). The reason of these observations could be the decomposition of
GTMAC at high temperature (170 °C) which was required in the polymerization of L-
lactic acid. In fact it was found that the color of GTMAC changed from colorless to
brown starting at 150 °C. THel-NMR spectrum, however, exhibits the proton signal
of methyl group adjacent to quaternary ammonium atom of GTMAC (3.75 ppm,(a)),
which was used to calculate the substitution degree of GTMAC on PLLA. The
substitution ranged from only 15-30%. Moreover, the highest molecular weight of the
product obtained by the"2method was 7,053 Da which was lower than the neat
PLLA synthesized using the same reaction condition but without adding p-LA (9,285
Da). This may be caused by the reduction of polymerization rate of L-lactic acid with
added p-LA. Since, p-LA has only one site to polymerize with L-lactic acid, the rate
of reaction may be less than the polymerization from only L-lactic acid. It was

therefore concluded that th&'2ynthesis method was inferior to tiédhe.
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Figure 4.11 *H-NMR spectrum of p-PLLA in CDGI

4.3 Hydrophilicity deter mination

The degree of hydrophilicity of the obtained p-PLLA was determined by

measuring air-water contact angle of the polymer film surface. From Table 4.8, the
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PLLA with Mn of 2,978 Da showed contact angle value of 57+2°. For p-PLLA with
different degrees of substitution, the contact angle value remained unchanged when the
DS was as high as 24% but decreased to 51, 45, and 47 degrees when the substitution
was increased to 59, 77, and 90%, respectively. The attachment of ammonium group on
the PLLA chain end enhanced the hydrophilicity of the film surface. At low substitution
(11-24%), the charge density might be too low to cause any change of surface

hydrophilicity.

Table 4.8 Air-water contact angle measurement of the PLLA films with different
degrees of GTMAC substitution on the polymer chain end

Sample(mn) Degree of substitution ~ Contact angle

PLLA(2,978) - 57+2°
p-PLLA(2,945) 11.6 55+2°
p-PLLA(2,079) 23.7 56+1°
p-PLLA(3,135) 59.3 51+1°
p-PLLA(2,029) 76.5 45+4°
p-PLLA(2,838) 90.0 47+1°

4.4 Thermal properties

DSC thermogram of PLLAM, = 3,503 Da, Figure 4.12 A) showg dnd T at
37.86 and 92.94 °C, respectively while the thermogram of p-PIMA= 2,838 Da,
%substitution = 90.0, Figure 4.12 B) showg &nd T, at 34.46 and 103.23 °C,
respectively. However, above 100 °C in both thermograms show two endothermic
peaks expecting to be the melting point,©f the polymers. TheJof PLLA are at
115.3 and 126.8 °C and, bf p-PLLA are at 115.3 and 127.0 °C.
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Figure4.12 DSC thermograms of A) PLLA and B) p-PLLA

TGA thermograms of both PLLA and p-PLLA are shown in Figure 4.13. It was
found that on-set decomposition temperature® ¢ PLLA and p-PLLA were 253.4
and 250.5°C, respectively. The results from both DSC and TGA indicated that adding
of positive charge on PLLA chain end had no effect on the thermal properties of PLLA.
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CHAPTER YV

CONCLUSION

5.1 Conclusions

Poly(lactic acid) having a positively-charged quaternary ammonium group on
the chain end was synthesized by reaction between PLLA and GTMAC via epoxide
ring-opening reaction. There were two methods to synthesize the p-PLLA. The 1%
method was performed by reacting between PLLA and GTMAC directly. The 2™
method was conducted by synthesizing p-LA first and then polymerizing with LA. The
product from the 2™ method was inferior to that from the 1% method because its color,
appearance, and characteristic of the product which could be contaminated by the
decomposed products from GTMAC at high temperature. The *H-NMR spectrum
confirmed that the carboxyl chain end of PLLA was the main end group to react with
the epoxide group of GTMAC to obtain polyester with terminal positively-charged
ammonium group. The hydrophilic property of the polymer surface was anayzed by
means of air-water contact angle measurement of the melt-cast films. The positive
charge on PLLA chain end was able to reduce the hydrophobicity of the polymer film
surface. No significant change in the thermal properties when PLLA was transformed to
p-PLLA as analyzed by DSC and TGA. However, the molecular weight of the product
was quite low so the polymer could be applied to be used as an additive to blend with
high molecular weight PLLA to increase the hydrophilicity of the polymer or used as
drug carrier to deliver negatively-charged compounds such as DNA.

5.2 FutureDirection

Two problems arise in the synthesis step of positively-charged PLLA. The 1%
one was the hydrolytic degradation of the polymer product. The cause of the problem
may be water containing in the starting material. Hence, the technique to dehydrate the
reagents should be further explored. Freeze dry technique may be useful to dehydrate
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the reagents. Another problem was the dissolving of the low molecular weight product
in 1M NaCl during the purification step. An aternate solvent should be studied to solve
the problem.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

K. Hofvendahl, B. Hahn-H&agerdal, I-lactic acid production from whole wheat
flour hydrolysate using strains of Lactobacilli and Lactococci, Enzyme
and Microbial Technology 20 (1997): 301-307.

D. Garlotta, A literature review of poly(lactic acid), Journal of Polymersand
the Environment 9 (2001): 63-84.

T. Maharana, B. Mohanty, Y.S. Negi, Melt-solid polycondensation of lactic
acid and its biodegradability, Progressin Polymer Scien&t (2009):
99-124.

R.A. Gross, B. Kalra, Biodegradable polymers for the environment, Science
297 (2002): 803-807.

L.T. Lim, R. Auras, M. Rubino, Processing technologies for poly(lactic acid),
Progressin Polymer Science 33 (2008): 820-852.

T.M. Ford, Method for making polymers of alpha-hydroxy acid, U.S Patent
5,310,599 (1994).

P.R. Gruber, Hall, E.S., Kolstad, J.J., lwen, M.L.,, R.D. Benson, and
Borchardt, R.L.Melt-stable amorphous lactide polymer film and
process for manufacturing thereof, U.S. Pat&y84,881 (1996).

M. Basko, P. Kubisa, Mechanism of propagation in the catio
polymerization of L,L-lactide, Journal of Polymer Science Part A:
Polymer Chemistry 46 (2008): 7919-7923.

P. Kurcok, J. Penczek, J. Franek, Z. Jedlinski, Anionic polymerization of
lactones. 14. Anionic block copolymerization e¥alerolactone and L-
lactide initiated with potassium methoxide, Macromol eculés (1992):
2285-2289.

H.R. Kricheldorf, I. Kreiser-Saunders, C. Boettcher, Polylactones: 31.
Sn(ll)octoate-initiated polymerization of L-lactide: a mechanistic
study, Polymer36 (1995): 1253-1259.



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

40

G.X. Chen, H.S. Kim, E.S. Kim, J.S. Yoon, Synthesis of high-molecular-
weight poly(L-lactic acid) through the direct condensation
polymerization of L-lactic acid in bulk state, European Polymer
Journal 42 (2006): 468-472.

S.I. Moon, C.W. Lee, M. Miyamoto, Y. Kimura, Melt polycondensation of L-
lactic acid with Sn(ll) catalysts activated by various proton acids: A
direct manufacturing route to high molecular weight poly(L-lactic
acid), Journal of Polymer Science Part a-Polymer Chemistry38
(2000): 1673-1679.

F.C. Song, L.B. Wu, Synthesis of high molecular weight poly(L-lactic acid)
via melt/solid polycondensation: intensification of dehydration and
oligomerization during melt polycondensation, Journal of Applied
Polymer Science 120 (2011): 2780-2785.

S.H. Lee, S.H. Kim, Y.K. Han, Y.H. Kim, Synthesis and degradation of end-
group-functionalized polylactide, Journal of Polymer Science Part a-
Polymer Chemistry 39 (2001): 973-985.

D.D. Ankola, M. Kumar, F. Chiellini, R. Solaro, Multiblock copolymers of
lactic acid and ethylene glycol containing periodic side-chain carboxyl
groups: synthesis, characterization, and nanoparticle preparation,
Macromolecules 42 (2009): 7388-7395.

C.W. Pouton, L.W. Seymour, Key issues in non-viral gene delivery, Advanced
Drug Délivery Reviews 46 (2001): 187-203.

J. Chen, B. Tian, X. Yin, Y. Zhang, D. Hu, Z. Hu, M.Z. Liu, Y.F. Pan, J.F.
Zhao, H. Li, C. Hou, J.W. Wang, Y.D. Zhang, Preparation,
characterization and transfection efficiency of cationic PEGylated PLA
nanoparticles as gene delivery systems, Journal of Biotechnoliigfy
(2007): 107-113.

H.-S. Seong, H.S. Whang, S.-W. Ko, Synthesis of a quaternary ammonium
derivative of chito-oligosaccharide as antimicrobial agent for cellulosic
fibers, Journal of Applied Polymer Science76 (2000): 2009-2015.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

41

P. Fatehi, R. Singh, Z. Ziaee, H.N. Xiao, Y.H. Ni, Preparation and
characterization of cationic poly vinyl alcohol with a low degree of
substitution, European Polymer Journad7 (2011): 997-1004.

Y.Z. Sang, H.N. Xiao, Preparation and application of cationic cellulose fibers
modified by in situ grafting of cationic PVA, Colloids and Surfaces a-
Physicochemical and Engineering Aspects 335 (2009): 121-127.

D.D. Lu, L.Q. Yang, T.H. Zhou, Z.Q. Lei, Synthesis, characterization and
properties of biodegradable polylactic acid-beta-cyclodextrin cross-
linked copolymer microgels, European Polymer Journa4 (2008):
2140-2145.

Y. Kobori, T. lwata, Y. Doi, H. Abe, Synthesis, solid-state structure, and
surface properties of end-capped poly(L-lacti@@pmacromolecules 5
(2004): 530-536.

P.G. de Gennes, Wetting: statics and dynamics, Reviews of Modern Ph§3ics
(1985): 827-863.

F. Achmad, K. Yamane, S. Quan, T. Kokugan, Synthesis of polylactic acid by
direct polycondensation under vacuum without catalysts, solvents and
initiators, Chemical Engineering Journal 151 (2009): 342-350.

Y.L. Wang, C.H. Fu, Y.X. Luo, C.S. Ruan, Y.Y. Zhang, Y. Fu, Melt
Synthesis and characterization of poly(L-lactic Acid) chain linked by
multifunctional epoxy compound, Journal of Wuhan University of
Technology-Materials Science Edition 25 (2010): 774-779.

J.L. Espartero, I. Rashkov, S.M. Li, N. Manolova, M. Vert, NMR analysis of
low molecular weight poly(lactic acid)sacromolecules 29 (1996):
3535-3539.



APPENDIX



erenanionat Conrerence 20 12

Certificate of Participation

This is to certify that

chai Khomein

Professor Dr. Kate Grudpan Associate Professor Dr., Jintana Siripitayananon

Chairman Chairman
Academic Committee Organizing Committee




VITAE

Mr Piyachai Khomein was born in Bangkok, Thailand, on October 23", 1987.
He received a Bachelor Degree of Science (Chemistry) from the Department of
Chemistry, Faculty of Science, Chulalongkorn University in 2009 (First class honor).
In the same year, he continued his study as a Master Degree student in the Program of
Chemistry, Faculty of Science, Chulalongkorn University, and completed the program
in May 2012.

Presentation in Conference:

January 11-13, 2012 Oral presentation with proceeding in The 6™ Pure and Applied
Chemistry International Conference 2012 (PACCON 2012),

The Empress Convension Center, Chiang mai, Thailand.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Abbreviations
	Chapter I Introduction
	1.1 Statement of Problem
	1.2 Objectives
	1.3 Scope of Investigation

	Chapter II Theory and Literature Review
	2.1 Lactic Acid
	2.2 Poly(Lactic Acid)
	2.3 Glycidyl Trimethyl Ammonium Chloride
	2.4 Epoxide Ring Opening Reaction

	Chapter III Experimental
	3.1 Chemicals
	3.2 Instruments
	3.3 Methods

	Chapter IV Results and Discussion
	4.1 Synthesis of Plla
	4.2 Synthesis of Positively-Charged Plla
	4.3 Hydrophilicity Determination.
	4.4 Thermal Properties

	Chapter V Conclusion
	5.1 Conclusions
	5.2 Future Direction

	References
	Appendix
	Vita



