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Abstract

L

Poly(lactic acid) is the biodegradable aliphatic polyester produced in small quantity and in large quantities
industrially and used very variously. Because of its good mechanical property and reconcilability with environment,
it is one of the polymers most appropriate to replace non-biodegradable synthetic polymers based on crude oil. PLA
can be made from lactic acid with different polymerizations such as polycondensation, ring-opening polymerization,
and direct polymerizations by azeotropic dehydration or the enzymatic polymerization. The direct polymerization and
the ring-opening polymerization are the most used techniques. This paper reviewed methods of making PLA such as
oligomer polycondensation or ring-opening polymerization and mainly mechanism of ring-opening polymerization with
4 areas: metal catalyst, organic catalyst, cationic catalyst and stereo-controlled polymerization.
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Introduction

Plastics based on synthetic polymers using crude oil as a raw
material are widely used in various areas such as packing, electrical
equipment, construction materials, and farming. As these plastics
based on synthetic polymers are not biodegradable, they severely
cause environmental problems. Therefore, high expectations are being
placed on the biodegradable polymers gained from the renewable
raw materials. Biodegradable polymers gained from the renewable
materials can be classified into 3 categories according to their raw
material and synthetic method: the first, they are polymers extracted
from the agricultural products such as cellulose; the second, polymers
made by microorganism such as poly(hydroxyalkanoate); and the
third, synthetic polymers using monosaccharide that can be obtained
from agricultural products such as PLA [1,2]. Of them, there are high
interests in eco-friendly and biodegradable polyesters such as PLA for
the medical and biodegradable uses [3-8].

Lactic acid (2-hydroxypropionic acid) is the chiral molecule that
L-lactic acid and D-lactic acid exist as two enantiomers [9,10]. Lactic
acid is one of the monomers that can be well transformed chemically as
it has carboxylic acid and hydroxyl group [11].

Poly(Lactic acid)

Poly(lactic acid) (PLA) is a biodegradable polymer, so it is used
very variously, from for food packing to for biomedicine. Because of
its mechanical property, transparency and eco-friendly nature, it is
highlighted as the best material to replace non-degradable polymers
[12]. As the lactic acid has two stereo-isomers, L-lactic acid and
D-lactic acid, its polymer product can be synthesized in many forms
such as poly(L-lactic acid) PLLA, poly(D-lactic acid PDLA or racemic
products. The PLLA synthesis process that used a direct polymer
condensation reaction makes high purity polymer products [13,14].
This L-isomer is the biological metabolite, and most of the PLAs made
from the renewable raw materials are L-isomer.

PLA compounds melt well by dioxane or chloroform generally.
In the solvents such as toluene, acetone and THF, it melts in small
quantity at low temperature, but melts well at boiling temperature.
Polymers based on lactic acid do not melt in methanol, ethanol, water,
hexane and heptane. PLLA crystals do not melt in ethyl acetate, THF,
and acetone [15,16]. Some of PLA’s properties are cited in Table 1.

The Synthesis of Poly(Lactic Acid)

As PLA is a compound that has the highest possibility to replace
synthetic non-biodegradable polymers without biodegradability,
there have been many studies of the synthesis to improve its material
property or optical property [15,17,18].

PLA can be made through a polymerization process from the lactic
acid by polycondensation or ring opening polymerization, or can be
made by direct methods such as azeotropic dehydration or enzymatic
polymerization [9,12]. The direct polymerization and ring opening
polymerization are the most generally used methods (Figure 1).

Oligomer Polycondensation

As the lactic acid has both -OH and -CO,H groups, it can
do condensation reaction by itself. Even though oligomer
polycondensation is the cheapest reaction process, the process can
include solutions such as water and organic solvents. To remove water
produced in this condensation process, solvent and catalyst are used in
the high temperature and high pressure environments. It is very hard
to make PLA with high molecular weight that does not include solvents
[17]. This produced polymer is a matter with low or medium molecular
weight, which is used by itself or used by combining with epoxide or
isocyanates to make various molecular weights [10].

The polycondensation makes oligomer with tens of thousands
of molecular weights. In general, the direct polycondensation is
composed of 3 steps: removal of water, polycondensation of oligomer,
and melt condensation that makes PLA with high molecular weight.
Direct polycondensation of lactic acid is the competitive reaction
that forming and decomposition processes of lactide simultaneously,
so it is not used for the large producing reaction [19-22]. In early
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Lactic acid Glass Transition Melting Temperature | Density

polymers Temperature T_(°C) T,.(°C) (g/lcm?)
PLLA 55-80 173-178 1.290
PDLLA 43-53 120-170 1.25
PDLA 40-50 120-150 1.248

Table 1: Lactic acid polymers properties [15,16]
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Figure 1: The Synthetic Routes for Poly(Lactic Acid) [9]

days, this direct polycondensation was thought as the reaction that
produces useless polymers with low molecular weight, but now this
condensation reaction can produce polymers with considerably high
molecular weight [23-25].

Melt Polycondensation

Melt polycondensation can be carried out without any organic
solvent, but its reaction temperature should be above Tm of its polymer
[26]. This method is simple so the costs of synthesis can be remarkably
reduced, but sensitivity of its reaction condition is a big problem to
be solved [27]. Water produced through this process becomes a
cause to decompose PLA with high molecular weight at high reaction
temperature. Chain-extension reaction is an effective method that
makes PLA with high molecular weight by polycondensation [28]. In
this method, the intermediate with low molecular weight is used as
the chain coupling polymer to connect molecules with low molecular
weight with polymers with high molecular weight.

Solution Polycondensation

In this polycondensation reaction, organic solvents are used to melt
PLA without hindrances to reaction, and the reflux method is used to
remove water. Many methods that make PLA with average molecular
weight above 20,000 with this method were reported [29,30].

Ring-Opening Polymerization

Ring-Opening Polymerization (ROP) is the most general
method that can obtain PLA with high molecular weight. Purity
of the lactide monomer combined 2 lactic acids is important to this
reaction. This reaction was conducted by the ring-opening reaction
of lactide in the condition with catalyst, and was conducted by 3
stages of polycondensation, de-polycondensation and ring-opening
polymerization [31]. Many kinds of initiators are known, and stannous
octoate of them is used a lot, as it provides high reaction velocity, high
rate of transformation, high molecular weight, and relatively mild
reaction condition [19].

Ring-opening polymerization of lactide intermediate by catalyst
can synthesize PLA that has adjustable molecular weight [10,32].

Many nontoxic catalysts derived from magnesium, calcium, zinc, alkali
metals, and aluminum have been developed for the ROP of lactides to
solve pollution problems caused by heavy metal catalysts [33-38].

Enzymatic Polymerization

Enzymatic polymerization is one of the best alternative methods
that can synthesize PLA that has the better physical and chemical
properties, and is the eco-friendly method that can react in the mild
condition. This method can make polymerization process properly
adjusted [39]. There are still many problems to be solved both in terms
of research and production, but the LA-polymerase working in place of
metal catalyst can perform biosynthesis of PLA.

The Mechanisms for the Ring Opening Polymerization

Generally, there are 3 reaction mechanisms in the ring-opening
polymerization of lactide: cationic, anionic and coordination
mechanisms. Because of the highly reactive anionic reactants that
hinder growth of chain, the anionic polymerization becomes a cause
of undesirable reactions such as racemization, decomposition reaction
and other side reactions. The cationic polymerization can cause
undesirable side reactions or racemization because of the nucleophile
reaction to the active center. This research developed the ring-opening
reaction mechanism in 4 areas: metal catalysts, organic catalysts,
cationic catalysts and stereo-controlled polymerization.

Metal Catalysts

Metal complexes of Al, Mg, Zn, Ca, Sn and Zr are widely used as
catalysts for ROP of lactide. Stannous(IT) 2-ethylhexanoate (Sn(Oct),)
is one of the catalysts most widely used as a compound that starts the
ring opening polymerization (ROP) of various lactones and lactides
[40-42].

In the reaction system with L-lactide and 1,5-dioxepan-2-one
(DXO), initial complex of methanol and stannous(II) 2-ethylhexanoate
Sn(Oct),, coordination-insertion mechanism that makes ROP of
L-lactide occurred by Sn(Oct), is known. Reaction mechanisms with
L-lactide or DXO are identical, and this review arranged reaction
mechanisms using DXO in Figure 2.

In the initial process, weak polymerization of monomer occurs
in complex 3. As a result, the complex has a part of carboxylic acid
from process 4 to TS56, and the structure is stabilized through
hydrogen bond. After the compound 4 is formed, methoxy group does
nucleophilic attack to carbonyl carbon of monomer, and a new C-O
combination is made between monomer and methoxy group, by going
through TS45, a 4-center transition state.

The second example is ROP of L-lactide that uses ZnL, (L =
aminophenolate) or Sn(Oct), (Oct = bis(2-ethylhexanoate)) as the
initiator and propargyl alcohol as the co-initiator [43] (Figure 3).

According to Jedrzkiewicz et al. [43], after Zn complex coordinates
a molecule of lactide to the center of metal, a molecule of alcohol
combines with phenolate oxygen donor by hydrogen bond in Figure
3. The initial reaction occurs through insertion of alkoxy group with
lactide. Catalytically cyclic process that produces PLA continues until
lactide is consumed. The next process is the addition reaction of lactide
and alcohol with the same molar ratio.

Organic Catalysts

As there are problems of metal pollution in the reaction by metal
catalysts, there have been a lot of efforts to develop biocompatible
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Figure 2: The coordination-insertion mechanism involving the ROP of DXO with
Sn(Oct)2 [40].
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Figure 3: Proposed Mechanism for alcoholysis and ROP of LA [43].

methods with organic catalysts that do not include metals to use PLA
materials that will apply to biomedical area or microelectronics area
[44-47].

N-Heterocyclic Carbenes (NHC) is used as a nucleophilic organic
catalyst for various transformation reactions of organic matters, and
an interesting compound that shows action as a very good ligand for
transition metals [48] (Figure 4).

Coulembier et al. studied a reaction that uses triazole carbene in
Figure 4 [48]. Having reaction velocity of the linear function to alcohol,
carbene and monomer means that the stage of speed limit occurs
after the zwitterionic intermediate Z is formed. Esterification of acyl
imidazolium intermediate (process C) is the rate determining step,
and concentration of carbene compound 1 is controlled by reversible
formation of alkoxytriazol 2.

Cationic Catalysts

ROP of lactide can be synthesized by canalization of the strong
organic acid. General cationic ring-opening reaction can utilize a
strong organic acid such as super acid as a catalyst. The initial process
is that the ring of the lactide activated by receiving acid proton is
opened by the attack of alcohol carbonyl, and lactyl alcohol is made.
Examples that trifluoromethanesulfonic acid (HOTf) and methyl
trifluoromethanesulfonate (MeOTf) catalyzes ring-opening reactions
of lactide or glycolide are well known [49,50].

HOTf activates oxygen of lactide so that alcohol can do nucleophilic
attack as seen in Figure 5, cuts acyl group and catalyzes ring-opening
reaction [51].

Stereo-controlled Polymerization

Stereochemistry is one of the most important factors deciding
physical and chemical properties of polymers. Many single site
catalysts composed of various multivalent ligands were synthesized,
and synthetic methods are known to synthesize PLA matters stereo-
controlled from DL-lactide [52] (Figure 6).

In reaction of [, BDI  1SnOMe (R of the Figure) and (S,S)-
lactide, a monomer is strongly affected by the structural constraint
condition formed by the electron pair of tin, when it approaches to
react. In Figure 6, the monomer combines weakly in the direction of
trans of nitrogen donor of BDI ligand. The monomer and alkoxide
ligand first exchange their sites by rotation, and then progress to TSI,
the first transition state [52].

Conclusion

As PLA is the best candidate polymer to replace the non-
biodegradable synthetic polymers based on crude, many studies
on synthesis and mechanism have been conducted to increase
optical or mechanical properties of this polymer. This research
reviewed the synthetic methods of poly(lactic acid) such as oligomer
polycondensation and ring-opening polymerization, and examined
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Figure 4: The Mechanism for the Polymerization of Lactide using Triazole
Carbenes [48].
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Figure 5: Proposed activated monomer pathway for the cationic ROP of lactide
(ROH = the initiating protic agent or the growing polymer chain) [51].
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Figure 6: The proposed mechanism for the reaction between [MeBDIDIPP]
SnOMe and (S,S)-lactide [52].

ring-opening reactions by classification of metal catalyst, organic
catalyst, cationic catalyst and stereo-controlled polymerization.
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