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Till date, market is augmented with a huge number of improved drug delivery systems. The success in this area is basically due
to biodegradable polymers. Although conventional systems of drug delivery utilizing the natural and semisynthetic polymers so
long but synthetic polymer gains success in the controlled drug delivery area due to better degradation profile and controlled
network and functionality. The polyesters are the most studied class group due the susceptible ester linkage in their backbone.
The Poly(glycolic Acid) (PGA), Poly(lactic acid) (PLA), and Polylactide-co-glycolide (PLGA) are the best profiled polyesters and
are most widely used in marketed products. These polymers, however, still are having drawbacks which failed them to be used
in platform technologies like matrix systems, microspheres, and nanospheres in some cases. The common problems arose with
these polymers are entrapment inefficiency, inability to degrade and release drugs with required profile, and drug instability in
the microenvironment of the polymers. These problems are forcing us to develop new polymers with improved physicochemical
properties. The present review gave us an insight in the various structural elements of Poly(glycolic acid), polyester, with in depth
study. The first part of the review focuses on the result of studies related to synthetic methodologies and catalysts being utilized to
synthesize the polyesters. However the author will also focus on the effect of processing methodologies but due some constraints
those are not included in the preview of this part of review.

1. Introduction

Biodegradable polymers can be efficiently utilized for various
purposes such as drug delivery, orthopaedic, dental, and
tissue engineering [1–7]. Such sophisticated applications
usually require polymers with narrowly defined material
properties. For a polymer to be used in drug delivery
system, it is desired that it should degrade in prerequisite
manner [8–12]. The rate of degradation (Hydrolytic and
proteolytic degradation) of any polymer chiefly depends on
its primary structure properties (Backbone and function-
ality characteristics), and secondary structural properties
such as morphology, mechanical properties (tensile strength
and modulus), the thermal properties (glass transition
temperature Tg , softening or melting point, degradation

temperature) and the viscoelastic properties (storage and
Loss moduli and tan δ). The quality of these physicochemical
properties depends on the structural features, such as
backbone characteristics, functionalities, and crystal packing
structure, of the polymers [13–28].

Degradable aliphatic polyesters (bearing ester linkage
–CH2–COO–) are having special significance in drug deliv-
ery systems as the ester bonds can be cleaved under
physiological conditions (pH 7.4) in absence of proteolytic
activity [29]. Among the polyesters, the polymers derived
from α-hydroxy acids (PHA) have found the most extensive
use.

Poly (α-hydroxy acids) such as poly(glycolic acid) (PGA)
and poly(lactic acid) (PLLA) having excellent mechanical
properties and biological affinity are the most widely studied
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polymers. However, their crystallinity, hydrophobic nature
and lack of functional diversity in the backbone have inter-
fered with modulation of their degradation rate, mechanical
properties and morphology.

The mechanical properties, morphology and rate of
degradation of a polymer can be balanced and controlled by
an appropriate choice of primary structural elements such
as monomer stereochemistry, co-monomer ratio, polymer
chain linearity, polymer molecular weight and processing
parameters such as annealing time and temperature. All these
requirements can only be attained when one would be able
to define the primary structure in terms of these elements
and their quantitative effect on the requisite physicochemical
properties. A number of qualitative and quantitative models
describing the various phenomenons have been developed by
the scientists [30, 31].

The present report is to draw the attention of the
researcher’s towards an area of relevant success describing
the various models developed for defining the structural
organisation of Poly(glycolic acid) and correlating them with
its physicochemical properties.

2. Poly(Glycolic Acid) (PGA)

PGA is biocompatible and has been known since 1954 to be
a potentially low-cost tough fibre forming polymer. In 1962,
PGA was developed as the first synthetic absorbable suture,
Dexon, by American Cyanamide Co. DuPont considered
the polymer of the homologous α-hydroxy acids, poly(lactic
acid) (PLA), for the same application [32–35].

PGA is the simplest aliphatic polyester of the type
–[–(CH2)z–CO–O–]n–; it has a glass transition temperature
between 35–40◦ and melting point ranging from 224–
227◦C. Because of its simple chemical structure and stereo-
regularity, it occurs with different degree of crystallinity from
completely amorphous to a maximum of 52% crystallinity.
Chatani and co-workers determined the crystal structure of
PGA by X-ray diffraction (Figure 1). Two macromolecular
chains pass through the orthorhombic unit cell of dimen-
sions a = 5.22 Å, b = 6.19 Å, and c (the fibre axis) = 7.02 Å
(Figures 2 and 3). The planar zig-zag chain molecules form
a sheet structure parallel to the ac plane and do not have
the polyethylene type arrangement. High density of the
crystalline, 1.69 g/cm3, namely the tight molecular packing
and the close approach of the ester groups might stabilize the
crystal lattice and contributes to the high melting point of
this polymer [36–43].

The crystallinity of PGA in Dexon Suture is typically
in the range of 46–52% and it tend to lose mechanical
strength rapidly, typically over a period of 2–4 weaks after
implantation [44–54]. Sato et al. [55] prepared the micro-
spheres, encapsulating methylene blue and prednisolone
acetate, using three methods freeze dried, Solvent evapo-
ration, solvent extraction precipitation methods and with
different percentage of loading concentration of marker.
In all the three methods, uniform, spherical microspheres
formed but with different degree of porosity. In their
study they have noticed an initial burst release followed
by a zero-ordered release. Redmon et al. [56] prepared
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Figure 1: Molecular dimensions of poly(glycolic acid).
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Figure 2: Crystal structure of poly(glycolic acid).
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(a)

a

b

(b)

Figure 3: Crystal structure of poly(glycolic acid).

the prednisolone-21-acetate poly(glycolic acid) microspheres
using solvent-evaporation as well as freeze drying method.
Although the morphology of the microspheres prepared by
two methods were different smooth round surfaced with
solvent evaporation and somewhat more irregular with
freeze dried but both the kinds have somewhat similar
drug release profile having rapid initial (86–89% in solvent-
evaporation-precipitation, 69–70% in freeze drying,during
initial 8 hours), followed by a more gradual release of the
remaining drug over the next 64 hours (11–14% in solvent-
evaporation-precipitation, 30–31% in freeze drying, resp.).
Similarly, Hazrati et al. [57] prepared the microspheres
of indium −111 labeled poly(glycolic acid) by solvent-
evaporation-precipitation and studied the tissue distribution
of microspheres. They were able to get peak activity in
the liver with-in 8 hours, suggesting an initial burst release
followed by a gradual release in-vivo too.

3. PGA Synthesis and Molecular Weight

Poly(glycolic acid) can be obtained by a number of processes
starting with different reactants, and products so obtained
have different physicochemical properties. Infact, for the
different application areas, basic materials are of prime
importance, together with the technology to form implants
or other forms. For instance, in the orthopaedic field,
mechanical properties and design (which of course are
closely related) of the end product will be essential; to a lesser
extent this will be the case in the pharmaceutical field, and
so less attention needs to be paid to these aspects. Jigang
et al. [58] established a commercial method for synthesis
of poly(glycolic acid) using a stirred reactor. They had
reported a study correlating the change in intrinsic viscosity,
monomer conversion rate and thermal stability of polymer
during the process of polymerization.

The following methods and technologies are used to
prepare poly(glycolic acid).

3.1. Low Molecular Weight PGA Synthesis

3.1.1. Direct Polycondensation Polymerization of Synthetic
Glycolic Acid [59–67]. Polycondensation of glycolic acid is
the simplest process available to prepare PGA, but it is not
the most efficient one because it yields a low molecular
weight product. Briefly, the procedure is as follows: glycolic
acid is heated at atmospheric pressure and a temperature
of about 175–185◦C is maintained until water ceases to
distill. Subsequently, pressure is reduced to 150 mm Hg, still
keeping the temperature unaltered for about two hours and
the low molecular weight poly(glycolic acid) is obtained. The
polymer obtained has a low molecular weight, because it is
hard to remove water completely from the highly viscous
reaction mixture; therefore a polymer of a molecular weight
of a few ten thousands is obtained. In the polycondensation
system of PGA, two principal equilibrium exist, one is
dehydration equilibrium for esterification Scheme 1 and the
other is ring chain equilibrium involving depolymerization
to glycolide Scheme 2 [68].

Even the reaction is conditioned at high temperature
and high vacuum for dehydration, but also the formation
of glycolide in equilibrium with PGA. The polymer, thus,
possesses inferior mechanical properties but quite perspec-
tive for drug delivery purposes due to high amorphousity
required for uniformity in formulation and biocompatibility
[69]. For the purpose of drug delivery, Zhaoyang et al.
[70] reported the synthesis of poly(glycolic acid) by direct
melt polymerization. In their work, they had synthesized
poly(glycolic acid) by direct melt polymerization at 165◦C
and 70 Pa for 10 hours with tin bichloride as catalyst
and characterized by IR, DSC and X-ray diffractometry.
The poly(glycolic acid) obtained by this method had
higher crystallinity and crystallite size. Enomoto et al. [71]
reported a direct method for synthesis of poly(L-lactic-acid)
by melt polycondensation under continuous microwave
radiation.
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Scheme 1: Polycondensation—dehydration equilibrium for esterification.

OH

O
H

O
i

OH

O
H

O

OO

O

O

+
i−2

Scheme 2: Polycondensation—ring chain equilibrium involving depolymerization to glycolide.

3.2. High Molecular Weight PGA Synthesis. A number of
process and technologies have been developed for synthesis
of high molecular weight PGA.

3.2.1. Azeotropic Condensation Polymerization of Glycolic
Acid. High molecular weight PGA can also be synthesised
azeotropically [72–77]. In this approach, the problem of
the removal of water is overcome by manipulating the
equilibrium between a monomer and a polymer in an
organic solvent and thus glycolic acid is polycondensed
directly into a polymer of a high molar mass. It is a solution
polymerisation technique, using a high activity catalyst and
a low boiling organic solvent. Water as a by-product is
removed azeotropically, whereas solvent is dried and recycled
back in the reaction. This polymerisation technique allows a
reaction temperature to be chosen below the melting point of
polymer, and thus efficiently prevents depolymerization and
racemization during polymerisation.

3.2.2. Ring-Opening Polymerization of Glycolide, a Cyclic
Dimer of Glycolic Acid. The earliest attempt to prepare
polyhydroxy acid using ring opening polymerization was
reported by Carothers for poly(lactic acid) in 1932 [78].
However they were able to get only the low molecular weight
polymer. It was in 1950s that we were able to obtain high
molecular weight polylactones using ring opening polymer-
ization techniques due to efficient monomer purification
techniques. The generalised scheme for the preparation of
PGA can be represented as Scheme 3.

Leenslag and Pennings [79] studied the synthesis of
homopoly(glycolic acid) from glycolide by the ring opening
polymerization using different catalysts. They also evaluated
the effect of purity of monomer, catalyst concentration and
polymerization time on the polymer molecular weight.

The process of ring opening polymerization of glycolide
can be any of the following type with the difference in the
quality of the end product.

(a) Melt and/or Bulk Polymerization of Glycolide [80–
92]. In this, first the α-hydroxy acid is dehydrated to give a
low molecular weight polymer. In the second step the low
molecular weight polymer is heated under a high vacuum
and in presence of a suitable catalyst to give the crude
monomers. This process is usually referred to as ring closure.

Several purification steps (crystallization/distillation) are
used to give high purity monomers for use in polymerisation.
One of the most important criteria regarding the monomers
is their free acid content. Essential to the whole process is
that the monomers do not contain water and are not able to
generate water as a reaction product during reaction to high
molecular weight compounds.

With bulk polymerization, the reaction temperature
is between the melting temperatures of the monomers
used and the melting or softening point of the resulting
polymer. Usually this type of polymerization is carried out
at temperatures slightly above the melting point of the
monomers, resulting in a solidification of the bulk of the
material at an early stage of the reaction. In the case of the
above mentioned production of basic materials for suture
production, a much higher temperature is used, enabling the
reaction mass always to be, in general, in a highly viscous
form. After a certain period of time, the temperature of the
reacting mixture is raised to a temperature higher than the
melting temperature of the resulting polymer: in this case the
bulk-polymerization has become a melt-polymerization. In
general, melt-polymerization is conducted at temperatures
higher than the melting point or softening point of the
resulting polymer.

Bulk polymerisation has the advantage that very high
molecular weights can be obtained, provided that the tem-
peratures of polymerization and reaction conditions are well
chosen. There are more advantages with this polymerization
form, one of which is the fact that less degradation products
are produced during polymerization. A disadvantage is
the end form in which the polymer is produced. Because
the polymer crystallizes/solidifies during the reaction, the
resulting polymer always takes the shape of the reactor in
which it is produced. Leenslag and co-workers found that
bulk polymerizations performed at fairly low temperatures
produced high molecular weight poly(L-lactic acid) with a
highly porous texture, giving the material special mechanical
properties, such as improved impact strength, indicating
favourable applications in the orthopaedic field. It was
reported by the same group that there was a relationship
between polymerization temperature, heat of fusion (indica-
tive of the crystallinity of the material), molecular weight
and yield of polymerization. Among the conclusions was one
concerning the ceiling temperature, the temperature above
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Scheme 3: General scheme of ring opening polymerization.

which no polymerization will occur or, in other words, no
polymer will be formed. This temperature should be about
270◦C. With the applied conditions it seemed unlikely that
poly(lactic acid)could be synthesized at temperatures higher
than 270◦C.

Yingting et al. [93] studied the effect of catalyst types,
reaction temperature, the gradient temperature and process
control on the synthesis of the poly(lactic acid) via melt
polycondensation by using lactic acid as raw material.
They concluded that the gradient temperature and pressure
control could greatly improve the molecular weight and yield
of PLA, and optimum condition was that the content of
SnCl2 and p-toluenesulfonic acid catalyst was 0.5% based
on the amount of lactic acid monomers, and the reaction
was carried out firstly at 1000 Pa and 120◦C for 4 hours and
then at 500 Pa and 180◦C for 8 hours. The molecular weight
of obtained PLA was 151000 g/mol and the yield was up to
82.12%.

Degradation studies performed by Leiper and co-workers
agree fairly well with this conclusion; above temperatures
of 270–300◦C. PGA, PLA and their copolymers degrade
to several degradation products, among which are carbon
dioxide, the monomers and formaldehyde (in the case of
PLA-acetaldehyde).

The polymerization of the monomers is an exothermic
reaction: during the reaction heat is evolved from the
reaction mixture. Because of the very poor heat transfer
that is generally exhibited by plastic or polymers, this causes
a severe problem, even on the aforementioned small-scale.
Heat generation in a certain period of time is, of course,
strongly dependent upon polymerization temperature and
choice of initiator and co-reagents. In a reactor, at the walls
the temperature will be nearly same as the temperature
of the surroundings, for instance an oil bath maintained
at 105–140◦C. Going from outside wall to the inside of
the reacting mixture, the temperature will rise due to heat
generation during reaction: this heat cannot be removed
due to poor heat transfer. Under normal conditions the
temperature increase can be as high as 40–80◦C. The result
of this temperature difference within the batch represented in
the same figure. In accordance with the depicted relationship
between molecular weight and temperature reported by
Leenslag & Pennings [79] a molecular weight decrease from
the outside to the inside will be presented. Even in medium
sized batches of a few hundred grams of material at normal
reaction conditions, the polymers can exhibit brown interior
and fully white exteriors. This phenomenon is scattered
in the case of polymers which are highly crystalline. The
browning of the interior is due to degradation of polymer
and side reactions. In the case of the polymerization of

glycolide these effects are even more profound for several
reasons.

In the patent literature it is stated that, in case of
the use of stannous octoate catalyst, the catalyst is fully
compatible/soluble with the molten monomer; this is only
partly true. It was found that the catalyst is only soluble
in the molten glycolide monomer for temperatures from
about 125–135◦C [94]. This means that polymerization of
this monomer at temperatures frequently reported for the
polymerization of lactides, 105/125◦C, cannot be used in this
case. Homopolymers of glycolide can only be made with the
use of the aforementioned initiator from temperatures of
about 130◦C, indicating that the reaction rate is higher than
in lactide polymerization performed at lower polymerization
temperatures. Together with the fact that glycolide reactions
are more exothermic than the corresponding lactide reac-
tions, the conclusion can be made that the glycolide reactions
are more difficult to perform [95–98]. For instance, even at
batch sizes of 20–30 grams, the normal polymer glycolides
produced have interiors with many exotic colours, stemming
from degradation products.

The purity of the monomers is of importance for the end
result of the polymerization. The effect of free acid content
has a deleterious effect in attaining high molecular weight
of the resulting polymer [99, 100]. Mixing of the monomers
with free acids thus provides a tool for the control of the
reaction. From industrial point of view these phenomena,
together with the reactor form the polymer is produced in,
require special design, reaction conditions and consequently,
downstream processing of the resulting materials.

Melt polymerization differs from the bulk polymeriza-
tion, in that the polymerization is conducted at temperatures
higher than the melting point or softening point of the
resulting polymer. The polymerization resulted in polymers
of medium molecular weight. The following procedure
describes this method of polymerization. A reactor is filled
with the monomer, initiator and co-reagents, after which
the temperature is raised to far above the melting point
of the monomer or monomer mixture. The first stage
is usually a type of bulk polymerization, meaning that
the temperature of polymerization is below the melting
temperature of the resulting end product or below the
softening point of the resulting polymer (in the case of
highly amorphous polymers). In general, the viscosity of
the polymerization mixture is very high, but it is still
possible to stir the reaction mixture. When the viscosity
of the reaction mixture becomes too high, the temperature
is raised to a polymerization temperature higher than that
of the resulting polymers, thus rendering the field of melt
polymerization.
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For small-scale production, raising the temperature is
not always necessary: the polymerizations are fully per-
formed as a type of bulk-polymerization. This is only
possible on a small-scale because of the poor heat transfer.
During reaction the polymer mixture solidifies or crystal-
lizes. Of course, stirring is not possible any more when this
stage is reached. On a larger scale, temperatures have to
become higher to enable stirring of the reaction mixture,
thus enabling a good heat transfer. In general, temperatures
ranging from 140–230◦C are used during this type of
polymerization.

The resulting polymers are, in general, light yellowish
to deeper brown polymers which can be used for the
production of fibres. The yellowish or darker colours stem
from degradation products which are produced during the
reaction. The intrinsic viscosities (IVs) of the resulting
polymers range from 1 to 2.5 enabling the polymers to be
used in common spinning and processing.

The reason for the low/medium molecular weights that
are produced stems from two processes. One is that at
higher temperatures the reaction tends to go to lower
molecular weight polymers: at a high enough temperature,
no polymerisation occurs due to degradation reactions.
The other reason is that co-reagents are introduced to the
reaction mixture which slow down the reaction and/or lower
the resulting molecular weight.

For instance, when melt polymerization is performed
with use of stannous octoate catalyst, depolymerisation
occurs at any stage of the reaction, and is an equilibrium
reaction. At higher temperatures, the equilibrium tends to go
towards the side of the monomers. It is known from patent
literature that in these cases, and with temperatures up to
180◦C, 5–10 wt% monomers can be present in the resulting
polymer.

(b) Solution Polymerization of Glycolide [101, 102]. The
advantages of bulk-polymerization are the high molecular
weights that can be produced without severe degradation
products; the disadvantage is the heat generation during
synthesis and consequently the problems that come with
large scale synthesis. The advantages of melt polymerization
are the simple procedures; the disadvantages are the limited
range of molecular weights that can be produced and the
presence of degradation products in the resulting polymer.

The solution polymerization could prevent part of the
problems that are encountered with the aforementioned
types of polymerization. Essential in solution polymerisation
is the relatively low monomer concentration compared to the
bulk and melt-polymerization. Consequently, low viscosities
and thus better heat transfer due to the possibility of mixing
during reaction, are present and the problems due to the
exothermic reactions are prevented. Because of the better
controlled synthesis, the reproducibility of the reaction is
better, another important criterion to consider in poly-
merization. Another aspect of this type of polymerization
is that large batches can be easily made. Of course, as
with the other polymerization procedures, disadvantages
are there too. For instance, it involves the use of solvents
which have to be removed from the polymer at a later
stage.

Solution polymerization can have advantages if certain
polymers are required. In particular, crystalline polymers of
fairly high molecular weights can be made by this method.
It was found that molecular weights up to two times the
molecular weights that are usually produced with the melt-
polymerization could be obtained. Besides the high molec-
ular weights, the reproducibility of the polymerizations was
in good agreement. Another advantage was the downstream
processing of the material; after polymerization is completed
it is very easy to purify and dry the material. The yield of the
resulting materials ranging from 96–100% can be obtained
with the use of solution polymerization. After completion of
the polymerization reaction, the polymer solution is cooled
down and the polymer crystallizes from the reaction mixture.
Separation of the polymer from the solvent is done by
common methods, as well as the purification and drying of
the polymer. The fact that crystallization is used gives one
of the drawbacks of the system; only polymers that are able
to crystallize from common solvents can be used with this
method. It is difficult to make copolymers with this method
without the use of other solvents or nonsolvents.

The drawback of solution polymerization can be indi-
cated from the results obtained is that during solution
polymerization, racemization occurs.

(c) Suspension or Emulsion Polymerization of Glycolide.
This polymerization technique is usually a process in which
a water-insoluble monomer is dispersed or suspended in
water to give small droplets of the suspended monomer.
Droplet sizes may vary from tenths of a micron to hun-
dreds of microns. Usually, the suspension is stabilized by
mechanical stirring and with the addition of a stabilizer, a
macromolecular substance such as polyvinyl alcohol. The
stabilizer protects the formed droplet by creating a very
thin layer of molecules around the droplet. During poly-
merization it prevents the individual droplets from forming
aggregates. Aggregates can be formed during polymerization
because of the increasing viscosity: at a certain stage the
polymer becomes sticky and aggregation will occur. The
process is initiated/catalysed by monomer-soluble catalysts
and initiators. This means that the system can be considered
as a series of bulk polymerizations, where polymerization
takes place at the same time and under the same reaction
conditions. Because nothing happens in the continuous
phase, the viscosity in the whole system is constant. Again,
the low viscosity during polymerization enables a very good
heat transfer.

British Patents 825.335 and 932.382 describe a type
of suspension polymerization of glycolide and lactide in
a nonwater system. In a series of experiments different
gasolines were used, which have, of course, a negative aspect:
their highly explosive character. The polymerization system
was stabilized by silicon-oil. However, the results were not
that good in that low molecular weight polymers were
synthesized. But in another experiments done by Jan et al.,
they used suspension polymerization using some nonsolvent
systems. They used gasoil-L-lactide-stannous octoate system.
Initially the reaction started at normal reaction condition
and then the temperature ranged from 80–160◦C from
few hours to 20–30 hours were used. After the reaction
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was completed the system was allowed to cool to room
temperature, after which the polymer was separated from
the nonsolvent. The resulting polymers were quite easy to
process and dry and molecular weight up to 175000 were
obtained. The final material formed was in globular forms
as expected with very porosity. This high porosity is caused
by the crystallization of the formed polymer during the
reaction.

Recently, Cui-qiong et al. [103] synthesized poly(glycolic
acid) with a relatively high molecular weight and an inherent
viscosity of 0.9 was prepared by means of suspension
polymerization using methyl silicone oil as disperse medium.

3.2.3. Oligomerization of Glycolic Acid and Chain Coupling
Reaction. The molecular weight of the oligolactone can
be increased utilising chain coupling agents. These cou-
pling agents preferentially react with hydroxyl or carboxyl
group, which leads to different reaction rate of coupling
(Scheme 13).

Various esterification-promoting adjuvants and chain-
extending agents have been reported by Buchholz that can
be used to increase the molecular weight of the lactones
condensation products. Some examples of the esterification
promoting adjuvants are bis(trichloromethyl) carbonate,
dicyclohexylcarbodiimide, and carbonyl diimidazole. These
adjuvants produce reaction byproducts that must be either
neutralized or removed. Bis(trichloromethyl) carbonate cre-
ates hydrochloric acid, which can degrade the polymer, or
dicyclohexylcarbodiimide forms unreactive and insoluble
dicyclohexylurea, which can be filtered out during the
final purification steps. The advantages of esterification-
promoting adjuvants are that the final product is highly
purified—free from residual metals, catalyst, and low-
molecular-weight oligomers. The disadvantages are higher
costs due to the increased number of reaction steps,
the use of dangerous or flammable solvents, inability to
form copolymers containing different functional groups,
and the additional purification and separation steps of
nonrecoverable byproducts [104–119]. The use of chain-
extending agents overcomes many of the disadvantages
associated with esterification-promoting adjuvents. Reac-
tions involving chain-extending agents are more econom-
ically feasible, as they can be done in the melt with
lower amounts of chain-extending agents required and
separate chain-extending steps arenot needed. Improved
mechanical properties associated with the chain-extending
agent are also found, and the flexibility to manufacture
copolymers with different functional groups is greatly
expanded. The disadvantages are that the final polymer
may still contain unreacted chain-extending agents, residual
metal, or polymer impurities, or the extending agents
are not biodegradable or bioabsorbable. Some examples
of chain-extending agents are isocyanates, acid chlorides,
anhydrides, epoxides, thiirane, and oxazoline. The disad-
vantages of using isocyanates as chain extenders are the
toxicity and sensitivity effects associated with the isocyanate
monomers and their subsequent toxic amine hydrolysis
products.

3.2.4. Reaction of Bromo or Chloroacetic Acid with Tri-
ethylamine in a Nitromethane Solution. Pinkus and Sub-
ramanyam [120] reported a new, one step synthesis of
poly(glycolic acid). According to their method, triethylam-
monium bromoacetate was prepared by reacting triethy-
lamine with bromoacetic acid in chloroform solution. On
standing, a poly(glycolic acid) precipitate formed in the
solution and a chloroform-soluble product was identified as
triethylammonium bromide. The structure of poly(glycolic
acid) so formed was characterized using hydrolysis, 1H-
NMR, IR spectra, and X-ray powder diffraction, which
indicated partial crystallinity. A lower limiting value of the
number-average molecular weight of 104 was determined
by cryoscopy. Similarly, Yuxiang et al. [121] reported one
step synthesis of poly(glycolic acid) from chlorocetic acid. In
their work, they have reported the effect of the mole ratio
of chloroacetic acid to triethylamine, polymerization time,
solvent and washing agent on the product and found that
optimum mole ratio of chloroacetic acid to triethylamine was
1.0–1.1 : 1.0, the reaction time was 4-5 hours, the solvent was
chloroform, and the washing agent was ethanol.

3.2.5. Acid-Catalyzed Reaction of Carbon Monoxide and
Formaldehyde. According to Masuda et al. [122] PGA can
also be obtained by reacting carbon monoxide, formaldehyde
or one of its related compounds like paraformaldehyde or
trioxane, in presence of an acidic catalyst. In a carbon
monoxide atmosphere an autoclave is loaded with the cat-
alyst (chlorosulfonic acid), dichloromethane and trioxane,
then it is charged with carbon monoxide until a specific
pressure is reached; the reaction is stirred and allowed
to proceed at a temperature of about 180◦C for two
hours. Upon completion the unreacted carbon monoxide is
discharged and a mixture of low and high molecular weight
poly(glycolic acid) is collected.

3.2.6. Enzyme-Catalyzed Reactions. A vast number of
enzymes catalyze metabolic reactions via biosynthetic path-
ways in living cells. The need to develop environment
friendly processes and products has culminated in alternative
routes for the generation of synthetic polymers and in vitro
enzyme catalysts is one of the most promising options. The
use of enzymes for in vitro polymer synthesis has been
actively pursued in the last decade. Enzymatic polymer-
ization is an in vitro polymerization via nonbiosynthetic
pathways catalyzed by an isolated enzyme. Lipase catalysed
polymerization is an ecofriendly technique for the prepara-
tion of useful polyesters by polycondensation as well as ring
opening polymerization reactions.

An early investigation in this area was done by Kobayashi
and Uyama [123, 124] and Knani et al. [125] for the enzyme-
catalyzed polymerization of ε-caprolactone (ε-CL) and δ-
valerolactone (δ-VL) using Lipases form P. Fluorescens,
candida cylindracea and porcine pancreatic lipase (PPL). The
bulk polymerization was carried out for 10 days; with highest
monomer conversion of about 92% was obtained using
Lipase from P. Fluorescens, yielded average molecular weight
(Mn) up to 7700 for ε-CL. The polymer thus obtained was
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having both carboxyl and hydroxyl end groups. MacDonald
et al. used PPL as catalyst and butanol as initiator for
solution polymerization of ε-CL using dioxane, toluene and
heptanes as solvents and synthesised low molecular weight
polymer with Mn = 2700 [126]. Up till now, unsubstituted
lactones with ring size from 4 to 17 have been polymerized
using lipases from Aspergillus niger (lipase A), Candida
antartica (lipase B, Novozyme 435), Candida rugosa (lipase
AYS), Mucor javancius (lipase M), Mucor methei (lipozyme),
porcine pancreatic lipase (PPL), Pseudomonas aeruginosa
(lipase PA), Pseudomonas cepacia (lipase PS), Pseudomonas
fluorescenes (Lipase PF), Pseudomonas sp. Lipase (PSL),
Rhizopus delmer (lipase RD), and Rhizopus japonicas (lipase
RJ) and so forth. The preferred lipase system used is generally
a physically immobilised form of Candida antartica known as
Novozyme-435.

Nobes et al. [127] was first to report Lipase-catalyzed
polymerization of four-membered lactone, that is, β-
butyrolactone. The polymerization was carried out for
several weeks by using equal weights of lactone and lipase.
Only low molecular weight polymers (molecular weight
ranging from 256 to 1045) corresponding to chain lengths
of 3–12 could be obtained. Matsumara and co-workers [128]
obtained molecular weights up to 7300 by using PPL or
Candida cylindracea lipase. The polymerization was carried
between 60 to 100◦C for a duration ranging from 12 to 120
hours. A significant amount of cyclic oligomers were formed
during this polymerization due to intramolecular cyclization
[128, 129].

Using PPL or Pseudomonas cepacia unstrained γ-
butyrolactone was polymerized and yielded polymers with
10-11 repeat units [127]. This is interesting information
because this monomer is stable and does not polymerize
by using a chemical route (aluminoxane initiators). Lipase
also catalysed the polymerization of relatively unstrained six-
membered δ-Valerolactone. The ring strain energies in four
membered lactones as β-butyrolactone & β-propiolactone
have been estimated to be around 33 kcal/mol [127] and
for five-membered γ-butyrolactone as 8.8 kcal/mol whereas
seven-membered lactone ε-CL around 10.7 kcal/mol. In
the lipase catalysed polymerization of lactones, the rate
of polymerization as well as degree of polymerization is
independent of ring strain.

Till date the experiments done using enzymes for in vitro
polymerization reaction yielded low molecular weight range
polymer. Although a number of investigations are going to
overcome these inadequacies by changing reaction parame-
ters (i.e., Solvent, temperature, enzyme concentration etc.).
Matsumara et al. [130] reported the lipase PC catalysed
polymerization of cyclic diester D,L-lactide at a temperature
of 80–130◦C to yield poly(lactic acid) with molecular weight
greater than 104. A high molecular weight polymer was
also obtained by lipase CR-catalyzed polymerization of β-
propiolactone [131].

The lipase-catalyzed polymerization of lactones is
believed to proceed by the activated monomer mechanism.
The catalytic site of lipase is serine residue which forms a
complex with the lactone leading to the formation of the
acyl-enzyme intermediate (AM). This intermediate reacts

with water or alcohol to regenerate the enzyme and a ω-
hydroxycarboxylic acid or ester according to the reaction in
Scheme 14.

In the propagation step, nucleophilic attack of the
terminal hydroxyl group of the propagating polymer on the
acyl-enzyme intermediate leads to the addition of one more
unit to the chain and regeneration of the enzyme.

Enzymatic polymerization of 1,4-dioxane-2-one was car-
ried out at 60◦C for 15 hours by using 5% wt of immobilized
enzyme lipase CA [132]. An increase in the amount of water
up to 100 ppm increased the rate of polymerization, but
excess water >224 ppm depressed the rate. A polymer with
weight average molecular weight of 41000 could be obtained.

Studies on ε-CL polymerization using several com-
mercially available lipases in the presence or absence of
organic solvents have been reported by several workers. Some
enzymes showed high catalytic activity for ε-CL and less
than 1 wt% of the enzyme was sufficient for polymerization,
whereas in other cases, a very large amount of enzyme was
needed for initiating the polymerization [129], and cyclic
structures were obtained in the presence of organic solvents
[133].

Lipase catalysed ring-opening polymerization of lac-
tones with ring size of nine (8-octanolide), twelve (11-
undecanolide), thirteen (12-dodecanolide), sixteen (15-
pentadecanolide), and seventeen (16-hexadecanolide) has
been reported in the literature. Macrolids have virtually
no ring strain and their anionic polymerizability is much
lower than that of ε-CL. Surprisingly, these macrolids show
unusual reactivity towards lipase polymerization, and a high
molecular weight polymer can be obtained under mild
conditions [134–137].

3.3. Catalysts and Initiators Used in Ring Opening Polymer-
ization of Glycolides. The general issues with the polymer-
ization are turnover frequency, turnover number, chemo-,
region and stereoselectivity, control of molecular weight,
molecular weight distribution, number and nature of poly-
mer end groups (end group fidelity), the topology of the
macromolecule (linear, branched, cyclic, concatenated, the
presence and/or degree of crosslinking) and the functionality
and sequence of monomer along the polymer chain.

Living ring opening polymerization, inherit the advan-
tages of chain growth polymerization with provision of more
precise control over the molecular weight and molecular
weight distribution [138, 139]. In terms of molecular weight
control, the living ring opening polymerization of lactic
acid (LA) yields a linear relationship between monomer
conversion and molecular weight and Poly(lactic acid) with
a narrow polydispersity (PDI, defined as the ratio between
the weight average and number average molecular weights
(Mw/Mn).

Similar to any other polymerization reaction the ring
opening polymerization proceeds in three steps Initiation,
Elongation and termination. Deviations from the linear
dependence are attributed to the presence of slow initiation
or side reactions such as chain transfer and termination
reactions [140]. Side reactions such as intermolecular chain
transfer to polymer and chain termination reactions are
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typically responsible for the broadening of molecular size
distributions [141, 142]. Therefore, controlled polymeriza-
tion requires catalysts that selectively activate monomers in
preference to the propagating chains. The thermodynamics
of ring-opening polymerization is driven by the release of the
ring strain of the monomer. The selectivity of the catalyst is
critical to facilitate ring opening relative to transesterification
and other side reactions (chain shuffling and termination).
Traditional thermal and hydrolytic ring opening polymer-
ization reactions are poorly controlled and often induce a
great amount of side reactions. Hence, efficient catalysts that
accelerate the ring opening of cyclic monomers are needed
for controlled ring opening polymerization.

Normally, depending upon the ionic charge of active
propagating species, mechanisms for ring opening poly-
merization reactions is divided into cationic and anionic
polymerization [138]. In general any catalytic ring opening
polymerization reaction is either a monomer activated or
chain end activated depending upon the primary locus in
which catalyst play a role. A special case is zwitterionic
polymerization, involving positively and negatively charged
groups on the same chain [138]. However, well recognized
metal catalysed ring opening polymerization reactions of
lactones advance through a “coordination-insertion” mecha-
nism involving coordination of the monomer to the metal of
a catalyst and insertion of the monomer to the metal-oxygen
bond (Scheme 4). The coordination-insertion mechanism
differs from cationic and anionic mechanisms involving free
ions or ion pairs, in that the charged propagating species and
its counterion share a covalent bond.

One more mechanism involves enzymes as catalyst, also
termed an activated-monomer mechanism, in which the
enzyme reacts with the monomer and activates it toward
enchainment onto the polymer chain end [143, 144].

High molecular weight polyesters have only been
obtained by using anionic or coordination-insertion ring
opening polymerization as they lead to “living ring open-
ing polymerization” and thus, defined by the absence of
termination and transfer reactions and a consequence of
this is the possibility of control of molecular weight of the
polymer by the adjustment of the relative concentrations of
the monomer and initiator [145, 146].

3.3.1. Cationic Ring-Opening Polymerization. The cationic
ring opening polymerization reaction of lactones has been
achieved using alkylating agents, acylating agents, Lewis
acids, and protic acids, however the quality of end product
varies with the agents used. There are reports that polymers
prepared using protic acid such as sulphuric acid and
phosphoric, yield brittle and highly coloured polymers
in high yield. While the polymers prepared using Lewis
acids such as zinc chloride, ferric chloride, aluminium
chloride, titanium tetrachloride, boron triflouride etherate,
and antimony triflouride yield high molecular weight and
high tensile strength PGA, especially antimony triflouride
gave a tough and colourless almost quantitatively, whose
reduced viscosity was higher than 0.7. Boron triflouride
was moderately active at low temperature of 110◦C [145,
146]. However, there is not much literature for the cationic

ring-opening polymerization of glycolide but the study done
on other lactones could be utilised to prepare PGA with
desired physicochemical properties. The following attempts
had been done to polymerize various lactones utilizing
different catalyst.

In 1971 Dittrich and Schulz [147] were the first to report
their unsuccessful polymerization of lactide with cationic
compound. Later in 1980s screened a number of acidic
compounds, among which trifluoromethane sulfonic acid
(triflic acid, HOTf) and methyl triflate (MeOTf) proved to be
useful initiators for the cationic ring opening polymerization
reaction of various lactones including β-propiolactone (PL),
caprolactone (CL), valerolactone (VL), lactide and glycolide
[148–151]. In case of lactide reactions were performed
in nitrobenzene for 48 hours and at optimized 50◦C.
They also proposed a two step propagation mechanism
using end group analysis by 1H NMR. It indicated methyl
ester end groups when methyl triflate was used as the
initiator and suggested that the polymerization proceeds
by cleavage of the alkyl-oxygen bond rather than the
acyl-oxygen bond. According to their proposal, reaction
propagates through activation of the monomer by methy-
lation with methyl triflate followed by SN2 attack of the
triflate anion on the positively charged LA ring with the
inversion of stereochemistry. Propagation was proposed to
proceed by nucleophilic attack by LA on the activated
cationic chain end with inversion, leading to net retention
of the configuration (Scheme 5). However, regardless of the
monomer to initiator ratio, the reported polymer viscosities
were all quite similar, suggesting that the polymerization
is not living under the reported optimized conditions
[151].

In another report by Bourissou et al. [152], they found
high yield during polymerization of LA at room temper-
ature using a combination of the triflic acid as a catalyst
and water or an alcohol (protic reagent) as an intiator
and dichloromethane as solvent for reaction. However the
reaction reached only 23% even after 2 hours in the absence
of a protic initiator. Weaker acids such as HCl·Et2O or
CF3COOH were reported inactive towards LA polymeriza-
tion after 2 hours under the same conditions. They were
able to obtain PLAs with molar mass up to 20000 g/mol
with polydispersity ranging from 1.13 to 1.48 using the
HOTf catalyst/proton initiator system with quantitative
incorporation of the protic initiator as confirmed by 1H
NMR and ESI mass spectrometry. This linear relationship
of the molecular weight versus monomer conversion and
monomer-to-initiator ratio defines the controlled character
of polymerization. Penczek proposed the mechanism for
such controlled cationic ring opening polymerization called
“activated cationic polymerization” Scheme 6. According to
this, triflic acid cause protonation of LA, which follows
nucleophilic attack by the initiating alcohol or that of the
growing polymer chain. The presence of isopropyl ester
chain ends from the initiating isopropyl alcohol suggest that
polymerization proceeds by acyl bond cleavage, not by alkyl
bond cleavage.

Similarly, Basko recently reported the copolymerization
of L-LA and CL using triflic acid catalyst/protic initiator
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and suggested similar activated monomer mechanism of
propagation [153].

Atthoff and co-workers reported bulk ring opening
polymerization of LA at 130◦C using 5 mol% diphenylam-
monium triflate (DPAT) as an acid-proton catalyst in ethanol
as initiator [154]. Under these conditions, they were able
to get PLA with molecular weight up to 12000 g/mol with
polydispersity 1.24 to 1.51 in 4 days. They also suggested
that such a high polydispersity is due to transesterification
with prolonged reaction time. The reaction proceeds through
the same cationic activated monomer mechanism. The
catalyst also been successfully utilized for the bulk and
solution polymerization of various other lactones such as
caprolactone, valerolactone and butyrolactone [155].

The acid catalysed cationic polymerization of lactones
such as valerolactone or caprolactone can be performed
using HCL·Et2O catalysts. Endo and co-workers utilized
HCL·Et2O catalyst/alcohol initiator system for the controlled
ring opening polymerization of CL and VL at room tem-
perature and able to get polylactones with molecular weight
up to 10000 g/mol and polydispersity 1.08–1.27 [156]. This
catalyst system has been used for the controlled ring opening
polymerization of lactones with the cyclic carbonate, 1,3-
dioxepane-2-one, to produce di and triblock copolymers
with controlled molecular weights and narrow PDIs. Sim-
ilarly, Kim and co-workers synthesised block copolymer of
Poly(ethylene glycol) and poly(caprolactone) by the living
ring opening polymerization r of CL from a PEG initiator
in the presence of the HCL·Et2O catalyst [157]. Jerome and
co-workers were able to synthesize high molecular weight
poly(valerolactone) having weight average molecular weight

up to 50,000 g/mol using the alcohol intiator/ HCL·Et2O
system in dichloromethane [158]. However, under similar
condition they were not able to synthesize PCL with
molecular weight beyond 15,000 g/mol.

The polymerization of Lactones using the HCL·Et2O
catalyst are proposed to proceed through an activated-
monomer mechanism.

Similarly, Organic acids such as tartaric acid, citric acid,
lactic acid, fumaric acid and amino acid such as proline
were successfully used for bulk and solution polymerization
of various lactones [159–161]. The reaction proceeds in
living controlled manner through the activated monomer
mechanism through the cleavage of acyl-oxygen bond in all
these systems. These systems were also efficiently utilized
to synthesize polymer with various architecture such as
three and four arm star polylactone [162–164]. Similarly
solid supported acid catalyst can also be used for cationic
ring opening polymerization of lactones but they offer little
advantage over the conventional catalyst as they can’t be
regenerated and reused [165].

3.3.2. Anionic Ring Opening Polymerization. The effective
initiators for anionic polymerization of lactones are alkali
metals, alkali metal oxides, alkali metal naphthalenide
complexes with crown ethers, and so forth. Depending
upon the reaction conditions, the type of initiators, and
the monomers, the polymerization may proceed either by
a living or a nonliving mechanism. The reaction is initiated
by nucleophilic attack of negatively charged initiator on the
carbon of the carbonyl group or on the alkyl-oxygen, result-
ing in formation of linear polyester. The polymerization
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of β-lactones proceeds through alkyl-oxygen or acyl-oxygen
cleavage giving both carboxylate and alkoxide end groups
(Scheme 7).

β-lactone polymerization initiated with weak bases pro-
ceeds via alkyl oxygen scission and carboxylate ions are the
propagating species. There was a considerable disagreement
regarding β-lactone polymerization using strong bases, that
is, alkali metal alkoxides. It was proposed that acyl-oxygen
scission takes place and the alcoholate ion is the propagating

species. It was also claimed that propagation proceeds due
to both alcoholate and carboxylate anions formed via alkyl-
oxygen and acyl-oxygen scission.

Jedliński and co-workers [166–171] have done extensive
studies on polymerization of β-lactone, that is, β-propi-
olactone and β-butyrolactone using potassium methoxide
and potassium tert-butoxide complexes with 18-crown-6 as
initiators. Their studies provided clear evidence that acyl-
oxygen cleavage of the monomer takes place initially to yield
potassium β-alkoxide ester, which in upon subsequent poly-
merization gives potassium hydroxide and unsaturated ester.
Potassium hydroxide reacts with next β-lactone molecule
inducing acyl-oxygen scission leading to the formation of
carboxylate ion and hydroxyl end groups [169–171]. They
have also reported living anionic ring opening polymeriza-
tion of 4- and 5-membered ring lactones and obtained well
define homopolymers and copolymers of high molecular
mass [166] (Scheme 8).

In large lactones, such as ε-caprolactone or lactide,
the reaction proceeds by the acyl-oxygen scission only
thereby leading to the formation of an alkoxide ion as the
propagating species.

Large quantities of cyclic oligomers are formed on
polymerization of ε-CL using potassium tert-butoxide. This
is primarily due to the backbiting reaction.

However, in the presence of lithium tert-butoxide in an
apolar solvent, oligomer formation was significantly reduced.
There are reports which suggest that the use lithium alkoxide
is important in stereocontrol synthesis of PLA, however, this
is not essential in PGA synthesis [172, 173] (Scheme 9).

Lithium species have successfully been applied to give
significant stereocontrol in the polymerization of rac-lactide.
Lithium tert-butoxide has been observed to produce hetero-
tactic PLA with Pr (degree of stereoregularity expressed as
the probability of racemic enchainment-syndiotactic) deter-
mined to be 0.76 in a polymerization carried out at room
temperature which increases to 0.94 when polymerization
carried out at −20◦C [174]. Recently, butyllithium has been
employed in the synthesis of heterotactic PLA from rac-
lactide and producing a moderately heterotatic polymer at
20◦C (Pr = 0.72) [175]. Polymerization using magnesium
tert-butoxide in identical conditions has been shown to
produce slightly less heterotatic bias (Pr = 0.63) [176].

Recently, Hild et al. discussed the synthesis a very new
class of anionic aluminium alkoxide complexes supported
by nontype diamido ether tridentate ligands and their use
for the controlled ring-opening polymerization of Lactide
[177].

3.3.3. Organometallic Compounds and Coordinate Insertion
Mechanism of Ring Opening Polymerization. Catalysts of
the type-like covalent metal alkoxides or carboxylates with
vacant “d” orbitals has been extensively studied for the prepa-
ration of aliphatic esters with well-defined structure and
architecture. These catalysts react as coordination initiators,
not as anionic initiator in these polymerizations and are
able to produce stereoregular polymers of narrow molecular
weight distribution and controlled molecular mass, with
well-defined end groups. The most widely used initiators



12 International Journal of Polymer Science

+
O

O

R

O

+
O

O

R

O

O

R

O

n+1
O

O

RO

O

R

CH3O+
H3C H3C

Scheme 8: Anionic polymerization of lactone showing acyl-oxygen scisson.

C

O

O C

O

C

O

O C

O

C

O

O C

O

+

nn

CH2tBuO tBuO

tBuO

(CH2)5 (CH2)5 (CH2)5

(CH2)5(CH2)5

OK+

O−

ε-CLO−K+

n−1

Scheme 9: Backbitting (intramolecular transesterification) during ring opening polymerization of ε-CL.

R O
OM

O
O

O
O

O

O+

R O
O O

O

O

+
MO

O

M

O

O

O O

O

O

M

O

Polymer

O Polymer

Polymer
O

O

O

Polymer

O

O

+

O

OO

O

R′′

R′′

R′

R′

Scheme 10: Intra- and intermolecular transesterificiation reactions during ring opening polymerization.



International Journal of Polymer Science 13

O

O
Sn

O

O

O

O

O

O

O

H

R

Scheme 11: Activated monomer mechanism for ring-opening
polymerization of lactones.

Sn(Oct)2 + R OctSnOR + OctH

Sn
O

O
R

O

O

O

O

O

OH

Scheme 12: Tin alkoxide complex initiated polymerization of
Lactones.

of this class are various aluminium and tin alkoxides or
carboxylates.

In comparison to alkoxides, the carboxylates are weaker
nucleopiles and behave more like a catalyst rather than
an initiator. Metal carboxylates are therefore used together
with an active hydrogen compound (e.g., alcohols) as co-
initiators. The polymerization proceeds via acyl-oxygen
cleavage of the lactone with insertion of the monomer
into the metal-oxygen bond of initiator [178–183]. The
coordination of the exocyclic oxygen to the metal results
in the polarization and makes the carbonyl carbon of the
monomer more susceptible for nucleophilic attack.

Ring-opening polymerization of lactones with these
organometallic initiators at high temperatures or long reac-
tion times leads to both inter as well as intramolecular
transesterification reactions. Both types of transesterification
reactions lead to an increase in polydispersity of the polyester
(Scheme 10).

The reaction parameters that influence the transes-
terification reactions are temperature, reaction time, the
type and concentration of catalyst or initiator, and the
nature of the lactone or lactide [184]. For example, in the
polymerization of CL or LA initiated with SnOct2/BuOH or
ZnOct2/BuOH, the end groups in originally formed macro-
molecules changed to fully esterified BuO(O)C-PLA-Oct
and HO(O)C-PLA-Oct chains on increasing the duration of
polymerization [185].

Some of the catalyst/initiators decompose at elevated
temperatures thereby influencing the rate of ring open-
ing polymerization and increasing the side reactions. The

formation of octanoic acid was reported by Kricheldorf
et al. [186], when tin (II) 2-ethylhexanoate was heated
above 100◦C. The acid thus liberated may bring about
the esterification of alcohol (active hydrogen co-initiator)
leading to the formation of water, which may react with
SnOct2 to form stannoxanes and tin hydroxides. Under such
conditions it would be difficult to control the molecular mass
and side reactions because the presence of water or other
hydroxyl compounds is likely to initiate the polymerization.
The relative reactivity of different metal alkoxide initiators
for transesterification reaction depends on the metal and is
lowest for aluminium alkoxides as follows:

Al(OR)3 < Zn(OR)2 < Ti(OR)4 < Bu3SnOR < Bu2Sn(OR)2.
(1)

The flexibility of the backbone polymer also affects the side
reactions. Higher the flexibility higher will be the transes-
terification reaction. For example the lactide configuration
(D,L- or L-lactide) influence the extent of transesterification
reactions during ring opening polymerization. Higher side
reactions were observed in D,L-Lactide compared to those
in L-Lactide and have been attributed to the flexibility of
the former due to the atactic nature of the backbone [187].
Similarly when ε-CL and L-Lactide is block copolymerized,
the sequence of monomer addition is important. AB block
copolymers have been prepared by ring opening polymeriza-
tion if ε-CL is polymerized first. However, a totally random
copolymer is obtained if L-LA block is prepared first.

In most metal alkoxides there is formation of aggregates
in solution at low temperature and the group involved in the
coordination aggregation will not participate in propagation
of reaction, thus, an induction period is observed in which
the initiator rearranges to form the active species for
polymerization. The formation of the aggregates depends
on the solvent polarity, the nature of substituents, and the
presence of coordinative ligands such as amines and alcohols.
In polar and nucleophilic solvents, these agglomerates get
solvated and the reaction becomes fully controlled.

Tin(II) 2-ethylhexanoate (Figure 4) is the most com-
monly used initiator/catalyst for ring opening polymeriza-
tion [188–201]. It is a very effective and versatile catalyst,
which is easy to handle and is soluble in common organic
solvents and lactones. The Food and Drug Administration
has approved it as a food additive. It is also known
as stannous octoate (SnOct2). As mentioned earlier, ring
opening polymerization reaction with SnOct2 is carried out
in the presence of active hydrogen compounds [202, 203]. If
no active hydrogen compound is added, the actual initiating
species may be hydrogen containing impurity [203]. The
polymerization mechanism with this is rather complex and
a number of mechanisms has been proposed earlier for this
[204, 205].

In the activated monomer mechanism, it was proposed
that the monomer is coordinated with the catalyst and is
activated. The ring opening polymerization then proceeds
via a nucleophilic attack of alcohol leading to the insertion
of monomer into metal-oxygen bond by rearrangement of
the electrons (Scheme 11).



14 International Journal of Polymer Science

OH

HO O

O
HO

O

O

O

O

OHCondensation

C
h

ai
n

 c
ou

pl
in

g 
ag

en
ts

O
HO

O

O

O

O

OH

m

n

High molecular weight polymer,
Mw > 100,000

Low molecular weight polymer,
Mw = 2000 to 10000

Scheme 13: General scheme for oligomer synthesis and chain coupling reaction for polyhydroxyesters.

lipase lactone complex

Enzyme activated monomer (EM)
Initiation
EM + ROH
R = H or alkyl group
n = number of methylene units in the lactone

Propagation

Lactone + lipase – OH
[

HO – (CH2)nCOOlip
]

EM + H –
[

O – (CH2)nC(O) –
]
m

OR H –
[

O – (CH2)nC(O) –
]
m+1

OR + lipase – OH

lipase – OH + HO – (CH2)nCOOR where

Scheme 14: Mechanism of Lipase Catalyzed Polymerization of Lactones.

O O

O O
Sn
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The alcohol functionality and the monomer are both
coordinated to the SnOct2complex during propagation. The
reaction is terminated by hydrolysis forming a hydroxyl end
group.

An alternative mechanism was proposed by Penezek
and co-workers, suggesting that when SnOct2 is mixed
with an alcohol, an initiating complex is formed prior to
polymerization. The establishment of equilibrium between
SnOct2 and alcohol results in the liberation of acid from the
catalyst. The tin alkoxide complex thus formed then initiates
the polymerization (Scheme 12).

The support to this mechanism was provided by an
experiment showing an increased in the rate of ring opening
polymerization by addition of butanol as initiator to distilled
SnOct2 [206]. Further support to this mechanism was
obtained by the addition of octanoic acid to tin (II) butoxide.
The reaction rate at certain ratios of octanoic acid to tin (II)
butoxide was identical to that obtained by adding butanol
to SnOct2. The presence of tin alkoxide has recently been
detected by MALDI-TOF experiments [207, 208]. The ring
opening polymerization of lactides with SnOct2 is fairly
slow. Addition of triphenyl phosphine not only increases
the rate but also suppresses the undesirable intramolecular
side reaction [209]. Recently, Ryner et al. [210] described
ring opening polymerization of dioxane and L-Lactide
using SnOct2 with their theoretical study. Their results
were concurrent and supporting to coordination-insertion
mechanism initiated by a tin-alkoxide species formed prior
to ring opening polymerization.
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Tin (II) alkoxides such such as tin (II) butoxide
[Sn(OBu)2] exist in monomeric and dimeric forms. The
polymerization of lactones with tin alkoxides is believed
to follow the coordination-insertion mechanism. The ring
opening polymerization of lactones proceeds by acyl-oxygen
cleavage with retention of configuration. Sn(OBu)2 is an
extremely reactive initiator with reaction rates comparable
with that of ring opening polymerization initiated by
rare earth metal alkoxides [210]. Complete conversion is
observed after 20 hours in Sn(Oct)2 initiated ring opening
polymerization of lactones whereas the same reaction with
Sn(OBu)2 only takes few minutes. Ring opening polymer-
ization of L-Lactide with Sn(OBu)2 gives a stereoregular
polyester and provide full control of molecular mass (103–
106 g/mol).

Tin (IV) Alkoxides such dibutylin oxides as well as its
alkoxy derivatives have been successfully employed for the
ring opening polymerization of lactones. Bu2SnO dissolved
in terbutylin is believed to be the main initiator in the
polymerization of ε-CL [211]. Tin (IV) alkoxide with linear,
cyclic and spirocyclic functional groups other than hydrox-
yls can be easily prepared from corresponding functional
group containing tin oxide or tin chloride by reacting
with monofunctional or difunctional alcohols. Tributyltin
methoxide and dibutyltin dimethoxide have been used for
the initiation of bulk polymerization of lactones and lactides
at 100◦C–120◦C [212, 213]. Under these reaction conditions,
controlled polymerization was not possible, and polymers
of high polydispersity index were produced. High yield
and narrow molecular mass distribution was obtained by
using solution polymerization in dichloromethane at 40◦C
[214]. Careful purification of these initiators is necessary
for achieving controlled ring opening polymerization. The
tin alkoxides offer far better control of the polymerization
than SnOct2. They initiate controlled ring opening polymer-
ization in solutions at relatively low temperatures. Almost
100% conversion was obtained in the living macrocyclic
polymerization of ε-CL in bulk at 80◦C with 2,2-dibutyl-2-
stanna-1,3-dioxepane as an initiator [215].

A two steps coordination insertion mechanism has
been proposed for tin (IV) alkoxide initiators (SnMe3MeO,
SnMe2(MeO)2) on the basis of their study of ring opening
polymerization of dioxane and Glycolide. In the first step,
the nucleophilic attack of the alkoxide of the initiator on the
carbonyl carbon of the monomer takes place. The second
step involves the acyl-oxygen cleavage of the monomer [216].

Recently, Albertsson and co-workers have reported the
use of cyclic tin (IV) alkoxide initiators for ring opening
polymerization of lactones [214, 217, 218]. These alkoxides
are hydrolytically more stable compared to aluminium
counterparts and are consequently easier to handle and to
use in the polymerization. The cyclic tin alkoxides such
as 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetra-oxacy-
clodecane, 1,1-di-n-butyl-stanna-2,7-dioxacyclo-4-heptene,
and 9.9.20.20-tetrabutyl-8, 10,19,21-tetraoxa-9,20-distanna-
dispiro [5.5.5.5] docosa-2, 14-diene, and so forth. exist in
an equilibrium with their monomeric and dimeric forms.
Kricheldorf and Eggerstedt [216] reported for the first time
spirocyclic tin(IV) alkoxides. A four-armed spirocyclic

tin (IV) alkoxide was synthesized by condensation of
hydroxyethylated pentaerythritol with dibutyltin dime-
thoxide for initiating ring opening polymerization of ε-CL
and β-D,L-butyrolactone. High molecular mass poly(ε-CL)
with a polydispersity index of <2 could be obtained using
this initiator. Stridsberg [219] and co-workers have used
spirocyclic tin alkoxides for the solution polymerization
of L-lactide. Initiation was instantaneous, conversion was
very high and molecular mass distribution was less than
1.13. Zhang and Liu reported the synthesis of molecular
weight controllable poly(lactic acid) using 1,8-diazabicylco
(5.4.0.)-7-undecene as an organocatalyst and isopropanal as
an initiator [220].

Aluminium alkoxides are the most extensively investi-
gated alkoxides for the initiation of ring opening polymer-
ization of lactones and lactides [221–229]. Both aluminium
trialkoxides (AlOR)3 and aluminium alkyl dialkoxides have
been used for the initiation. Teyessie and co-workers first
reported the successful use of these initiators for ring opening
polymerization. These alkoxides propagate the reaction
through coordination insertion mechanism. Aluminium
isopropoxide coordinates to the exocyclic carbonyl oxygen
followed by acyl-oxygen cleavage leading to an isopropyl
ester group. Termination of growing chain with dilute
HCl leads to the formation of a hydroxyl end group. The
propagation is characteristed by almost complete absence
of transesterification reactions up to a very high percentage
conversion with a narrow molecular mass distribution and
an increase in DP with an increase in monomer to initiator
ratio [230–232]. In most case the polymerization is generally
carried out in toluene or THF solution at low temper-
ature (0–25◦C). Freshly distilled aluminium isopropoxide
consists mainly of trimers and is more reactive initiator
of ring opening polymerization. Under these conditions,
three chains grow per aluminium atom. According to the
kinetic study of Albertsson and co-workers [221, 224, 226]
and Duda and Penczek [233–236], a first order kinetics
with respect to monomer and initiator was observed for
ring opening polymerization of lactones and lactides using
aluminium alkoxide as an initiator. Inoue and Shimasaki
et al. reported initiators based on α, β, γ, δ derivatives of
tetraphenylporphinato-aluminium for the polymerization of
ε-CL, β-lactones and lactides [237, 238].

A new classes of metal alkoxides, Lanthanide alkoxides
such as yttrium isopropoxide and yttrium 3-oxapentoxide
also being used for the ring opening polymerization of ε-
CL, and lactides as reported by McLain and Drysdale [239,
240]. The activity of these catalysts is much higher than the
aluminium alkoxides, especially in lactide polymerizations
[241, 242]. Lanthanide compounds such as yttrium and
lanthanide alkoxides, as well as Sm and Lu complexes yield
high molecular weight polyesters under relatively mild con-
ditions. Rapid polymerization of ε-CL at room temperature
was observed when yttrium alkoxide was used as an initiator
[243, 244]. Stevels et al. have used in situ generated yttrium
alkoxides as initiators for ε-CL and δ-VL [245, 246].

Titanium alkoxides another group of alkoxides also
have shown good catalytic activity somewhat similar to
tin alkoxides for the polymerization of lactones. Recently,
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Kim and co-workers utilized these titanium alkoxides for
the bulk polymerization of L-Lactide and rac-Lactide at
130◦C [247–249]. Another titanium based-agent, titanium
chloride complex play the same role as an alkoxides as
reported by Takashima et al. [250]. They also theorized for
utilizing the titanium alkoxide as in early stage of reaction
alkoxide group dissociate from the complex for initiating the
reaction and provide a means of controlling the molecular
weight by functioning as an end group. Alkoxy titanatranes
seemed well-suited to these purposes because they possess
a transannular Ti–N bond that could potentially labilize the
trans axial OR group.

Novel N-Heterocyclic carbene derivatives as organocat-
alysts for the zwitterionic ring-opening polymerization of
lactide to cyclic poly(lactic acid) had been tested by Culkin
et al. [251].

3.3.4. Biocompatible Organometallic Initiators/Catalysts. Tin
and aluminium being the most widely used organometal-
lic initiators for ring opening polymerization of lactones
and even though the Sn(II)-2-ethyl hexanoate have been
approved by FDA for use in food additive but it still possess
toxicity [252]. It has been reported that Sn(Oct)2 is not
removed completely by a purification method involving
dissolution and precipitation below as residual level of
306 ppm in PLA [253]. In preview of this there is an essential
requirement to search for metal containing initiators, which
are not harmful for the human organisms.

Zinc based catalysts are less toxic and have been used in
the ring opening polymerization of lactones. In Industry,
Zinc metal or stannous octoate are two simultaneously used
catalysts for the polymerization of D,L-lactide. Zinc based
catalyst used in pharmaceutical and biomedical applications
include zinc metal, zinc octoate, zinc stearate, zinc salicylate
and zinc lactate [254–258]. The polymerization rates, extent
of conversion, molecular weights, and transesterification
reaction are different in zinc metal initiated polymerization
of lactide compared to Sn(Oct)2 initiated polymerization
[255, 256, 258]. Sn(Oct)2 initiated polymerization was much
faster and yielded high molecular weight polymers with no
detectable residual monomer and lower transesterification
reactions [258]. However, the residual tin in polylactide was
in the range of 300–400 ppm, whereas the level of zinc was in
the range of 20–40 ppm. The properties of the polymers such
as hydrolytic stability, hydrophilicity prepared by these two
initiators was also different [259].

Kricheldorf et al. [260–262] reported polymerization of
1,4-dioxane as well as D,L-Lactide using Zinc (II)-L-lactate
(ZnLac2). The rate of ZnLac2 initiated polymerization were
relatively slower than Sn(Oct)2 initiated polymerization.
Similar other metals such as Ca, Mg and Fe have also
been investigated for their use as initiators/catalysts. Calcium
acetylacetonate [263] was found to yield high molecular
weight polymer of glycolide and its copolymer with lactide
or ε-CL. Recently, in-situ generated calcium alkoxides have
been reported to use in fast and living ring opening poly-
merization of L-lactide [264]. Kriechoeldorf et al. carried
out copolymerization of glycolide and ε-CL in the presence
of iron compounds [265]. Finna and Albertsson [266] have

recently published the use of germanium coumpounds as
initiators for lactide polymerization, because derivatives of
germanium are less toxic than tin compounds.

4. Conclusion

The biodegradable polymers are indispensable in drug
delivery due to their unrivalled physicochemical properties.
These physicochemical properties have a significant effect
on the drug delivery system right since the start from
their processing till the end of finished products, that is,
pharmacological effect. Every drug molecule has different
physicochemical and pharmacokinetic profile, thus, require
a perfect set of conditions for the formulation, stability and
release kinetics. To achieve these set of conditions we require
specific polymer with desired physicochemical properties.

The physicochemical properties of polymers lies in the
various architectural elements, that is, backbone, functional
fidelity, cross-linkages. Poly(glycolic acid) exit in various
crystalline form varying from highly amorphous to crys-
talline state and can be manipulated through the change in
basic structural element and processing methodologies. The
review has discussed the key structural elements as derived
by using highly sophisticated techniques, that is, X-ray
crystallographic structure data. The synthetic methodologies
discussed in the present review can be applied to synthesize
the end product with desired architechtural qualities affect-
ing the entrapment efficiency, rate of degradation, stability of
finished product, biocompatibility and so forth.
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“Kinetics and mechanism of L-lactide polymerization using
two different yttrium alkoxides as initiators,” Macromolecules,
vol. 29, no. 19, pp. 6132–6138, 1996.

[242] Z. Q. Shen, Y. Q. Shen, J. Q. Sun, F. Y. Zhang, and Y. F. Zhang,
Chinese Science Bulletin, vol. 39, no. 5, p. 1096, 1994.

[243] Z. Q. Shen, Y. Q. Shen, J. Q. Sun, F. Y. Zhang, and Y. F. Zhang,
Polymer, vol. 27, p. 59, 1995.

[244] W. M. Stevels, M. J. K. Ankoné, P. J. Dijkstra, and J. Feijen,
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