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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF POLYMANDELIDE AND
LACTIDE/METHACRYLATE BLOCK COPOLYMERS
By

Tianqi Liu

Polymers derived from lactic acid are attractive altemnatives to traditional
petroleum-based polymers due to their degradability and biocompatibility. Once
used exclusively in biomedical applications, polylactide is now being developed
as a high volume commodity polymer for packaging and coatings. The task of
replacing the non-degradable polymeric materials used in these fields with
polylactides requires that a broad spectrum of physical properties be available
from polylactides. This objective can be achieved, in part, by the synthesis of
new derivatives and block copolymers of polylactide.

Polymandelide is a derivative of polylactide where the methyl group has
been replaced by a benzene ring. We synthesized high molecular weight
polymandelide via ring opening polymerization of mandelide, the cyclic dimer of
mandelic acid, and characterized its properties. Polymandelide is a clear
amorphous material with physical properties that resemble polystyrene. In
particular, polymandelide has a glass transition temperature of ~ 100 °C, higher
than any known polylactide, and similar to that of polystyrene (109 °C). At pH 7.4

and 55 °C, polymandelide samples degrade at ~ 1/120 the rate of amorphous



polylactide run under the same degradation conditions, and polymandelide’s
degradation profile matches that for heterogeneous hydrolytic degradation.
Copolymerizations of mandelide with racemic lactide resulted in homogeneous
materials with glass transition temperatures that range from 60 — 95 °C.
Copolymerizations using L-lactide and <12 mol% mandelide yielded semi-
crystalline materials, but higher levels of mandelide inhibited crystallization of the
L-lactide segments and gave amorphous materials.

Block copolymers of lactide and two methacrylates, methyl methacrylate
and methoxy-capped oligo(ethylene glycol) methacrylate (OEGMA), were
synthesized via a combination of ring opening polymerization and atom transfer
radical polymerization. Poly(lactide)-block-poly(methyl methacrylate) synthesized
via an end group transformation approach exhibited much higher thermal stability
than a comparable polymer prepared from a difunctional initiator. The block
copolymers prepared from racemic lactide were homogeneous and exhibited a
single glass transition temperature that increased with the mole fraction of
poly(methyl methacrylate) in the copolymer. The effect of poly(methyl
methacrylate) on the crystallization of the poly(L-lactide) block was also studied.
Longer poly(methyl methacrylate) blocks led to a decreased crystallization rate
for the poly(L-lactide) block.

Block copolymers of racemic and L-lactide with OEGMA were synthesized
using a difunctional initiator. Miscibility of the two blocks increased with
decreases in the length of the OEGMA. Block copolymers of L-lactide and

OEGMA were used to prepare nanopatrticles via dialysis.
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Chapter 1 Introduction

Many synthetic polymers are produced and utilized because they are
cheap, versatile and durable. Nearly all of today’s synthetic polymers are derived
from oil and natural gas, which are finite resources that are diminishing in supply.
Because of their durability and resistance to chemical and physical degradation,
polymers tend to accumulate in what is today’s most popular disposal system,
the landfill. According to a study by the U.S. Environmental Protection Agency,
polymers account for 21% (by volume) of the 200 million tons of municipal waste
produced each year in the US. Possible solutions such as recycling and
incineration have proved either uneconomical or environmentally unfriendly. A
better solution would be to tailor polymers from renewable resources to provide
the necessary properties during use, and then have the polymers undergo
degradation to non-toxic products leaving no hazardous impact on the
environment. These environmentally friendly polymers could replace traditional
polymers in single-use applications such as resins for packaging.

Degradable polymers, especially biodegradable polymers, are well-suited
for such applications. Biodegradable polymers are materials that are
quantitatively converted either to CO, and HO or to CHs and H,O by
microorganisms under aerobic or anaerobic conditions, respectively.
Biodegradable polymers can be either natural (e.g. starch, cellulose, hemp) or
synthetic materials. Generally speaking, synthetic polymers offer advantages

over natural polymers in that they can be easily tailored to display a wide range



of properties. Polylactide, poly(e-caprolactone), poly(fhydroxybutyrate) and

poly(vinyl alcohol) are examples of synthetic biodegradable polymers.

1.1. History of polylactide

Polylactide is not a new polymer. In 1932, Carothers synthesized a low
molecular weight polylactide sample by heating lactic acid under vacuum.
Historically, scientist have tried to make polymers resistant to environmental
factors such as H,O, O, and UV, and since polymers made from glycolic acid
and other a-hydroxy acids were unstable toward hydrolysis, research on this
class of polymers was discontinued in the first half of the 20™ century. But this
“instability” eventually found multiple applications in the medical field, beginning
with the first biodegradable surgical sutures in the 1960s. Since the early 1980s,
there have been three generations of biodegradable polymers. The first two
generations were starch-based polymer systems, and were only partially
degradable or failed to provide the desired mechanical properties. Third
generation biodegradable polymers are based on polylactide and
polyhydroxybutyrate which combine reasonable biodegradability with good

mechanical properties.

1.2. Applications of polylactide and other biodegradable polymers
1.2.1. Polylactide as a commodity polymer
In many aspects, the basic properties of polylactide polymers lie between

those of crystalline polystyrene and PETE. Some noteworthy properties include:



o A flexural modulus > polystyrene

¢ A resistance to fatty foods and dairy products equivalent to PETE

e Excellent flavor and aroma barriers

¢ Good heat sealability

¢ A high surface energy allowing easy printability

These properties, in addition to its inherent biodegradability have made

polylactide a promising candidate as a commodity polymer intended for single-
use or limited use applications. Table 1.1 lists some of the applications of

polylactide with its associated processing techniques.

1) Fibers for apparel
Polylactide can be readily converted into various fiber forms using
conventional melt-spinning processes. Compared to PETE/cotton,
polylactide/cotton offers the following advantages:
e An all-natural high performance fabric
e physiological comfort due to improved thermal insulati‘on and water vapor
transport
e Lower density
e UV stability

e Lower flammability and smoke generation



Table 1.1. Applications of polylactide as commodity polymers?

FProcess

End-Products

Fibers

Clothing (active wear, sportswear, intimate apparel),
carpet tiles

Non-woven fibers

Personal hygiene, protective clothing, filtration

| Oriented films

Container labels, tape

E >ctrusion coating Dinnerware, food packaging, muich film
Flexible film Food wrap, trash bags, shrink wrap
Cast sheet Deli trays

Unjection molding Rigid containers, daily containers

Foam

Clam shells, meat trays

|
~
I



2) Personal hygiene and medicare

Single use products based on biodegradable polymers haye import g,
applications in personal hygiene and medical care. Single-use degradable
Products such as baby diapers, surgical masks, blouses and compresses can

limit corytamination and secondary skin reactions.

3) Agricutture and horticulture
Yhe use of non-woven cloth allows natural cultivation of seeds without
Pesticides or herbicides. The cloth easily allows air and rain to reach plants while
pr evemnting insects from penetrating. If made of polylactide, it degrades easily by
hydr Olysis and the degradation product - lactic acid oligomers, were observed to
Prorm ote seed germination.
4) paper coatings
Paper is coated with either wax or polymeric coatings for various reasons
ey uding better water resistance and enhancement of gloss. A problem with the
"®cyrcling of coated paper is the disposal of the coatings liberated during the
"©pulping process. Since current coatings are mostly made from polyethylene,
\ney typically do not break down during the repulping process and cannot be
recycied.
Polylactide polymers have a high surface energy and easily form
coherent, smooth and glossy surfaces with satisfactory printability. The low melt

\\scosity and high polarity of polylactide is superior to polyethylene in terms of



adhesion 1o the paper and COmpatibility with low temperature extrig g/, D”’ing {
fopulping, polylactide can hydrolyze to water soluble, non-toxic products and

POse no problem in waste water treatment.

1.2.2, Myedical applications of polylactide and other biodegradable
Polymers
Due to the current high cost of polylactide-based polymers, applications
for these materials have been largely limited to biomedical fields. Table 1.2
shows the major companies involved in producing polylactide or polylactide
based-products. Examples of such products include sutures, implants and drug
delivery matrices. The major advantage of using biodegradable implants over
trad itional synthetic polymers, metals, or ceramics is that the device can degrade
in SSitu and a second operation is not necessary to retrieve the device.
Bi°Qlegradable polymers offer other important features. For example, fractured
b°hes fixated with a rigid, non-degradable stainless steel implant tend to re-
f"acture upon removal of the implant since the regenerated bone tissue often
does not carry an appreciable load during the healing process. In contrast, a
Carefully tailored degradable implant that degrades at an appropriate rate will
s\owly transfer load to the damaged area, affording stronger bone tissue.
Sutures were the first commercial product from biodegradable polymers
and still account for 95% of all sales. The other 5% is attributed to orthopedic

devices in various forms such as pins, rods, tacks, staples and dental

plications. Several end products include Dexon®, Vicry® and Maxon® sutures,




Lactomer® and Absolok® clips and staples; Biofix® and Phusiline <® plates a,, ,

Screws and Capronor® drug delivery devices.




Table 1.2, Major companies involved in lactic acid and PLA biomedical fields?

Corrypany Country Lactic acid | Lactide Polylactide End
(co)polymers products
Galactic Belgium
Labo ratories X X X
Bioscience Finland X
Phusis France X X X
Boehringer Germany X X
|__Ingelheim
Purac Netherlands X X X
ICI U. Kingdom X
BPI USA X
Davis & Geck USA X
Etnor USA X
Henley & USA X
K\lohnson
Johnson & USA X
Johnson
Medisorb USA X
T echnologies

| Y.




1.3. Synthesis of polylactide
1.3.1. Synthesis of lactic acid

0 o
Ho>)L oH Hg>-=/lL°H

HC™ 4, CH,

D-Lactic acid L-Lactic acid

Figure 1.1. Structure of D,L-lactic acid

Lactic acid is a chiral molecule that exists as two stereoisomers, L- and D-
lactic acid (Figure 1.1). Lactic acid can be produced from petrochemical sources
Or by fermentation as shown in Figure 1.2.% In the petrochemical route (Figure
12 4A\), ethylene is oxidized to acetaldehyde, and following treatment with HCN,
the cyanohydrin is hydrolyzed to give racemic lactic acid (rac-lactic acid).
P"es.ently, Musashino in Japan is the only producer of rac-lactic acid. The
fe""‘nentation process (Figure 1.2 B) produces almost exclusively L-lactic acid.

Most major companies involved in the production of lactic acid such as Purac,

CargilVDow, Galactic and ADM use fermentation processes to produce lactic

Qcid.

1.3.2. Manufacture of polylactide

1) Direct condensation
Lactic acid is a difunctional molecule and can self-condense by

\ntermolecular esterification to form polylactide (Scheme 1.1 A). One drawback




Petrochemical feedstock Com

Ethylene Starch
Oxidation
Unrefined dextrose
Acetaldehyde
HCN .
Fermentation
Lactonitrile
Racemic d,I-lactic acid 99.5% L-Lactic acid
A B
'F '9'_-ll"e 1.2. Petrochemical (A) and fermentation (B) routes for the synthesis of
aCtic acid

of This approach is the long reaction time, which is related to the equilibrium
bet\lveen the starting a-hydroxy acid, and the polyester product and water. High
Molecular weight polylactide cannot be obtained unless water is efficiently
Y®rmoved from the reaction system to drive the reaction to completion. Besides
Using high vacuum, researchers have used azeotropic distillation with a high
bO'\Iing point solvent to remove water continuously. The effect of catalysts on
direct condensation of lactic acid was also investigated. Protonic acids and tin
Compounds are effective at producing high molecular weight polymers at
relatively low temperatures. Currently, Mitsui Toatsu* utilizes a high boiling
SQ\WVent to produce high molecular weight polylactide. Another option is to react

the end groups of low molecular weight polylactide with coupling agents such as
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diisocyanates to yield high Molecular weight polymer (ScheMe 7.7 g, y

drawback of this approach is the potential formation of branched or crossiin gey

molecylar structures.®

2) Ring opening polymerization of lactide

Ring Opening Polymerization (ROP) of lactide is the dominant route to
polylactide with molecular weights ranging from several thousand to several
hundred thousand g/mol.  Cargil/Dow adopted this route to synthesize
Polylactide on a large scale. In the ROP route shown in Scheme 1.1 C, lactic
acid is polymerized to afford a low molecular weight polylactide, which is then
dePc‘blymerized to give lactide, the cyclic dimer of lactic acid. Lactide can be
fu"u"\er purified by distillation under vacuum. Polymerization of lactide by ROP
yields polylactides, whose molecular weight can be easily controlled by varying

the monomer to initiator ratio. The continuous process developed by Cargil/Dow

'S S hown in Figure 1.3

11




CH,
HO

OH

Azeotropic Dehydrative
Condensation

CH,3 o CHs
Condensation H O%OH o)\'ro
B (o) CH; ‘/m O

Low M, Prepolymer

Agents

Chain Coupling

H

SChieme 1.1.

I

H,0

H

CHs O\ CHs
O/Kw,(Oj/“%o)\n/O
™ O\ CHs/n O

ZnO

High M, Polylactide

M-OR |C
X
O” "0

Three routes for polylactide syntheses:

A, azeotropic

COwdensation; B, condensation followed by chain coupling; C, ring opening

PS\ymerization
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Lactic Acid
ctic acid, Water
La -— DistiMation
Column
Lactige
[m ] Rea,
cto Polymer Reactor

Lactic acid

L .

T

Polylactide Recycle

Pre-Polymer
Reactor Additives

polylactide
Products

Compound/Finjgher

Figure 1.3. The CargilVDow continuous process for the SYNthesis of
Polylactide.
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1.4. Catalysts and mechanism ©Of ring opening polymerizatiors

1.4.1. Metal catalysts

Many metal complexes ha /e been proposed as lactide polymerization
catalysts. In the US, the FDA hvas approved the use of SN(Oct)2 (Oct = 2-
ethylhexanoate) for the synthesis of materials for gy rgical and pharmacological
applications and zinc catalysts have D®en used industrially in France. Most
catalysts fall into two categories: metal alkoxides anA metal carboxylates.

Aluminum alkoxides (AI(OR)s) belong to the First category. Ring opening

polymerization of lactide initiated by aluminum alkoxides is believed to proce®d
through a “coordination-insertion” mechanism.®  C oordination of the cato™!
oxygen of lactide to alumirwum to followed by selective acyl-oxygen cleavage
leads to the formation of linear Polyesters. The alkoxide t.-ansferred from
aluminum ends up as an ester group at one end of the polyester chain. The useé
of functional aluminum alkoxides as initiators places the functional group at the
end of the chain, and enables macromolecular engineering of |, olylactiqes gs
illustrated by the well-controlled synthesis of macromonomgerg ang o

copolymers.”*

In recent years, alkoxy aluminunry Schiff's base cOmplexes hg,, o6
developed for stereoselective polymerizations.”  Spassky® ang COatesnn
reported e stereoselective synthesis of isotactic and syndiotactic Polylacti de
from rac-y gctide and meso-lactide resiectively. Radano™® showeq e first

example ¢ producing the po|y|actide stereocomplex from rac-lactige using

racemic < gtalyst (Figure 1.4 A). As shown by Cameron,™

adding gjgctron-
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withdrawing chlorine to the Schiff-bagg ligand increases the reactivity, ,¢

juminum Schiff-base initiators (Figure 1.4 B), making controlled ambjgnt
alu

temperature polymerizations of lactide mgyre Practical.
em

Cl

O Il o o)
N:Aléo'pr E N:AI<OM9

oy 7

Cl

Figure 1.4. Aluminum Schiff-base initiator systems

Sn(Oct), is one of the most widely used metal caboxyates for the ring
Opening polymerization of lactide and other cyclic esters. H20 gy alcohg

» Oither
deliberately added or present as impuritie's, serve as the true INitiating SPec, s &
is assumedq that a fast equilibrium is exstablished between Sn(Oct), a

Nd the
alcohol o yater to generate a tin alkoxide species, which then POlymey;

Zes
lactide viay the “coordination-insertion” Mechanism illustrated in Scheme 214 The
alkoxy or gy droxy group forms an ester or acid at the terminus of the polylactige

ohain. T goretical studies also support the generation of a tin alkoxige species

15




prior to the ring opening polymerization of lactide by a “coordination-insertion”
mechanism."®
Despite the wide use of aluminum and tin-based catalysts, Al** is under
suspicion as a potential player in Alzheimer's disease and the use of tin
derivatives in the biomedical field has been questioned despite the lack of any

related acute problems in clinical applications. In response, some research

16,17 18-20

groups have focused on developing magnesium,'®'7 zinc,'®?° and iron?"?? based
Catalysts, since the ions of these metal participate in the normal metabolism of
the human body and exhibit low toxicity.
The development of lanthanide alkoxide catalysts has been limited by the
toxicity of the heavy metals®®'although these catalysts are extremely active
toward ring opening polymerization of lactide and other cyclic esters even at

2N b jent temperatures.
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o o) o)

(/\/:')\o)ZSn + ROH _——~ /\/jko’s"‘on . /\/))kon

Sn (OCt)g

0% o
o - -
0 ( ) Octg — oJ\,(o‘n
/\/))ko/s"\oaﬂ

on

Scheme 1.2. Mechanism of ring opening polymerization of lactide catalyzed by
8n(Oct)2
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1.4 _2. Transesterification
Besides polymerization of monomers, metal catalysts can also catalyze
side reactions such as inter- or intramolecular transesterification reactions
(Scheme 1.3). Transesterification reactions can be identified by GPC, '*C NMR
and MALDI-TOF analysis.2+%3 Intramolecular transesterification, often termed
“‘back-biting”, leads to cyclic structures and a decrease in the number average
Mmolecular weight. Intermolecular transesterification can cause redistribution of
Polymer chain lengths and an increase in the polydispersity index. MALDI-TOF
Sp&ctra are particularly useful for detecting both cyclic and linear oligomers, since
they allow the direct identification of mass-resolved polymer chains. Because
Certain stereosequences in the polymerization of rac- or meso-actide can only be
®Otained by transesterification, '®C NMR: spectroscopy can detect

\\'ahsesteriﬁcation reactions.

No———
Intermolecular
+ . po . : +
S — transesterification

Intramolecular

— 7\ "\ transesterification D t~—

Scheme 1.3. Intramolecular and intermolecular transesterification
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1.5 . Thermal degradation and stability
Polylactide belongs to a family of polymers with poor thermal stability. It
cam undergo slow thermal degradation at temperatures lower than the melting
point of the polymer, but the degradation rate increases rapidly above its melting
point.3 Thermmal instability is a major limitation for some applications. For
example, polylactide implants used in orthopedic surgery are supposed to
provide adequate strength, ductility, modulus, wear and fatigue resistance for
intemal fixation of bone fractures, and are expected to last until the new tissues
are@ generated. However, if polylactide degrades during melt-processing
(COrnpression, extrusion and injection-molding) or sterilization, the degradation
Profile and mechanical properties of the polylactide implants can be quite
diffearent from what is expected because the mechanical properties and in vivo
= gradation rates are largely dependent upon the molecular weight of the device.
Polylactide samples from commercial suppliers are quite susceptible to
extensive degradation after injection molding.® For molding temperatures
between 130 °C and 215 °C and mold residence time of 12-16 seconds, the peak
in the molecular weight distribution declined by 50-88% and the polydispersity

increased.
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i ‘°‘&

N ’/O/( o] intramolecular , o .

O (0] — volatile cyclic dimer or oligomers
4 transesterification

A
OR OR
CH{CH O h cis-elimination 0
og\ CH2 B CHS
9H OH
COOR

‘“oj\g’ ‘h/?j\o/[“\
“‘o)\gl' wio’]“\

radnc‘a:l reactions CO, CO,, aldehyde, cyclic oligomers

Scheme 1.4. Thermal degradation pathways for polylactide
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» .1. Thermal degradation pathways

As shown in Scheme 1.4, there are three principal pathways for the
>rmal degradation of polylactide. Path A illustrates thermal degradation by
ramolecular transesterification, also known as “back-biting”, which generates
latile cyclic dimer or oligomers. Path B describes degradation by a cis-
mination mechanism via the formation of a six-membered ring transition state.
1th C shows degradation by radical pathways and the generation of volatile
all molecules.

Cis-elimination is a concerted, un-catalyzed reaction. It can be the
inant pathway for esters with activated C-H bonds such as the poly(hydroxy
'yrate)s which contain methylene hydrogens activated by an adjacent carbonyi
yup.3® However, although it possesses three B-C-H bonds available for cis-
Mination, the methyl C-H bonds of polylactide are not activated and as a result,
2 contribution of the cis-elimination pathway to the total thermal degradation of
olylactide is trivial.3®

Intramolecular transesterification® is the dominant pathway for the thermal
gradation of polylactide. Often catalyzed by residual metal catalyst, it is
tiated from free hydroxy groups at the ends of the polymer chain. The cyclic
mer, lactide, is the major degradation product from this pathway.

The third pathway, radical reactions, is significant only at temperatures
00 °C.¥” Homolytic cleavage of alkyl-oxygen bond or acyl-oxygen bond to
rm macroradicals leads to the formation of volatile cyclic oligomers, CO, CO-

d other small molecules.
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The thermal degradation pathways and degradation products were
investigated using several themal analysis techniques including
Themmogravimetric Analysis (TGA, DTG), Differential Scanning Calorimetry
(DSC), time and temperature resolved pyrolysis-MS and pyrolysis-GC/MS. Two
distinct peaks (at 275 °C and 337 °C) were observed from DTG experiments
indicating two dominant degradation mechanisms. GC/MS identified the low
temperature peak as almost exclusively lactide, while the high temperature peak
consisted of cyclic oligomers including lactide and other volatile small
molecules.®® The products were consistent with the low temperature degradation
dominated by depolymerization, while the high temperature degradation resulted

frorn radical reactions.

Lactide was produced in both low and high temperature degradation
Ste>pos, but it was formed by different mechanisms.® In low temperature
deggradation, it was produced as a result of depolymerization. In high
te vy perature degradation, lactide as well as cyclic trimers up to pentamers were

Produced by a radical mechanism.

1.5.2. Factors affecting thermal degradation of polylactide
1) Effect of polymer molecular weight
Polylactide samples with different molecular weights show differences in
therm g stability. Tests on highly purified samples (precipitation followed by
washiing with dilute acid, and extensive drying) showed that the degradation

‘emP erature initially increased sharply, and approached 353 °C as the viscosity
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molecular weight rose to 100,000.° This effect is related to the concentration of
terminal hydroxy groups in the polymer sample, which decreases as the
molecular weight increases. Since the terminal hydroxy groups initiate
intramolecular transesterification, decreases in their concentration shift the onset
for thermal degradation to higher temperatures. When the molecular weight of
the polymer was high enough, the number of terminal hydroxy groups became
Pegligible and any further reduction in their concentration leads to only small

increases in the thermal degradation temperature.

2) Effect of residue metal catalysts on thermal degradation
Polylactide samples that have not been scrupulously purified are usually
Contaa minated with >100 ppm of metal catalyst residues. These metals can lower
the > ©lymer degradation temperature by coordinating with the carbonyl oxygen of
est®rs and facilitate intramolecular transesterification.  Several different

orda&amnometallic compounds of Sn, Al were studied,***2

and in general, Sn(Il)
comMpounds were more active transesterification catalysts than Al compounds.
The Sn(l) compounds are thought to interact more strongly with polylactide ester

groups than Al(III) compounds due to their larger ionic radius.
3) Effect of residual unreacted lactide or lactic acid on thermal degradation

Residual lactide and lactic acid in polylactide samples can cause a weight

loss at lower temperatures.®® However, the thermal degradation temperature of
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polylactide samples is unaffected once lactide or lactic acid is removed by low

temperature isothermal treatment.

4) Effect of additives
Various additives have been used to enhance the thermal stability of
Polylactide. For example, peroxides were added to stabilize polylactide
Melts.**4 |t was proposed that peroxides could deactivate residual metal
Catalysts and introduce branches on polymer chains to counteract chain scission.
When mixed with crude polylactide prior to processing, tropolone (2-hydroxy-
2:4,6—cycloheptatrienone), stabilized polylactide during melt processing by

formi g chelating complexes with tin.*®
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1.6. Hydrolytic degradation

The most attractive feature of polylactide is its degradability. It contains a
high density of ester groups in the main chain and degrades through their
hydrolysis. The hydrolytic degradation of polylactide has attracted much attention
during the past two decades because of the polymer's potential as degradable
Medical and consumer products as well as the existence of many factors which
Can influence the degradation process. Despite some important advances, some

Controversies still exist in the literature.
The hydrolytic degradation time for polylactide samples varies from a
Couple of weeks to several years depending on the polymer molecular weight,
Crystaallinity, chemical composition, purity, size, additives (incorporated drugs),

Medi wam pH, and temperature.

surface erosion

Hydrolytic degradation Enzymatic degradation
in phosphate buffered solution

Y\gure 1.5. Bulk erosion and surface erosion in biodegradable polymers
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1.6.1. Degradation mechanisms
There are two types of degradation processes: bulk erosion and surface
erosion (Figure 1.5). Surface erosion is observed when the rate of water
diffusion into the polymer matrix is lower than the rate of converting the polymer
into water soluble oligomers. Polyanhydrides and polyorthoesters, which contain
Chemical bonds highly sensitive to hydrolysis, are examples of materials that
exhibit surface erosion.***” The hydrolytic degradation of polylactide follows a
different mechanism - bulk erosion. Polylactide degrades through the hydrolysis
Of ester bonds generating one carboxylic acid and one hydroxyl group for each
Sstesr hydrolyzed. The carboxyl groups thus formed catalyze the hydrolysis of
Othe &~ ester bonds and increase the degradation rate, a phenomenon known as
autocatalysis. A feature of bulk erosion is that the molecular weight of the
Sanm ple decreases from the beginning of the degradation process, but weight loss
can  ©nly be observed after extensive cleavage of ester bonds and the formation

of Water soluble oligomers.

Small-sized polylactide particles and devices such as thin films and
macro/nanospheres are thought to degrade homogenously, however, much
taster degradation rates have been reported for the interior of large amorphous
polylactide samples.*® The surface-interior differentiation was obvious due to the
formation of a hollow structure. GPC data also revealed a bimodal molecular
wegN\\ distribution. This degradation phenomenon is termed heterogeneous
degradation and can be explained by a reaction-diffusion mechanism. Before

degradation the polymer sample is homogeneous in terms of molecular weight
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and molecular weight distribution. Once placed in a degradation medium, water
penetrates into the polymer sample resulting in homogeneous hydrolytic
cleavage of ester bonds throughout the sample. This macroscopically
homogeneous hydrolytic degradation continues until water-soluble oligomers are
Q9enerated. Those oligomers generated on or near the surface can escape from

the matrix, dissolve in surrounding medium and are neutralized by the buffer.
However, the oligomers generated inside the matrix cannot diffuse out of the
Sample, especially when the degradation temperature is lower than the glass
transition temperature of the polymer. As degradation proceeds, acid-terminated
Oligosmmers accumulate at the core of the polymer leading to enhanced
Autoc=atalysis.  Thus, the core of the polymer specimen degrades at a much
faste» v rate than the shell, resulting in surface-interior differentiation. The bimodal
mole@ cuylar weight distribution reflects the existence of two polymer populations

tha® degrade at different rates.

1.6.2_ Factors affecting the hydrolytic degradation of polylactide
1) Monomer
The effect of a small amount of monomer remaining in polymer samples
on hydrolytic degradation was investigated by Ikada.*® Accelerated hydrolysis of
as-polymerized amorphous samples was observed compared to purified ones
@SN\ ¥ the monomer content was as low as 5 wt%. During degradation
experiments, residual monomers can be extracted from a matrix or hydrolyze to

give a hydroxy acid. The hydrophilicity of the hydroxy acid not only enhances the
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diffusion of water into the polymer matrix, but also catalyzes the hydrolysis of
other ester groups. Reproducible degradation results require monomer-free

samples.

2) Crystallinity
In crystalline poly(L-lactide), hydrolytic degradation was found to occur
Preferentially in amorphous regions. For samples of the same molecular weight
in phosphate-buffered solution, samples with higher degrees of crystallinity
Showed faster declines in molecular weight, and the crystallinity of all films
incres ased monotonically with hydrolysis.*® Due to looser chain packing, the
diffussion coefficient of water is higher in the amorphous regions of a semi-
Crystaliine polymer than in the crystalline phase. There are two types of
aMO rphous regions, the amorphous region between the lamellae of spherulites,
anA  Free amorphous regions. Hydrolytic degradation occurs preferentially in the
amMOrphous region near the surface of lamellae because of a high concentration
ot Y@rminal carboxyl and hydroxyl groups, which are excluded from the crystalline
©Qon during crystallization. A higher initial crystallinity can introduce more
detects in the amorphous region, thus leading to easier water penetration and

faster degradation.>

3\ Ad<Aivives
When drug delivery systems are considered, the effect of loaded

compounds on the hydrolytic degradation of the polymer matrix is particularly

28




interesting. If an acidic compound is incorporated, it accelerates the degradation
of the polymer matrix. However, a basic compound can act as either a catalyst
or an acid neutralizer. Its effect on the degradation of the polymer depends on
the relative importance of the two effects. For example, when coral was
incorporated in polylactide for bony tissue regeneration, it mainly neutralized
Carboxyl end groups and slowed the degradation rate by eliminating the
Autocatalytic effect.>’ However, when the base was caffeine, its effect on the

degradation strongly depended on the loading concentration.?

4) Effect of copolymers
Copolymers of polylactide, such as poly(lactide-co-glycolide) were
Syntwesized to tailor the rates of degradation. A copolymer of 50% rac-lactide
anA s509 glycolide degraded faster than both homopolymers and copolymers
withh  other compositions. Surprisingly, there was no linear relationship between
the@ copolymer composition and the degradation rates. This effect may be related
0 Crystallinity in the polymer since the homopolymers have a higher degree of

ctystallinity than the copolymers.
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1.6.3. Degradation models
Rarmdom chain scission and autocatalysis models have been constrcted
for the wmolecular weight and sample weight change during hydrolytic
degradation. The random chain scission model® is based on two assumptions:
each ester link has equal probability of being attacked by water, and dn/dt, the
rate of breaking links is proportional to n, the number of links present in the
system.
dn/dt = kn
The degree of degradation, a, is defined as the number of broken links per chain
divided by P, the original degree of polymerization the chains.
a =( Mn(0)/Mn(t)-1)/(Po-1)/
M) is the initial number average molecular weight and M,(t) is the number
average molecular weight at degradation time t. Thus, at any time during the
degra <t axtion process,
n=ng-ang = ne(1-a)
and
- d[no(1-a)l/dt = kno(1-a)
l"'tegl'-':lting and using the approximation -In(1-a) = - a gives
a =kt
49 when Py>>1

Mn(0)/Mn(t) — 1 = kPot eq. 1.1
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In the autocatalysis model, the cleavage of ester links is catalyzed by
carboxylic acid end groups in the system at a rate proportional to the
concentration of acidic end groups (eq. 1.2).5*%°

d[COOHY/dt = k’[H-Oj[ester][COOH] eq. 1.2
where [COOH], [ester] and [H-O] are the concentration of the terminal carboxyl
groupss, ester groups and water in the system repectively. k” and the following k’
and k aare rate constants.

When the number of chain scissions is small, both [H20] and [ester] can

be considered to be constants and combined with k”.

So, d[COOHJ/dt = kK{COOH]
Since [COOH] « 1/M,
In[Mn(0)/Mn(t)] = kt

Thae Prout-Tompkins equation (eq. 1.3) was applied by Ramtoola to
evaluate mass loss from poly(lactide-co-glycolide) particles.® The original model
was bass @d on auto-catalytic thermal decomposition of potassium permanganate.

The expression is as follows:
In[x/(1-x)] =kt + m m= -ktmax eq. 1.3
Where x is the fractional mass remaining at time t; k is the rate

CONStay weight loss and tna is the time to achieve 50% weight loss.
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1.6.4. Enzymatic degradation

The enzymatic degradation of polylactide follows a surface erosion
mechanism because the size of an enzyme prevents it from diffusing into the
pPolymer matrix. Enzymes that degrade polylactide include pronase, proteinase-K
and bromelain. Proteinase K preferentially degrades L-lactyl units, and the
hydroly/sis rate decreases for high concentrations of D-lactyl units, and when the
distribastion of the D and L monomer units becomes more random.*’*® For
Crystalline poly(L-lactide), enzymes selectively attack amorphous regions rather
than crystalline regions,” and as the degree of crystallinity increases, the
enzymatic degradation rate decreases. The degree of crystallinity of poly(L-
lactide) s amples also increases upon degradation due to preferential degradation
and partial crystallization of the amorphous region. Due to the specificity of
eénzymess . a two-component blend, composed of poly(L-lactide) and poly(e-
caprolact one), can be selectively degraded to yield porous biodegradable

polyeste v~ materials.®

1.6.5. WBjodegradable polymers as drug carriers

Orug release from biodegradable polymers is a complicated process,
which ©ccurs by several, often simultaneous, mechanisms such as diffusion
through intact polymers, diffusion through water-swollen polymers and surface
lay ®F'S. or bulk erosion of polymers. The importance of each individual

me - .
ch SMaumism in drug release depends on the composition and molecular weight of
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the polymer matrix, particle size, the nature and content of incorporated drugs as
well as fabrication methods.

The three general cases are diffusion control (polymer erosion slower than
the diffusion processes), erosion control (polymer erosion is the fastest process),
and control by swelling (diffusion of water into the polymer is faster than polymer
erosior, but slower than polymer relaxation). In some studies,®"®? biodegradable

Polymer erosion was not observed during the period when drug release took
Place, and the only advantage in these systems would be the eventual
disappearance of drug carriers though degradation.

N anopatrticles are defined as solid particles ranging from 1-1000 nm in
size. PPolymeric nanoparticles can be prepared by polymerization of reactive
monomers in a dispersed phase or from preformed polymers. Drawbacks of the
first Strategy include the use of large volumes of organic solvents and the
Préesencex of residual monomers, catalysts, and solvents. The second strategy
offers = more promising approach especially when biodegradable and
biocom > atible polymers such as polylactide and its copolymers are used as the
Polyme v yatrices.

N/ arious methods have been used to prepare nanoparticles from
Preforryeq polymers including emulsion-evaporation, solvent displacement (nano
PreciD & tion), emulsification, solvent diffusion, and dialysis. These methods are
simila - in that they all require an organic solution containing the nanoparticle
COMP < pents and an aqueous solution with or without stabilizers. At present,

em = . .
u'%'on-evaporation is the most widely used method, but it poses problems
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such as removal of solvent and surfactant residues due to their toxicities. In

addition, a homogeneous emulsion is required to produce nano-sized particles.

The conventional procedure, ultrasonication, can sometimes induce chemical
reactions or polymer degradation.

Recently, a dialysis method using amphiphilic materials was developed for

the pre@paration of nanoparticles with narrow size distributions.®*% It also proved

to be a simple and effective preparation method for poly(lactide-co-glycolide)

nanop articles.®




1.7. Random copolymers of polylactide
Despite the attractive properties of polylactide, it is difficult for polylactide

to fulfill all applications due to its high crystallinity, hydrophobility and a lack of
functional groups. Copolymerization of lactide with other monomers has been

intensively investigated to better control the degree of crystallinity as well as its

degradation behavior.

o} o)
O’LO \/u\o o )OL
o —— oot
0 n m
T™C o poly(lactide-co-TMC)

trirmethylene carbonate

0 7 0
o, \)ko . F O\NJHO)LOM
o\f\

(o]
DTC .
oly(lactide-co-DTC
2,2 —dimethyl-trimethylene poly( )
carbonate
X i it
o O
. ¥ Forttfolo
e o " '"
(o]
°HTC
=,2-[2-pentene-1,5-diyi]- poly(lactide-co-°HTC)

Trimethylene carbonate

Scheme 1.5. Copolymers of lactide and carbonates
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1.7.1 Copolymerization with carbonates

The carbonates that have been copolymerized with lactide include
trimethylene carbonate (TMC), 2,2-dimethyl-trimethylene carbonate (DTC) and
2,2-[2-pentene-1,5-diyl}-trimethylene carbonate (“HTC) (Scheme 1.5). The
carbomnate linkage is more hydrophobic than an ester, and copolymers of
carborates and lactide are expected to be more stable toward hydrolytic
degra dation than polylactide.

The homopolymer of TMC is an amorphous or poorly crystalline material
with a glass transition temperature of ~ —18 °C. The melting temperature,
Crystallinity, and glass transition temperature of polylactide decreased with
increasing TMC in the copolymers.5%® Copolymers with mechanical properties
ranging from brittle and highly crystalline to rubbery and flexible, can be prepared
by adjusting the monomer feed ratio. For example, polyglycolide, an analog of
W'V(L'lactide), is highly crystalline, stiff (melting point around 219 °C) and fails to
meet the material requirements for surgical sutures. Copolymers containing
TMC hawve been developed for flexible, strong and absorbable monofilament
sulures . Atthough poly(lactide-coTMC) was more stable toward in vitro
hydroly tic degradation conditions, in vivo degradation revealed a much faster
degrac ation due to an enzymatic degradation process. Thus, incorporation of
TMC iy polylactide leads to increased shelf life and faster in vivo degradation.

The DTC homopolymer is crystalline (mp ~108 °C) with a glass transition
Mpe rature of ~ 27 °C. Poly(L-lactide-co-DTC) copolymers containing 11-88

mol<~ . ,
= DTC are amorphous despite the fact that both homopolymers are
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crystalline.”>’' When the DTC content in the copolymer is higher than 50 mol%,
the glass transition temperature is below normal body temperature (37 °C). This
may have important implications for biomedical applications, since both
mechanical properties and degradation rates change dramatically at the glass
transition temperature.

CHTC, a cyclic carbonate containing a cyclohexene moiety, was
copolyrmerized with L-lactide to introduce unsaturated C=C double bond groups
in the copolymer and provide opportunities for further modifications such as
epoxidation.”?”® The incorporation of “HTC decreased the glass transition and

the me Iting temperature of poly(L-lactide) as in the above cases.

1.7.2. C opolymerization with caprolactone and its derivatives

P oly(e-caprolactone) is a semi-crystaline biocompatible and
biodegraa dable polyester with low melting temperature (63 °C) and low glass
transitio w— temperature (-60 °C). It degrades with a half life of one year in vivo
and poss sesses higher permeability than polylactide, which is hardly permeable to
most Awygs. Thus, a wide range of drug delivery matrices with adjustable
ProP@rties can be achieved by combining the features of both polymers through
COPOYY  merization (Scheme 1.6).747® Substituted caprolactone derivatives were

also < ©polymerized with lactide.”””
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poly(lactide-co-caprolactone)

Scheme 1.6. Copolymerizations of lactide and caprolactone

1.7.3. Copolymerization with morpholine-2,5-dione derivatives

The hydrophobicity of polylactide and its lack of functional groups has
Mmade it unattractive as a carrier for water-soluble drugs such as peptides and
Proteins. One attempt to improve hydrophilicity and provide functional groups is
the synthesis of polyesteramides from morpholine-2,5-dione derivatives that have
amino, carboxylic and hydroxy side chain functional groups. o-Amino acids such
as lysinex 7% glutamic acid®' and aspartic acid®* have been copolymerized with
lactide k> an indirect method. After protecting their side chain functional groups,
the amimno acids were condensed with 2-bromopropionyl bromide to give
morPho \ §ne-2,5-dione derivatives (Figure 1.6), which can be copolymerized with
lactide o nq deprotected.

“Yhese morpholine-2,5-diones polymerize poorly, giving low polymerization
rateS  =nd low molecular weights. Copolymers with lactide were synthesized to
oVercame this difficulty and take advantage of the desirable physical properties
of leylactide. During homopolymerization and copolymerization, the ring

oPenihg of the morpholine derivatives proceeded exclusively by the cleavage of

the
S = terbond.
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The deprotected functional group can be further modified to improve

r79.80

polylactide-cell interactions. For example, Lange reported the synthesis of

poly(lactide-co-lysine) and attachment of a cell adhesion promoting peptide to the

copolymer’s primary amino group.

Ficgware 1.6. Various morpholine-2,5-dione derivatives copolymerized with

lactide
1.74.  Copolymerization with glycolide and other substituted glycolide®

Polyglycolide is highly crystalline with a low solubility in most organic

solvents, Copolymerization of glycolide with lactide provides a ™ethod for
distuPting the crystallinity and tuning the degradation rate. The absence Of
methyl  gubstituents on the glycolide ring makes the mongomer MOre reactive
toward ring opening polymerization due to reduced steric hingrance- Copolymers
of lactiy ¢ with substituted glycolides such as ethylglycolide and isopropylglycolide
have bgen studied by Yin and Wang (Scheme 1.7).2*  Random copolymers
with Qlnss transition temperatures ranging from 15 — 66 °C were prepared by

Varyi"s the feed ratio of |actide and ethylglycolide.
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Scheme 1.7. Copolymerization of substituted glycolides with lactide
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1.8. Block copolymers
1.8.1. General

Block copolymers are macromolecules comprised of blocks or
homosequences that are joined at their ends. Different block copolymer
architectures can be realized by using synthetic procedures that control the
connectivity of the blocks. The most common block copolymer architectures are
AB diblock, ABA(C) triblock, comb, star and multiblock copolymers.

Block copolymers are different from polymer blends in that the blocks are
chemically linked. Besides displaying the properties of each block, block
copolymers often microphase separate and give rise to interesting physical
behavior_ |n a heterogeneous polymer blend, polymers phase separate at the
macrosc opic level which leads to domains >100 um that can easily been seen
under an optical microscope. Since the blocks of a block copolymer are
chemicaylly joined to each other, as they phase separate they must place the

. . ihe
junction petween the two blocks at the interface between the phases- Thus

xo severa

domains must be small, on the order of several nangme'®™ e
en ©

MmiClOMeters.  This microphase separation can lead ‘° Sxammees ot
\\
s\

morPhologies and thus new properties. One of the most sLs «=c° derV
1S

. e
MICIOP hase separated block polymers is thermoplastic elas«tom s wheré
ymer=

polysty rene-polybutadiene-polystyrene  ABA  block < opP° P
utadlen .

b

polystyrene forms spherical domains in a continuous Maat gix of POl
act as
Polystyrene has a glass transition temperature above 80 ¢ and ¢a"

. K
physical crosslinkers for the polybutadiene softblock  ymagrix. The bloc
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copolymers are thus elastomers at room temperatures while still processible at
temperatures higher than the glass transition temperatures of polystyrene
because the polymers are not chemically crosslinked.

Microphase separation behavior also leads to important applications such
as adhesives, compatiblizers. For instance, diblock copolymers can be used to
decrease the size of phase separated domains, decrease the interfacial tension

and improve the mechanical properties of immiscible blends.®>%®

1.8.2. Phase separation and morphology
W hen two polymers are mixed, more often than not, they are immiscible
and phasse separate. The free energy of mixing AGw is given in eq. 1.4:
AGy =AHy - TASH eq. 1.4
where AH,, and ASy are the enthalpy and entropy of mixing respectively and T is
temperature. Usually polymers have very small values of ASy due to their high

. C erefore,
molecu|a, weight and ASy decreases as molecular weight increases- ™
AGw
: o . et o TMa¥e
a slighttly positive enthalpy due to endothermic mixing is SUEHIC'S®
e“d.\“g
P\ dep

Microphase separation leads to different classes of s“u JocKS» b
c

positive, resulting in phase separation.
oth [

on the pjock copolymer composition. For non-crystalizato> W « o5 If the
hasé>

and B bjocks form random coils and segregate into separafe P
;o Na
space requirement of the A blocks matches that of the B3 gojocks: 6~
A and B

where N, and Ns are the number of monomer units j, plocks

respectively, then, lameliae with altemating A and B blocks iy form (Fig”’ e 17
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C). [ Na << Ng, packing in lamellae would either dissatisfy the requirement of a
densest packing of segments, or lead to a large deviation from the unperturbed
coil structure. Thus small A blocks will form spherical domains in the continuous
matrix of B blocks (Figure 1.7 A). For larger Na (still N < Ng), A blocks will
assemble into cylindrical domains in a continuous matrix of B (Figure 1.7 B). In
addition to the ordered spheres, cylinders and layers, a bicontinuous structure

existin a narrow range of N/ Ng, between the cylindrical ad lamellar phases.

7

|
B c

Figure 1.7. Morphologies of AB block copolymers. White portions represent
block A, while dark portions represent block B of the AB block copolymer
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1.8.3. Block copolymers with poly(e-carprolactone)

Block copolymers of lactide and caprolactone combine the good
permeability of polycaprolactone with the relatively fast degradation rate of
polylactide, providing controllable periods of biodegradation and drug release.
They also act as blend compatiblizers for polylactide blends because
polycaprolactone is known to be miscible with many commodity polymers such

as poly(vinyl chloride) and polycarbonates.

& cat, O{gzo /F‘)\/\/\/otb/Lo ]L

0 polycaprolactone-b-polylactide

Scheme 1.8, Block copolymer of lactide and caprolactone

L.a&ctide and caprolactone can be polymerized by common metal catalysts

n
such as AIOR); and Sn(Oct). The terminal hydroxy group ©of ©2¢
homopolymer can be considered as the initiator for the ne® sone
“Gap‘o\a
pPolyme rization. In reality, block copolymers are obtained onlyy W goown
S
. SO™
is POly'rnerized and then used to initiate lactide polymer‘\za“ ey ‘anGO‘“
oV® -
Scherme 1.8% When the order of polymerization wea =s grization

Ik PO
copPolymers of lactide and caprolactone were obtained und e g 4

conditions,  The formation of random copolymers wa

is moré
transesterification reactions. The hydroxy chain end of polycapro/actone

i . rs. The
reactive than that of polylactide due to both electronic andf steric facto
polylactige hydroxy chain end is less nucleophilic because it s  to the electron

A4
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withdrawing carbonyl group. In addition, the a-methyl group of the lactyl end

group sterically hinder nucleophilic attack by the hydroxy end group. Since the
occurrence of transesterification largely depends on the reactivity of the hydroxy
end groups in the polymerization system, growing the polycaprolactone after
lactide favors transesterification.

To bypass the chain end reactivity issue and synthesize triblock
copolyrmers with polylactide as the center block, Song® used a bimetallic catalyst
to polymerize caprolactone followed by lactide. By extending the polylactide
chain with ethylene oxide, they were able to obtain active initiating sites for ring

opening polymerization of caprolactone (Scheme 1.9).

(o)
Q 0 |
Teyssie Cat.  ethylene oxide ,()l\/\/\/
A O)If\/o)\H
0 2-4
oi o)
3
Cat.

o Y,
%’\/\/\/Ot(\g,L O)n»(f\/oztﬁg\/\/\

rs
Scheme 1.9. Lactide and caprolactone triblock cop & yﬁ'e

45




1.8.4. Block copolymers with poly(ortho ester)s

The poly(ortho ester)s are a family of hydrophobic biodegradable
polymers, which under certain conditions, undergo hydrolytic degradation by a
surface erosion mechanism. Because the ortho ester linkages in the polymer are
very susceptible to acidic conditions, acidic additives are usually physically
incorporated into the polymer to accelerate the rate of degradation. This

approach can be problematic because the additives can diffuse out of the

Ho/l\yo(ow)?\oﬁm
/=<Z:><:Z>=/ HOM‘OH

p-TSA
THF

XS
Scherne 1.10. Poly(ortho ester) containing short polylactides p\°°

o
\é)‘\\r(?\ + HOMOH

o

polymer matrix leading to a complicated drug release profi\ &- e 1.10)
problem, self-catalyzed poly(ortho ester)s were synthesizex 691,93 K . Thus the
by linking the poly(ortho esters with short segments of  § =cti€ acit
degradatjon products from lactic acid segments cat=alyz€

degradation of poly(ortho ester)s and the surface erosion charaaferistics of

poly(orth ¢ ester)s are maintained.
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rubbe
185, Copp@'ymers with ry blocksg

The Mmechanical PYOPEIties of polyjacye especial By~

lactide), need 1o be improved for certain appjic s For Sxample, 4y,
i Opedic

applications require an iIMprovement in impacy (ogistance gny i POl iactide *<
elongation at break. CopolymerZation of pqyylactide with elastomers cars
addres s these prob\ems and lead 1O Materials wrixy, tuned mechanical properties-

Poly(dimeti wylsiloxane) (PDMS), a biocow—w, patible material with a low glass
s the
ransition tempere g yre and high oxygen and Waa ter permeability, was used 2°

_Jactide-b-
rubbery block for E—oly(L-lactide) copoiymers.“-Ss The muttiblock poly(- \a

. 4o OVgome™
PONSS) was prom» s=red by polycondensation of Esifunctional polylactid® °

pws e

and FDMS oig0 w—wr—grs (Scheme 1.11). Triblock copolymers with P whe

. ide 0
cente y DIOCK Were=a  gynihesized by fing opening polymerization of L-12C!

pesance o S wyqroxy terminated PDMS macroinitiator. These materials

eMibited good @lastomeric properties.

. 96
Diblock Copolymers of lactide and butadiene,™ isoprene®” an

thylen g%
(Scheme 1.12) were synthesized by @ combination of living anion;,, ang
. rin
opening polymerizations.  Poly(ethylene-b-L-lactide) pProved to be , I
Goog

compatiblizer for poly(L-lactide)/polyethylene blends.
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Scheme 1.12. Block copolymers of lactide with olefins

49



1.8-6. Block copolymers with poly(ethylene oxide)

Poly(ethylene oxide) (PEO) is a water soluble and biocompatible
polyether, and has been approved by most countries as a food additive.
Because PEO is highly flexible and provides no binding sites for proteins,
polylactide-b-PEO copolymers show less protein and cell adhesion, which makes
specific attachment possible by intentional immobilization of bioactive factors.
Block copolymers of PEO and polylactide also represent a class of
biodegradable/biocompatible polymers with balanced hydrophobicity and
hyd rophilicity.

Linear diblock or triblock copolymers with PEO as the central block have
been made using hydroxy or dihydroxy terminated PEO as the macroinitiator
(S «<heme 1.13).%'% Triblock copolymers with polylactide as the central block
We&re prepared by coupling two diblock copolymers with hexamethylene
diisocyante (HMDI) (Scheme 1.13).

L-lactide and ethylene oxide multiblock copolymers were synthesized

WUsing an initiator generated in-situ from AlR3 and H.O (Scheme 1.13). Although
thee ring opening polymerization of both monomers was carried out in one pot, the
Copolymers apparently are blocky, since it contained two distinct crystalline
Phases.'”

Graft copolymers were prepared to promote hydrolytic degradation of

POlylactide. During hydrolytic degradation, the oligomers generated would reach
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Scheme 1.13. Block copolymers of lactide and ethylene oxide
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e Wnresnod ot waker solubility much more rapidly because they are composed

ot ‘ooth PEO and polylactide segments. In graft copolymers, both polylactide and

PEO can serve as the backbone or teeth. Graft copolymers with PEO as the

backbone and either polylactide or polyglycolide as the teeth were prepared by

condensation of a PEO oligomer bearing an epoxy group at each end with a

second PEO oligomer terminated with two carboxylic acids. Ring opening

polymerization of lactide and glycolide was initiated from the pendent hydroxy

groups to give a graft copolymer (Scheme 1.14).'® Graft copolymers with

Polylactide as the backbone were prepared as shown in Scheme 1.14.'

One practical limitation in applications of poly(lactide-b-ethylene oxide)

€O P olymers is the PEO block length. Although PEO is biocompatible, it is non-

degradable, and due to its large hydrodynamic volume, PEO with molecular

Weights >10,000 g/mol cannot be filtered through human kidney membranes and

©liminated from human bodies. To solve this problem, star-shaped copolymers

Were prepared'’®'"" because their hydrodynamic volumes and solution

Viscosities are lower than for linear copolymers with the same composition and

Molecular weight. Thus larger blocks of PEO can be incorporated into star-

Shaped polymers to increase the hydrophilicity of the system without affecting the
©<cretion of the degradation products.

Block copolymers of lactide and ethylene oxide with cross-linkable end

9roups were also synthesized to form core-polymerized stable nanospheres''?

AN d scaffolds for tissue engineering.
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Scheme 1.14. Graft copolymers of lactide and ethylene oxide
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One application of block copolymers of lactide and ethylene oxide in drug
delivery systems has focused on developing systems that can form in situ drug
delivery matrices in the body. Although microspheres with encapsulated drugs
can be fabricated from these block copolymers and injected into the body, the
fabrication process is usually complicated and requires the use of organic
solvents, which sometimes cause denaturation of proteins incorporated in the
microspheres.

The notion of forming an in situ drug delivery system is based on the fact
thaat block copolymers of lactide and ethylene oxide can undergo reversible
terwperature-dependent sol-gel transitions in aqueous environments. The
ge llation temperature can be tuned by varying the composition of the block

CoOpolymer architecture as well as its concentration.''!

For example, the
PSlymers can be dissolved into water to form a homogeneous solution (sol) at
YO om temperature, and once the solution is injected into human bodies, it quickly

Qeis in situ to form a drug delivery matrix as shown in Figure 1.8.

Gel (37°C) Sol (r.t.)

Figure 1.8. Sol-gel transition in lactide and ethylene oxide
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1.9. Atom transter radical polymerization (ATRP)

The past few years have witnessed the rapid development of transition
metal catalyzed atom transfer radical polymerization (ATRP). ATRP has been
widely used in the literature to prepare polymeric materials with novel
functionalities, compositions and architectures.''>'"?

ATRP is one of the most versatile systems among the recently developed

controlled radical polymerization methods.'® It is based on establishing a rapid
dyramic equilibration between a low concentration of active free radicals and a
large concentration of dormant species. The well accepted mechanism for ATRP

Is shown in Scheme 1.15. In the initiation and propagation steps, the radicals or
acCtive polymer sites are generated by a reversible transition metal mediated
re& dox process, where X and Y are (pseudo) halogens. The transition metal (Cu
for example) undergoes a one-electron oxidation with abstraction of a (pseudo)
halogen atom X from the dormant species. The process is reversible with the
Fate constant of activation being kact and the rate constant of deactivation being
Kaea. The active species can grow by addition of monomers or terminate by
Coupling or disproportionation with the rate constants of propagation and
te rmination being kp and k; respectively. In well-controlled ATRPs, the position of
the equilibrium between the dormant and active species favors the dormant

Species to ensure low radical concentrations and minimize bimolecular chain

t© rmination reactons.
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The catalyst activity is strongly dependent upon the ligand. Various
bidentate and multidentate nitrogen-containing ligands were developed (Figure
1.9) to tune the activity of copper halide catalysts. Tetradentate ligands such as
MesTREN form more active catalyst/ligand complexes and lead to well controlled
ATRP even at room temperatures.'”® Ligands also help solubilize transition
metal halides in monomers or solvents. Long chain alkyl groups on bipyridine
rings can improve the solubility of copper catalysts and lead to homogenous
polymerization conditions.

Ligands also play an important role in catalyst removal and recycling.
Schiff base ligands were covalently bound to silica ge| and cross-linked
polystyrene beads for ease in catalyst separation and recycling, '2

Upon abstraction of one halogen atom by a cy() complex, the

coordination number as well as the coordination structure changes- The
determination of the active catalyst structures remains a challenge, and the exact
structure of the active species in the Cu/bpy system is not yet com poletely clear.
In the proposed Scheme 1.16, Cu(l)(bpy)z exists in a tetrahedral geometry, and
upon halogen abstraction, the coordination sphere of copper expands to

accommodate the extra halogen by adopting a trigonal bipyramidal geometry,

4) Solvents
ATRP can be carried out in bulk, in solution or in heterogeneous systems
such as emulsions and suspensions. Generally, solvents are used for better

heat transfer and minimization of viscosity problems. If the resulting polymer is
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not soluble in its monomer, as in the case of polyacry/lonitrile, a solvent is
indispensable. The solvent should be chosen to minimize chain transfer and

other solvent assisted reactions.

® @
—/ \— I ' |
\ / Kact ~ 1 M1s? \
_ 7 A
PaBr + d — Po + Br—CY

"f-‘ Kdeact ~ 107 M1s1 |
3\ P

kp ~ 103 M''s?
PaPm

Scheme 1.16. Proposed Cu(l) and Cu(ll) species using bpy as the ligand
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1.10. Combination of ring opening polymerization and (controlled) radical
polymerization
Ring opening polymerization and (controlled) radical polymerization are

both widely used in polymer synthesis. A combination of both polymerization

methods can lead to interesting polymer structures and properties. In general,
four strategies, end group transformation, the use of difunctional initiators,
difunctional monomers and functional macromonomers have been employed to

combine these two polymerization methods.

1) End group transformation

End group transformation converts the propagating center from the first
polymerization to the initiating species needed for the second po|ymerization.
This technigue has been used to prepare block copolymers'?” and dendrimefsm
using two or more mechanistically incompatible monomers. For example, ing
opening polymerization of caprolactone by Al(Oi-Pr); placed an esster group on
one end and a hydroxy end group on the other end of the poly caprolactone
chain. The hydroxy chain end was transformed into an ATRP initiator moiety by
reaction with 2-bromoisobutyrylbomide, and then used to initiate the ATRP of

butylacrylate by a nickel or copper catalyst (Scheme 1.17).

2) Difunctional initiators
Difunctional initiators are molecules with two initiating sites. The use of

difunctional initiators can avoid problems encountered in end group
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transformiation such as a low concentration of the active species and time-
consumirng separation and purification steps. The greatest advantage of such a
strategy is that block copolymers can be prepared in a minimum of steps without
intermediate functionalization reactions. In cases where the two polymer

mechanisms are compatible, one-pot synthesis of block copolymers are

possible. %°
o
1) ProH ‘S‘)LB
Toluene r
AEt; —75°C *’Pro{ﬂ/\/\/\o}H Br
2) caprolactone o " Pyridine
3) 1N HCl 3 THF

O

(@)
mx
Pro ON \/lko'Bu R
n Br NIBrz(Ppha)z 90 OC

or CuBr, diHbipy 110 °C

o)
Pro o Br
n m
o 0”0

By

Scheme 1.17. Block copolymers synthesized by end group transformation

Several research groups have applied this strategy to dual radical ang ring
opening polymerizations. For example, the product of the alcohol exchange
reaction between AI(O-Pr)s and benzopinacol can be used as a difunctional

initiator since the substituted tetraphenylethane moiety in the initiator thermally
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decomposes to initiate the radical polymerization of MMA &nd styrene, while the
Al-alkoxidle bond can initiate the ring opening polymerization of caprolactone.‘3°
In a preparation of shell-cross-linked nanoparticles, Wooley et al. used
another difunctional initiator, AI(OCH,CBrs)s, to initiate the ring opening
polymerization of caprolactone and the ATRP of tbutylacrylate.'”’ Combined
ring opening polymerization of caprolactone and nitroxide-mediated “living”

radical polymerization of styrene were realized by employing a difunctional

initiator bearing a primary alcohol group and a nitroxide moiety. (Scheme 1.18)

3) Difunctional monomers
Difunctional monomers provide a Nnew way t0 manipulate the structures
and propetties of polymers through controlled block or graft po|ymerizations.
Hedrick et al. reported the synthesis of graft hyperbranched and crosslinked
polymer systems using functional monomers via a combination of ing opening
polymerization and controlled radical polymerizations.

The ring opening copolymerization of monomer A in Figware 1.10 with
lactide yielded an aliphatic polyester containing pendent acrylate groups. UV or
radical initiated polymerization of the resulting polymer gave a crossjinkeq
system.” Functional monomer B in Figure 1.10 was copolymerized sequentially
with caprolactone and MMA in a one reaction. It acted as both a monomer and

an initiator for ring opening polymerization and ATRP respectively.'?!
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Scheme 1.18. Block copolymers of caprolactone and styrene synthesized b
difunctional initiator approach ya



(@) O
(0] Q
T
\ Br
A B

Figure 1.10. Difunctional monomers used for wing opening polymerization

4) Functional macromonomers
Graft copolymers consisting of biodegradable and non-biodegradable
components are interesting examples of polymers whose physical and
mechanical properties are controlled >y composition, distripytion of the
comonomers in the chains, as well as thhe chemical nature ang length of the

backbone and graft segments.

A popular route to graft copolymers is to prepare Polymers with
macromonomers. Using 2-hydroxyethyl (meth)acrylate as an initiator, glycolide,
lactide, and caprolactone were oligomerized to give macromonomers, 313
Copolymerization of the macrormonomers with 2'hydfoxvethylmethacrylate,
MM A, acrylates or itaconic anhydride by either free radical or controlled ragical

polymerization gave the graft architecture (Scheme 1.19).
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Scheme 1.19. Graft polymers synthesized by the macromonomer approach
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Chapter 2 Polymandelide

2.1. General

The glass transition temperature (Tg) is an important physical parameter of
polymers since it defines the maximum temperature for which a polymer is
suitable for structural applications. Above T4, segmental movement of polymer
chains is possible and polymers are rubbery and elastic. Below T, polymers are
stiff and hard. The glass transition temperatures of all known substituted
polylactides are < 70 °C. This is an obvious limitation for applications such as
disposable packaging materials, where mechanical rigidity is important. For
example, a polylactide cup used for a hot beverage such as coffee would soften
and lose its original shape since the temperature of the liquid is above the glass
transition of the material.

To increase the T4 of polylactides, we used a simple strategy based on the
known structure-property relationships of commercial polymers as shown in
Table 2.1. By varying the substituents attached to a polymer backbone of
aliphatic carbon atoms, one can obtain polyethylene (PE), polypropylene (PP),
polyvinyichloride (PVC) polystyrene (PS) and other polymers. The glass
transition temperatures of these polymers range from —100 to 109 °C, and satisfy
the requirements of a broad range of applications.

Since the glass transition is related to mobility of chains, increasing the
chain stiffness or intermolecular interactions between chains increases T,. Thus,

either increasing the steric bulk of the substituents (e.g. methyl, and phenyl in the

75



Table 2.1. Glass transition temperatures of commercial polymers.

polymer abbreviation Tg (°C)
—CH-GH— PE -125
H
—CHy-CH— PP -8
o
—CHp-CH— PVC 81
&
—CH-CH— PS 109

structures shown in Table 2.1 or incorporating dipoles (e.g. Cl) increase T4 and
the chain stiffness. We expect to see the same trends in substituted polylactides.
Poly(phenyllactide), where the methyl group of polylactide is replaced by benzyl,
was examined as a potential high T, material. However, the glass transition
temperature of poly(phenyl lactide) is 55 °C, which is comparable to that of
polylactide. The relatively low Ty can be explained by the methylene unit that
links the benzene ring to the polyester backbone. The methylene unit reduces
the steric barrier for rotation around the polymer backbone, thus increasing the

flexibility of the polymer.
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A reasonable way to increase the T, of polylactides would be to make a
simple analogy to polystyrene, eliminate the flexible methylene unit and attach a
benzene ring directly to the polyester backbone. The systematic name of the
resulting polymer is poly[oxy(1-oxo-2-phenyl-1,2-ethanediyl)], but polymandelide
or poly(mandelic acid), common names based on the monomers used to
synthesize the polymer, are more convenient. The trivial name polymandelide
will be used for this degradable polystyrene mimic.

There has been minimal work on the synthesis of polymandelide and
copolymers. All reported syntheses have produced low molecular weight
polymers and the characterization of the polymers has been limited.
Polymandelide was first obtained accidentally by Okada and Okawara' from the
pyrolysis of a phenyl-substituted trimethyitin bromoacetate (Scheme 2.1 entry 1).
The IR and NMR spectral data for the resulting white solid are consistent with the
polymandelide structure. No molecular weight data were provided, but the
physical properties of the solid imply a low molecular weight product. In 1980,
the reaction of the a-keto acid phenylglyoxylic acid, with 2-phenoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane was used by Kobayashi® to synthesize
polymandelide (Scheme 2.1 entry 2). The deoxy-polymerization yielded a
polymer with a number average molecular weight around 2,400 g/mol as
determined by vapor pressure osmometry measurements. Tighe and Smith®
reported the first example of polymandelide synthesized by a ring opening
polymerization scheme (Scheme 2.1 entry 3). 5-Phenyl-1,3-dioxalan-2,4-dione

(the anhydrocarboxylate derivative of mandelic acid) was shown to undergo ring
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opening polymerization in the presence of tertiary organic bases such as pyridine
to generate polymandelide and CO,. The degree of polymerization was reported
to be 25-30. Pinkus* (Scheme 2.1 entry 4) prepared polymandelide by the
reaction of a-bromophenyllactic acid with triethylamine. GPC and viscosity
measurements indicated a degree of polymerization around 12-20, which was
comparable to that obtained by other methods. Domb® (Scheme 2.1 entry 6)
and Whitesell® (Scheme 2.1 entry 5) prepared polymandelide by
polycondensation of mandelic acid and by transesterification of the methyl ester
of mandelic acid. In both methods, p-toluenesulfonic acid was used as the
catalyst and either high vacuum or a Dean-Stark trap was used to drive the
equilibrium toward polymer formation. The molecular weights of the polymers
obtained from the polycondensations were below 3,000 g/mol.

Low molecular weight poly(lactide-co-mandelide) was synthesized by a
number of research groups.”'° The polycondensation method (Scheme 2.2 entry
1) was used to modify the thermal and mechanical properties of polylactide as

t"" described

well as to achieve desired degradation profiles. A Japanese paten
the first example of using mandelide, the cyclic dimmer of mandelic acid, as a
comonomer to prepare poly(lactide-co-mandelide) (Scheme 2.2 entry 2). Trans-
4-hydroxy-L-proline was melt condensed with lactic acid or mandelic acid
(Scheme 2.2 entry 3) to obtain new biodegradable copolymers with pendant
functional groups and improved degradability compared to pseudopoly(amino

acid).'? Thermal analysis showed an increase in T, with increased incorporation

of mandelic acid.
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Copolymers of mandelic acid with poly(butylene succinate) and
poly(ethylene adipate) were prepared by Yoon'® using mandelic acid and the
corresponding diacid and diol. Increasing the mandelic acid content decreased
the crystallinity and melting temperature of the polyesters, but increased the Tj.
As the mandelic acid content increased, mechanical properties such as
elongation and tear strength were enhanced in the copolymers. The
biodegradation rate of the poly(butylene succinate) copolymers also increased
due to the disruption of crystallinity caused by incorporation of the mandelic acid
monomer.

Blends of polylactide and polymandelide were prepared to study the
miscibility and the effect of the low molecular weight aromatic polyester on drug
release.> With triamcinolone (a steroid) as the model drug, the induction time for
drug release from a polylactide and low molecular weight polymandelide blend

decreased to half of that for pure racemic polylactide.
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2.2. Monomer

2.2.1. Synthesis of mandelide

OH
oH _PTSA_ oTo
o) xylenes A % 0 "u,©

91 %

RS:RR,S,S=1 @
%,

Scheme 2.3. Synthesis of mandelide from mandelic acid

Previous literature examples of mandelide syntheses were based on acid
catalyzed self-esterification reactions with reported yields < 20%. A likely cause
of the low yields is a high concentration of mandelic acid, which favors the
formation of linear oligomers. Mandelic acid was cyclized in the presence of p-
toluenesulfonic acid to form mandelide by a route based on literature examples
and results obtained by Simmons (Scheme 2.3)."* To favor intramolecular
cyclization, the reaction was run in a dilute solution (< 0.1 mol/L). The reaction
by-product, H.O, was removed azeotropically using a Dean-Stark trap, and the
conversion of mandelic acid could be roughly monitored by the volume of H,O
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collected in the Dean-Stark trap. Xylenes, toluene and benzene were
investigated as solvents for the condensation, and xylenes gave the best results
in terms of rate of the product formation and yield. Due to their low boiling points,
toluene and benzene gave low yields (< 10%) of cyclic dimers even after 2 weeks
at reflux. Using xylenes as solvent, mandelic acid was consumed within 3 days
and gave a mixture of R,S and R,R/S,S mandelide in about a 1:1 ratio. However,
when the reaction was allowed to continue for longer times (1 week) the R,S
mandelide isomer slowly disappeared and the content of R,R/S,S isomers
increased, eventually becoming the only cyclic dimers in the reaction system

(Scheme 2.4).

@h,” o. .0 Isomenze ,,,,' Oo. _.O
Ji heat r
Oo” O
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m.p. =137 °C before melting

Scheme 2.4. Isomerization of R,S mandelide to R,R/S,S mandelide
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2.2.2. Purification of mandelide

After cyclization, the reaction mixture contained cyclic dimers, oligomers,
p-toluenesulfonic acid and sometimes unreacted mandelic acid. Due to their
different solubilities in cold xylenes, the less soluble R,R and S,S isomers
precipitated when hot xylene solutions were cooled to room temperature, while
the more soluble R,S isomer and other components were soluble in the xylene
filtrate. Mandelic acid and cyclic oligomers were removed by washing with sat.
NaHCOj; solution. The majority of the remaining off-white powder was the R,S
isomer, which was then washed with hexanes and ether followed by
recrystallization from ethyl acetate. Another way to remove oligomers and acids
was to filter a cold xylene solution through a short pad of silica gel to remove all
components but the R,S isomer. Although this separation method is faster, the

yield is usually lower due to the adsorption of mandelide on silica gel.

2.2.3. Physical properties of mandelide isomers

All of the mandelides were obtained as white crystals. The R,S
diastereomer melts at 137-138 °C while the R,R/S,S isomers decompose around
210 °C without melting. Addition of R,R/S,S mandelide to the R,S diastereomer
decreases the melting point, as expected. The R,S isomer has relative good
solubility in typical organic solvents such as THF, CH.Cl,, CHCl3, ethyl acetate
and DMSO. In contrast, the R,R/S,S isomers are poorly soluble in the same
solvents, but do dissolve well in DMSO. Thus, NMR measurements were run in

deuterated DMSO since it readily dissolves all the isomers.
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2.3. Polymerization of mandelide
2.3.1. Melt polymerization

Mandelide, the phenyl derivative of glycolide, can be polymerized by a
typical catalyst used for the ring opening polymerization of glycolide and lactide —
Sn(Oct).. Due to the small amount of catalyst and initiator needed for most
polymerizations, dilute stock solutions of catalyst and initiator were prepared.
The desired aliquots were injected into the reaction vessels, and after removing
solvents, the monomer/catalyst/initiator mixture was sealed in a tube under
vacuum for melt polymerization. t-Butylbenzyl alcohol (BBA) was chosen as the
initiator because the t-butyl group provides a distinct peak on NMR spectra which
can be used for calculating number average molecular weights.

The sealed tubes were put into a thermostatted oil bath set at 160 °C,
above the melting point of the R,S isomer. After desired intervals, tubes were
removed and quenched in ice water. Despite starting with pure R,S mandelide,
epimerization in situ generated the R,R/S,S isomers and the resulting
polymandelide was amorphous. NMR analysis of partially polymerized samples
showed that in the presence of Sn(Oct),, the pure R,S isomer rapidly isomerized
to the R,R/S,S diastereomers. Thus melt polymerizations are complicated by the
epimerization of R,S mandelide to the more stable R,R/S,S diastereomers.

Racemization of polylactide is not uncommon, especially when metal
catalysts were present, and the rate of racemization increases dramatically with

temperature. Kricheldorf and Serra'® screened approximately 70 L-Lactide
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polymerization systems and found that racemization was related to the basicity of
the catalyst. The proposed racemization mechanism is based on an ester-
hemiacetal tautomerization which is favored by the acidity of the proton a to the
carbonyl (Scheme 2.5). Rehybridization of the asymmetric carbon atom followed
by racemization has also been proposed to explain the existence of more than

two lactide diastereomers from the degradation of poly(L-lactide)."”
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Scheme 2.5. Racemization in polylactide and polymandelide

Sn(Oct), catalyzed polymerizations show some of the lowest rates of
racemization. However, the benzene ring increases the lability of the methine C-
H bond, and mandelide racemizes rapidly. Compared to lactide, epimerization
should be more significant and occur at lower temperatures. In addition, even
purified Sn(Oct), contains residual ethylhexanoic acid, water and other impurities
which may catalyze the racemization process.

A control experiment shows the ease of racemizing mandelide. When
pure R,S mandelide was heated at 160 °C under vacuum, the solid melted
completely, and then slowly resolidified within 80 minutes to give a white solid

that was only slightly soluble in CDCls. NMR analysis showed that soluble
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portion contained a 30/70 mixture of R,S mandelide and the R,R/S,S isomers,
while an NMR spectrum of the insoluble white solid measured in DMSO showed
that it was solely the R,R/S,S isomers.

The R,R/S,S isomers are the more stable mandelides, but pure R,R/S,S
mandelide cannot be melt polymerized by Sn(Oct), because they decompose at
high temperature. Thus, either pure R,S mandelide or a low melting mixture of
the RR/S,S and R,S isomers were used for both melt and solution
polymerization. The R,R/S,S isomers did not seem to interfere with the
polymerization because they are soluble in the molten R,S isomer, and are
consumed during the polymerization.

The typical purification method for lactide (e.g. multiple recystallizations)
are effective in that polymerizations using purified monomer provide good control
over the molecular weight by simply varying the monomer to initiator ratio. But
as shown in Table 2.2, more vigorous drying is needed for mandelide. The first
two entries were polymerizations using mandelide dried by the protocol typically
used for lactide monomers. Even when no BBA was added (Table 2.2 entry 2),
Sn(Oct), catalyzed ring opening polymerization. When the ratio of Sn(Oct). to
BBA was 1 (Table 2.2 entry 1), the conversion was higher, but the molecular
weight was only half of what was expected, an indication of excess initiator in the
polymerization. When the same catalyst and initiator solutions were used for
lactide polymerizations, the expected molecular weights were obtained. Thus,
the low molecular weight in mandelide polymerizations can only be caused by

monomer impurities such as H,O.
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The single crystal x-ray structure of S,S mandelide shows that the methine
proton is in close proximity to the carbonyl oxygen and C-H...O hydrogen bonds
have been suggested.'®'® It is possible that mandelides have a strong affinity for
water due to formation of H-bonds with H,O. To obtain good control over the
polymer molecular weight, mandelide monomers need to be scrupulously dried.
The monomers used in entries 3-5 (Table 2.2) were dried under high vacuum
(10°® torr) at 40 - 45 °C, and the molecular weights obtained were close to the
values predicted by the monomer initiator ratio. The lower than expected
molecular weight for entry 5 was can be attributed to transesterification reactions
becoming more prominent as the polymerization reached completion. The

increased polydispersity index (1.44) is consistent with that view.
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Table 2.2. Melt polymerization of mandelide at 160 °C

entry | [BBA)Y[Sn(Oct),] | time | conversion M, M, PDI
(min.) (expected) | (GPC)

1° 1 3 93.1% 12,500 6,850 | 1.17

2° 0 3 85.6% 11,470 10,400 | 1.19

3° ' 1 4 90.6% 12,060 11,480 | 1.26

4 1 4 96.6% 12,950 11,430 | 1.29

5° 1 20 98.4% 13,200 8,830 | 1.44

(a): mandelide purified by recrystallization and drying overnight;
(b): mandelide purified as for entries 1 and 2, but further dried under vacuum
(10°® torr)at 40-45 °C.
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2.3.2. Solution polymerization

Solution polymerizations of mandelide were run either in toluene or
CH3CN. Because of the poor solubility of the monomer, solution polymerizations
have slower rates and are more likely to suffer from problems associated with
equilibrium polymerization. In CH3CN, R,S mandelide has a solubility of around
0.58 mol/L at room temperature and 1.5 mol/L at 50 °C. Although R,S mandelide
is less soluble in toluene, the higher boiling point of toluene leads to faster
reaction rates. The solubility of the R,R/S,S mandelides is significantly lower
(0.01 mollL in CH3CN at room temperature). Most solution polymerizations of
mandelide were run in anhydrous CH3;CN as shown below. Since, t-butylbenzyl
alcohol and Sn(Oct), do not dissolve in CH3CN even at 65 °C, their toluene
solutions were used in the polymerizations._

Given that mandelides readily epimerize, a mixture of the R,R/S,S
mandelides with the R,S diastereomer should polymerize. This proved to be
true, and thus for solution polymerizations, the R,S mandelide was isolated from
condensation of mandelic acid, but with no special steps taken to remove the
R,R/S,S mandelides. For the kinetic run shown in Figures 2.1 and 2.2, an R,S
mandelide sample containing 26% of the R,R/S,S diastereomers was used, and
initially the polymerization solution was colorless and clear. However, within half
an hour, the reaction became heterogeneous as indicated by the formation of a
precipitate. 'H NMR showed that by the time the polymerization reached 24%
conversion, the soluble mandelides had epimerized to roughly a 50:50 mixture of

R,S and R,R/S,S mandelide, while the precipitate corresponded to the R,R/S,S
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isomers. As the polymerization proceeded, the 1:1 ratio was maintained in
solution. When the conversion reached around 70%, the solution became clear,
homogeneous, and viscous. Thus the super-saturated mandelide solution
provided a constant supply of the R,R/S,S isomers, which either were directly
incorporated into the polymer, or epimerized and polymerized.

The linear relationship shown in Figure 2.1 is consistent with the
polymerization being first order with respect to the monomer concentration.
Compared to lactide under the same polymerization conditions, the rate is 4
times slower, as would be expected from the larger steric bulk of the phenyl
group compared the methyl group of lactide. Figure 2.2 shows that the
molecular weight of the polymer increased linearly with conversion, and the PDI
decreased with conversion, which indicates the “living” character of the
polymerization. n However, when the reaction reached completion (97%
conversion) and was allowed to run longer times (5 days), the molecular weight
decreased, and the PDI increased to 1.5. This is consistent with intra and
intermolecular transesterification becoming more prominent as the available
monomer diminishes. Some discoloration of the polymer was observed for long

polymerization times, but the degradation pathway was not identified.
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Figure 2.1. Kinetics of solution polymerization of mandelide in
CH3sCN at 70 °C under argon. [mandelide]:[Sn(Oct).]:[BBA] =
100:1:1; [mandelide]= 0.93 mol/L (75% R,S mandelide and 25%
R,R/S,S mandelide)
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Figure 2.2. Molecular weight versus conversion during solution
polymerization of mandelide in CH;CN at 70°C under argon.
[mandelide]:[Sn(Oct).):[BBA] =100:1:1; [mandelide]= 0.93 mol/L(75% R,S
mandelide and 25% R,R/S,S mandelide)
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2.3.3. Purification of polymandelide

The most widely used polymer purification methods are dissolution—
precipitation schemes, where a solution of the polymer in a good solvent is slowly
dripped into a non-solvent. Ideally the polymer precipitates into thread-like
pieces of polymer that are easily collected by filtration, while the impurities
remain in solution. The solubility of polymandelide is similar to that of
polystyrene, and polymandelide dissolves in THF, toluene, CHxCl,, chloroform,
ethyl acetate and DMSO. Non-solvents for polymandelide include hexanes,
ether and methanol. The initial dissolution—precipitation scheme was based on a
CH:Clz/methanol solvent pair. The precipitation experiments resulted in milky
solutions, regardless of molecular weight of the polymers, and the polymer was
collected by centrifugation in low yield. If the milky solution was allowed to stand
for two days, thin white films of polymandelide formed as the solvent slowly
evaporated. As the amount of CH.Cl. or toluene needed to dissolve the crude
polymandelide was much larger than for crude polylactide samples of similar
weight, the concentration of polymandelide in CH,Cl, or toluene may be too low
to form good precipitates. Further investigation showed that residual R,R/S,S
mandelides complicate the precipitation scheme. A crude polymandelide sample
was washed with a small amount of CH.Cl,. NMR analysis showed that the
CH.Cl> solution contained monomer and polymer, while the CH.Cl, insoluble
portion consisted only of the RR/SS mandelide. Thus, the excess CH.Cl,
needed to dissolve the crude polymer was due solely to the presence of

unreacted R,R/S,S mandelide. It is important to remove residual R,R/S,S
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mandelide from incomplete polymerizations in order to recover purified
polymandelide in reasonable yields. By using less CH,Cl,, pre-filtering to remove
the R,R/S,S mandelide followed by normal precipitation, the yields of recovered
polymandelide were more than 80% and the polymer was recovered in a form
that could be easily collected by filtration. The precipitated polymer was then
heated to 60-90 °C under vacuum until a constant weight was obtained.
Methanol and residual water were removed under vacuum, and residual
monomer can be further removed by sublimation under high vacuum.

Using the above protocol, NMR analyses showed that we isolated
polymandelide free of monomer. However, based on the characterization of
polylactide purified by precipitation alone, other impurities such as residual metal
catalysts may still be present in the polymer samples. As described in the
Introduction, residual metals can catalyze transesterification reactions leading to
the formation of cyclic dimers or oligomers. For practical purposes, it is also
essential to remove metal residues from products intended for medical
applications. A common way to remove metal residues from polylactide samples
is to dissolve the polymer in an organic solvent and wash the organic solution
with dilute HCI. The same method was applied to polymandelide. A solution of
polymandelide in m.ethylene chloride or toluene was washed several times with
dilute HCI, followed by washes with distilled water until the water layer was
neutral. The resulting solution was then treated as usual to afford white polymer
samples. GPC analysis of the polymer before and after the extractions showed

no change in molecular weight, confiming that no significant chain scission
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occurred during the process. Therefore, extraction using dilute acid is a safe

method for removing residual metals from polymandelide.

2.3.4. Characterization of polymandelide

Polymandelide can be cast from toluene or THF to give clear, colorless
films. Melt pressed films prepared at ~140 °C are clear but have a light yellow
color. The density of the polymer, obtained by flotation measurements of films in
aqueous salt solutions was ~1.25 g/cm?®.

Polymandelide was characterized by FT-IR, NMR, DSC, X-ray powder
diffraction and TGA. The IR spectrum (Figure 2.3) obtained on a polymandelide
sample spin cast on a gold-coated silicon substrate shows two bands that are
diagnostic for esters, a strong band at 1766 cm™ (C=0O stretching) and a broad
band around 1200 cm™. Weak absorptions around 1456, 1498, 1605 and 3055
cm™' are characteristics of aromatic compounds.

Given the mixture of diastereomers present in a polymerization of
mandelide, it is not surprising that '*C NMR spectrum of polymandelide is
complicated (Figure 2.4). Broad peaks resulting from complex polymer
tacticities were observed for each carbon resonance. Multiple peaks were also
observed in 'H NMR for methine and aromatic protons. Since no authentic
samples of stereoregular polymandelide are known, no attempt was made to
assign the stereochemical sequences.

DSC analysis of polymandelide samples shows only a single glass

transition, and no crystalline transitions. Powder X-ray diffraction experiments
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