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Chapter 1. Structure — property relationshipsin aliphatic poly (ester)s

1.1 Introduction

Aliphatic polyesters, in recent years, have gained importance as potential environmentally
degradable thermoplastics. Interestingly, they received far less attention when Carothers®®
first prepared these polyesters in the 1930s from aliphatic acids and diols. Aliphatic
polyesters were characterized by low hydrolytic stability and melting points. Currently, there
is a renened interest in the study of aliphatic polyesters or copolyetsers, important among
them being poly (butylene succinate-co-adipate), poly (lactic acid) (PLA), poly
(caprolactone) (PCL), poly (hydroxy alkanoates), and aliphatic-aromatic copolyesters
(AAC). They find a wide variety of applications in injection and blow molded articles, films,
bags, thermoformed articles and food contact foam trays to name a few. The AACs have
relatively low biodegradability as compared to the other aliphatic polyesters, but can be
recycled efficiently like PET. In fact PET production and consumption is strongly driven by
the demand for recyclable polymers. The versatility of the ester linkage, to undergo
hydrolysis, alcoholysis and acidolysis under certain conditions, makes polyesters the
polymers of choice to fulfill the increasing demand for recyclable and/or biodegradable
polymers. Hence these polyesters find applications as biocompatible as well as
environmentally degradable and recyclable polymers. This chapter broadly discusses the
synthetic and mechanistic aspects of aliphatic polyesters, their structure-property
relationships and the chemistry of depolymerization of polyesters.

1.2 Synthetic methods for aliphatic poly (ester) s

Synthesis based on ester group formation is of two main types. step-polyesterification
reactions of bifunctional reactants and ring opening polymerization of cyclic esters.
Another approach is dehydropolycondensation of w - hydroxy carboxylic acids especially
used in the synthesis of poly (lactic acid). The first two types of processes are interrelated
by the schematic triangle of equilibria in Scheme 1.1, which, for simplicity, illustrates the

case of AB-type polyesters, but is expandable to cover all classes of polyesters.
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Scheme 1.1: Schematic triangle of equilibriain polyester synthesis

In the self condensation of a hydroxy carboxylic acid, esterification may occur ether
bimolecularly to form the dimeric hydroxy ester acid or unimolecularly to form the cyclic
ester. The dimeric species can react similarly by either of the two routes to form linear
trimeric or cyclic dimer, and at each successve step, the same formal possibilities exist
leading by path a (for wholly intermolecular processes) to linear polyester, or by path b
(for wholly intramolecular processes) to cyclic oligoesters. The reverse reactions ¢ and d
represent the hydrolysis equilibria of the ester species. Reaction path e then represents
ring-opening polymerization of the cyclic esters to linear polyesters, and its reverse f is
the depolymerization of the latter; e and f together, thus, indicate the posshility of ring —
chain equilibration between the species concerned. Which of the processes in the overal
scheme actually takes place or dominates in any particular case critically depends on the
structures involved, conditions of the reaction, and availability of suitable catalysts. The
formation of high molecular weight linear polyesters commonly results in the presence of
some proportion of families of cyclic oligomers with various low vaues of m.
Correspondingly, interconversions of the linear and cyclic species to the relevant
equilibrium concentrations can be achieved by suitable therma and/or catalytic
treatments.

1.2.1 Polycondensation of diolswith diacids

Polyesterifications can be divided into three main categories. (i) high-temperature bulk
polyesterifications involving mainly hydroxy—carboxy reactions along with hydroxy ester

13
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and carboxy—ester interchange reactions, (ii) non-equilibrium polyesterifications, which
are generaly low temperature solution reactions involving highly reactive monomers
such as acid chlorides or activated carboxylic acids and (iii) enzyme catalyzed
polyesterification.

1.2.1.1 High temperature bulk polyesterification

The carboxy—hydroxy reaction (direct esterification) which is the most straightforward
method of polyester synthesis was first reported in the 1930s by Carothers'™ and is a
widely used method for the synthesis of polyesters from diacids and diols or from
hydroxy acids (Scheme 1.2). The reaction between acid anhydrides/diesters and diols is
another convenient method of polyester synthesis as the former are much more reactive
than carboxylic acids.

NHOOC—R;-COOH + NHO—R2>-OH

160-290°C
Bulk

H—{OOC—Rl—COO—RZ}nOH + (2n-1)H,0!

y 160-290°C Ol
NHO—R—COOH ——. > HO—(R—Coo}nH +(n-1)H;

Scheme 1.2: Direct polyesterification

As direct polyesterification of dicarboxylic acids and diols is rather slow at room
temperature it is generally carried out at high temperature (150 — 290°C) depending on
the monomers and in the presence of catalysts, usually metal salts, metal oxides or metd
alkoxides, preferably in bulk. Being an equilibrium process, azeotropic entrainment or
vacuum is generally used to distill off reaction byproduct so as to continuously shift the
reaction towards the formation of high molecular weight polyester. The progress of
reaction and, hence, the molecular weight attained is determined by the efficiency with
which the byproduct is removed from the reaction mass.

14
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Generally 10-20 mol% excess of the diol is added to compensate for the physical
loss and to form hydroxyl terminated polyesters whose molecular weights can be
increased further by interchain alcoholysis. At higher temperatures (>200°C) and in the
presence of catalysts, esterification is accompanied by ester-ester exchange reactions
resulting in the liberation of diol or dicarboxylic acid and a subsequent increase in
molecular weight. Direct polyesterification is particularly well suited to the synthesis of
aliphatic polyesters, unsaturated polyesters and aromatic-aliphatic polyesters.

Side reactions, especialy those involving aliphatic monomers, with effects on
yields, molecular weights, and in some cases leading to undesired changes in the polymer
structure may occur at temperatures above 220°C. The intramolecular step competes with
linear polycondensation. Cyclic oligomers are formed during step growth
polymerizations™®, either by reactions between end groups of the same chain or by
hydroxy-ester and carboxy-ester “back-biting” reactions. In some cases cyclization is the
principal or the only reaction occurring. The presence of cyclics is, therefore,
unavoidable in most polyester forming reactions.

Reaction mechanisms and catalysis’™

In his early studies on polyesterification kinetics, Flory™ demonstrated that reaction
stages above ca. 80 % conversion only should be taken into account while discussing the
mechanisms of high temperature bulk polyesterifications. Under these conditions polarity
no longer changes with conversion and the reaction medium can be considered as an
“ideal” dilute solution of reactive groups provided the viscosity is not too high and the
reaction is not diffusion controlled. The kinetics and mechanism of diacid—diol
polyesterifications have been adequately reviewed®”®.

Reactions without added catalyst

Flory showed that both mono and polyesterifications are third — order processes and that
the reactivity of hydroxyl and carboxyl end groups does not depend on chain length.
These early findings have been confirmed by many other studies’®. The proposed
mechanism involves an autocatalysis by carboxylic acid, the rate determining step being
the nucleophilic addition of the alcohol on protonated carboxylic acid. Assuming that
protonation is an equilibrium process and the concentration of protonated carboxylic acid

15
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is very low, the rate equation is as in Scheme 1.3. Although the third order mechanismis
the most commonly accepted, many others have been proposed™™® such as first order,
second order etc. Most of these studies, however, were carried out in reaction media
which did not fulfill Flory's ideality conditions or in reaction media that are quite

different from polyesters (e.g., nonpolar long — chain fatty acid esters)™.

v =k [B][R'OH] = kKk[RCOOH]?R'OH]

JRCOOH K |:RC(OH)2+. RCOOi|
OH
e
- + -
[RC(OH);. Rcoo] . ROH —Ksow _ R—C‘J—O\ . RCOO
o
OH
fast

RCOOR'+ RCOOH + H,0

Scheme 1.3: Rate equation for polyesterification reaction without added catalyst
Reactions catalyzed by strong protonic acids

The kinetics of polyesterifications catalyzed by strong protonic acids, mainly sulfuric
acid and aryl sulfonic acids, has also been extensively examined. In contrast to the
reactions carried out in the absence of catalyst, the mechanism is first order in acid,
alcohol and catalyst. At constant catalyst concentration, the reaction can be considered as
second order'®. The generally accepted reaction scheme has a close resemblance to the
preceding one with protonation of carboxylic acid by the added protonic acid and
formation of ion pairs. From this scheme (Scheme 1.4), reaction rate can be expressed by
assuming that the concentration of the dissociated form of protonic acid catalyst is
negligible with respect to initial catalyst concentration [AH]o.

16
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v = k [C][R'OH] = kK [AH]J[RCOOH][R'OH]

+ =
AH + RCOOH [RC(OH)," A
OH H
+ - k | +/
[RCOH),"A] + RIOH << == R—C—O A
slow [\,
OH R

C

fast

RCOOR' + AH + HyO

Scheme 1.4: Rate equation for polyesterification reaction catalyzed by strong
protonic acids

Catalysis by lems acids and metal alkoxides

Most industrial processes involving direct polyesterification require the use of metal salts
or organometallic derivatives as catalysts. Derivatives of practicaly al elements have
been claimed to be esterification or polyesterification catalysts’. The catalytic efficiency
of various metal derivatives has been estimated by Malek et a'® from reactions of
aromatic acids and aliphatic diols. These studies, as well as others, show that most
efficient catalysts are titanium and zirconium alkoxides and tin derivatives such as
Bu,SnO. Other catalysts such as Zn, Pb, Al, Mn, Mg, Cd, Co acetates, Cu and La
acetylacetonates, and Sb,Os exhibit much lower reactivity®. It is generally accepted that
the metal ligands are exchanged with the carboxyl and hydroxyl groups present in the
reaction medium. The catalytic effect arises from the complexation of the carbonyl group
with the metal atom, which induces a positive charge on the carbonyl carbon atom and
favors the nucleophilic attack of hydroxyl groups. The nature of the catalytic species,
therefore, changes during the course of the reaction, and the results suggest that catalytic
activity depends on the composition of the reaction medium. Moreover, the presence of
reaction water, which is unavoidable in direct esterification, may lead to the formation of

17
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metal — oxygen — metal and condensed forms of metal alkoxides. This decreases the
number of active exchangeable sites and, therefore, lowers catalytic activity®:. In view of
the complexity of such reactions, it is rather difficult to discuss the kinetics in terms of

reaction orders.

Transesterifications, also termed as ester exchange or ester interchange reactions,
include hydroxy — ester, carboxy — ester and ester — ester reactions. All these reactions
may take place under similar experimental conditions and can be catalyzed by similar

class of compounds as direct esterification reactions.
1.2.1.2 Nonequilibrium polyesterification

Nonequilibrium polyesterifications, characterized by their irreversible nature, generally
involve highly reactive monomers such as acid chlorides or activated carboxylic acids.
They are conducted either in solution or heterogeneous medium and can yield high
molecular weight polymers under mild conditions and in short time without ester
interchange or degradative side reactions. Poor control of polymer molecular weight and
formation of higher amount of cyclic oligomers are some of the drawbacks. In addition
environmental concerns connected with the use of acid chlorides and organic solvents,
difficulties in getting rid of traces of catalysts or reaction byproducts and the use of
relatively expensve starting materials have somewhat limited the interest in these
reactions. The most important among these polyesterification reactions for synthesis of

aliphatic polyesters is activation polyesterification.

Activation polyesterification proceeds via insitu transformation of one of the
reactants, generally the carboxylic acid, into a more reactive intermediate. Activating
agents, such as trifluoroacetic anhydride, 1,1-carbonyldiimidazole carbodiimides,
sulfonyl, tosyl, and picryl chlorides and a range of phosphorous derivatives can promote
direct solution reactions between dicarboxylic acids and diols or diphenols under mild

conditions. The reaction between 1,1-carbonyldiimidazole’®

and carboxylic acids
proceeds through the formation of N-acylimidazoles, which react with aiphatic diols in
the presence of sodium ethoxide catalyst. 2,4,6-Trinitrochlorobenzene (picryl chloride) in

pyridine-N-methyl pyrrolidinone (NMP) solutions were later used for the preparation of
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polyesters from dicarboxylic acids and diphenols or aliphatic diols. Good results are
obtained with sulfonyl chlorides?®® and phosphorous compounds® as activating agents.

N,N -Dialkyl carbodiimides: N,N-Dialkylcarbodiimides, particularly N,N-
dicyclohexylcarbodiimide (DCC), are well known condensing agents used in the
synthesis of peptides and aliphatic polyesters®. Poly (lactic acid) has been synthesized by
direct polyesterification in dichloromethane in the presence of DCC and 4-(N,N-
dimethylamino) pyridine®*.

1.2.1.3 Enzyme-catalyzed polyesterification

Lipases and esterases belong to a class of enzymes referred to as hydrolases and were
found to catalyze a number of in vitro esterification and polyesterification reactions in
organic medium. Polyesters have been obtained in organic medium by lipase catalyzed
polyesterification reactions®. Lipases have also been reported to catalyze ester-ester
interchanges in solution or in bulk at moderate temperature®. Lipase catalyzed
polyesterifications can be regarded as equilibrium polycondensation taking place under
mild conditions as they catalyze the reverse reaction. Removal of the reaction by product
can be accomplished by addition of molecular sieve, Dean-Stark distillation of toluene-
water azeotrope, bubbling inert gas in reaction medium or applying vacuum in the case of
reactions carried out without solvent. The use of vinyl esters is a convenient way to
displace esterification equilibrium as the by-product vinyl alcohol, tautomerizes into
acetaldehyde, which cannot participate in the reverse reaction®. Activated esters such as
2,2,2-trifluoroethyl-*, 2-chloroethyl, and 2,2,2-trichloroethyl esters* have aso been
reported to yield high molecular weight polyesters. This method is limited to soluble or
low melting polyesters, mainly aliphatic ones and the molecular weights obtained are

relatively low.
1.2.2 Ring-opening polymerization (ROP) of cyclic esters

Since the pioneering work of Carothers, lactones, cyclic diesters and their alkyl and aryl
substituted derivatives are known to be suitable starting materials for the preparation of
linear aliphatic polyesters. This technique alows the synthesis of well defined polymers
under mild conditions and in relatively shorter period of time as compared to

polycondensation method. However, this technique is restricted to only limited class of
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monomers. The ring opening polymerization can be performed in bulk, solution,

35-36

emulsion or dispersion in the presence of initiator and / or catalyst.

1.2.2.1 Polymerizability

Ease of polymerization of the cyclic monomer depends on both thermodynamic and
kinetic factors. The single most important factor that determines whether a cyclic
monomer can be converted to linear polymer is the thermodynamic factor, that is, the
relative stabilities of the cyclic monomer and the linear polymer. The driving force for
polymerization stems from the stereochemical factors, release of bond angle drain in
small ring monomers and the relief of intramolecular crowding in medium sized rings.
Substituents diminish the polymerizahility®” of monomers of al sizes by increasing the
ring stability with respect to the open chain, as interactions between substituents are more
severe in the linear polymer than in the cyclic monomer. Thermodynamic
polymerizahility of cyclic monomers can be estimated in principle by the negative change
of free energy of polymerization during ROP under given reaction conditions. The main
factors affecting the free energy of polymerization are (i) size and nature of the monomer
ring affecting the internal strain, (ii) substituents on the monomer (and polymer), (iii)
geometric isomerism in the polymer (cistrans) and (iv) stereochemistry and
configurational isomerism of the resulting polymer (tacticity). The nonpolymerizability is
due to the positive free energy change, depending on the size, nature and substitution on

the ring.

Polymerization requires a kinetic pathway for the ring to open and undergo
reaction. The presence of a heteroatom in the ring provides a site for nucleophilic or
electrophilic attack by an initiator species, resulting in initiation and subsequent
propagation by ring opening. Such monomers polymerize, since, both thermodynamic
and kinetic factors are favorable. Overall, polymerizahility is higher for rings of 3, 4 and
7 to 11 members, lower for rings of 5 members, and much lower for rings of 6 members.

1.2.2.2 Polymerization mechanism and catalysts

Ring opening polymerization of cyclic monomers can proceed through three different
mechanisms depending on the initiator used. These are cationic, anionic and coordination

20
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insertion mechanisms®“°. In addition, radical, zwitterionic™, or active hydrogen
initiation is possible, although such techniques are not used to any great extent.

Cationic ring opening polymerization

Among the cyclic esters, 4, 6 and 7 membered rings form polyesters when reacted with
cationic catalysts**“*®. Cationic ring opening polymerization of lactones is achieved with
strong protonic acid initiators such as sulfuric acid, trifluoroacetic acid, fluorosulfonic
and trifluoromethane sulfonic (triflic) acid. The mechanism involves the attack of
positive centre on the exocyclic oxygen (the more basic oxygen) to form a
dioxocarbocation followed by nucleophilic attack of monomer. The attack results in ring
opening of the positively charged species through an Sy2-type process. The cationic
polymerization is difficult to control and often only low molecular weight polymers are
formed.

More detailed reviews on cationic ring opening polymerization have been
published by Penzeck and coworkers**. Nomura et al.*® have reported cationic living
ring opening polymerization of lactones using scandium trifluoromethanesulfonate, Sc
(OTf)3 as catalyst.

Anionic ring opening polymerization

Anionic ring opening polymerization of cyclic esters proceeds by nucleophilic attack of
the negatively charged initiator on the carbonyl carbon or on the carbon adjacent to the
carbonyl carbon resulting in linear polyester®*®. Anionic polymerization for almost all
lactones proceeds by acyl-oxygen bond cleavage rather than alkyl-oxygen bond cleavage
and the polymer chain growth proceeds entirely via akoxide anions. The propagating
species is a negatively charged ion balanced by a positive counter ion. Depending on the
nature of the ionic propagating chain end and solvent, the reacting complex varies from
completely ionic to almost covalent. Use of more active initiators like alkoxides of Mg,
Zn, Ti, Zr, (CH3)3SIONa lead to significant transesterification reactions which are
responsible for molecular weight broadening and cyclization. Jedlinski et a*® have

developed living anionic ROP methods for [-butyrolactone wherein polymerization
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proceeds by the attack of anionic initiator on the monomer involving akyl-oxygen bond
scission and the polymer chain growth proceeds entirely via carboxylate anions. A
problem associated with anionic ROP is the extensive backbiting reaction, leading to

polyesters of low molecular weight™.
Coordination — Insertion ring opening polymerization

This method of polymerization is also called as pseudo-anionic ring opening
polymerization. Propagation is thought to proceed by coordination of the monomer to the
metal initiating active species followed by the insertion of the monomer into the metal
oxygen bond of the initiator by rearrangement of electrons®®. The growing chain
remains attached to the metal through an alkoxide bond during propagation. The reaction
is terminated by hydrolysis resulting in hydroxyl end group. The rate of polymerization is
first order in both monomer and initiator and number average molecular weight is given
by the ratio of monomer to initiator.

A wide range of organometalic compounds like metal bromides®, metal
alkoxides and metal carboxylates initiate polymerization via coordination insertion
mechanism. The metal alkoxides with free p or d orbitals act as coordination initiators
and not as ionic initiators. Aluminium®, zinc, tin®*, titanium, magnesium, vanadium

and zirconium compounds such as alkyls, oxides, alkoxides™

and carboxylates are
considered as typical complexation initiators™®>’. Recently salts and organocompounds of
lanthanides™ %! and enzymes’*®® have been used as initiators for ROP. However
oxides, alkoxides or carboxylates of tin, aluminium, titanium and zirconium have been

proven to be very efficient organometallic initiators.

Tin compounds are currently the most widely used group of initiators in the ring
opening polymerization of lactones™, lactides™ and other cyclic diesters®®. Amongst the
variety of tin compounds, the important catalyst/initiator is Sn (Il1) bis (2-ethyl
hexanoate), aso referred to as stannous octoate [Sn(Oct);] used in the ring opening
polymerization of lactones and lactides®.  Sn(Oct), is highly efficient, versatile,
inexpensive and is approved as a food additive by the American Food and Drug
Adminstration (FDA) because of its low toxicity. Although stannous octoate has been
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used as initiator for ROP for more than two decades, the complex polymerization
mechanism initiated by this tin compound has not been yet fully elucidated®.

Penczek et al. have published kinetic results which strongly suggest that stannous
octoate acts as coinitiator, in the presence of an initiating alcohol or adventitious hydroxy
impurities and that polymerization proceeds only through stannous akoxide active
centers derived from the reaction of stannous octoate with the added alcohol initiator.
Thus stannous octoate is converted into a tin alkoxide before complexing and ring
opening of monomer®. Kricheldorf and coworkers have proposed a dightly different
reaction pathway®® where the co-initiating alcohol functionality and the monomer are
both coordinated to stannous octoate complex during propagation (Scheme 1.5).

i
C-0 |
a) SnOct, + R-OH + < > — » Oct,Sn——0—R

R o)

¢

ROP_ oct,sn - O RCOR
H

b) SnOct, + R-OH — OctSn-OR *+ OctH

OctSn-OR + eCL —> OctSn—OH COR

(CH,).

Scheme 1.5: Mechanism of ROP with stannous octoate as catalyst (a) complexation

of monomer and alcohol prior to ROP and (b) formation of the tin-alkoxide before
ROP

Direct observation of tin alkoxide complex has been reported by using MALDI-
ToF spectroscopy for both, lactides™ and e-caprolactone propagation. Stannous octoate is
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a strong transesterification agent and the resulting copolymers normaly have a
randomized microstructure’’. The transesterification reactions (intra as well as inter
leading to the formation of cyclics) increase with increase in reaction time and
temperature™ ">, Esterification of hydroxyl end groups of polymer chain by the liberated
carboxylic acids leads to the formation of carboxylate end groups. The desired molecular
weight can be caculated from the ratio of concentration of the monomer to the initiator
(alcohol not stannous octoate). This initiator may provide a living system with fully
controlled features provided their function is understood and polymerization is carried
out under proper reaction conditions. Very little is known about catalytic properties of
other tin carboxylates. Dibutyl tin bis (2-ethylhexanoate) (Bu,Sn (Oct),)®® showed lower
reactivity compared to stannous octoate with e-caprolactone as monomer. With
trimethylene carbonate as the monomer, Bu,Sn succinate seemed to be more reactive
than stannous octoate. The kinetic study and comparison of several dibutyl tin
carboxylates allows a better understanding of the structure- property relationships of this
class of initiators and sheds more light on the insertion mechanism’.

Metal alkoxides

The most often used and thoroughly studied, among the metal alkoxides is aluminium tri
(isopropoxide). The initiator vyields well defined polymers through living

polymerization"® in which the kinetic steps of termination or chain transfer” are absent.

Polymerization with auminium tri-isopropoxide is assumed to proceed through
coordination— insertion mechanism, which consists of monomer complexation to the
active species and insertion by rearrangement of the covalent bonds. The mechanism
leads to cleavage of the acyl-oxygen bond of the monomer and the metal oxygen bond of
the propagating species. The propagation is characterized by almost the total absence of
side reactions such as transesterification reactions, at least until complete monomer
conversion has occurred’”’. The main rearrangement of the polymer occurs when
monomers are completely consumed. The initiator is active at low temperatures (reaction
temperatures of 0-25°C are often reported) and is preferentially used in solution

polymerization.
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Aluminium isopropoxide is known to form strongly bound aggregates. As a
result, an induction period during which the initiator is rearranged to form the active
species often characterizes the polymerization. These aggregates are known to be a
mixture of at least two types of aggregates namely trimeric Az and tetrameric As. The
mixture of Az and A, can be converted to A or A4 can be removed by some methods™ so
as to achieve higher rates of polymerization. Although auminium isopropoxide is
aggregated, it does not give aggregated macromolecules. All the alkoxide groups initiate
polymerization and M, is calculated assuming that every alkoxide group gives one chain.
The proper substitution of the metal atom provides the required end group. Significant
advances in the understanding of the coordination-insertion ROP mechanisms have been
made through kinetic studies by Penczek and coworkers™. Recently systems have been

developed where the aluminium alkoxide is covalently bonded to solid porous silica’™.
1.2.3 Dehydropolycondensation of w-hydroxy carboxylic acids

Dehydropolycondensation is one of the routes to prepare aliphatic polyesters from o —
hydroxy carboxylic acids. It is basically an acid catalyzed intermolecular esterification of
the hydroxyl and carboxylic groups of the hydroxy acid. Numerous lewis acids as well as
protonic acids have been studied as catalysts for this process. Dehydropolycondensation,
like any other esterification reaction, is an equilibrium controlled process. The rate of
polymerization and the final molecular weight depends on the solvent, catalyst, reaction

temperature and level of impurities.

Dehydropolycondensation
HO > HO n
-H,0

Lactic acid L ow molecular weight PLA

Scheme 1.6: Synthesis of poly (lactic acid) s by dehydropolycondensation of lactic
acid

The reaction temperature is restricted by the boiling point of the solvent and
therefore it was observed that the rate of polymerization increases as the boiling point of
the solvent increases due to the efficient removal of water. It was found that
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polymerization rate was accelerated in aprotic hydrocarbon solvents with boiling points
above 130°C, which forms azeotropes with water®®®!.The level of impurities in the
polymerization was shown to have a large effect on the final molecular weight by

endcapping the polymer and thereby limiting the chain growth.

Most of the studies on dehydropolycondensation were carried out with lactic acid
(Scheme 1.6). Achieving high molecular weight PLA polymers through the direct
dehydropolycondensation of L-lactic acid (LLA) is rather difficult because of various
factors, such as kinetic control, limited and inappropriate catalyst activity and lack of

suppression of depolymerization.

Tin compounds were found to give the highest molecular weights at the lowest
temperatures. A number of lewis acids and different reaction conditions were investigated
by Seppala and coworkers®. 98% sulfuric acid, stannous octoate, tin (I1) lewis acid
catalysts such as SnO, SnCl,.2H,0 etc., activated by various protonic acids® also served
as effective catalyst for dehydropolycondensation with less racemization. Synthesis of
hydroxy telechelic as wel as branched lactic acid oligomers by direct
dehydropolycondensation of lactic acid with diols or dipentaerythritol as a chan

58 Direct

branching agent® was achieved using different lewis acid catalyst
polycondensation of lactic acid wusing condensng agents such as 1,1-
carbonyldiimidazole (CDI), N,N,N,N° — tetramethylchloroformamidium chloride
(TMCFAC) and N,N—dicyclohexylcarbodiimide/4-dimethylaminopyridine
(DCC/DMAP) has been carried out and their comparative effectiveness as condensing

agents was studied® %,

Y amaguchi and workers®® studied the direct condensation of LLA using various
Bronsted and Lewis acid catalysts through continuous azeotropic dehydration. Moon et
a.*% examined melt/solid polycondensation of LLA catalyzed by a tin chloride
dihydrate/ p-toluenesulfonic acid binary system. Otera J. et a®* showed that tetrabutyl
distannoxane, which are already known to be good esterification and transesterification
catalysts and which can retard hydrolysis are also effective catalysts for the
dehydropolycondensation of L-lactic acid to poly(lactic acid), where a maximum
molecular weight of 75,000 has been attained.
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Tetraphenyl tin which has widely been used in the ring opening polymerization of
lactides has recently been used as a catalyst for dehydropolycondensation®. However
dehydropolycondensation of LLA either in bulk or in presence of solvent yields low
molecular weight polyesters. Macrocycle formation is a competitive reaction to linear
chain growth and is more prominent at higher reaction temperatures, which limits the
attainment of high molecular weight polymers. In the absence of solvent,
dehydropolycondensation of LLA yields some linear polymer.

1.3 Mechanism of poly(ester) forming reactions

Synthesis of linear polyesters by step polymerization of polyfunctional monomers or by
ring opening polymerization of cyclic esters is complicated by degradation reactions like
back-biting, which effectively lower the molecular weights and adversely affect the final
properties of the polyester. These degradation reactions occur to a small extent in ring
opening polymerization of cyclic esters due to the more controlled nature of the
polymerization whereas in linear step-growth polymerization they occur to a large extent.
In fact in step-growth polymerization the cyclization reactions compete with linear
polyester forming reactions.

It is, therefore, of prime interest to examine the various theories on which the
mechanism of polyester forming reactions in step-growth polymerization are based and
their implications on the polyester properties.

1.3.1 Classical theory of Carothersand Flory

The classical theory of step growth polymerization is mainly based on the experimental

94-95 96-97
S .

work of Carother and the theoretica contributions of Flory

The kinetic analysis of reaction in step-growth polymerization with innumerable
separate reactions was greatly simplified by assuming that the reactivities of both the
functional groups of a bifunctional monomer are the same, reactivity of one functional
group of a bifunctional reactant is the same irrespective of whether the other functional
group has reacted and the reactivity of a functional group is independent of the size of the
molecule to which it is attached. These smplifying assumptions are referred to as concept
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of equal reactivity of functional groups which make the kinetics of step—growth
polymerization identical to those for the analogous small molecule reaction. This concept
was justified by many step polymerization reactions that have rate constants that are
independent of the reaction time or polymer molecular weight. Based on this concept of
equal reactivity, the kinetics for polyesterification reaction was derived by Flory. The
extent of reaction or conversion in polyesterification reaction was given by the expression

Xn=1/(1-p) -------- egn 1. This equation relating the degree of polymerization (X,) to
the extent of reaction p was originally set forth by Carothers and is referred to as
Carothers equation. The effect of chain terminators which are added to regulate the
average DP or an imbalance in stoichiometry (which has the same effect) is given by the

expression
n=1+r/1+r-2rp--—---—---- egn 2 where X, = DP, r = Na / Np = stoichiometric

imbalance, p = extent of reaction. The molecular weight distribution in step—growth
polymerization was derived by Flory by a statistical approach based on the concept of
equal reactivity of functional groups. The derivation applies equally to A-B and
stoichiometric A-A plus B-B types of step polymerization and are expressed as the
following equations:

Ny = p** (1-p) ---------- egn 3 where Ny = mole or number fraction of molecules in the
polymer mixture that are x-mers (i.e. that contain x structural units).The weight fraction
wy of x-mers (i.e. the weight fraction of the molecules that contains x structural units) wy

= xN, / No is given by wy = x (1-p)? p**

These two equations give the number and weight distribution functions
respectively for linear step growth polymerization at the extent of reaction p. These
distributions are usually referred to as the most probable or Flory or Flory — Schulz
distributions.

This work of Carothers and Flory is one of the significant milestones in the
history of polymer science for three reasons. Firstly they demonstrated that the reactivity
of end groups does not depend on the chain length of the oligomers and polymers (dimers
or trimers may deviate from this rule in individual cases). This fundamental aspect needs

to be emphasized because at the time when Carothers started his experimental studies,
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around 1927, Staudinger and other polymer chemists® believed that the reactivity of the
end groups decreases with higher chain length. Secondly, the polycondensation chemistry
opened up a field of polymer synthesis which may be considered as an equivalent to in-
vivo synthesis of biopolymers. All synthesis of biopolymers in living organisms involves
condensation steps, athough the kinetic course is different from that of typical step-
growth polymerization. Thirdly, the first man-made fibers based on nylon 6,6 were
produced and this event was the starting point for the invention and production of all
kinds of textile fibers.

1.3.2 Thermodynamically controlled polymerization and Jacobson—Stockmayer

theory

Despite the merits, the classicad theory of step growth polymerization has two
shortcomings. Firstly it does not consider the contributions of cyclization reactions and
secondly it does not differentiate between kinetically controlled and thermodynamically

controlled step growth polymerization.

The competition between cyclization and linear polymerization for a particular
reactant or a pair of reactants depends on thermodynamic and kinetic considerations of
the size of the ring structure which may be formed. Though small rings are kinetically
feasible, thermodynamically they are not stable whereas large rings are
thermodynamically stable but the kinetic factor becomes progressively less favorable. As
step polymerizations are generally carried out using high concentration of reactants,
which is highly favorable for linear polymerization, the rate of linear polymerization
increases much faster than the rate of cyclization as the concentration of reactants
increase. This factor of reactant concentration is superimposed on the previous
thermodynamic and kinetic considerations. The concentration factor increases the overall
competitive position of linear polymerization relative to cyclization. Moreover as the
linear and cyclic structures are interconvertable under appropriate reaction conditions, it

is possible to shift the equilibrium in the direction of linear polymer.

For these reasons, the interference of cyclization reactions was not taken into
account by Carothers and Flory. However, it was later observed that in many

polycondensation reactions, cyclic oligomers were formed via intramolecular
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esterification as well as intramolecular transesterification or backbiting reactions from
active chain ends. Due to this and other equilibration reactions, the population of reaction
products represents the thermodynamically defined energetic minimum of the system at
any conversion, and thus, this type of polycondensation may be called
“thermodynamically controlled polymerization” (TCP). In contrast to the classical theory,
a typical polycondensation reaction contains a mixture of chains of various lengths as
well as small, medium and large ring molecules al in equilibrium with each other. To
account for the intramolecular reactions leading to reversible formation of polymers and
cyclic oligomers, Jacobson and Stockmayer proposed the theory of ring-chain equilibria
in TCP which states that ring-chain equilibrium of polymer in TCP will lead to a mixture
of cyclic oligomers and polymer in which a critical monomer concentration (CMC) can
be defined for each monomer structure such that at concentrations below CMC, only
cyclics will be present, while above that concentration, mixture of cyclics and polymer
will be present. In principle, it is possible to caculate the concentration of all the
individual species produced. The concentrations of the individual chains may be
caculated from the number average molar mass of the acyclics, using Flory's
relationships. Similarly, the concentrations of individual cyclics may be calculated.

Consider a ring-chain equilibrate, with an equilibrium between x-meric cyclics
My and linear chains My and My, thus,

My

For this system the molar cyclization equilibrium constant Ky for above process is given
by Ky = [My] / p* ------- egn 6 where p = extent of reaction = 1- Mg / My, . For typical
ring-chain equilibrates, values of p are close to unity and so Ky values calculated are
approximately equal to the concentration of cyclics [My].

In 1950, Jacobson and Stockmayer™'® described the molecular weight
distribution of the cyclics resulting from the ring -chain equilibria in TCPs and provided
the first theoretical expression for molar cyclization equilibrium constant Ky which was
later extended by Flory. The expression for Ky is as follows:
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Kx = Wy (0) / Na Sgry ---------- egn 7 Wy(0) represents the density of end-end vectors in
the region corresponding to the close approach of chain ends (i.e. where end-end vector r
~ 0), Na is the Avogadro constant and Sgrx is the symmetry number of an x-meric ring.
The molar cyclization equilibrium constants are calculated assuming that x-meric chains
forming rings obey Gaussian statistics, so that

Wy (0) = (3/2TT < P >)¥2 coeeeeeee eqn 8 where < r, > represents the mean square end-to
end distance of the chains and the units of W,(0) are molecules dm™®. Substituting for
W,(0) gives Ky = (3/ 21 < 1% 5)¥? (1 / Na Sgy) ------------ eqn 9. Units of K, are mol /

dm®,

Comparison of the experimental Ky values for cyclics formed in the ring-chain
equilibrates with values predicted by equation 9 provides a powerful method for
investigating the dtatistical conformations of chain molecules in a variety of
environments. If the ring-chain equilibration reaction is carried out in melt or in
concentrated solution, the mean-square end-to-end distances can be identified with their
unperturbed values < r% ».

Severa research groups™*'%, have published experimental studies of such ring-
chain equilibria and have confirmed that the J-S theory is in principle correct so far as
formation and population of cyclic oligomers are concerned. The J-S theory was and is
understood as a modification of the Carothers-Flory (CF) theory. CF theory predicts on
the basis of Carothers equation that an ideal polycondensation reaching 100 % conversion
will yield one giant chain containing all monomeric units. Modification with J-S theory
means that the giant chain obtained at 100% conversion is a one or both the ends in

equilibrium with cyclic oligomers.
1.3.3 Concept of chain-chain, ring-chain and ring-ring equilibria

It is very important to know, the role cyclizations play in real polycondensation. In a
typical polycondensation, the reaction consists of chains of various lengths as well as
rings of different sizes. Thus by definition a TCP involves an equilibration of all
components of the reaction mixture. Hence a TCP may be considered as a combination of

chain-chain, ring-chain and ring-ring equilibria. To simplify the mathematical treatment
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of the ring-size distribution and its correlation with conformational properties, Jacobson
and Stockmayer focused their work only on ring-chain equilibria. This smplification is
not satisfactory for a proper understanding of the entire course of a TCP upto 100%
converson. In the initial stages of the reaction, the bifunctional monomers react with
each other to form dimer, trimer, tetramer, pentamer and so on with the molecular weight
building up slowly with time or conversion. At this stage, the reaction mixture consists of
mainly linear chains of different lengths with a very smal fraction of cyclics. The
thermodynamic properties of this reaction mixture are dominated by the chain-chain
equilibria since the concentration of linear chains is higher than that of the cyclics.

As the conversion increases, the average length of al the chains increases and the
total number of molecules decreases. Due to the intramolecular esterification and
transesterification reactions, the molar ratio of cyclics vs. linear chains systematically
increases, because long chains can produce large cycles in addition to small ones,
whereas the short chains cannot. At this stage of the reaction, the rings and chains are
present in sufficient quantities to have a combined effect on the thermodynamical
properties of the reaction mixture and a molar frequency distribution curve for cyclics as
well as chains at equilibrium can be obtained. Therefore at this point the reaction mixture
is described as a ring-chain equilibrium.

As the reaction proceeds towards 100% conversion, at a certain point, the reaction
mixture contains more cycles than linear species. From this point onwards, the
thermodynamic properties of the reaction mixture are dominated by the ring-ring
equilibria. At higher conversions, an ideal TCP may be considered as a ring producing
process with linear chains playing the role of a catalyst. Consequently the reaction
mixture gradually approaches the final state with 100 % cycles at 100% conversion.

However, al step-growth polymerizations are self diluting systems in terms of
molarity of the linear active chains. The molar concentration of the active species (e.g.,
monomers in the very beginning) decreases according to the equation 10

[Lalp, = [Lalo (1-p) ---------- egn 10 where [La]o = initial molar concentration of the
active species ( monomers at p = 0) [Lal, = molar concentration of the linear active

Species a a given conversion ( including monomers). At 100% conversion the
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concentration of active species is zero, and al the reaction products are necessarily
cyclics. Thus, thermodynamically controlled polycondensation tend to yield exclusively
cycles under ideal reaction conditions.

1.3.4 Implications of multiple equilibria on the nature of polycondensation
products

Any TCP involves three kinds of equilibriac the chain-chain, ring-chain, and ring-ring
equilibrium because all components of a reaction mixture are engaged in the equilibrium
process. The molar ratio of cycles versus linear species increases and the cycles begin to
outnumber the linear species as conversion approaches 100%. At 100% conversion all
reaction products are necessarily cycles. TCP may be therefore described as a ring-ring
equilibrium, because the chain-chain and ring-chain equilibria lose influence on the
thermodynamical properties of the system. Thus TCPs tend to end up with ring-ring
equilibria and not with the formation of one giant chain in equilibrium with a few cycles.
Since the formation of 100% cycles requires 100% conversion and absence of side
reactions, it is difficult to achieve an absolute quantitative formation of cycles in real
experiments. However, systems containing 95 to 99 wt% of cycles (eg. spirocycles) have
been cited. Neither Stockmayer nor Flory have ever presented any experimental evidence
for the J-S theory of TCPs. Therefore, the ring-ring equilibrium hypothesis is better
substantiated by theoretical considerations and experimental results than the J-S theory.

The chain growth of TCPs is in amost all cases limited by the thermodynamic
properties of the ring-ring equilibria and the final state of a TCP at 100% conversion is a
neat ring-ring equilibrium given by following equation

c(M z( + cM %/ ‘K—C c(M 3(+y —————————— -eqgn 11

Ke= [ cM)xs+y] /T (M) [ 6(M)y] ---------- eqn 12

DP in such a systemis given as follows

DP=1/1-p (1-UX") --mmmmmemm- egn 13 K¢ is the ring-ring equilibrium constant and X isa
factor > 1. Equation 13 is a modification of classical Carothers equation, taking into
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account the influence of ring-ring equilibria. The assumption of a single equilibrium
constant K. is, of course, a simplification, but it facilitates to illustrate the influence of
ring-ring equilibria on the chain growth in a TCP and how real TCPs deviate from the
classical C-F and J-S theories.

Equation 13 indicates that the Carothers equation under extreme or limiting case
is characterized by the absence of cyclization (K. = infinity) in case of synthesis of rigid-
rod type polyesters from parafunctionalized aromatic monomers. The second extreme and
limiting case is K = 0 which indicates an amost complete formation of
thermodynamically stable, strain-free monomeric cycles without propagation as it is
known from polycondensation of y-hydroxy or y-aminobutyric acid which yield
thermodynamically stable y-butyrolactone or y-butyrolactam in nearly 100% vyields at
elevated temperatures'®. Another example is the acid catalyzed condensations of 1,2
dihydroxyalkanes which yield aimost quantitatively 1,4-dioxanes in combination with a
few cyclic oligomers'® but no poly(ethylene glycols). Most TCPs take a course between
these two extremes. Thus, ring-ring equilibria determine the maximum DP that can be
achieved under ideal reaction conditions and depending on the ring-ring equilibria, either
high molar mass rigid polymers or low molar mass cycles may be the main reaction
products. In rea polycondensation DPs will be lower, due to side reactions, imperfect

stoichiometries and incomplete conversions.

However, in technical TCPs conducted in bulk, the fraction of cycles is relatively
low (2-5 wt %) like in the synthesis of PET, PBT, nylon-6, nylon-6,6 and polycarbonates.
The studies of cycles in technical TCPs are based on extraction of cyclic oligomers.
These extractions are far from complete and hence the real content of cyclic oligomers
and polymers is underestimated. For all these reasons the rather low content of cyclic
oligomers and polymers in technical polycondensates cannot contradict the ring-ring

equilibrium theory.

1.4 Structure - property relationshipsin aliphatic poly (ester)s
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Properties of polyesters are determined by molecular weight, chemical composition,
proportion of carboxylate ester groups in their structure, geometry, polarity and
segmental mobility of their repeating units. Since the intermolecular interactions are not
very strong in polyesters, their properties are more sengitive to variations in structure than
those of strongly interacting polymers such as polyamides or polyurethanes.

The nature of monomers (diols and diacids) used in the synthesis of aliphatic polyesters
exert a profound influence on the properties of polyesters. Hence, the structure of
polyesters can be varied to get the desired properties by judicious choice of monomers
used in the synthesis of polyesters. This section describes the effect of structure of diols

and diacids on polyester properties.
1.4.1 Polyesters containing linear diolsand diacids

Polyesters derived from linear diols as well as linear diacids, termed as linear acyclic
polyesters, are highly flexible due to linear components in their repeat units, but are less
flexible compared to polyethylene, due to the rigidity of the ester linkages. These
polyesters have low crystalline melting points (Ty), in the narrow range of 40 to 90°C.
The lower T, are as a result of lower vaues of both AH and AS (T = AHW/ ASy). The
melting temperature of linear acyclic aliphatic polyesters increases with increased
methylene: carboxylate ester group ratio in the repeating units. Thus T, for poly
(ethylene adipate) is 53°C and that for poly (decamethylene decanedioate) is 92.7°C.

The linear acyclic aiphatic polyesters with even number of methylene groups
melt at higher temperatures compared to odd numbered ones. This is due to dterations in
AS, AS being higher for odd members. However both odd and even series display the
same upward trend with increasing proportion of methylene groups eventualy tending
towards the T, of polyethylene at low ester group content. As the methylene group
content of the repeating unit increases, the influence of the easly rotatable CH,—O and
CH,-CO groups decreases, and the properties approach those of polyethylene, though the
effect is retarded by the rigidifying effect of the ester links. There are a few exceptions
such as poly (ethylene succinate) and poly (ethylene oxalate) which melt at 112°C and
72°C respectively.
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The poly(a-esters) as well as poly(b-esters) have relatively higher melting points,
for example poly (glycolic acid) has a remarkably high T, of around 230°C. The reason
for this behavior may be due to the fact that at smaller alkyl chain lengths, the rigidifying
influence of ester groups predominates, resulting in higher T.sasseenin Table 1.1

Table 1.1: Médlting point and glass transition temperature of poly (alkylene adipate) s and
poly (w-hydroxyacids)

Y| TG (CHA—C—O0—(CHIn—O— |  —O—(CHan—C—
formula O O @)
n Ty (°0) Tn(°C) To(*C) Tn(*C)
1 ] - 45 228
2 -63 50 -24 93
3 -59 45 -59 64
4 -74 55 -66 58
5 . - -64 69
6 -73 61 - -
9 i} - - 80
10 -56 80 -46 92
12 - - -44 95
14 - - -22 97
15 - - 94

T reflects the segmental mobility in the amorphous phases and follows a similar trend as
that observed for Tn. Higher the chain flexibility, lower is the Ty Therefore, linear
acyclic aliphatic polyesters have very low Ty in the range of -70 to -30°C.

These polyesters are generaly crystalline solids due to their linear structure which
imparts high structural regularity. However polyesters obtained from unsymmetrical and
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racemic components in the diol or diacid or both moieties of polyesters are usually
amorphous due to disturbance in structura regularity. Polymorphism is common among

these polyesters'®1%,

1.4.2 Polyesters containing cyclic diolsand diacids

Aliphatic polyesters derived from monomers in which either diol or diacid (not both) are
cyclic, have properties that are highly modified as compared to those of linear acyclic
diphatic polyesters. The cyclic component may be alicyclic, heterocyclic or aromatic.
Generally when the cyclic components predominate and polyester is crystalling, it has a
Tm higher than acyclic polyesters at equivalent ester group content. The introduction of
cyclic components in the polyester induces rigidity or chain stiffness which leads to
restriction of chain motion as compared to the acyclic or linear unit of similar length. As
a result, lower flexibility leads to lower melting entropy and higher Tn. In these
polyesters, the T, decreases with increasing length of linear or acyclic moieties and
increases with increasing proportion of the trans-cycloaliphatic rigid units. The odd-even
effect of methylene groups is also seen in these polyesters'®'®. The glass transition
temperature also follows a similar trend. The T4s are higher irrespective of whether the
polyesters are crystalline or amorphous.

A variety of cycloaliphatic diols and diacids have been used in the synthesis of
aliphatic polyesters. The effect of the cyclic structures on the properties of aliphatic
polyesters will be discussed in the following sections. The use of cyclodiphatic
monomers based on cyclohexane, cyclopentane and norbornane ring structures in the
synthesis of copolyesters of poly (butylene terphthalate) has been studied™® The
alicyclic diol 1,4-cyclohexanedimethanol (CHDM)™%*2 available commercially as 70-

113

72% trans isomer and 2,2-bis (4-hydroxycyclohexyl) propane (HBPA)™ are potentialy

useful diols for synthesis of polyesters.
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HOH,C——  )——CH,OH HOAOH

(1) (2

Table 1.2 shows a series of polyesters of CHDM (1)™*? with various linear aliphatic
diacids. The rigidity and symmetry of the rings confer high T, and T4 to the polyesters
containing them. Gaughan et a.™* have reported synthesis of high molecular weight
polyesters of HBPA (2) with various aiphatic acids using tin catalyst (Table 1.3). The
thermal and mechanical properties are known to depend on the isomeric composition of
starting HBPA.

Poly [2,2-bis(4-oxycyclohexyl)propane adipate] has better physical properties
when compared to engineering plastics like PBT,PC and nylon 6,6. The polymer
displayed excellent notched impact strength and elongation which is attributed to the
structure which can dissipate energy through molecular motion by the chair-boat-chair
flipping motion.

Table 1.2: Thermal properties of polyesters derived from 1,4-cyclohexane dimethanol
and bicyclo[2.2.2] and [3.2.2] diols with various diacids

T of polyester, (°C)
Diacid 1,4-cyclohexane 1,4- 15
dimethanol bis(hydroxymethyl) | bis(hydroxymethyl)bicyclo
(1) bicyclo [2.2.2] [3.2.2] nonane
octane (4b)
(4a)

Adipic 122-124 99-101 80-82
Suberic 94-96 14-77 Amorphous
Azelaic 45-50 34-37 Amorphous
Sebacic 72-78 63-65 Amorphous
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The 2,2,4,4-tetramethyl -1,3-cyclobutane diols (TMCBD) are a class of rigid thermally
stable, symmetrical dicyclic diols suitable for the preparation of polyesters™®=116
Norbornane (bicyclo [2.2.1] heptane) and norbornane condensed structures are readily
available source whose potential for incorporation in polymers has not been fully

evaluated.

Table 1.3: Thermal properties of polyesters derived from 2,2-bis (4-hydroxycyclohexyl)
propane (2) with various diacids

Diacid T4 (°0) T(°C)
Succinic 113 180
Adipic 75 200
Sebacic 25 Non-crystalline

Norbornane and norbornane condensed diesters and dimethanols have been
synthesized by Wilson and Hamb*’ for the synthesis of polyesters. Taimr and Smith*'®
have studied polyesters containing bicyclo [2.2.2] octane and bicyclo [3.2.2] nonane

rings.
&Q/CHZOH MCHZOH m/cm%
CH,OH ‘CH,OH ‘CH,OH
(3a) (3b) (30)
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HOH,G {9\ CHOH  HOH,C—VS—CH,0H

(4a) (4b)

The diol, 1,4-bis(hydroxymethyl)bicyclo [2.2.2] octane (4a)*'***° has rigid symmetrical
structure smilar to that of cis-1,4-cyclohexanedimethanol in the boat conformation.
(Table 1.2)

A number of cyclic diacid/diesters have dso been used in the synthesis of
diphatic polyesters. One such monomer is 1,4-cyclohexane dicarboxylic acid (1,4-
CHDA) or the methyl ester of 1,4-CHDA (DMCD) (5) which is available as a 95% trans

isomer

[~
c:Hgo—c—<:>—c—ocH3
()

Polyester synthesized using this ester and linear diol have low Tg. The crystalizable
polyesters of cycloaiphatic diacids or derivatives thereof with linear aiphatic diols have
relatively high melting points and are UV resistant (Table 1.4).The polyesters prepared
from the various isomers of diethyl norbornanedicarboxylate and ethylene glycol
exhibited low T values (approx 40°C).

Table 1.4: Polyesters of trans 1,4-cyclohexanedicarboxylic acid with various diols

Diol constituent [n]? T, (°C) Relative cryst., %
Ethylene glycol 0.84 18 0
1,3-propanediol 0.91 -6 0
1,4-butanediol 1.13 -10 19.5
2,2-dimethyl-1,3- 1.06 30 5
propanediol
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1,4-cyclohexane 0.52 52 0
dimethanol
2,2,4,A-tetramethyl-1,3- 0.77 169 0
cyclobutanediol

M easured in 60/40 (w/w)phenol-tetrachloroethane at 25°C

The effect of increasing the concentration of the norbornane moiety on Ty by
introducing it as a polymer side chain for the polyesters of dimethyl succinate and
norbornane condensed diesters with ethylene glycol and 1,4-cyclohexanedimethanol is
shownin Table 1.5.

gh/coocH3 MCOOC% &Qahah/coom3

TOOCH; "COOCH; COOCH;

(6a) (6b) (6¢)

HOC £ } COH HOZC*®fCOZH

(7a) (7b)

Polyesters of hicyclo [2.2.2.] and [3.2.2] dicarboxylic acids with various linear
diphatic diols and 1,4 CHDM were synthesized'® (Table 1.6). The polyesters
synthesized from bicyclo [3.2.2] nonane dicarboxylate (7b) have lower melting points
than bicyclo [2.2.2] octane dicarboxylates (7a). The polyesters derived from norbornane
condensed diacids and diols or 1,4-CHDM have very high Tr, s.

Table 1.5: T4 and inherent viscosity values for polyesters prepared from 6a, 6b, 6¢ with
ethylene glycol or 1,4-cyclohexanedimethanol

R, -CH,CH»- 6a 6b 6c

41


http://www.pdfcomplete.com/1002/2001/upgrade.htm

’ Click Here & Upgrade
v‘ Expanded Features
@

PDF Unlimited Pages
omplete

R2 ﬂinhb Tg T]inhb Tg T]inhb Tg ﬂinhb Tg
dig | (°C) | di/ig | (C)|dlg | (C)| dig | (°C)

56 | -5° |0.98| 41 | 056 95 | 0.27 | 156
— CH,—CH— 056 | -5* | 0.98

029 | -4° |0.34| 67 | 038|111 | 0.27 | 146"
_H2C4<:>7CH2_

22 .5°C/min "Measured in 1:1 (w/w) phenol-chlorobenzene solution at 25°C

Table 1.6: T, of polyesters of 7a and 7b with various aiphatic diols

Tmof polyester, (°C)
Diol Unit 7a 7b
Ethylene glycol Amorphous Amorphous
1,3-propanediol 140-143 Noncrystallizable gum
1,4-butanediol 233-238 127-130
1,5-pentanediol 54-56 Noncrystallizable gum
1,6-hexanediol 144-147 50-55
1,4-cyclohexanedimethanol 310-315 188-192

Polyesters derived from cyclic diols as well as cyclic diacids have aso been prepared. In
these cases, the chain is highly rigid due to the high proportions of cyclic component and,
hence, high T4 and Ty, are expected (Table 1.7).

Table 1.7: T, of polyesters derived from 7a and 7b

Diacid unit
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7a 7b
Diol unit TwCC) | nmldlg | Tio® | Tm(°C) | mimdlig |  Tao
4a 380-390 0.25 452 | 225227 | 0.24 455
4b 244-246 0.21 455 | 172-177 | 0.27 457

4Measured in 60/40 (w/w) phenol-tetrachloroethane PDecomposition temperature at 10%

weight loss

High molecular weight aliphatic polyesters have been synthesized from trans 1,4-
cyclohexane dicarboxylic acid and cig/trans 1,4-cyclohexanedimethanol. This polyester
poly(1,4-cyclohexanedimethyl-1,4-cyclohexanedicarboxylate) (PCCD) is an dliphatic
polyester having desirable properties such as high T, as well as Tgy , crystallinity and
resistance to weathering upon exposure to UV radiation. The Tp, is in the range of 220-
235°C and T. isin the range of 152-171°C.

Tm of the polymer is dependent on the trans. cis ratio of the cyclic units in the
polyester. Higher the trans content results in a higher T, higher degree of crystalinity
and faster crystallization rates. Thus, all diphatic polyesters containing a cyclic
component have higher Tg and T, compared to the linear acyclic aliphatic polyesters.
The crystallinity of polyesters containing cyclic units is highly dependent on the isomeric
state (cis or trans) of the cyclic unit and the amount of cyclic unit incorporated in the
polymer chain. Many of these polyesters are amorphous or difficult to crystallize. The
crystallinity also depends on the tendency of crosslinking and/or branching reactions,
which occur during polymerization. These polyesters are UV resistant, have better
thermal stahility, hydrolytic stability, physical and mechanical properties as compared to
linear acyclic aliphatic polyesters and hence may find applications as structural materials.

1.4.3 Polyesters containing branched diols/diacids

Properties of aliphatic polyesters are markedly affected by changes in chemical structure
that influence the geometrical regularity, polar character or segmental mobility of the
molecular chains. When one or more hydrogen atoms in the repeating units of the

aliphatic polyester chain are replaced by alkyl groups, the intermolecular separation of
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adjacent chain backbones is increased and there is often a reduction in the inherent
symmetry of the system, leading to lowering of T, if crystallinity is retained and
frequently loss of crystalline character.

Properties of polyesters strongly depend on the number of branches i.e. degree of
branching and the length of the branch. Short chain branches reduce T, and the degree of
crystallinity, while long chain branches in addition to reducing T, and crystallinity also
lower the melt viscosity and endow elongational viscosity with tension stiffening
behavior. As the polyesters with long chain branches have low melt viscosities, they can
be processed at lower temperatures. The radius of gyration and hydrodynamic volume for
branched polymers is smaller than that for linear polymers. As the polyester chain
becomes more and more branched (that is more number of branches in the chain), the
crystallinity, T4 and T, decrease along with the mechanical properties. The spherulite
growth rate also decreases with degree of chain branching and the length of the branch.

Polyesters containing chain branching can be derived from branched diols or
diacids or both in which the hydrogen atoms are substituted leading to branching in the
main polyester chain'®. The effect of using diols like 1,2-butanediol or 1,2-decanediol
resulting in polyesters with branches has been studied (Table 1.8).

Aliphatic polyesters obtained from unsymmetrical diols like 1,2 propanediol and
adipic acid are viscous oils solidifying into amorphous glass (T4 = - 42°C) at low
temperatures. The disturbance to the structural regularity in this polyester is due to two
reasons (1) aperiodic spacing of methyl groups along the chain and (2) random atactic
distribution of optical configuration. Poly (1,2-propylene sebacate) with sufficiently long
methylene sequences is crystallizable and has a very low T, of 20°C. Similar behavior
was found in copolyesters. Thus, poly (ethylene-co-1,2-propylene adipate)s are
crystallizable where 1,2-propylenedioxy group content is below 40 mol %. Polyesters
obtained from sterically balanced gem-dialkyl groups are crystalline.

Table 1.8: T, and T4 of the aliphatic polyesters of succinic acid and 1,2-butane diol
(1,2 BD) or 1,2-decane diol (1,2 DD)

Co-monomer Tm (°C) T. (°C) T4 (°C)
(mol %)
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- 116 -6 -37
1,2 BD (04) 112 05 -37
1,2 BD (08) 111 2.7 -37
1,2 BD (13) 109 -2t0-5 -38
1,2 DD (03) 110 4.4 -37
1,2 DD (05) 108 6.2 -36
1,2DD (12) 100 17 -37

Polyesters derived from a, o', 8, 6'— tetramethyl adipic acid with ethylene glycol
and neopentyl glycol have T, values of 67°C and 65°C, whereas poly (neopentylene a0 —
dimethyl malonate) has a T, of 275°C*.

'l IR

[ o & &N [ ot

A N Y/
R> R
(8a) (8b)

For polyesters derived from hydroxy acids, the presence of single or two non-identical
substituents on the chain atom establishes chirality leading to tactic stereoisomerism as
displayed in polyesters of lactic acid. The stereospecific isotactic al (S) form is
crystalline with T, varying in the range of 163-215°C and is optically active. The racemic
atactic opticaly inactive form, on the other hand, is questionably crystalline with
different mechanical properties than those of the S isomer. Comparable differences occur
between the L and DL forms of 8a, where R; = isopropyl, R, = H. High thermal
transition temperatures are rather commonly found in gem-disubstituted polyesters of
types 8a and 8b. Poly (dimethylglycolide), where R; = R, = CH3 has Ty, = 240°C and Ty

= 60°C which are values similar to those of unsubstituted polyester. Unlike the
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unsubstituted polyesters, the gem disubstituted polyesters is readily soluble in common
organic liquids*?%. Polyesters of structure 8b, with R; = R, = lower alkyl, chloromethyl or
aryl, or with Ry + R, = (CH.)s have melting temperatures in the range of 230-270°C.
Crystalline gem disubstituted polyesters of the type 8a and 8b display a considerable
resstance to hydrolysis, probably due to steric impedance to the approach of the
attacking reagents to the ester groups'?.

Polypivolactone (where R; = R, = CHg) is an interesting thermoplastic and fiber
forming material which has a Ty, of 234-245°C (the precise value being affected by
polymorphism) good mechanical properties and insensitivity to many organic liquids. Its
heat distortion temperature is 180-200°C. It finds applications as component of novel
block and graft copolymers. Polyesters of the type 8b with dissmilar substituents have
aso been investigated'®* %, their T, s are generally lower than that of the unsubstituted
polymer (122°C).

1.4.4 Hyperbranched polyesters

Step growth polymerization of aliphatic ABx — type monomers, particularly AB; results in
a randomly branched macromolecule referred to as hyperbranch polymer’?**?. Due to
their compact, branched structure and to the resulting lack of chain entanglements,
dendritic polymers exhibit much lower melt and solution viscosity than their linear
counterparts. The extensive branching in hyperbranched polymers prevents
crystallization and results in amorphous and brittle materials. The lack of chain
entanglements, which are responsible for most of the polymer mechanical properties,
explains why hyperbranched polyesters cannot be used as thermoplastics for structural
applications. Although some crystalline or liquid crystalline hyperbranched polymers
have been reported, most hyperbranched polyesters described so far are amorphous.
Glass trangtion temperature of hyperbranched polyesters is strongly influenced by the
nature of end groups. Increasing end-group polarity generally leads to increase in T4. The
Tg values reported for acetate and carboxy terminated hyperbranched polyesters are much
higher than those terminated with long akyl chains. The melt viscosity of hyperbranched
polyesters is also strongly influenced by the nature of end groups. Increase in melt
viscosity by severa orders of magnitude has been reported for aliphatic polyesters when
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ester end groups are replaced by more polar hydroxy end groups'®. High solubility in
organic solvents is another remarkable feature of hyperbranched polymers, which
strongly depends on the nature of end groups. It is noteworthy to mention that the only

130-131

aliphatic hyperbranched polyester obtained from dimethylol propionic acid has been
commercially introduced. Thus the branched architecture and presence of large number
of end groups impart to the hyperbranched polymers, properties which are not found in

linear polymers.

1.5 Properties of aliphatic poly (ester) s

The properties of aiphatic polyesters depends on several factors such as the composition
of repeat units, flexibility of the chain, presence of polar groups, molecular weight,
degree of branching, crystalinity and orientation. The properties of these materials can
further be tailored by blending and copolymerization or by change in the macromolecular
architecture like hyperbranched or star shaped polymers or dendrimers.

1.5.1 Thermal properties

Thermal properties of polyester include glass transition temperature, melting temperature
and thermal stability and are very useful in determining the end use as a thermoplastic. Snce
melting is a thermodynamic equilibrium, melting temperature is given by the classical
relationship T, = AHn / AS, where AH, and AS,, are enthalpy and entropy of melting
respectively. Therefore Ty, can be regarded at first approximation as a measure of both
intermolecular interactions, which govern AHp,, and chain flexibility, which govern AS;,
parameters that obviously control many of the polymer properties. However melting
temperature of semi crystalline polymers might also be influenced by other factors like
molecular weight, degree of crystallinity and crystallite size. Linear polyesters do not have
strongly interacting groups like hydrogen bonded ones. Consequently AHn, is not
dramatically different for different polyesters and the predominant factor affecting melting

temperature is ASy, which is the number of conformations available in the molten state or in
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other words chain flexibility. Therefore Ty, is very sensitive to the nature or structure of
monomers in the polyester chains and as a result varies over a very broad range, from room
temperature to temperatures above 500°C.

Glass transition temperature T reflects the segmental mobility in the amorphous
phase and follows similar trend as that observed for Ty, increasing chain rigidity leading
to increasing Tmand T4. For semi crystalline polyesters, T4 can be found close to 0.6 Tr,
to 0.65 T (T values in Kelvin)'®". Amorphous aliphatic polyesters are usually low-T,
viscous oils. The Ty of random binary copolyesters vary monotonically with composition
between the Ty of homopolymers and have been reported to satisfy Fox or Gordon —
Taylor equations.

Polyesters prepared from linear diols as well as linear diacids have highly flexible
chains and hence high entropy of melting and lower melting temperature. These
polyesters are semi crystalline and therefore the melting temperature also depends on the
molecular weight and crystallinity. Generally higher molecular weights have higher

melting temperature. Bionolle™*

is one such linear aliphatic polyester, which has been
commercialized. It is a white semi crystalline thermoplastic melting in the range of 90-
120°C and has Ty ranging from -45 to -10°C. It is a copolyester prepared by the
polycondensation of 1,4-butanediol or 1,2-ethanediol with succinic acid or mixtures of
succinic and adipic acids and chain extended with diisocyanates as coupling agents.
Depending on the composition, the properties of Bionolle**

and HDPE.

vary between those of LDPE

Aliphatic polyesters having higher T, and therefore improved properties can be
obtained by polymerizing with cyclic diols or diacids or both as discussed in the previous
section. Some of these polyesters have been used as engineering plastics (eg. PCCD).

Among the poly (lactones), poly (e-caprolactone) is the most representative
member. It is a semi crystalline polyester, having properties smilar to those of LDPE. It
has a Tr, ranging from 59-64°C and a low T, of -60°C*®. Poly (5-valerolactone) has
physical properties similar to those of poly (e-caprolactone) and has a T, of 59°C and Tg
of -67°C. Poly (1,4- dioxepan-2-one) is another polymer similar to poly (e-caprolactone),
but is a completely amorphous polymer with a Tg of -37°C.
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Most poly (o-esters) and poly (B-esters) are high melting semi crystalline
polyesters. Poly glycolic acid) PGA has the highest melting point among all aliphatic
polyesters and ranges between 220-225°C. Tacticity has a strong influence on the melting
point and properties of poly (lactic acid) (PLA). Pure enantiomeric L-lactic acid and L,L
lactide produce isotactic poly (L-lactic acid) (PLLA), which is semi crystalline and melts
at 170-190°C with a T4 of 61°C. D-lactic acid leads to isotactic poly (D-lactic acid)
PDLA, a polymer with similar properties as isotactic PLLA.The poly (B-esters) like poly
(B-hydroxy butanoic acid) is highly crystalline, brittle polymer with Ty, of 177°C and Tg
of 9°C. T and Tg4 can be significantly affected by copolymerization. Copolymerization
with branched diols like 1,2-butanediol and 1,2-decanediol reduces T, as seen in Table
1.8.

Copolymers of glycolic acid and lactic acid have a Ty > 35°C whereas in case of
copolymers of e-caprolactone and lactide, T4 increases with increase in lactide content in
the polymer.

Table 1.9: Properties of poly (CL-co-DXO), poly (VL-co-DXO) and poly (LLA-co-
DXO)

Copolyester %DXO in copolyester T, (°C) Tm(°C)
CD50 50 -56.8 27.8
CD60 41 -57.8 27.2
CD70 29 -55.5 36.0
CD80 18 -61.0 42.8
CD90 8 -65.6 50.5

CD100 0 -65.9 57.6
VD70 33 -56.7 28.0
VD80 25 -56.1 37.7
VD90 7 -59.9 46.0
VD100 0 -63.4 57.5
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LD70 28 231 1541
LD85 13 41.1 170.8
LD100 0 58.5 183.8

The copolymers of 3-hydroxy butyrate (3HB) with 4-hydroxy butyrate (4HB) at 91:9
compositions melt 159°C and the 1:1 copolymer with 3-hydroxy valerate melts at 91°C.
The variation of Ty and T, with composition in the copolymerization of 1,4-dioxepan-2-
one (DXO) with L-lactide (LLA), §-vaerolactone (VL) and e-caprolactone (CL)"***% is
shownin Table 1.9.

1.5.2 Crystallization and morphology

Many of the aliphatic polyesters are semi crystalline and the extent of crystallinity is
critically important in determining the ultimate physical properties. The crystalinity
developed is dependent on the average molecular weight and distribution (which
influence crystallization kinetics), crystallization/ processing conditions (and its
relationship to the Tq4 of the polymer), chemical structure of the chains (flexible or rigid),
and structural regularity. Properties of crystalizable aliphatic polyesters are strongly
dependent on the morphologica structure (size, shape, perfection, volume fraction and
orientation of crystallites), which is formed by crystallization from the molten state.

Some of the semi crystalline aliphatic polyesters which show polymorphism are
as follows : poly(ethylene succinate) (o crystal (TsGTsG) and B crystal (Ts) ***¥, poly (
[R]-3-hydroxy —butyrate) (a crystal with 2; helical conformation and [ crysta with

zigzag conformation)*®

, poly(L-lactic acid) (a crystal and B crystal with respective 10/3
and 3/1 helical conformations®®, and poly (B-propiolactone) (o crystal with 2; helical
conformation, B and y crystals with the same planar zigzag conformations but different

molecular arrangements from the projection to the ab-plane)*®.

Poly (butylene succinate) (PBS) exist in two forms monoclinic a crystal and

monoclinic B crystal'*

. Polymorphism of poly (butylene adipate) (PBA) was found in
stretched and annealed films. PBA polymorphic crystals can be prepared simply by melt

crystallization at different temperatures'®. Analysis of equilibrium melting temperatures
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of PBA crystal forms indicated that PBA o crystal is more stable than the 3 crystal. The
PBA o crystal has higher crystallinity and higher lamellar thickness than the B crystal.
The PBA chains in both o and P crystal lattices have similar planar zigzag
conformations™*, however the chain packing of « crystal in the monoclinic unit cell and
that of B crystal in the orthorhombic unit cell are different, resulting in the corresponding
changes of crystal property and morphology. Different spherulite morphologies have
been found in the PBA films corresponding to the different crystal structures. The PBA
films with mixed o and B crystal structures showed spherulites with banded rings, while
the films with either o or B crystal structure did not show banded spherulites.

In case of poly (e-caprolactone), the crystallinity decreases with increase in
molecular weight, because of the lowering segmental mobility associated with longer
chains. An unusual morphology with distinct branches in the spherulites was observed for
PCL with M, = 1900. This morphology was due to segregation of the uncrystallizable
chains into the interfibrillar regions in the spherulites'**.

PLLA is a semi crystaline polymer and on crystallization yields spherulitic
crystalline morphology™®. The o crystal structure has pseudo orthorhombic unit cell and
the p form has an orthorhombic unit cell. It has been reported that o structure has a T, of
185°C whereas B structure has Ty, of 175°C, suggesting that a structure is more stable
than B structure. The crystallization behavior of PLA is very much dependent on the

molecular weight and stereochemical makeup of the backbone.
1.5.3 Crystallization kinetics

Crystallizable polymers form semi crystalline materials containing chains or fractions of
chains that are trapped in non-equilibrium, amorphous states. Due to this semi crystalline
nature, the crystal morphology, rather than the underlying crystal structure, often controls
the final properties of the polymer article. A very important characteristic of semi
crystalline polymers that strongly influences the utility of the material for a given
application is the crystallization rate. Fast crystallization allows for high production rates
of molded articles, since the time needed for the material to solidify in the mold is a
function of crystallization rate. Study of bulk crystalization kinetics of polymers is an
important step in understanding, predicting and designing structural formation under
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various processing conditions. In general, the well-known Avrami equation and
secondary nucleation theory, describe well the crystallization kinetics of polymers. The
crystallization kinetics of polymers is analyzed using a classical Avrami equation™#®**

given as follows:
1-X¢ = exp (-kt")

where, X; is the development of crystallinity X at time t. k is the overal crystallization
rate constant and n is the Avrami exponent. Both k and n depend on the nucleation and
growth mechanisms of spherulites. The value of n is usually an integer between 1 and 4
for different crystallization mechanisms. It has also been observed that n is a fraction due
to the secondary crystalization or crystal imperfection. For spherulitic growth and
athermal nucleation, n is expected to be 3 and that for thermal nucleation, it is expected to
be 4. The n value close to 2 may hint an athermal nucleation process followed by a two

dimensional crystal growth.

Molecular weight is one of the key variables governing the thermodynamic and
kinetic parameters of polymer crystallization. The equilibrium melting point (Tr,), crystal
thickness, crystallization kinetics, degree of crystallinity and crystalline morphology are
influenced by molecular weight™®***. Crystallization rate generally decreased with
increasing molecular weight because of the lower segmental mobility associated with
longer chains™2.

Poly (butylene succinate) (PBS) has a high crystallization rate and therefore is
particularly well suited for extrusion and injection molding applications. For PBS having
an inherent viscosity of 1.32 dl/g (at 30°C), the non isothermal crystallization from melt
resulted in the Avrami exponent n values ranging from 2.1 to 3.4". The overall
crystallization kinetics changes from slow crystallization with an Avrami exponent n =
2.1 at 65°C to n = 2.5-2.9 at 70-75°C in the faster crystallization and finally approaches
n= 3.4 at 80°C where the crystallization rate is slow again. This indicates that PBS has a
spherulitic crystal growth in the early stages of crystallization.

PLA is a dlower crystallizing material like PET as compared to PBS, with the
fastest rates of crystallization for the pure polymer being in the temperature of 110-130°C
which yield spherulitic crystalline morphology™*. The slow crystallization may be due to
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the pendent methyl groups in the polyester chain which have a retarding effect on the rate
of crystallization. Hence it is best used in the applications where crystallinity and strength
can be enhanced through mechanical orientation, for example, oriented fibers, biaxialy
oriented films and soft drink bottles produced by stretch blow molding techniques, which

introduce a high degree of orientation in the finished part™.

For pure PCL homopolymer, the Avrami exponent n was found to be between 3.2
and 2.4 from 38 to 45°C, in agreement with the previous studies of Goulet et al.'* that
reported values of 3.5, 3.4, 2.5 and 2.7 for 40,45, 47 and 49°C, respectively. Taking into
account that this polymer exhibits spherulites in the optical microscope, the n values
indicate a three dimensional growth with a mixed nucleation mechanism™®.

1.5.4 M echanical properties

The mechanical properties like tensile yield strength, flexura modulus and impact
strength play a key role in determining the end use applications as engineering
thermoplastics. The impact strength of a polymer depends significantly on the T4 and the

kinetics and degree of crystallization™’

. Amorphous polymers exhibit brittle fracture well
below their Ty, but they become tougher as Tg is approached. As the temperature
increases well above the Ty, a rubbery state is developed and the term impact strength
ceases to have gignificance. In crystalline polymers, the toughness depends on the degree
of crystalinity and on the size of the spherulitic structures. Large degrees of crystallinity
will lead to inflexible masses, which, in turn will result in moderate impact strength.

Similarly large spherulitic structures will also result in low impact strength.

The toughness of a polymer also relates to the ability of parts of the polymer
chain to conserve certain mobility even at low temperatures. The low temperature
relaxation maximum in the dynamic loss modulus is the hallmark for the temperature
region in which these molecular motions begin. Therefore temperature and amplitude of
this relaxation is closely related to the toughness of a polymer. Good toughness is usually
observed even at low temperature if the y relaxation occurs at a low temperature and has
comparatively high amplitude. Polymers show three transitions, namely o, p and vy
transitions corresponding to T, T and T, The dynamic mechanical analysis of

polymers gives insight into the sub-T, relaxations (low temperature relaxations)
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occurring in the polymer chain, y and & relaxations. Consideration of dynamic
mechanical analysis results of polymers suggest that the y transition is connected with
motions in the aliphatic part of the chain and that T4 (B relaxation) is connected to the

phenylene carbonyl bond.

The properties of aiphatic polyesters are shown in Table 1.10. Generdly the
diphatic polyesters have low impact strength as compared to the aliphatic-aromatic
polyesters. Backbone groups that increase the rigidity of polymer chains by increasing
steric interactions or by decreasing conformationa flexibility often result in polymers
with high impact resistance. Monomers which impart high T4 to polyesters generally
have good impact strength. Therefore polyesters derived from cycloaliphatic diols and/or
diacids have better impact strength compared to the linear aliphatic polyesters. Bionolle
has tensile properties between that of polyethylene and polypropylene and stiffness
between that of LDPE and HDPE.

The mechanical properties of PLA depend on the molecular weight and
stereochemical make up of the backbone. This stereochemical makeup of the backbone is
very easly controlled by the polymerization with L-lactide, D-lactide, D,L-lactide or
meso-lactide to form random or block stereo copolymers while the molecular weight is
directly controlled by the addition of hydroxyl compounds like lactic acid, water,

acohols.

Perego et a. studied the effects of molecular weight and crystallinity on the
mechanical properties of poly (L-lactide) or (D, L-lactide) polymers™®. They found that
Ty was not greatly affected by the stereochemical makeup or the range of molecular
weights tested. PLA with a molecular weight of 22,000 g/mol still has a T of 55°C which
is only about 4-5°C lower than polymer of infinite molecular weight'®®. The highest
modulus and tensile strengths were found at M,, above about 50,000 g/mol. They found
that the properties, especially the impact resistance and vicat softening, increased with
crystallinity and molecular weight. Table 1.11 shows the properties of three different
systems. amorphous poly (L-lactide), poly (L-lactide) annealed and amorphous poly
(D,L-lactide). The impact resistance increased due to cross linking effects of crystalline
domains while the tensile strength increased presumably due to the stereo regularity of
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the chain™®. Table 1.12 shows the various properties of both oriented and unoriented
PLA.
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Table 1.10: Properties of biodegradable aliphatic polyesters'®*

Polyester PGA® PLLA® | PDLLA?| PHB® | PHBV® | CAPA® Bionolle® Eastar Bio®
PBSU | PESU
Tm (°C) 225-230 | 170-190 - 177 135 58 114 | 104 108
T, (°0) 40 50-60 | 50-60 4 - -60 -32 -10 -30
Density g/cc 1.50-1.69 | 1.25- - 1.25 - 1.15 1.26 | 132 1.22
1.29
Melt flow index, - 10-30 - - - 2.9 - - 28
g/10min (190°C,2.16
kg)
Tensle strength (MPa) | 80-980' 120- | 40-50° | 40 20 40/43 - - 22/20
2300' (MD/TD)" (MD/TD)"
Tensile Modulus (MPa) |  3900- 6900- 1500- - - - 550 | 580 107/106
13,800 980" 1900° (MD/TD)"
Elongation at break (%) | 30-40' 12-26' | 5-10° 3.0 100 - 560 | 200 700/730
(MD/TD)"
Stress at yield (MPa) - - - - - 18/16 33 20.5 -
(MD/TD)"
Notched 1zod impact - 16 - 35 300 - 294 98 -
strength (J/m)
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®PGA: poly (glycolic acid); PLLA: poly (L-lactic acid); PDLLA: poly (DL-lactic acid);
PPHB: poly (3-hydroxybutanoic acid); PHBV: poly(3-hydroxybutanoic acid-co-3-
hydroxyvaleric acid); ‘CAPA: poly (s-caprolactone) FB100; “Bionolle PBSU: poly
(butylenes succinate); Bionolle PESU: poly (ethylene succinate); °Eastar Bio: poly
(tetramethylene adipate-co-terephthalate); 'Oriented fiber; “Nonoriented fiber; "MD:
machine direction; TD: transverse direction; 'Stiffness following JIS-K7203

Table 1.11: Effects of stereochemistry and crystallinity on mechanical properties'®?

Annedled

L-PLA L-PLA D,L-PLA
Yield strength (MPa) 70 70 53
Tenslle strength (M Pa) 59 66 44
Flexural strength (MPa) 106 119 88
Notched Izod impact strength 26 66 18

(J/m)

Vicat softening (°C) 59 165 52

The wide variance in the oriented properties is due to the degree of orientation
and stereochemical composition of the different referenced polymers. The pure stereo
complex of 1:1 mixture of pure poly (L-lactide) with pure poly (D-lactide) has a melting
point of 230°C and mechanical properties greater than either pure polymer'®*®* Using
lower molecular weight polymers, Loomis and Murdoch report ultimate tensile strengths
of 50 MPa for the 1:1 complex versus 31 MPafor pure L-polymer®.

In its highly crystalline form, poly (glycolic acid) PGA has a very high tensile
strength of 69-138 MPa and modulus elasticity of 6900 MPa. Injection molded samples
of PCL exhibit a modulus of 400 MPa and yield stress of 15 MPa. The material can be
processed without any significant molecular weight reduction by injection molding, film
blowing and extrusion.
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Table 1.12: Physical properties of high molecular weight PLA®

Unoriented Oriented®
Ultimate tensile strength (MPa) 47 - 53 47 - 165
Tensile yield strength (M Pa) 45 - 61 N/A
Tensile modulus (M Pa) 3445 - 3996 3886 - 4134
Notched | zod impact (J/m) 16-22 N/A
Elongation at Break (%) 3.1-5.8 15-160
Rockwell hardness 82-88 82-88
Specific gravity 1.25 1.25
Glass transition temperature (T, °C) 57-60 57-60

®Results depend on degree of orientation and isomer content
1.5.5 Weatherability

The resistance of polymeric materials to weathering is a very important factor in their use
in outdoor applications. Most polymeric products require protection against effects of the
environment to obtain serviceability. In some applications, weatherability tests are carried
out to assure that the materials degrade rapidly after their intended use in order to protect

the environment.

Aliphatic polyesters generally have poor hydrolytic stability. Though a desired
property, it should be resistant to hydrolysis during use. The hydrolytic stability during
use can be accomplished by application of coatings, which offer good hydrolytic stahility.
Additives like light stabilizers, antioxidants, flame retardants and biocides are generally
added to the polymers, which enhance their performance in, prolonged outdoor
applications.

Coatings can increase the weatherability of polyesters. These coatings have
excellent flexibility and durability with very good weatherability and resistance to UV

radiation. Coatings can be classified into thermoplastic and thermosetting coatings. A
wide variety of polymers including aiphatic polyesters are used in coatings and these
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polymers are generally amorphous materials. Hydroxyl or sometimes carboxyl terminated
polyesters are used in coatings. The hydrolytic stability of polyesters for exterior
durability is increased by using substituted diols like neopentyl glycol (NPG), 1,4
cyclohexane dimethanol ( 1,4 CHDM) and trimethylol propane. Low molecular weight,
hydroxyl terminated polyester diols and triols derived from the reaction of caprolactone
and diol or triol are commercially available.

Powder coatings are also available where the solid powder is converted after
application into a liquid, which in turn forms a solid film. T4 and melt viscosity are
important considerations for powder coatings. Polymers used in the manufacture of
powder coatings are classfied broadly as either thermosetting or thermoplastic.
Thermosetting coatings, as compared to thermoplastic compositions, are generaly
tougher, more resistant to solvents and detergents, have better adheson and do not soften
when exposed to elevated temperatures. Polyester resins that exhibit good weatherability
and meet the basic Ty requirements for powder coatings are becoming increasingly
important, particularly for outdoor applications. Fully aliphatic polyester resins based on
cycloaliphatic diols and/or diacids like 1,4 cyclohexanedicarboxylic acids (CHDA),
hydrogenated bisphenol A are useful as weatherable powder coating resins'®. Aliphatic
powder coatings for improved UV resistance and flexibility can be prepared using 1,4-
CHDA. However, when al TPA is replaced by 1,4-CHDA in the polyester powder
coating resin, Ty decreases. This detrimental effect on T4 is overcome by adding one or
more additional monomers to compensate for the Ty deficiency. Hydrogenated bisphenol
A (HBPA) enhances T4 when used in the coating resins.

1.5.6 Biodegradability

Plastics and polymers have become an essential element of modern life. The inherent
advantages of plastics and their use lead to some of the greatest concerns about fossil fuel
based materials. The durability of many plastics, under both aerobic and anaerobic
conditions, contributes to growing waste and waste disposal problems. Even improving
recycling rates for many types of plastics have not kept up with increase in overall plastic
consumption. And in some cases recycling yields new problems associated with
concentration of the contaminants through the recycling process. The use of
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biodegradable or environmentally degradable polymers reduces the impact on the
environment to some extent. The biodegradability of a polymer is highly dependent on its
backbone structure'® such as presence of hydrolyzable and or oxidizable linkages in the
backbone. The predominant biodegradation reactions of polyesters are chemica and
microbial hydrolysis. The degradation rate is influenced by polyester molecular weight,
crystallinity, morphology (crystallinity, size of spherulites, orientation), molecular
geometry, repeat unit, composition, sequence length hydrophobicity/ hydrophilicity, Tg,
surface area, additives, degradation conditions and presence of degradation products.
PGA, PLA and their copolymers are hydrophilic polymers and degrade either in vivo or
in vitro through an abiotic bulk hydrolysis mechanism, which first affects the amorphous
regions. The degree of crystallinity has been reported as the major controlling factor in
the enzyme catalyzed hydrolysis of PLA'®. PHAs, PCL and poly (alkylene adipate) or
poly (alkylene succinate) are more hydrophobic than poly (a-esters), and their abiotic
hydrolysis occurs more slowly, through surface erosion rather than bulk hydrolysis. Low
molar mass polyesters are known to undergo hydrolytic degradation in the presence of
lipases and esterase™®. The degradation products of polyesters are bioassimilated by
microorganisms, irrespective of enantiomeric composition. Polymer biodegradation
mechanisms and testing methods have been reviewed™.

The key measurement tool for environmental sustainability is life cycle

assessment’?,

The ideal environmentally sustainable product provides equivalent
function as products it replaces and is available at competitive costs. It is made from
renewable resources, can itself be constantly renewed without degradation in quality or
performance, and has a minimum environmental impact. Such a product is made using
only substances known to be safe for both humans and the environment. Ideally the life
cylce of the sustainable product is in balance with the surrounding ecosystem. Hence
sustainable and versatile polymers made from renewable resources are gaining

importance.

1.6 Depolymerization of polyesters'’*

1.6.1 Introduction
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Polyesterifications are equilibrium reactions. Depolymerization involves shifting the
equilibrium towards the monomers by reacting the polyester with water, methanol,
ethylene glycol (EG) or other glycols. Typicaly, the equilibrium constant K for a
polyesterification is no greater than 1-10, while K for transesterification is in the range of
0.1-1. The K values indicate that chemical depolymerization of polyesters does not

require very stringent conditions.

Since step-growth polymers are often prepared by reversible reactions, it is
feasible to convert them back to their monomers or oligomers/chemicals by solvolytic
processes such as hydrolysis, glycolysis, methanolysis, aminolysis, ammonolysis,
transesterification, acoholysis, hydro-glycolysis, acidolysis and transamidation. The
principal solvolysis reactions for polyesters are methanolysis, glycolysis and hydrolysis.
Among polyesters depolymerization of PET has been extensively studied as compared to
other commercialy available polyesters. Chemical recycling of PET was initiated nearly
paralel to the manufacture of polymers on a commercial scale, as demonstrated by
patents, beginning in the 1950s. Initially, recycling was used to recover wastes generated
during the production stages. As the environmental movement began to focus serioudy
on solid waste and recycling issues, PET depolymerization received a boost. More
recently depolymerization has been directed towards the chemical recycling of post
consumer PET. PET has the second highest scrap value for recycled materials, second

only to that of aluminium®".

1.6.2 Chemistry of depolymerization reactions

Polyesters are depolymerized by solvolysis reactions such as methanolysis, glycolysis and
hydrolysis. In general, the solvolytic reactions of polymers involve the cleavage of the C-X
bonds of the polymer chain where X is a hetero atom (O, N). The mechanism of the solvolytic
process is shown in Scheme 1.7, where YZ is the solvolytic agent such as water, alcohol,

acid, alkali or amine.

Scheme 1.7: Solvolysis reactions of polymers
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The general mechanism for degradation of polyester in an acid and basic solution is shown
in Scheme 1.8.
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Scheme 1.8: General mechanisms for degradation of polyester in acid and basic solutions

In an acid environment, the mechanism is the Axc2 mechanism where as in an
alkaline environment, the mechanism is the Bac2 mechanism. Acids such as sulfuric and
nitric acids or bases such as sodium hydroxide catalyze the hydrolysis. The rate of
alkaline hydrolysis of PET increases in the presence of quaternary ammonium
compounds'®*". Neutral hydrolysis usually takes place under high temperature and
pressure in the presence of alkali metal acetate transesterification catalysts'”. The
catalytic effect of zinc and sodium acetates is thought to be due to the destabilization of
the polymer-water interface in the hydrolysis process. Methanolysis involves reaction of
polyester with methanol at high temperatures and pressures in the presence of
transesterification catalysts such as magnesum acetate, cobalt acetate and lead dioxide.
Glycolysis is carried out in the presence of transesterification catalyst, usualy zinc, lead,
manganese, cobalt, sodium or lithium acetate.
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1.6.2.1 Hydrolytic depolymerization

The process of hydrolytic depolymerization was studied in case of PET and the process
was patented as early asin 1962 by Eastman Kodak Company. Hydrolysis of PET flakes
with water can be either acid-catalyzed (with mineral acids) or base-catalyzed (with
NaOH). More recently hydrolysis of PET has been shown to be possible at neutral pH
and at temperatures above melting point of PET. Hydrolysis of PET yields hydroxyl and
carboxyl end groups which are conveniently measured by end-group analysis.

Acid catalyzed hydrolysis

Polyester waste may be hydrolyzed with strong acids such as sulfuric, phosphoric and
nitric acids to produce terephthalic acid (TPA) and ethylene glycol (EG) in high yields
without the use of high temperatures and pressures. The process occurs at temperatures of
25-100°C in a few minutes at atmospheric pressure. The hydrolysis product is neutralized
with base to produce the TPA salt. After treatment with ion exchange columns, the
solution is acidified to produce TPAY®". A major problem with this process is the
corrosion caused by the reaction mixture and the production of large amounts of liquid
wastes containing inorganic salts and sulfuric acid and the cost due to the need to recycle
large amounts of concentrated sulfuric acid and the purification of EG containing sulfuric
acid. Yoshioka et al describe a process for acid-catalyzed depolymerization of PET in
which PET bottles are digested in 7-13M nitric acid at temperatures ranging from 70-
100°C for 72 h to form TPA, EG and oxalic acid. The oxalic acid is produced by the
oxidation of EG by nitric acid. The NO is recycled by oxidation and the addition of water
to form nitric acid. Since the oxalic acid is more valuable than TPA or EG, the economics
of the process are improved compared to the acid catalyzed hydrolysis to produce TPA
and EG only.

Base catalyzed hydrolysis

Alkaline hydrolysis of PET involves reacting PET with a 4-20 wt% solution of NaOH
under pressure at temperatures in the range of 200-250°C for severa hours to form the
sodium salt of TPA. Acidification of the sodium salt of TPA yields the TPA on
precipitation from solution. Niu has demonstrated the use of quaternary ammonium salts

to accelerate the alkaline hydrolysis of PET at 80°C and atmospheric pressure. Collins
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and Zeronian'”® have reported that the reaction of PET with methanolic sodium
hydroxide accelerates the alkaline degradation of PET compared to the agueous systems.
Oku et a.'™ quantitatively converted PET to disodium terephthalate by reacting the
polyester with sodium hydroxide dissolved in anhydrous ethylene glycol at 150°C.
Disodium terephthalate precipitated from the ethylene glycol solution. Yoshioka et al
described a process for the conversion of postconsumer PET to TPA and oxalic acid in
concentrated sodium hydroxide solution. The production of oxalic acid gives the process
an economic boost because oxalic acid has a higher value than ethylene glycol. PET has
aso been treated with ammonium hydroxide and steam at 200°C to form diammonium
terphthalate and EG. TPA is obtained by acidification with sulfuric acid.

Neutral hydrolysis

Hydrolytic scission of PET has been shown to be possible with water at neutral pH and at
temperatures above melting point of PET. Neutral hydrolysis of PET is usually carried
out under pressure (1-4 MPa) at temperatures of 200-300°C*¥°. High purity TPA and EG
may be obtained by the hydrolytic depolymerization of PET in an autoclave with excess
water. A study of the factors involved in neutral hydrolysis of PET showed that
depolymerization occurred in 2 h at 265°C with an initial ratio of 5.1: 1 (w/w) water to
PET®®. Alkali metal acetates typically catalyze the process. The major problem with this
process is that the impurities present in the waste PET are carried over with the TPA
product, thereby requiring extensive purification of the TPA obtained.

The only advantage of the hydrolysis process is that it can handle PET with up to
40 wt % of contamination. The economics of this process are highly dependent on the
scae, purity and markets for end products. It is difficult to purify TPA from the reaction
mixture since it has low solubility and low vapor pressure. Purification by multiple
crystallization of TPA increases cost. Compared to glycolysis and methanolysis,
hydrolytic depolymerization of PET is adow process.

1.6.2.2 Depolymerization via transesterification

Depolymerization can be accomplished by reaction of the polyester with excess of either an
alcohol or diol in the presence of catalyst at high temperatures. The transesterification

reaction between the polyester and diol or alcohol results in monomers or low molecular
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weight oligomers. Depolymerization via transesterification reaction has been extensively
studied in case of PET and two methods namely glycolysis and methanolysis have been
described.

Glycolysis is one of the oldest methods of PET depolymerization and is used widely
on a commercial scale. Generally partial alcoholysis is known as glycolysis. The variables
affecting the rate of glycolysis of PET have been studied in detail by Vaidya'®* and Baliga'®.
The kinetics of glycolytic depolymerization of PET have been studied at temperatures in the
range of 190-240°C and it was concluded that the glycolysis is second order with respect to
ethylene glycol and that the ethylene glycol acts as both a reactant and a catalyst in the
glycolysis reaction. A proposed mechanism for PET glycolysis would be (1) glycol diffusion
into the polymer (2) swelling of the polymer, which increases the rate of diffusion and (3)
transesterification of the glycol hydroxy group with an ester group in the polyester chain.
Snce it is a transesterification process, metal acetate salts were found to be effective
catalysts. Zinc compounds were found to have a catalytic effect on PET glycolysis below
245°C. The reaction is generally performed under a blanket of inert gas to prevent the
oxidation of the polyols produced. Glycolysis of PET actually yields the ‘true’ monomer of
the polyester condensation, namely, bis (hydroxyl-ethyl) terephthalate (BHET), along with its
respective oligomers. The reaction occurs more rapidly in the presence of an excess of
ethylene glycol, however too large excess may lead to formation of diethylene glycol. Sodium
acetate trihydrate and water are added to inhibit diethylene glycol formation. Glycols other
than ethylene glycol like propylene glycol or 1,4-butanediol, 1,6-hexanediol, polyethylene

glycol or even ethylene oxide may be used.

Methanolysis of PET is based on the reaction of PET with methanol at high
temperatures (180-280°C) and pressures (20-40 atm) to form DMT and ethylene glycol,
which are raw materials for the production of PET. The reaction occurs in the presence of
transesterification catalysts such as zinc, magnesium, and cobalt acetates and lead
dioxide. The reaction temperature can be achieved by heating and melting PET in the
first step, followed by exposure of the hot polymer to methanol or heat necessary to melt
the PET polymer by superheated methanol vapors. Naujokas and Ryan'® invented a
process in which the scrap PET is dissolved in oligomers of DMT and ethylene glycol
followed by passing of superheated methanol vapors through the solution. The reaction
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mixture is held at lower pressures than necessary to keep methanol as a liquid because the
resultant DMT is removed as a vapor. Removal of esters and alcohols as vapors allows
more contaminated PET to be tolerated than by conventiona liquid phase methanolysis.
The resultant DMT is purified by distillation which removes all the physical
contaminants and yields a high purity material. Besides DMT which is the principal
product, methanol, EG, diethylene glycol (DEG), 1,4-cyclohexane dimethanol (CHDM)
need to be recovered to make the process economical.

1.6.3 Recycling of waste polyestersvia depolymerization

Recycling is a process by which materials are separated from waste destined for disposal
and remanufactured into usable or marketable materials. The most commonly known
polyesters are PET and PBT, athough other specialty homo and copolyesters like PTT,
PEN, amorphous copolyesters based on IPA and high melting copolyesters of CHDM,
EG and pure TPA. In terms of volume and economic importance, thermoplastic
polyesters are dominated by PET, which has experienced a tremendous development in
fibers and molding resins due to a strong demand for textile applications and in food
packaging and bottle markets for glass replacement. PET has a very favorable
environmentally friendly image®, and recycling is a supplementary force driving PET
consumption. By comparison with the enormous volume of PET produced, the
production of other polyesters appears quite modest.

From both ecologica and economic considerations, it is important to evolve
strategies for recycling of post consumer plastic waste. The major factors influencing the
decision on the selection of an appropriate process/product option for polyester waste
recycling are (1) availahility of waste in terms of its quantity and quality, (2) polymer
characteristics of the waste, (3) cost of recycling in relation to the selling price of the
selected final product, (4) potential market size of the final product and (5) legislation on

environmental protection
1.6.3.1 Recycling of poly (ethylene terephthalate)s

There are two methods of recycling of PET (&) physical recycling and (b) chemical

recycling.
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Physical recycling involves remelting of the solid flakes or granules in an extruder
for pelletizing into chips or for direct melt processing into value added products, such as
coarse denier staple fibers (> 3 dpf), hollow fibers for filling, partialy oriented yarns,
dope dyed fibers or filament yarns and strappings for packaging. The recycled PET chips
can aso be used for producing engineering plastic materials through melt compounding
in atwin screw extruder into blends/aloys, fiber and mineral reinforced compounds.

In the chemical recycling process, PET waste is depolymerized into either of the
starting monomers, namely EG, pure TPA or DMT or oligomers. The oligomers may be
used for reconverson into PET by polycondensation or for production of polyurethane or
unsaturated polyester resins by subsequent chemical reactions with other monomers. The
major advantage of chemical recycling processes is the possibility of using any type of
PET waste, irrespective of its polymer molecular weight or additive contamination. The
chemical recycling processes are more readily amenable to removal of additive
contaminants than the physical recycling route. The different process options for
chemical recycling of PET waste may be categorized as follows (i) regeneration of base
monomers (methanolysis for producing DMT and hydrolysis for producing pure TPA and
EG) (ii) conversion into oligomers (glycolysis and solvolysis) (iii) use of glycolyzed
waste for value added products, (iv) conversion into specialty chemicals by aminolysis or
ammonolysis (V) conversion into specialty intermediates for use in plastics and coatings.

PET can be depolymerized with water (hydrolysis), methanol (methanolysis),
ethylene glycol (glycolysis) and butanediol (diolysis). The main depolymerization
processes that have been commercialized are methanolysis and glycolysis. Hybrid
solvolytic methods of PET degradation such as glycolysis-hydrolysis, methanolysis-
hydrolysis and glycolysis are unique as they can accept contaminated curbside plastic and
convert it, by a combination of processes to a high quality PET suitable for food-grade
use.

PBT has been produced from PET scrap by transesterification with 1,4-
butanediol 2. In this process, classified and clean polymer flake from post consumer PET
bottles is reacted with 1,4BD to give PBT which is an engineering plastic. EG and THF
formed during the process are recovered by distillation. Glycolysis may be applied to the

67


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
¥
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

converson of PET scrap to polyols for the production of important industrial materials
such as polyurethanes, saturated resins, alkyd resins and unsaturated polyesters*’#*%. The
conversion of scrap PET to polyols may be achieved by reaction with diols such as 1,6-
hexanediol, propylene glycol, polyglycols such as polyethylene glycol or ethylene oxide.
Unsaturated polyesters are obtained by the reaction of PET based polyols with substances
like maleic anhydride. PET based polyols may be reacted with acids like phthalic,
isophathalic acid and adipic acid to form saturated resins or fatty acid together with
phthalic anhydride to produce akyd resins which are used in the manufacture of coating
materials and paints. The materials obtained from the reaction of PET with a mixture of
fatty acids high in linoleic acid content and trimethylol ethane have been used in the
preparation of water dispersible coatings. Products of depolymerization of PET with

trimethylol propane and pentaerythritol are used in the manufacture of high-solids paints.

The products of degradative transesterification of PET with long chain aliphatic
alcohols serve as a plasticizer. Transesterification of PET with 2-ethylhexanol produces
dioctyl terephthalate and small amounts of octyl (2-hydroxyethylene) terephthalate and
terephthalate oligoesters. This mixture is used as plasticizer for PVC'*°. PET waste has
been used in the manufacture of terephthalic electroinsulation lacquers.

Other methods of depolymerization of PET like ammonolysis and aminolysis
have also been researched extensively. Ammonolysis involves the reaction of PET with
ammonia to form TPA diamide which may be converted into terephthalonitrile which
may be further hydrogenated to form p-xylylenediamine and 1,4-bis (aminomethyl)
cyclohexane'®®. Aminolysis of PET involves the reaction of PET with primary amines

187
e

such as methyl amine, ethylamine and ethanol amine™" to form mono and diamides of

TPA.

Collectively al these chemical recycling processes are termed as chemolysis.
Selection of the most appropriate recycling technique is dependent on the quality of the
available feedstock and the type of end-products required. The different chemical
recycling routes for PET essentialy differ in the purity and consistency of the
intermediates they produce.
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1.6.3.2 Recycling of other poly (ester) s

All saturated linear polyesters can theoretically be depolymerized to recover al starting
monomers. The basic chemistry and processes are smilar for al of the commercial
saturated polyesters. Polyesters such as poly (butylenes terephthalate), poly (ethylene
naphthalate) and poly (cyclohexylene dimethylene terphthalate) could al be
depolymerized to recover 1,4-butanediol, 2,6-naphthalenedicarboxylic acid or 2,6-
dimethyl naphthalene dicarboxylate, and 1,4-cyclohexanedimethanol, respectively along
with terephthalic acid or dimethyl terephthalate and ethylene glycol. The limitation is not
in the chemistry or the process technology. The limitation to practical commercial
polyester depolymerization is securing a satisfactory quantity of polymer at a price that
permits the economical regeneration of monomers. The choice of technology is
dependent, though, on the quality of the available feed and the desired product state.

While depolymerizing poly (ethylene naphthalate) could be attractive on the small
scale because of the high commercial price for the naphthalate moiety, even this
candidate resin is in too little availability to permit economical depolymerization. Among
the polyesters, only PET is available in sufficient quantities to make commercial use of
depolymerization potentially attractive.

Among the family of biodegradable aliphatic polyesters, opticaly active poly (L-
lactide) and poly (R-3-hydroybutyrate) have been attracting much attention because they
are produced from renewable resources and are biodegradable and compostable without
any harmful effects on the environment'®>'®®. Moreover, they have high mechanical
performance comparable to those of commercial polymers like polystyrene and PET.
Recycling of biodegradable polyesters such as PLLA, R-PHB and PCL is crucia to
reduce the consumption of renewable resources and the energy for the synthesis of its
monomers. The hydrolysis of PLLA, PCL and R-PHB proceeds via bulk erosion to yield
monomers L-lactic acid, 6-hydroxycaproic acid and 3-hydroxy butanoic acid, and hence
these polyesters can be used as recyclable materials.
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Chapter 2: Scope and objectives of the present work

2.1 Introduction

The use of plastics that can be easily recycled or environmentally degraded is an elegant way
of dealing with solid waste disposal, which is a critical problem of the society today. Due to
increasing environmental awareness of consumers as well as organized society, there is a
renewed interest in the area of environmentally degradable, biodegradable or recyclable
plastic materials.

Polyesters are a class of polymers that can be either recycled or environmentally
degraded. Among polyesters, the aliphatic polyesters on account of their poor hydrolytic
stability are environmentally degradable, whereas, the aliphatic-aromatic polyesters present
good thermomechanical properties and can be recycled effectively.

Aliphatic polyesters have been traditionally low molecular weight polymers, and,
hence, have poor physical properties. Therefore they have found only limited applications as
plasticizers' and as diols for the synthesis of polyurethanes?. However, their poor hydrolytic
stability can be viened as a desirable property for environmental degradability and, hence,
these polyesters have attracted greater attention in recent years. However, higher molecular

weight polyesters are desired for realizing acceptable physical properties.

Poly (butylene adipate) (PBA) is an aliphatic polyester prepared by melt
polycondensation of adipic acid or its diester and 1,4-butanediol. Molecular weight of this
polyester prepared by melt polycondensation is limited to only a few thousands due to the
degradation reactions occurring during synthesis. Alternatively, molecular weights can be
increased by chain extension reactions using chain extenders like diisocyanates, diesters or
dicarbonates. Ring opening polymerization (ROP) is another technique for obtaining high
molecular weight aliphatic polyesters at lower temperatures and in lesser reaction times.

Copolyesters with varying structures can be prepared by ring opening polymerization.

Among the aliphatic-aromatic polyesters, PET is most cost-effective and widely
consumed polymer and accounts for about 95 % of total global consumption of polyesters.
On account of the aromatic component, it is poorly biodegradable, but it can be recycled

effectively. PET has been recycled successfully and has the second highest scrap value after
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aluminum®. PET can be directly converted into PBT by transesterification with 1,4-
butanediol.

The objective of the present work is therefore to study the reactions that lead to
polyester formation either by polycondensation, ring opening polymerization or recycling
using transesterification reactions, with emphasis on potentials for environmental
degradability or reuse.

2.2 Objectives

2.2.1 Synthesis and characterization of fully aliphatic polyester derived from dimethyl
adipate and 1,4-butanediol.

Poly (butylene adipate) is a semicrystalling® aliphatic polyester obtained by
polycondensation of dimethyl adipate and 1,4-butanediol. However synthesis of this polyester
by melt polycondensation results in formation of undesirable cyclic oligomers. This
degradation reaction limits the attainment of high molecular weights. The objective of this
study is, therefore, to systematically study the synthesis of poly (butylene adipate)
(PBA) by melt polycondensation and understand the effect of reaction parameters on
the various polyester forming reactions. The polyesters will be characterized by
techniques, such as, GPC, VPO, NMR, DSC and MALDI-ToF MSwith a view to understand
the formation of cyclic oligomers that compete with linear step-growth polymerization.

2.2.2 To explore approaches for the synthesis of high molecular weight fully aliphatic poly

(ester) susing chain extension reactions

Synthesis of poly (butylene adipate) by melt polycondensation results in low molecular
weight polyester. The molecular weight can be increased by using chain coupling agents.
Chain extenders generally react spontaneously with polymer end groups to increase the
molecular weight with no formation of byproducts that reverse the reaction. This requires the
polyester to have only one type of end group such as hydroxyl, carboxyl or amine etc. which
can react with the chain extender. The low molecular weight poly (butylene adipate)
therefore, has to be modified so as to produce polyester with one type of end group namely,

hydroxyl end group. Various chain extenders have been reported in literature®. Most
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commonly used are diisocyanates® and bis (chloroformates)’ to prepare poly (ester-

urethane)s and poly(ester-carbonate)s.

The objectives of this study are (i) to synthesize low molecular weight poly(butylene
adipate) with hydroxyl end groups and (ii) to use chain extenders like, hexamethylene
diisocyanate, divinyl adipate, 2,2 bis (2-oxepanone) ethane, bis (4-nitro phenyl
carbonate) which react exclusively with the hydroxyl terminated polyester with a view
to increase molecular weights. In reactions with hexamethylene diisocyanate and 2, 2 bis
(2-oxepanone), no byproduct results from the reaction of hydroxyl group with the
diisocyanate or bis (lactone), whereas, in the case of divinyl adipate and bis (4-nitro phenyl
carbonate), a by-product is formed. However, the by product (acetaldehyde or 4-nitrophenol)
is not capable of reversing the reaction. The chain extended polyesters will be characterized
by IR, NMR, DSC, viscosity and GPC.

2.2.3 Synthesis of fully aliphatic poly (ester) s by ring opening polymerization of lactones

Coordinative ring opening polymerization with stannous octoate® as catalyst for the
synthesis of aiphatic homo and copolyesters has been studied extensively. Stannous
octoate is less nucleophilic than akoxide and acts more like a catalyst rather than an
initiator and is, therefore, used together with active hydrogen compounds (e.g. alcohols)
as co-initiator®. Coordinative ring opening polymerization is a suitable method for
preparing novel aliphatic polyesters with specific structural features from suitably
designed lactones. A number of o and y substituted e-caprolactones have been
synthesized and polymerized using stannous octoate or aluminium isopropoxide™ 2.
However the ring opening polymerization of o substituted lactones has not been
investigated. Bicyclic compounds®® are also known to be used as reactive monomers for

ROP.

The objective of this study is therefore to synthesize novel lactones, namely, 3-
pentadecyl 2-oxepanone and 2-oxabicyclo [3.2.1] octan-3-one and study their
homopolymerization. Copolymerization with e-caprolactone will also be studied to
establish relative ease of ring opening polymerization. The lactones will be fully
characterized by IR, NMR, elemental analysis, mass and melting points. The copolymer
composition will be determined by *H NMR. The copolyesters will be characterized by
NMR, DSC and GPC to understand the effect of their structure on properties.
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2.2.4 To establish a method for recycling waste poly (ethylene terephthalate) into
higher value poly (ester) slike poly (butylene terephthalate)s, poly (hexamethylene
terephthalate)s and poly (1,4-cyclohexyl dimethylene terephthalate)s

It is well known that transesterification reaction of diols with PET scrap is a direct
method of producing poly (alkylene terephthalate) s. PBT has been produced from PET
scrap by transesterification with 1,4-BD*. The objective is to explore the synthesis of
different poly (alkylene terephthalate)s like poly(butylene terephthalate), poly (1,4-
cyclohexyl dimethylene) terephthalate and poly (hexamethylene terephthalate) by
transesterification reactions with 1,4-butane diol, 1,4-cyclohexane dimethanol and 1,6-
hexanediol respectively. Transesterification reaction with 1,4-BD results in large
amounts of THF formation®. The objective is therefore to study the effect of various
reaction parameters on the THF formation and copolymer composition and to
understand the reactions that lead to THF formation during the process. The
copolyester composition will be determined by *H NMR and their acid values will be
determined by Pohl’s method. The polymers will also be characterized by DSC and

viscosity measurements.
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Chapter 3: Synthesis and characterization of poly (butylene adipate) s

3.1 Introduction

Aliphatic polyesters were historically the first family of synthetic condensation polymers,

which were investigated as a part of Carother’s pioneering studies on polymerization in

the 1930's"2. Polyesters are typically synthesized by polycondensation of hydroxy acids
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or bifunctional monomers like diacids and diols, diacid chlorides and diols or diesters and
diols™®. Generally in polycondensation, high molecular weights can only be achieved at
very high conversions (>98-99%). Exact stoichiometric balance of monomers is of
paramount importance which is readily achieved using purified AB — type monomers and
does present a practical problem when AA-BB type monomers are used. Esterification is
thermodynamically a reversible reaction. As ester formation is characterized by
equilibrium, continuous removal of by-product is necessary to drive the reaction towards
higher conversion. To further facilitate high conversion, long reaction times and high
temperatures are needed. However, efforts to increase conversion, also lead to
undesrable degradation reactions, such as, dehydration of monomers, formation of
cyclics, etc. which lead to loss of functional end groups resulting in low conversions and,

hence, low molecular weight polyesters.

Cyclization reactions in step-growth polymerizations are inevitable but have been
little appreciated. There are two main routes to formation of cyclic structures (i) when the
chain ends of the same chain react with each other, intramolecular ring closure reaction
and (ii) when the chain end react with the ester linkage within the growing chain, called
back-biting reaction. In both cases, the formation of macrocyclic structures strongly
depends on the flexibility of the polyester chain. In most polycondensation reactions,
ring-ring equilibria exists, leading to the formation of cyclic oligomers, which can affect
deleteriously the properties of final polymers’. In fact, a general problem connected with
esterification- polycondensation process is the difficulty in preparing high molecular
weight aliphatic polyesters. The moderate molecular weight leads to materials with low

degrees of crystallinity and poor mechanical properties.

Aliphatic polyesters have attracted renewed interest in recent years on account of
their ease of environmental degradability. Hence they have found wide applications as
fibers, films, bottles and injection-molded products®. The inherent degradability of
aliphatic polyesters makes them highly interesting for applications where the
environmental impact is a concern, e.g. packaging, disposable items and agricultural
mulch films.


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
¥
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

This chapter examines carefully the influence of reaction conditions on the synthesis
and properties of an aliphatic polyester, namely, poly (butylene adipate) (PBA) from
dimethyl adipate (DMA) and 1,4-butanediol (BD) by melt polycondensation. Poly (butylene
adipate) was chosen for the study for two reasons, firstly because this polymer forms the
basis of a commercially relevant biodegradable polyester, Bionolle® introduced by Showa
High polymer Co., Ltd., Japan and, secondly, synthesis of this polyester by melt
polycondensation has not been described in the literature in adequate details. The objective
of this study was, therefore, to gain a better understanding of the effect of reaction conditions
on polyesterification and polycondensation with specific reference to the nature of end

groups and formation of cyclics.

3.2 Experimental

3.2.1 Materials

Dimethyl adipate (DMA) and 1,4-butanediol (BD) were obtained from Fluka Chemika,
Switzerland. Dibutyl tin oxide (DBTO), dibutyl tin dichloride, titanium isopropoxide,
2[(4-hydroxy phenyl) azo] benzoic acid (HABA), and trans-3-indole acrylic acid (IAA)
were obtained from Sigma-Aldrich Inc.,USA. Phenol was procured from SD. fine
Chemicals, Mumbai, India.

3.2.2 Reagents and purification

Dimethyl adipate (DMA) and 1,4-butanediol (BD) were distilled under vacuum and
stored over 4A molecular sieves. The purity of the both the reactant was determined by
GC and was found to be 99.5% for BD and 99.8% for DMA. Titanium (1V) isopropoxide
was distilled under vacuum and used as a solution in dry toluene. Phenol was distilled
and used. Two tin catalysts were prepared from dibutyl tin oxide and dibutyl tin
dichloride according to following procedures. (a) Synthesis of 1,3-diphenoxy tetrabutyl
distannoxane®; 0.0046 mol each of dibutyl tin oxide and phenol were refluxed in 20 mL
of benzene for 5 h using a dean and stark apparatus to collect the water of condensation.
After refluxing, the solution was cooled and concentrated. The crude product was

crystallized from n-hexane.
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Elemental analysis. Calculated: C, 50.34; H, 6.89; Sn, 35.57; Found: C, 49.77; H, 6.52;
Sn, 34.95. Melting point (°C): Reported: 137-139; Found: 137-139.

(b) Synthesis of 1,3-dichloro tetrabutyl distannoxane'®**: 0.0046 mol each of dibutyl tin
oxide and dibutyl tin dichloride were refluxed in benzene for 5 h. After 5 h of reflux, the
solution was cooled and concentrated and crystallized from n-hexane. Elementa analysis:
Calculated: C, 34.75; H, 6.52; Sn, 42.98; Found: C, 34.22; H, 6.15; Sn, 42.28. Mdting
point (°C): Reported: 110-112; Found: 109-110

3.2.3 Synthetic methods

Experiments were carried out to study the effect of reaction temperature on the
transesterification reaction of DMA with BD as well as the effect of catalysts, reaction
temperature, reaction time and catalyst concentration on the further polycondensation

reaction.
Effect of reaction temperature on the transesterification reaction of DMA with BD

Reactions were carried out at four different temperatures 150, 180, 200 and 220°C using
stoichiometric amount of DMA (1.74 g, 0.01 mol) and BD (0.9 g, 0.01 mol) and titanium
isopropoxide (0.05 mol % of DMA) as catalyst. The reaction mixture was heated under
nitrogen flow for 2 h at different temperatures in a two necked round bottom flask fitted
with a water condenser and a spiral trap to collect the methanol formed. The poly
(butylene adipate) obtained was characterized by GPC without further purification. The
distillate collected in the trap was analyzed by GC.

Effect of catalysts on the polycondensation reaction

Effect of catalysts 1,3-diphenoxy tetrabutyl distannoxane, 1,3-dichloro tetrabutyl
distannoxane and titanium isopropoxide on the polycondensation reaction of DMA and
BD was examined. Stoichiometric amount of DMA and BD was used. Dimethyl adipate
(26.16 g, 0.15 mal), BD (13.5 g, 0.15 mol) and catalyst (0.05 wt % of DMA, 0.013065g)
were heated under nitrogen flow in a three necked glass reactor equipped with a nitrogen
inlet, and an air condenser fitted to a coiled trap to collect the methanol formed. The
reactants were first heated under a flow of nitrogen for 30 min at 125°C and 60 min at

150°C. The heating was then continued under reduced pressure, which was slowly

86


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
¥
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

decreased to 1mbar over 90 min. The temperature was then raised to 175°C, and the
reaction was continued for 2 h under a vacuum of 1 mbar. The polymer obtained was
cooled under vacuum and later on dissolved in 50 mL chloroform and precipitated in 300
mL methanol. The methanol insoluble fraction was washed with methanol and dried,
whereas the methanol soluble fraction was concentrated and dried. The distillate collected
in the spiral trap was analyzed by GC. It was found to contain a mixture of methanol and
THF. The yield of the methanol insoluble fractions varied between 78-84% and that of
the methanol soluble fraction between 15-22% by weight.

Effect of reaction temperature on the polycondensation reaction

The effect of temperature was studied by polymerizing DMA (26.16 g, 0.15 mol) with
BD (13.64 g, 0.1515 mol) in presence of titanium isopropoxide catalyst (0.05 wt% of
DMA, 0.013065g) at 125, 150, 180, 200 and 220°C. Molar ratio of DMA: BD was
1:1.01. The reactants were heated with agitation using magnetic stirrer for 2 h under
nitrogen flow in a 250 mL round bottom flask equipped with a nitrogen inlet and an air
condenser fitted to a coiled trap. After 2 h, the nitrogen flow was stopped and the
pressure inside the flask was reduced to 1 mbar over a period of 1 h. The reactants were
further heated for 1 h under vacuum. The product was cooled under vacuum. It was
dissolved in 50 mL of chloroform and precipitated in 300 mL methanol. The methanol
insoluble fraction was isolated, washed with methanol and dried. The methanol soluble
fraction was concentrated and dried. The distillate, which contained THF and methanol,
was quantified by GC. Conversions were determined from moles of methanol. In all the
experiments carried out at temperatures 150°C and above a portion of the product
volatilized during the reaction and condensed as a solid on the air condenser. This
compound distilled under high vacuum and the amount distilling out increased with
increase in temperature. It was collected and crystallized from n-hexane and further
characterized by NMR and FAB-MS. Yield of the polymer (the methanol insoluble

fraction) increased with increase in reaction temperature.
Effect of reaction time under vacuum on the polycondensation reaction

DMA (26.13g, 0.15 mol), BD (13.635g, 0.1515 mol) and titanium isopropoxide (0.05
wt% of DMA, 0.013065g) were heated with magnetic stirring under nitrogen flow in a
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two necked 250 mL round bottom flask equipped with a nitrogen inlet, and a condenser
fitted to a spiral trap. Molar ratio of DMA: BD of 1:1.01 was used. The reactants were
heated at 125°C for 2 h under nitrogen flow. After 2 h the pressure inside the flask was
reduced to 1 mbar over a period of 1 h. The reactants were then heated for different
lengths of time from 1 to 5 h under vacuum. After heating for required time, the product
was cooled. It was dissolved in 50 mL chloroform and precipitated in 300 mL methanol.
The methanol insoluble portion was isolated, washed with methanol and dried. The
methanol soluble fraction was concentrated and dried. The ditillate containing THF and
methanol was quantified by GC. Conversions were determined from moles of methanol.
Only in the experiment carried out for 5 h under vacuum, a portion of the product
distilled out under high vacuum, which was collected and crystallized from n-hexane and
further characterized by NMR and FAB-MS. The yield of the polymer (methanol
insoluble fraction) increased with increase in reaction time.

Effect of catalyst concentration on the polycondensation reaction

The concentration of titanium isopropoxide was increased from 0.05 wt% of DMA to 0.1
wt% of DMA to examine its effect on the polycondensation reaction. DMA (26.13g, 0.15
mol), BD (13.635g, 0.1515 mol) along with different amounts of titanium isopropoxide
were heated with magnetic stirring under nitrogen flow in a two necked 250 mL round
bottom flask equipped with a nitrogen inlet, and a condenser fitted to a spiral trap. Molar
ratio of 1:1.01 for DMA: BD was used. The reactants were heated at 125°C for 2 h under
nitrogen flow. After 2 h, the pressure inside the flask was varied from 100 to 1 mbar over
a period of 1 h. The reaction was further continued for 1 h under vacuum. The product
was cooled under vacuum, dissolved in 50 mL chloroform and precipitated in 300 mL
methanol. The methanol insoluble portion was isolated, washed with methanol and dried.
The methanol soluble fraction was concentrated and dried. The distillate containing THF
and methanol was quantified by GC. Conversions were determined from moles of
methanol. The yields of the methanol insoluble fraction did not vary much with the

catalyst concentration.

3.3 Analysis
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3.3.1 Solution NMR measurements

"H NMR spectrawere recorded on a Brucker AC 200 spectrometer at 25 + 1°C, operating
a 200 MHz. For measurements, 20 mg of finely powdered polyester samples were
dissolved in 0.5 mL of solvent chloroform-d in 5mm diameter NMR tubes. The chemical
shifts are reported up field with reference to internal standard chlororform-d at 7.25 . *C
NMR analysis was carried out on aMSL 300 spectrometer.

3.3.2 Quantification of methanol and tetrahydrofuran by gas chromatography

Methanol and THF formed during the reactions were estimated using capillary column
under the following conditions, by Perkin Elmer Autosystem XL Gas Chromatograph

Column specifications. BP-20 (polar) capillary column made of fused slica material with
a bonded poly (ethylene glycol) stationary phase (length = 25 m, 1.D. = 0.22mm, O.D. =
0.33 mm, film thickness (stationary phase) = 0.25 micron)

Carrier gas. Nitrogen, Inlet pressure: 7 psi, Flow rate through the column: 0.3 mL/min.
Detector: FID, Flow rate for hydrogen: 45 mL/min, Flow rate for air: 450 mL/min.

Oven programme: 45°C (5 min), 45°C —200°C at a heating rate of 45°C/min, 200°C (7
min), Injector: 220°C, Detector: 250°C.

The retention times for methanol, THF and phenol are 4.7, 4.3 and 14.7 min respectively.
In order to estimate accurately the amount of methanol and THF formed during the
reaction, calibration curves for methanol and THF using phenol as the interna standard
(I'S) were obtained as follows: A stock solution of phenol was prepared by dissolving
2.5081 g of phenol in 25 mL acetone. From this stock solution 1 mL was taken for the
preparation of solution. Stock solutions of methanol as well as THF were prepared by
dissolving 1.0111 g of methanol and 1.0024 g of THF in separate 10 mL volumetric
flasks and diluted upto the mark with acetone. From this stock solution 0.2, 0.4, 0.6, 0.8
and 1 mL each of methanol and THF solutions were pipetted out in separate 10 mL
volumetric flasks. 1 mL of internal standard (phenol) was added into each of these
volumetric flasks and further diluted with acetone up to the mark. 0.5 uL of each of these
solutions was injected into the column. A minimum of 3 injections was used to confirm

the reproducibility in the analysis. Area ratios of methanol and THF to phenol were

89


http://www.pdfcomplete.com/1002/2001/upgrade.htm

4
= PDF
Complete

Click Here & Upgrade
Expanded Features

Unlimited Pages

calculated for each injection and all concentrations from the chromatograms. The area
ratios were plotted against their corresponding mole ratios. The slopes of the curves 6.57
for methanol and 1.55 for THF were used to calculate the exact quantity of methanol and
THF asfollows: Mole Ratio (MR) = Area Ratio (AR) x Response Factor (RF). Therefore
Moles = Moles of ISx AR x RF.

3.3.3MALDI-ToF MSanalysis

MALDI-ToF MS analysis was performed on a Voyager-DE STR spectrometer equipped with
2 mlinear and 3 m reflection flight tubes and 337 nm nitrogen LASER of pulse width 3ns.
Analysis was carried out at an accelerating potential of 20 kV and mass spectra from 50-150
laser shots were accumulated to produce the final spectrum. Tetrahydrofuran solutions of
samples (4-6 mg / mL) as well as matrix (10-30 mg / mL) were prepared. 2-[(4-
hydroxyphenyl) azo] benzoic acid and trans 3-indolacrylic acid were used as matrices for
analysis. A droplet of analyte was placed first on the steel sample plate followed by a droplet
of matrix solution. The droplets were air dried on the plate. The sample plate was then

inserted into the instrument under high vacuum.
3.3.4 FAB analyss

FAB-MS of the THF solution of the oligomer was performed using an AutoSpec FAB

mass spectrometer.
3.3.5 Elemental analysis

Elemental analyses (C, H) were obtained on a Carlo-Erba 1100 automatic CHN analyzer.
Tin was estimated gravimetrically by digesting the sample in a mixture of sulfuric and
nitric acid, followed by a repetition of the cycle of digesting, washing and drying till

constant weight.
3.3.6 Molecular weight and molecular weight distribution

Molecular weights (M, and M,,) and polydispersity (Mw / M) were determined with
respect to polystyrene standard by size excluson chromatography on a Thermo Quest
GPC instrument with UV100 and RI150 detectors at 25°C by eluting poly (butylene
adipate) solutions of 2-5 mg / ml concentrations in THF, with toluene as internal standard

through a series of two p — Styragel columns one of 100A pore size and the other of
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mixed pore size 50- 10°A pore size. THF was used as the mobile phase (flow rate
ImL/min) and both UV and RI detector signals were recorded simultaneously. As the
molecular weights were calculated with respect to polystyrene calibration, they were of
little significance and hence GPC was mainly used to determine the polydispersity index.
The number average molecular weights of the polyesters were determined by KNAUER
K-7000 Vapor Pressure Osmometer. The analysis was carried out under the following
operating conditions: Cell temperature (T¢) = 35°C, Head temperature (Ty) = 35 + 3°C,
Gain = 032, time = 3 min. My, is given by Key / (AT/C)c=0 Where AT is the difference in
temperature between the sample and solvent probe and C is the concentration of the
sample being analyzed in g/lit. AT increases with increasing concentration of sample. AT
was recorded for four different concentrations. A plot of C g/lit versus AT/C gives a
positive slope. The intercept is given by (AT/C) at C = 0. The instrument was first
calibrated with an organic compound benzil of known molecular weight and K¢y was
determined by obtaining the value of intercept from the plot. Using this value of Ky and
value of intercept from the plot, M, of any polyester sample can be determined.

3.3.7 Thermal analysis

Differential scanning calorimetric (DSC) measurements were made on a Waters thermal
analyzer model Q-10 under nitrogen atmosphere. Approximately 6-7 mg of polymer
samples were weighed in aluminium pans of 50nL capacity and sealed. The sample and
blank sealed pans were heated simultaneously from -40°C to 80°C at a heating rate of
10°C / min. After holding for 1 min at 80°C, the sample was cooled at 100°C / min to -
40°C. The crystallization and melting temperatures were obtained from the second and

first heating curves respectively.

3.4 Results and Discussions
3.4.1 Synthesis of poly (butylene adipate) s by transesterification of dimethyl adipate
and 1,4-butanediol

Poly (butylene adipate) s are synthesized by an ester interchange reaction of dimethyl
adipate and 1,4-butanediol in the presence of a transesterification catalyst. As this
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reaction is characterized by equilibrium, the continuous removal of byproduct methanol
IS necessary to drive the reaction towards higher conversion.
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Figure 3.1 'H and **C NMR spectra of poly (butylene adipate) (PBA)

Typica *H and *C NMR spectra of poly (butylene adipate) synthesized by melt
polycondensation of dimethyl adipate and 1,4 -butanediol are as shown in Figure 3.1

'H NMR (CDCls) of PBAd: 1.63-1.67 (8H, m, -CH,); 2.30 (4H, s, -COCH.); 3.64 (-
CH,OH end groups); 4.06 (4H, s, -OCHy)
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13C NMR (CDCls) of PBAd: 23.90 (CH,); 24.91(CH.); 33.42 (CH,CO); 63.42 (CH.0);
172.85 (carbonyl)

The dialkyl ester first reacts with an excess of diol in a transesterification reaction,
in an inert atmosphere at 100-200°C, liberating an akanol and forming a bis
(hydroxyalkyl) ester. In the second stage, the ester is subjected to polycondensation by
alcoholysis, at high temperatures and under reduced pressures, resulting in formation of
the polyester and liberating a molecule of diol for each step of chain growth.

Transesterification reaction

|
CH30—C—(CH)4—C—0CH3 + HO—(CH,),—OH
1L ————————— Stage 1
I I
HO—(CH2);—0—C—(CH2);—C—0—(CH2),—OH + 2CH3OH

Polycondensation reaction

I |
NHO—(CH2)4;—0—C—(CH);—C—0—(CHy);—OH

|

Il Il
CH3EO—C—(CH2)4—C—O—(CH2)4:—|—nO—H + (Nn-1)HO—(CH,),—OH

———————— - Stage 2

Scheme 3.1: Synthesis of poly (butylene adipate) by transesterification of DM A with
BD

Both the stages are inherently reversible, but the conditions are chosen to drive
each reaction in the forward direction by removal of low molecular weight byproduct as
it is formed (Scheme 3.1) The product at this stage, although nominally the diester,
usually contains some proportion of longer chain, hydroxyl-ended oligomers. In
polycondensation conversions of 97-98 % are eadly obtained irrespective of whether
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oligomer or polymer is formed, however high molecular weights are obtained only at
conversions greater than 99 %. In general, the chemistry in polycondensation is the same
at the oligomer as well as the polymer stage, but the results obtained are very sensitive to
how efficiently the byproduct is removed without loss of any functional groups which are
very critical for further increase of molecular weight. The higher reaction temperatures,
reaction time and vacuum used to push the reaction towards higher conversions,
inevitably results in degradation reactions such as formation of cyclics by intramolecular
transesterification reactions, and formation of THF, leading to loss of functionalty.
Scheme 3.2 shows some of the degradation reactions that can occur during the
polycondensation reaction.

THF formation

0] 0]
¢ (CHy) " H (Oj i i
WWWWWWWWWWAIWWW (C—— 2)a—C—0O0= 2\ C CH-)—C—OH

CH,
L/
HO—CH;
Ri . O
ing-closurereaction M
(”) (") 0—C
HOmwwww—-O—(CH)3—0—C—(CHp)y—C—mwwvOCHy ——> E’)—(CH2)4—O—(”3—(CH2)4—("E|n
O O
Back-biting reaction

o
Il
Il

0—C
-G —(CHp)—C—O—(CH2)4—OmummwOH  ———> é—(Cqu—O—c”:—@qu—%]n
0 0

(”) O

wwwwww OH

Scheme 3.2: Degradation reactions occurring during synthesis of poly (butylene
adipate)

Synthesis of poly (butylene adipate) s useful for applications in thermoplastic
polyurethanes and elastic fibers has been mainly reported in the patent literature'®. Melt
polycondensation of DMA and BD using potassium titanium oxalate at 230-250°C results
in the formation of PBA with relative viscosity of 1.78 along with some sublimation

products™. However, analysis of these products is not described. Effect of reaction
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conditions like temperature, catalyst concentration, monomer ratio on molecular weight
of diphatic polyesters has been reported™. However, a detailed understanding of the
structure of poly (butylene adipate) obtained by melt polycondensation as a function of

the reaction conditions employed is not available in literature.
3.4.1.1 Effect of reaction temperature on transesterification reaction

The effect of temperature on the transesterification was studied by carrying out the
reaction using stoichiometric amounts of DMA and BD catalyzed by titanium
isopropoxide (0.05 mol% DMA), for 2 h under nitrogen flow, at four different
temperatures 150, 180, 200 and 220°C. The molecular weights and distribution were
determined by GPC. The results are shown in Table 3.1. The distillate was found to
contain methanol and about 2 mol% of THF based on BD by GC indicating that THF was
formed even at the early stage of transesterification.

Table 3.1 Effect of temperature on transesterification reaction® of DMA with BD

No. Reaction %Yield® | MS, (GPC) Mu/M,°
temperature (°C)
1. 150 95 3,420 33
2. 180 90 7,480 33
3. 200 90 11,120 2.6
4, 220 90 15,340 3.4

a-Reaction conditions: 2 h of heating under nitrogen flow; b-Calculated based on
theoretical weight of polymer expected; c-M, and M,/M,, of the polymer were determined
without precipitation.

THF can be formed by acid catalyzed dehydration of BD or by the intramolecular
cyclization of the hydroxy butyl end groups. As there are no acid groups in the reaction
medium, THF could probably be formed initially by the intramolecular cyclization of the
hydroxy butyl end groups as shown in Scheme 3.2. The polymer molecular weight
increased with temperature, but the polymers obtained at higher temperatures were

colored. The molecular weight distributions were also very broad indicating a non schulz-
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flory distribution, generally observed during early stages of poly (esterification) s. The
results show that transesterification reactions are favored at higher temperatures resulting

in higher molecular weight PBA.
3.4.1.2 Effect of catalyst on polycondensation reaction

Generally, ester interchange reaction proceeds very slowly in the absence of catalysts
even at high temperatures™. A very large number of substances are reported to catalyze
hydroxy-ester interchange reactions. Metal sdts, oxides, and alkoxides are the most often
cited catalysts for this reaction.

Effect of catalysts 1,3-diphenoxytetrabutyl distannoxane, 1,3-dichloro tetrabutyl
distannoxane and titanium isopropoxide were studied. All the three catalysts are effective
and well known for the synthesis of polyesters'®*®. A reasonable mechanism involves the
coordination of ester carbonyl to the metal atom, favoring the nucleophilic attack of
alkoxy ligands or hydroxyl end groups on the corresponding carbon. It could be written
as a succession of (1) ester interchange and (2) ligand exchange, yielding the low molar
mass alcohol or diol by-product.

Experiments were carried out using stoichiometric amounts of DMA and BD and
a catalyst concentration of 0.05 wt% of DMA by weight. The polymers obtained were
precipitated in methanol and dried. The results of the experiments are shown in Table
3.2. Titanium isopropoxide was found to be better than tin compounds. The efficacy of a
given catalyst depends on the reaction medium. In the present case, the reaction medium
consists of a mixture of ester and hydroxyl end groups. Titanium alkoxides are known to
be good catalysts for both transesterification and polycondensation reactions. In view of
this titanium isopropoxide was used in all subsequent studies. Distillate collected during
the reaction was analyzed by GC and was found to contain 2-3 mol% of THF based on
BD aong with methanol.

Table 3.2 Effect of catalysts on the reaction® of DMA with BD

No. | Catalyst (0.05 Yield (%wt.) My’ | Mu/M°

c-wkN/ L MAAAN el mYa\Y
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Wt% of DMA) Methanol | Methanol | Total (GPC)
insoluble soluble (%)
(%) (%)
1. 1,3-diphenoxy 79 20 99 8,480 2.3
tetrabutyl
distannoxane
2. Titanium 84 25 99 14,130 1.8
isopropoxide
3. 1,3-dichloro 78 21 99 8,230 2.2
tetrabutyl
distannoxane

a-Reaction conditions: 125°C/30 min/N,, 150°C/60 min/N,, 150°C/90 min/ ambient
pressure to 1mbar, 175°C/120 min/ 1mbar; b-M, and My/M, of methanol insoluble
fraction.

Since no acid is present in the reaction, which can catalyze the dehydration of BD, THF
may be formed from the oligomers having hydroxy butyl end groups by the

intramolecular cyclization reaction.
3.4.1.3 Effect of reaction temperature on polycondensation reaction

Polycondensation of DMA and BD was studied at five temperatures namely 125, 150,
180, 200 and 220°C, the results of which are shown in Table 3.3. The mass balance,
which is a ratio of the total weight of all the products to the total weight of al the
reactants, was 100% for al experiments. The obtained polymer was precipitated in
methanol. A portion of the product was insoluble in methanol and the remaining fraction
was soluble in methanol. Both the fractions were analyzed separately. Melting
temperature (Tr) and crystallization temperature (T¢) of only the methanol insoluble

fractions were determined by DSC.

Table 3.3 shows that a maximum of 95% conversion based on moles of methanol
and 98% conversion based on the M,, determined from VPO could be obtained. Loss of
BD as THF accounted for about 3-4 mol % based on BD. A narrow molecular weight
distribution of the methanol insoluble fraction can be attributed to the fractionation of the
polymer. T, of the polyesters was approximately around 60°C.
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Table 3.3 Effect of reaction temperature on polycondensation reaction® of DMA with BD

No.| Reaction |Reduced | Conv®. | ConV®. | Yield® | THF® | M, | MW/M, | T | T¢
temperature | pressure | (%mol) | (%) (%ont) (%mol) | (VPO) 0 | ()
(’0) (mbar) '

1. 125 0.030- 88 95 27 3.0 3980 16 58 | 22
0.027

2. 150 0.045- 92 97 75 3.7 7060 15 60 | 25
0.040

3. 180 0.026- 94 98 85 3.7 9010 15 61 | 20
0.027

4. 200 0.028- 95 97 86 44 7720 16 60 | 21
0.025

5. 220 0.025- 93 98 86 3.8 8120 16 61 | 21
0.026

a-Reaction conditions; DMA:BD = 1:1.01/ titanium isopropoxide = 0.05 wt% of DMA,
reaction temperature (°C)/2 h/ N, reaction temperature (°C)/1 b/ 100-1mbar, reaction
temperature (°C)/1 Wmax vacuum as indicated in table; b-%conversions based on moles
of methanol formed as determined from GC; c-% conversion was aso calculated using
the Carothers equation X, = 1/1-p; d- yield of methanol insoluble fraction calculated
based on the total weight of polymer obtained; e-THF calculated based on moles of BD
from GC; f- M, MW/Mp, Ty & T of methanol insoluble fraction

The molecular weight increases with reaction temperature upto 180°C and attains a
limiting value of 9000. In reactions carried out at 150°C and above, a part of the product
distilled out under vacuum and deposited on the condenser. The amount of this product
distilling out was small (<1 wt%) in the reaction carried out at 150°C. This product was
crystallized from n-hexane and its melting point recorded on a Thermonik Campbell
melting point apparatus was 97-99°C. The mass of this product was determined to be 400
Da by FAB-MS (Figure 3.2) corresponding to an oligomer having a cyclic structure as
shown in Figure 3.3. The FAB mass spectrum shows peaks corresponding to protonated
cyclic oligomers (m/z 201, 401).
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Figure 3.2 FAB mass spectrum of the product that distilled out under vacuum in
polycondensation reactions carried out at temperatures3 150°C

I I
P C—(CH—C—0_
(CH2)4 (CH2)4
AN /
O_(”3_(CH2)4_(”3_O
@) (1) @)

Figure 3.3 Structure of the product that distilled out under vacuum in
polycondensation reactions carried out at temperatures3 150°C

'H and *3C NMR of this product are as given in Figure 3.4. NMR of this oligomer is
similar to that of poly (butylene adipate) repeat unit and shows some amount of hydroxyl

group containing impurities.
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Figure 3.4 'H and *C NMR of the product that distilled out under vacuum in
polycondensation reactions carried out at temperatures3 150°C

3.4.1.4 Effect of reaction time on polycondensation reaction

Since cyclic product formation appeared to be small at 150°C and was not noticeable at
125°C, the polycondensation of DMA and BD was examined at 125°C with varying
reaction time. The results of the experiments are shown in Table 3.4. The mass baance
was 100% for all experiments. Precipitation of the polymer in methanol led to
fractionation of the sample into methanol soluble and insoluble fractions. The yields of
both the fractions were calculated based on the total weight of polymer obtained.
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The methanol soluble and insoluble fractions were analyzed separately. As the
polymer sample was fractionated by precipitation, the molecular weight distribution for
the methanol insoluble fraction was narrow. It is observed from the table that a maximum
of 93-96% conversion based on moles of methanol and 96-97 % conversion based on M,
determined by VPO were obtained. Loss of BD as THF accounted for about 1-2 mol%
based on BD. Conversions and molecular weights obtained were low and did not
appreciably increase with increase in reaction time. There was no evidence of cyclic
oligomer formation in reactions carried out upto 7 h at 125°C. A small amount of product
could be seen distilling out when the reaction time was extended to 8 h. This was
confirmed to be a cyclic oligomer of DP 2 by FAB-MS.
Table 3.4 Effect of reaction time on polycondensation reaction® of DMA with BD
No. | Reduced | Total | Comv®. | ConV® | Yield® | THF® My | Mw/M, | T | T¢
pressure | reaction | (%mol) | (%) | (%wt.) | (%mol) | (VPO) o) | (o)
(mbar)/ | time (h)
Time (h)
1. 0.03- 4 92 95 27 15 4190 1.6 58 21
0.027/1
2. 0.028- 5 92 96 67 11 5380 15 60 24
0.029/2
3. 0.026- 6 96 95 65 1.3 4360 15 60 25
0.027/3
4. 0.028- 7 93 97 73 1.1 6620 15 62 24
0.025/4
5. 0.025- 8 92 96 78 14 5430 15 63 25
0.026/5

a-Reaction conditions: DMA:BD = 1:1.01/ titanium isopropoxide = 0.05 wt% of DMA,
125°C/2 W N3, 125°C/1 W 100-1mbar, 125°C/1-5 h/max vacuum as indicated in table; b-
%conversions based on moles of methanol formed as determined from GC; c-
%conversion was also calculated using the Carothers equation X, = 1/1-p; d- yield of
methanol insoluble fraction calculated based on the total weight of polymer obtained; e-
THF calculated based on moles of BD from GC; f-M, , Mw/Mp , Ty & T of methanol
insoluble fraction.
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3.4.1.5 Effect of catalyst concentration on polycondensation reaction

The previous study on the effect of catalyst showed that titanium isopropoxide was the
best catalyst among those studied. Effect of its concentration on the polycondensation
reaction was studied a 125°C. The experimental results are presented in Table 3.5. The
mass balance was 100% for all the experiments. Precipitation of the polymer in methanol
led to fractionation of the sample into methanol soluble and insoluble fractions.

Table 3.5 Effect of catalyst concentration on polycondensation reaction® of DMA with
BD

No | Amount | Reduced | Conv®. | Con’. | Yield® | THF® My | MM, | Tl | TS
of pressure | (%mol) (%) | (Yowt.) | (%omol) | (VPO) ) | (o)
catalyst | (mbar)

(wt% of
DMA)
1. 0.05 0.029- 92 96 67 11 5380 15 60 24
0.028
2. 0.075 0.032- 88 97 66 15 6830 1.6 60 26
0.029
3. 0.1 0.034- 91 97 63 11 5880 1.4 63 22
0.030

& Reaction conditions: DMA:BD = 1:1.01/ titanium isopropoxide as indicated in the
table, 125°C/2 W N, 125°C/1 h/ 100-1mbar, 125°C/1 h/max vacuum as indicated in table;
b-%conversions based on moles of methanol formed as determined from GC; ¢c- %
conversion was also calculated using the Carothers equation X, = 1/1-p; d- yield of
methanol insoluble fraction calculated based on the total weight of polymer obtained; e-
%THF calculated based on moles of BD from GC; f- My, My/M; , T & T, of methanol
insoluble fraction

A maximum conversion of 92% based on moles of methanol and 97% based on
M, determined by VPO were obtained. Loss of BD as THF accounted for 1-2 mol%
based on BD. No cyclic oligomer distilled out under vacuum during the reaction. The
molecular weight of the polymer varied in the range of 5000-7000. Thus the increase in
catalyst concentration did not have any appreciable effect on the molecular weight build
up process. Higher concentration of catalyst leads to colored polyesters. Catalyst
concentration of 0.05 wt% was thus considered optimum.
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3.4.1.6 MALDI-ToF MS analysis of the poly (butylene adipate) oligomers

The preceding study clearly established the limits of transesterification-polycondensation
chemistry as applied to a typical aliphatic polyester, namely, poly (butylene adipate).
Even at temperatures as low as 125°C, cyclic oligomers of DP = 2 could be detected.
THF formation was also evident under these conditions. Both these reactions lead to loss
of end groups in oligomer, thereby, limiting the ability of oligomers to undergo step
growth polymerization efficiently leading to high molecular weight polymers.

To obtain a better insight into the nature of end groups, the obtained oligomers
were subjected to MALDI-ToF-MS analysis. The samples chosen for MALDI-ToF-MS
analysis are shown in Table 3.6 along with a brief description of conditions used for their
preparation. Samples were anayzed using two different matrices 2[(4-hydroxy phenyl)
azo] benzoic acid (HABA) and trans-3-indole acrylic acid (IAA). Both IAA and HABA
were found to be equally good. The best results using either of the two matrices are
reported.

MALDI-ToF MS studies on poly (butylene adipate) oligomers synthesized from
diacids and diol*** were shown to possess hydroxy-hydroxy and hydroxy-carboxy end
groups along with small amounts of cyclic oligomers. MALDI-ToF and SEC/MALDI
have been applied for the structural characterization and molar mass determination of
Bionolle® and a series of biodegradable copolyesters synthesized by high temperature
melt polycondensation”’. The MALDI-ToF spectra of these copolymers showed the
presence of cyclic oligomers in the lower mass region, in accordance with expectations
from polycondensation kinetics, and the presence of al linear species expected from their
method of synthesis. The presence of unexpected linear species with olefin and carboxyl
as end groups suggested the occurrence of undesirable thermal degradation processes
during melt polycondensation reaction. The average molar mass of both the linear and
cyclic oligomers was determined. There are yet other reports®* on MALDI-ToF MS
analysis of PBA showing the presence of linear oligomers with at least two types of end
groups along with cyclic oligomers. Thus MALDI-ToF MS studies on poly (butylene
adipate) oligomers show that cyclics are invariably present in the polymer along with
linear species having different types of end groups.
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Table 3.6 PBA oligomer samples chosen for MALDI-ToF MS analysis

No. M, Synthesis Conditions
Catalyst (titanium | Temperature (°C) | Time (h)
isopropoxide)

1A 3980 0.05 wt% of DMA 125 4
1B 1510 0.05 wt% of DMA 125 4
2A 7060 0.05 wt% of DMA 150 4
2B 2090 0.05 wt% of DMA 150 4
3A 9010 0.05 wt% of DMA 180 4
3B 2060 0.05 wt% of DMA 180 4
4B 2050 0.05 wt% of DMA 220 4
S5A 5430 0.05 wt% of DMA 125 8
5B 1600 0.05 wt% of DMA 125 8
6A 5880 0.1 wt% of DMA 125 4
6B 1320 0.1 wt% of DMA 125 4

A —Methanol insoluble fraction; B — Methanol soluble fraction

However, a study of effect of reaction conditions on the structure of poly
(butylene adipate) oligomers has not been studied by MALDI-ToF MS. The MALDI-ToF
MS spectra of the oligomers listed in Table 3.6 are shown in Figures 3.5 to 3.10. All the
samples were scanned in the mass range of 500 to 5000 Da. However, for purposes of
detailed analysis, the data in the mass range of 500-2500 Da was used. Structures of the
end-groups deduced from the spectra are tabulated for al the oligomers studied in Table
3.7.

Figure 3.5 presents the MALDI-TOF mass spectra of sample 1A and 1B. The
spectrum for 1 A shows mainly three types of signals appearing at intervals of 200 Da
that corresponds to the molecular weight of repeat unit. All of these peaks appear as
sodium adducts. One type of signal corresponding to m/z value of 656 arises due to
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chains terminated with H on one side and OCH3 on the other side. A series of intense
peaks of this type appear at intervas of 200 Da at m/z values of 856, 1056, 1255, 1455,
1656, 1856 and correspond to oligomers doped with Na® ions of the type
H-[O(CH,)40-CO—(CH>)4,—CO],—OCHs—Na’ (mass = 200n+32+23), n being the value
of DP varying from 3 to 9, 23 being the mass number of sodium. A second set of signals
at m/z values of 598, 798, 998, 1198, 1399, 1599, 1799 appearing at intervals of 200 Da
corresponds to oligomers terminated with ester groups. The series of these peaks
correspond to the oligomers doped with Na“ ions of the type
CH30CO—(CH,)4CO-[O(CH>)40-CO—(CH,)4~CO],—OCH3z—Na" (mass =
200n+174+23), n ranging from 2-8. A third set of signals though not very prominent
appeared at DP 5 at m/z value of 1114 and corresponds to a series of peaks corresponding
to oligomers doped with Na’ ions of the type
H-[O(CH,)40—-CO—(CH>)4,—CO],—O(CH,)4OH-Na" (mass = 200n+90+23), n ranging
from 5 to 8. The potassium adducts of the oligomers were not clearly seen for all the
peaks. The peaks due to hydroxy-ester and ester-ester end groups were more intense as
compared to peaks due to hydroxy-hydroxy end groups. No peaks with mass = 200n+23
which correspond to oligomers with no end groups (cyclics) were detected.

MALDI-ToF MS spectrum of the methanol soluble fraction 1B from the same
experiment shows sodium cationized species appearing at intervals of 200 Da at m/z
values of 655, 855, 1056, 1256, 1456, 1656, 1856 and correspond to oligomers of the
type H-[O(CH2)40—CO—(CH,);—CO],—OCHs—Na" (mass = 200n+32+23), n being the
value of DP varying from 3 to 9, 23 being the mass number of sodium. Another series of
intense peaks appearing at intervals of 200 Da arise due to oligomers terminated at both
the ends with ester groups. The peaks appearing at m/z values of 597,798, 998, 1198,
1398, 15098, 1798 correspond to oligomers of the type
CH30CO—(CH,)4CO-[O(CH>),0—CO—(CH,)4,~CO],—OCHs—Na’" (mass=
200n+174+23), n ranging from 2-8.
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Figure 3.5 MALDI-ToF MS of methanol insoluble fraction 1A and methanol soluble
fraction 1B using |AA asmatrix
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Table 3.7 MALDI-ToF MS analysis of poly (butylene adipate) oligomers

H%BAHFOCHg

No. Repeat unit structure Sum of end Structure of end groups Series
groups
(observed)
1A 32-33 H~EB AE|—OCH 656, 856, 1056, 1255, 1455, 1656...... Na" adduct
%CF(CHM*O*(HZ*(CHM*(HZ}” n °
175-176 598, 798, 998, 1199, 1399, 1599...... Na" adduct
o o
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
90-92 H _EB A ]nO (CHz);—OH 1113, 1314, 1515, 1715...... Na" adduct
1B 32-33 H~EB AE'—OCH 655, 855, 1056, 1256, 1456, 1656...... Na" adduct
{C%(CHM*O*(HZ*(CHZM*(HZ}H n °
175 598, 798, 998, 1198, 1398, 1598...... Na" adduct
o o
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
90-91 H _EB A E|—nO (CH),—OH 714,914, 1114, 1314, 1514, 1713...... Na" adduct
31-33 671, 872, 1071, 1271, 1471, 1670...... K* adduct
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No end group o 623 Na' adduct
[BAIn—O
(CH2)4
O——(CHy)4

@)

2A 99 33-34 Hf—BaT—ocH; 1056,1257, 1456, 1657, 1856, 2057.......Na" adduct
F0—(CH2)s—0—C—(CHos c}n n

175-176 1198,1399,1598,1799, 1999, 2199...... Na" adduct

o o
H H

CH30—C——(CHp)s— C—E E;Ai‘—OCH3
n

92 H-FBAT-0—(Oiy—on | 1115 1315, 1515, 1715,1915,2115....... Na' adduct
31-33 w-8aT-oc, 1071,1271,1472 & 1870 K* adduct
2B 32-33 wf-8aT-oc, 655, 855, 1055, 1256, 1456, 1656...... Na' adduct
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i i
F0—(CHYs—O—C—(CH—C .

797,998, 1197, 1398, 1598, 1798..... Na" adduct

174-175
(@] (@]
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
90-91 H _EB A ]no (CH)u OH 713, 914, 1114, 1314, 1514, 1714...... Na" adduct
31-33 HF-BaT-0cH; 1072,1272,1472,1672 & 1870 K* adduct
n
18-19 1041,1442,1642 & 1842 Na' adduct
H—EBAi‘FOH
No end groups o 623, 824, 1024, 1224...... Na' adduct
[BA]Jn—O
(CH)4
O——(CHy)4
O

3A

33-35

H%BAHFOCHg

1256, 1458,1657,1857,2058, 2257...... Na" adduct
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O

\
F0—(CHYs—O—C—(CH—C "

1399,1599,1800,2000, 2199, 2399...... Na" adduct

3B

| I
%CF(CHM*O*C*(CHM*C}H

175-177
(o] (o]
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
91-93 H _EB A ]nO (CHy),—OH 1316,1516, 1715,1914, 2115, 2315...... Na" adduct
30-33 H~EB AE'—OCH3 1672,1872,2069,2469 & 2669 K™ adduct
n
No end groups 0 1225,1425 & 1624 Na' adduct
[BA]Jn—O
(CH2)4
O——(CHy),
0]
33-34 H-F-eaT-ocH; 1056, 1256,1456,1657,1856, 2057...... Na" adduct
n
175 1198, 1398,1598, 1798,1998, 2198...... Na" adduct

CH3O—C——(CH2)y— C—E BAi‘—OCHg
n
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91-93 H _EB A ]no (CHy),—OH 1114, 1314, 1514, 1715, 1916....... Na" adduct
32-33 1071 & 1272 K" adduct
H%BAHFOCHg
18-19 1042 & 1241Na’" adduct
H—EBAi‘FOH
No end groups o 1024, 1224, 1424, 1624, 1824...... Na" adduct
[BA]Jn—O
(CH2)4
O——(CHy)4
O
4B 0 0 33-34 Hf-eaT-ocn 1056, 1257, 1456, 1657, 1856....... Na" adduct
%CF(CHM*O*(HZf(CHZ)A;f(HZ} n °
n
175 1198, 2198, 2398, 2598...... Na" adduct
(o] (o]
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
91-92 H _EB A ]no (CH),—OH 1114, 1314, 1514, 1715, 1914...... Na" adduct
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H—-BA-0——(CH,);—OH

29-31 H~EB AEIFOCHs 1270 & 1668 K™ adduct
17-18 H _EB A E'EOH 1041,1240,1440 & 1640 Na" adduct
No end groups o 1024, 1224, 1424, 1624, 1824...... Na" adduct
[BA]Jn—O
(CH2)4
O——(CH2)4
0]
S5A R 35 H~EB AEI—OCHs 1058, 1258, 1458, 1658, 1858...... Na" adduct
F0—(CH)—O—C—(CHo c}n n
176-177 . . 1200, 1399, 1600, 1800, 2000...... Na" adduct
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
92-94 1117, 1315, 1515, 1716, 1917....... Na" adduct
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No end groups o 1025 Na" adduct
[BAlIn—O
(CH2)4
O——(CHy)4
@)
5B 0 : 33-35 H~EB AH—OCHs 656, 856, 1057, 1257, 1457, 1658....... Na" adduct
ECF(CHM*O*C*(CHM*C}H n
91-92 H-FBA ]nO (CH),—OH 714, 915, 1115, 1315, 1515...... Na" adduct
19 642, 842, 1042 & 1242 Na' adduct
H—EBAi‘EOH
6A : H 33-35 H~EB AH—OCHs 1056, 1256, 1457, 1658, 1856...... Na" adduct
%CF(CHM*O*C*(CHM*C}H n
174-177 1198, 1397, 1599, 1800, 2000....... Na" adduct
o o
CHgo—cH:—(CHm—cH:—[— BAi‘—nOCH3
92 H _EB A ]nO (CH),—OH 1115, 1315, 1515, 1715, 1915....... Na" adduct

113



http://www.pdfcomplete.com/1002/2001/upgrade.htm

Click Here & Upgrade

v’ Expanded Features
> PDF Unlimited Pages
Complete

6B 0 0 32-33 H-8aTocr, 1256, 1455, 1656, 1856, 2056....... Na" adduct

I I
{C%(CHM*O*C*(CHZM*C}H

174-175 1397, 1597, 1798, 1998, 2197....... Na" adduct

(0] (0]
| |

CH3O—C——(CH)— C—E BAi‘—OCHg
n

1314, 1514, 1714, 1916, 2114....... Na" adduct

91-93 H-BAT-0—(CHY—OH

18-19 H-Cea-on 1242, 1442, 1641, 1841, 2041....... Na" adduct

BA- Butylene adipate repeat unit
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A third set of peaks appearing at m/z vaues of 514,714, 914, 1114, 1314, 1514, 1713,
1913 are due to oligomers with hydroxyl end groups. These peaks are less intense as
compared to the other two types of peaks. This series of peaks correspond to oligomers
doped with Na" ions of the type H-[O(CH,)40—CO—(CH2),—CO],—O(CH>)4sOH—Na"
(mass = 200n+90+23), n ranging from 2 to 8. In addition to these peaks a single peak at
m/z value of 623 appeared as a sodium adduct. No other peaks of this series appeared at
intervals of 200 Da. This peak corresponds to a oligomer with no end groups or a cyclic
oligomer of DP 3. Peaks corresponding to higher DP were not detected. The spectrum
also shows other peaks of lower intensity appearing at m/z values of 671,872, 1071,
1271, 1471, 1670 and 1870, which desorbed as oligomers doped with K* ions and
corresponded to oligomers of the type H-[O(CH,)40—CO—(CH,)4—CO],—OCHs—K"*
(mass = 200n+32+39), n being the value of DP varying from 3 to 9, 39 being the mass
number of potassium. Thus polycondensation of DMA and BD carried out at 125°C for 4
h results in formation of polyester chains with ester-ester, hydroxy-hydroxy and hydroxy-
ester end groups and cyclic oligomer of DP 3. It is thus clear that, even at temperatures

as low as 125°C, polycondensation of DMA with BD can yield cyclic oligomers.

Figure 3.6 presents the spectra of sample 2A and 2B. Spectrum of 2A is
dominated by a series of intense peaks ranging from a mass of 500 to 5000 Da. The
spectrum shows a series of three sets of peaks corresponding to three different types of
end groups similar to that for polymer 1A. Peaks appearing at m/z values of 1056, 1257,
1456, 1657, 1856, 2057and 2257 correspond to sodium cationized oligomers terminated
with H on one side and OCH3 on the other side, mass = 200n+32+23, n varying from 5-
11. A second set of peaks at m/z values of 1198, 1399, 1598, 1799, 1999, 2199 and 2399
correspond to oligomers doped with Na" ions and terminated with ester end groups, mass
= 200n+174+23, n varying from 5-11. A third set of peaks a m/z values of 1115, 1315,
1515, 1715, 1915, 2115 and 2316 correspond to sodium adducts of oligomers with
hydroxyl end groups, mass = 200n+90+23, n varying from 5-11. Peaks due to oligomers
with hydroxy-ester and ester-ester end groups were more intense than those due to

hydroxy-hydroxy end groups.
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Figure 3.6 MALDI-ToF MS of methanol insoluble fraction 2A and methanol soluble
fraction 2B using IAA and HABA matrices respectively
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Peaks of very lower intensity appearing at m/z values of 1071, 1271, 1472 and 1870 were
detected, which desorbed as oligomers doped with K* ions and corresponded to
oligomers of the type H-[O(CH,)4s0—CO—(CH,);~CO]—OCHs—K* (mass =
200n+32+39), n being the value of DP varying from 5 to 9, 39 being the mass number of
potassium. Peaks due to oligomers of mass = 200n+23 were not observed in the
spectrum. An isolated peak at m/z value of 1042 was observed. This peak corresponded
to an oligomer which desorbed a a Na ion of the type
H-[O(CH,)40—CO—(CH>)4,—CO],—OH-Na’. Peaks corresponding to higher DP were not
detected.

Spectrum for 2B shows a series of peaks due to sodium cationized oligomers with
(i) hydroxy-ester end groups appearing at m/z values of 655, 855, 1055, 1256, 1456, 1656
and 1855 (ii) ester-ester end groups appearing at m/z values of 797, 998, 1197, 1398,
1598 and 1798 (iii) hydroxy-hydroxy end groups appearing at m/z values of 713,914,
1114, 1313, 1514, 1714 and 1914. DPs of all these oligomers ranged from 3-8. Peaks
with decreasing intensity corresponding to oligomers doped with Na“ ions (mass =
200n+23), n varying from 3-6, 23 being the mass number of sodium, were observed at
m/z values of 623, 824, 1024 and 1224. The cyclic oligomer of DP 3 has the highest
intensity. A single peak of very low intensity of m/z value 639 appeared due to the
oligomers doped with K* ion of mass = 200+39. Peaks of higher DP were not observed.
A series of low intensity peaks appearing at m/z values of 1072, 1272, 1472, 1672 and
1870 were detected as oligomers doped with K* ions of the type
H—[O(CH,)40—CO—(CH,)4—C0Q],—OCH3—K" (mass = 200n+32+39), n being the value of
DP varying from 5 to 9, 39 being the mass number of potassum. Another series of peaks
of very low intensity was observed at m/z values of 1041, 1442, 1642 and 1842 and
corresponded  to  the sodium  adducts of oligomers of the type
H—[O(CH,)40-CO—(CH,)4—CO],—OH—Na" (mass = 200n+18+23), n varying from 5 to
9, 23 being the mass number of sodium.

Increasing the temperature of polycondensation from 125 to 150°C results in
increase in the intensity of cyclic oligomer peaks. Cyclic oligomers of DP 3 to 6 were
observed, in addition to oligomers with carboxyl end groups. The carboxyl end groups
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are presumably being generated via the intramolecular cyclization of the hydroxybutyl
groups, leading to acid end groups and THF formation.

Figure 3.7 depicts the spectra of the sample 3A and 3B. 3A shows a series of
peaks ranging from 1000 Da to 3000 Da. Peaks corresponding to sodium cationized
oligomers with (i) hydroxy-ester end groups appearing at m/z values of 1256, 1458, 1657
and 1857, 2058, 2257, 2458, 2657 and 2857 (ii) ester-ester end groups appearing at m/z
values of 1399, 1599, 1800, 2000, 2199, 2399, 2598 and 2799 (iii) hydroxy-hydroxy end
groups appearing at m/z values of 1316, 1516, 1715, 1914, 2115, 2315, 2514 and 2717
were detected. DPs of al these oligomers ranged from 6-14. Peaks appearing at m/z
values of 1225, 1425 and 1624 as sodium adducts of oligomers were of decreasing
intensities and corresponded to oligomers with no end groups and mass = 200n+23, n
varying from 2-8. A series of very low intensity peaks of m/z values of 1672, 1872,
2069,2469 and 2669 appeared as potassum adducts of oligomers of the type
H-[O(CH,)40—CO—(CH>)4—CO],—OCH3—K" (mass = 200n+32+39), n being the value of
DP varying from 8 to 13, 39 being the mass number of potassum. A single peak
appeared a m/z value of 1441 as sodium adduct of the oligomer of the type
H-[O(CH,)40-CO—(CH>)4—CO],—OH—-Na" (mass =1400+18+23) corresponding to a DP
of 7. Peaks of higher DP were not observed in the spectrum.

The spectrum of 3B shows a series of sodium cationized peaks at m/z values of
623, 824, 1024, 1224, 1424, 1624, 1824, 2024, 2223 and 2422 of decreasing intensity
corresponding to oligomers with mass = 200n+23, n varying from 2 to 12, 23 being the
mass number of sodium. A series of other peaks appearing as sodium adducts of
oligomers with (i) hydroxy-ester end groups appearing at nvVz values of 1056, 1256, 1456,
1657, 1856, 2057, 2258, 2459, 2660 and 2860 (ii) ester-ester end groups appearing at m/z
values of 1198,1398, 1598, 1798, 1998, 2198, 2398, 2598 and 2800 (iii) hydroxy-
hydroxy end groups appearing at m/z values of 1114, 1314, 1514, 1715, 1916, 2118,
2315, 2519 and 2715 were detected. DPs of all these oligomers ranged from 5-14. Two
peaks of very low intensity appeared at m/z values of 1071 and 1272 as potassium
adducts of oligomers of the type H-[O(CH2);0-CO—(CH,)4,—CO],—OCHs—K" (mass =
200n+32+39), n being the value of DP varying from 5-6, 39 being the mass number of
potassium.
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Figure 3.7 MALDI-ToF MS of methanol insoluble fraction 3A and methanol soluble

fraction 3B

using HABA and I AA matricesrespectively
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Two peaks of decreasing intensity appeared at m/z values of 1042 and 1241 as sodium
cationized oligomeric species of the type H-[O(CH2)s0—CO—(CH,);—CO],—OH—-Na"
(mass =200n+18+23), n = 5-6, 23 being mass number of sodium. Peaks of higher DP
were not observed in the spectrum. The methanol insoluble and soluble fractions 3A and
3B thus contain substantial amounts of cyclics along with the polymeric chains with
ester-ester, hydroxyl-ester, hydroxy-hydroxy and carboxy-hydroxy end groups. Thus,
increasing the reaction temperature from 150 to 180°C results in formation of cyclic
oligomers of higher DP. Cyclics of DP 10-12, although of low intensity are detected in
the methanol soluble fraction. Cyclics of DP less than 9 are of relatively higher intensity.

Methanol soluble fraction 4B was analyzed and its spectrum is as depicted in
Figure 3.8. The spectrum shows a series of peaks of decreasing intensity corresponding
to oligomers doped with sodium ions with mass = 200n+23, n varying from 2-10. The
intensity of the peaks due to cyclics falls of sharply at higher molecular masses. The
peaks arising due to sodium adducts of oligomers with (i) hydroxy-ester end groups
appearing at m/z values of 1056, 1257, 1456, 1657, 1856, 2059 and 2260 (ii) ester-ester
end groups appearing at m/z values of 1198, 2198, 2398 and 2598 (iii) hydroxy-hydroxy
end groups appearing at m/z values of 1114, 1314, 1514, 1715, 1914 and 2115 were
detected and were of highly diminishing intensity. DPs of all these oligomers ranged
from 5-10. A series of peaks of decreasing intensity appeared at m/z values of 1041,
1240, 1440 and 1640 as sodium adducts of oligomers of the type
H-[O(CH,)40—-CO—(CH>)4,—CO],—OH-Na’ (mass =200n+18+23), n = 5-8, 23 being
mass number of sodium. Another set of peaks of very low intensity appeared at 1071,
1270 and 1668 as potassum adducts of oligomers of the type
H—[O(CH,)40—CO—(CH,)4—C0Q],—OCH3—K" (mass = 200n+32+39), n being the value of
DP varying from 5-8, 39 being the mass number of potassum. Peaks of higher DP were
not observed. The methanol soluble fraction contains a mixture of cyclic and linear
oligomers which appear to be of equal intensity in the spectrum. Thus, further increasing
the reaction temperature to 220°C results in the formation higher amount of cyclics. The

amount of cyclic of DP 2 distilling out at 220°C was maximum.
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MALDI-ToF MS spectra of sample 5A and 5B are as shown in Figure 3.9. A
single peak of high intensity appeared at m/z value of 1025 and corresponded to sodium
adduct of oligomers with no end groups or cyclics.
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Figure 3.8 MALDI-ToF M S of methanol soluble fraction 4B using |AA matrix

Two other peaks of low intensity were observed at a dightly higher nvz values of
1227 and 1427.Two peaks of diminishing intensities and dlightly higher my/z values of
1044 and 1445 appeared as sodium adducts of oligomers of the type
H-[O(CH,)40—-CO—(CH>)4,—CO],—OH—-Na’, mass = 200n+18+23, n = 5 and 7. Peaks
corresponding to higher DPs were not observed. A set of peaks appeared as sodium
adducts of oligomers with (i) hydroxy-ester end groups at m/z values of 1058, 1258,
1458, 1658, 1858, 2058 and 2259 (ii) ester-ester end groups at higher m/z values of 1200,
1399, 1600, 1800, 2000, 2200 and 2400 (iii) hydroxy-hydroxy end groups a m/z values
of 1117, 1315, 1515, 1716, 1917, 2116 and 2316. The potassium adducts of the oligomers
with hydroxy-ester and hydroxy-hydroxy end groups did not appear at every DP.

Spectrum of 5B did not show presence of any cyclic oligomer. Sodium cationized
species appeared at m/z values of 642, 842, 1042 and 1242 and corresponded to
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oligomers of the type H-[O(CH,)40—CO—(CH2),—CO],—OH-Na’", mass = 200n+18+23,
n=3-6.
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Figure 3.9 MALDI-ToF MS of methanol insoluble fraction 5A and methanol soluble
fraction 5B using |AA and HABA
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A series of peaks appeared as sodium adducts of oligomers with (i) hydroxy-ester end
groups at m/z values of 656, 856, 1057, 1257, 1457 and 1658 (ii) hydroxy-hydroxy end
groups at m/z values of 714, 915, 1115, 1315, 1515, 1715 and 916. A single peak due to
oligomers with ester end group was observed at m/z value of 998. Potassium adduct of
oligomers of the type H-[O(CH>)40—CO—(CH,),—CO],,—OCHs—K" appeared at DP 6 and
7 only and not at al DPs. MALDI-ToF MS analysis of the methanol soluble and
insoluble fractions of the experiments carried out at 125°C for 8 h show that the product
obtained contained oligomers with hydroxy-ester, hydroxy-hydroxy, carboxy-hydroxy
and ester-ester end groups along with small amount of cyclics of DP< 5. Thus, cyclics of
maximum DP 5 could be formed during the polymerization. Cyclic of DP 2 distilled out
in small quantities during the polycondensation reaction.

Methanol soluble and insoluble fractions (6A and 6B) were analyzed by MALDI-
ToF MS to check for the presence of cyclics. The spectra are shown in Figure 3.10. They
exhibit a series of peaks appearing as sodium cationized oligomers with (i) hydroxy-ester
end groups at m/z values of 1056, 1256, 1457, 1658, 1856, 2057 and 2257 (ii) ester-ester
end groups at higher m/z values of 1198, 1397, 1599, 1800, 2000, 2199 and 2399 (iii)
hydroxy-hydroxy end groups at m/z values of 1115, 1315, 1515, 1715, 1915, 2116 and
2316. The potassium adducts of the oligomers with hydroxy-ester and hydroxy-hydroxy
end groups did not appear at all DPs. Peaks due to oligomers with carboxyl end groups
appeared at higher m/z values of 1044 and 1444 as sodium adducts. Spectrum for 6B
shows a series of peaks appearing as sodium adducts of oligomers with (i) hydroxy-ester
end groups at m/z values of 1256, 1455, 1656, 1856, 2056 and 2256 (ii) ester-ester end
groups at m/z vaues of 1397, 1597, 1798, 1998, 2197 and 2397 (iii) hydroxy-hydroxy
end groups at m/z values of 1314, 1514, 1714, 1916, 2114 and 2315 (iv) carboxy-
hydroxy end groups at mvVz values of 1242, 1442, 1641, 1841, 2041 and 2242. No peaks
due to cyclics were observed. Thus, experiments carried out using higher catalyst
concentration yielded oligomers with hydroxy-ester, ester-ester, hydroxy-hydroxy and
carboxy-hydroxy end groups. Both methanol soluble as well as insoluble fractions did not
show the presence of cyclics.
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Figure 3.10 MALDI-ToF MS of methanol insoluble fraction 6A and methanol
soluble fraction 6B using |AA and HABA matricesrespectively
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3.4.1.7 Factorslimiting chain growth in aliphatic poly (ester) s

Based on the preceding results it appears that reaction temperature is the most critical
variable in the polycondensation of DMA and BD. Temperature, in effect, defines the
structure of the end groups in the oligomer formed. MALDI-ToF MS analysis shows
formation of varying amounts of carboxylic end groups and cyclic oligomers as a
function of reaction temperature. The carboxyl end groups are presumably generated as a
result of intramolecular cyclization of the hydroxy butyl end groups leading to THF
formation. Since no acid groups were present in the reaction medium, the only possible
pathway to carboxyl end groups is by intramolecular cyclization. Propensity for the
formation of cyclics increases as reaction temperature increases. Cyclic oligoesters are
equilibrium components of linear polyesters, and, typically, they compose less than 5
wt% of the total product. Catalyst concentration did not have much effect on the
formation of cyclics, whereas some fraction of cyclics was detected by continuing the
reaction for 8 h a 125°C. In all cases cyclics of DP 5 to 9 were of high intensity and
intensities of cyclics of higher DP gradually decreased. Cyclics of DP 10-12 were
detected but were of low intensity.

Though polycondensation is characterized by an equilibrium process, the
reactions are generally forced to be irreversible, by removal of condensation products. As
the cyclics are “dead” in the irreversible reaction, their concentration builds up and at
complete reaction no linear chains remain. When the reactions were carried out at 125°C
for longer time, the molecular weight did not increase, however cyclics of DP< 5 were
formed in small amounts. When the reactions were conducted at higher temperatures (>
150°C), the molecular weight did show an increase. Along with this substantial amount of
cyclics were aso formed as evidenced by physical separation of cyclic of DP 2 in the
distillate. Thus in theory, driving the equilibrium, would ultimately lead to only cyclic
oligomers of varying DP.

Synthesis of polyesters and polyamides™ is accompanied by formation of large
amounts of cyclic oligomers, especialy, at high conversions and high molecular weights.
Cyclization thus competes effectively with propagation at any stage regardless of the

concentration of reactants. Cyclic oligomers in condensation polymers such as
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polycarbonates and polyesters have been known for quite some time. Early work by
Carothers in the 1930s showed that preparation of aiphatic cyclic oligomers was possible

via distillative depolymerization®?

at elevated temperature and under high vacuum.
However there was little interest in ‘all-aliphatic’ due to low glass transition temperatures
of these materials. Cyclic oligomers have been found in commercial grades of polyesters
like PET and PBT and are formed in ther equilibrium concentration during melt
polymerization reactions. The cyclic oligomers have been separated from the polymers
and characterized by several groups””®. An extensive study reporting the incidence of
cyclic polyesters in 13 types of akylene iso and terephthalates was detailed by Wick and
Zeitler®. The mechanism for cyclic formation via depolymerization is the same type of
transesterification which occurs during polymerization. Metal akoxides such as tetra
alkyl titanates or dibutyl tin akoxides have proven to be the most efficient catalysts for
such reactions™. Cyclics have also been detected in enzyme catalyzed synthesis of poly
(butylene adipate) in solution at 60°C*. Cyclic oligomers of poly (decamethylene
adipate) and poly (decamethylene terephthalate)® were prepared successfully from ring-
chain equilibrium  reactions in dilute solutions and molar cyclization equilibrium
constants Ky were deduced and compared with the corresponding theoretical values
predicted by the Jacobson-Stockmayer theory. The formation of macrocycles in the
synthesis of polyesters from adipic acid, phthalic anhydride, isophthalic acid, terephthalic
acid with 2-butyl-2-ethyl-1,3-propanediol®* was studied with the aid of molecular
modeling and analytical characterization for better understanding of structure-property
relationship in saturated polyester resins.

3.5 Conclusions

During the preparation of poly (butylene adipate) s by melt polycondensation of DMA
with BD, cyclic oligomers are formed along with linear polycondensates at temperature
as low as 125°C. The concentration as well as DP of these cyclic oligomers increased as
the temperature of the reaction was increased. As the polycondensation is carried out in
an irreversible manner by removing the condensation byproduct, the cyclics once formed
have no further chance to participate in the polymerization and, thus act as sinks for small
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molecules in the polymerizing mixtures. The linear chains that remain at any point in the
reaction are eventually forced to cyclize when the relative probability for the ends to
encounter one another exceeds the probability that the ends will encounter reactive
groups on other molecules. Cyclics of lower DP were formed even at 125°C and at 220°C
cyclics of DP 2 to 12 were formed. Thus, the structure of the oligomers changes from
linear hydroxyl terminated oligomers to cyclic oligomers with no end groups. Attempts to
increase M, of the oligomer using a variety of reaction conditions did not succeed in view
of the effect of reaction conditions on various equilibria. Formation of THF as well as
cyclics, result in loss of end groups, which limits further step growth polymerization of
the oligomer. Furthermore, it is generally recognized, that high molecular weight
diphatic polyester can be made only by a suitable end group coupling reactions. Our
results show that choice of reaction conditions is critical to obtain an oligomer with the
right disposition of end groups suitable for post polymerization coupling reactions.

The results reported in this chapter establish the limits of synthesis conditions for
melt polycondensation of DMA with BD resulting in best oligomer DP with minimum
accompanying undesirable reactions, such as, formation of cyclic oligomers or polymers
with carboxyl end groups.
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Chapter 4. Application of chain extension reactions to aliphatic poly
(ester) s

4.1 Introduction

Aliphatic polyesters have evoked keen interest in recent years because of their desirable
environmental degradability*. However they lack the physical and mechanical properties
of aromatic polyesters thereby limiting their practical applications. The conventional
method of preparing aliphatic polyesters by thermal polycondensation of aiphatic diols
with aliphatic diacids or diesters is accompanied by formation of large amounts of
cyclics, incomplete conversions and other undesirable products of degradation. High
molecular weight aliphatic polyesters possessing suitable thermal and mechanical
properties are generaly difficult to obtain by this method. The solid-state polymerization
technique is also not suitable for aliphatic polyesters on account of their low crystalline

melting points.

In view of the above reasons, new approaches are needed to obtain aliphatic
polyesters with useful properties. One strategy is to modify the basic structure by
copolymerization. This involves introduction of an aromatic or cycloaliphatic group into
the polymer structure. While this approach improves polymer properties, it is
accompanied by a loss of hydrophilicity and, hence, biodegradability’. The use of
esterification promoting adjuvents like triphosgene, dicyclohexylcarbodiimide, and
carbonyl dimidazole in the polycondensation reaction enhances the molecular weight®.
However, this process results in higher costs due to increased number of reaction steps,
use of dangerous or flammable solvents and additional purification and separation steps
of nonrecoverable byproducts. Another strategy involves introducing crosslinks into the
polymer chain®. Post polymerization chain extension using suitable coupling agents is
another strategy frequently employed to improve molecular weights of aliphatic
polyesters. Low molecular weight polyesters with appropriate end groups are used as
precursors for chain extension reaction. The use of chain extenders overcomes many of
the disadvantages of the earlier discussed methods. These reactions are more
economically feasible as they can be carried out in melt or using minimum amount of
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solvents, at low temperatures, with lower amounts of chain extending agents and with no
separate purification steps. These reactions are generaly fast and can be carried out
during the last stages of the preparation of the polymer or even in an extruder®. These
benefits render the use of chain extenders very attractive for practical applications”’. The
disadvantage of this method is that the final polymer may still contain unreacted chain
extending agents, residual metal or polymer impurities. Sometimes the chain extenders
used may not be biodegradable or bioabsorbable.

Generally these reactions are of addition or ring opening type with no formation
of byproduct. The precursor oligomers are telechelic in nature. A number of chain
extenders that react exclusively with either hydroxyl or carboxyl end groups are reported
in literature®. The precise knowledge of the end group concentration is important for

successful chain extension reaction leading to improved molecular weights.

Chain extenders are, typicaly, bifunctiona compounds, thermally stable and
nonvolatile at the temperature of processing. Bionolle®, a product of Showa High
Polymer Co., Japan is a copolyester of poly (butylene succinate), poly (butylene adipate)
and poly (ethylene succinate) chain extended with hexamethylene diisocyanate®*°.
Several useful chain extenders have been reported eg. bis (epoxides)™, bis (cyclic

e**13 and phosgene®®. Chain extension

carboxylic anhydride), sebacoyl or adipoyl chlorid
reactions between the hydroxyl terminated prepolymers and diisocyanate chain extenders
to yield poly (ester-urethane) have been extensively studied™®. Chain extension through
bis-chloroformate type chain extenders to yield aliphatic poly (ester-carbonate) s has
been reported'’. Some active phenolic esters have been reported to be effective chain
extenders'®, however the liberated phenol is an undesirable by-product. Bis (oxazoline)
s, bis (benzoxazinone) s° and bis (N-acyl-lactam) s** have also been reported as
effective chain extenders. Cross-linked poly (ether-lactone) s have been prepared by
simultaneous ring opening polymerization of 1,5-dioxepan-2-one (DXO) in presence of
bis(e-caprolactone) molecules®. Use of a 2,2 bis (2-oxepanone) propane and diphenyl
carbonate as a chain extender for a diol-ended PLA telechelic prepolymer to obtain a
linearly coupled, high molecular weight copolyester of LLA has been explored®. Bis (4-

nitro phenyl) carbonate has been used as activated chain extender in peptide synthesis
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and in the preparation of mixed carbonates?®. The byproduct, 4-nitro phenol, is a good

leaving group and a poor nucleophile.

This chapter describes the results of synthesis of a hydroxyl terminated poly
(butylene adipate) telechelic oligomer and exploration of chain extension reactions to
realize higher molecular weight polyesters using different coupling agents. The hydroxyl
terminated poly (butylene adipate) was prepared by glycolysis of poly (butylene adipate)
using 1,4 butanediol. The chain extension reaction of the hydroxyl telechelic oligomer
with hexamethylene diisocyanate (HMDI), 2,2 bis (2-oxepanone) propane, bis (4-
nitrophenyl carbonate) and divinyl adipate was studied.

4.2 Experimental

4.2.1 Materials

1,4-Butanediol (BD), 2,4,6- trichlorophenol and adipic acid were obtained from Fluka
Chemika, Switzerland. Pyridine (AR grade), p-toulene sulphonic acid (PTSA), mercury
(I acetate and hexamethylene diisocyanate (HMDI) were procured from S.D. fine
Chemicals, Mumbai, India whereas bis (4-nitro phenyl) carbonate was obtained from
Lancaster Chemicals, UK. Titanium isopropoxide, stannous octoate (SO), dibutyl tin
dilaurate  (DBTL), dimethyl 4-amino pyridine (DMAP), 1,2-phenylene
phosphorochloridite (PPC), chromium tris (acetyl acetonate), vinyl acetate and
chloroform-d were obtained from Sigma-Aldrich Inc., USA. m-Chloro perbenzoic acid
(MCPBA) was obtained from Spectrochem chemicals, Mumbai, India and 2,2 -bis (4-
hydroxy cyclohexyl) propane (H-BPA) was procured from New Japan Chemical
Co.Ltd., Tokyo,Japan.

4.2.2 Reagents and purification

1,4-Butanediol was distilled under vacuum and stored over 4A molecular Seves.
Titanium (1V) isopropoxide and stannous octoate were both distilled under vacuum and
used. Titanium (V) isopropoxide was used as a solution in dry toluene, whereas,
stannous octoate was used as a solution in dry THF. Pyridine was distilled and stored

over 4A molecular sieves prior to use. p-Toluene sulphonic acid (PTSA) was freshly
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dried azeotropically with benzene and recrystallized from petroleum ether followed by
vacuum drying before use. H-BPA was purified by recrystallization with hot toluene.
Pyridinium chloro chromate (PCC)® used for the oxidation of H-BPA was prepared as
follows: 0.185 mL of 6 M HCI (1.1 mol) was added to 100 g (1M) of chromium trioxide
(CrOs) rapidly with stirring. After 5 minutes, the homogeneous solution was cooled to
0°C and 79.1 g (1M) of pyridine was carefully added over 10 min. Recooling to 0°C gives
a yellow orange solid which was collected in a sintered glass funnel and dried for 1 hin

vacuum.
4.2.3 Synthetic Methods
Synthesis of divinyl adipate (DVA)%®

Divinyl adipate was synthesized by stirring adipic acid (14.614 g, 0.1mol), vinyl acetate
(43.045 g, 0.5 mol), mercury (Il) acetate (0.23 g), hydroquinone (0.06 g) and sulphuric
acid (4 drops) in a 100 mL single necked round bottom flask at room temperature for 96
h under nitrogen amosphere. The reaction mixture was then poured into sodium
carbonate solution (3-5% w/v). The organic layer was extracted with chloroform and
washed with brine solution. The agueous layer was washed with chloroform. The organic
layer and the washings were collected and dried over sodium sulfate and later on
concentrated and purified by column chromatography. Pet ether was used as a mobile
phase. Solvent system used for TLC was a mixture of pet ether + ethyl acetate in 80: 20

proportions.

Il Il

HgSO4

I I
HaC=HC—0—C—(CH,);—C—O—CH=CH, + HgSO,

Il Il
HO—C—(CH24—C—OH + HC\=/CH
HgSO, @

Scheme 4.1: Synthesis of DVA by interchange reaction of vinyl acetate with adipic
acid

Concentrating the pet ether solution followed by drying resulted in DVA in 60% vyield.
NMR of pure DVA (Figure 4.1) was recorded.

133


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
2
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

'H NMR (CDCl3) of DVAd: 1.73 (4H, m, -CH,); 2.43 (4H, m, -CH,); 4.57-4.59 (2H, d,
=CH,); 4.86-4.91 (2H, d, =CHy); 7.25-7.32 (2H, m, -OCH=)
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Figure 4.1 *H NMR spectrum of divinyl adipate (DVA)
Synthesisof 2, 2’ bis (2-oxepanone) propane (BOP)

BOP was prepared by oxidation of hydrogenated bisphenol-A (H-BPA) in two steps,
namely oxidation of H-BPA to 2,2 bis (4-cyclohexanone) propane and Bayer Villiger
oxidation of the ketone to lactone as shown in Scheme 4.2.

Step 1: PCC (72 g, 0.335 M) was finely mixed with an equal quantity of silica gel (100-
120 mesh size) and dissolved in 300 mL of dichloromethane (DCM) in a 1L three necked
round bottom flask fitted with a reflux condenser. H-BPA (20 g, 0.083 mol) dissolved in
200 mL DCM was added in one portion to the magnetically stirred solution. After 4 h of
stirring at room temperature, the reaction mixture was filtered through a sintered funnel.
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Scheme 4.2: Synthesisof 2, 2 bis (2-oxepanone) propane by oxidation of H-BPA

The round bottom flask was washed 4-5 times with DCM. The filtrate was concentrated
and passed through a bed of celite-silica gel. The colorless solution obtained was
neutralized using a saturated solution of sodium bicarbonate followed by saturated brine
solution. The organic layer was dried over sodium sulfate. The formation of ketone was
confirmed by TLC, which showed a single spot due to ketone in a 80: 20 mixture of pet
ether and ethyl acetate as eluent system. Concentrating the organic layer resulted in the
desired product (2) in 80% yield. The structure was confirmed by IR and NMR. Step 2:
2,2bis (4-cyclohexanone) propane (2) (1.5 g, 0.00635 mol), MCPBA (4.4 g, 0.0254 mol)
and DCM were stirred at room temperature in a 250 mL round bottom flask for 26 h. This
reaction mixture was washed with sodium bicarbonate (5 % solution in 300 mL water)
followed by water till the washings tested neutral. The organic layer was dried over
sodium sulfate. A white powder (1.43 g, 95% vyield) was obtained after concentrating the

DCM solution. The lactone obtained was soluble in chloroform.

FTIR (chloroform, cm): ketone: 2954 (C-H), 1714 (C=0); lactone: 2962 (C-H), 1726
(C=0) (Figure 4.2)
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Figure 4.2 FTIR spectra of (A) 2,2 bis (4-cyclohexanone) propane and
(B) 2,2 bis (2-oxepanone) propane
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Figure 4.3 *H NMR spectra of 2,2 bis (4-cyclohexanone) propane and (B)
2,2 bis (2-oxepanone) propane
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'H NMR (CDCl3) of 2,2 bis (4-cyclohexanone) propane d: 0.86 (6H, s, -CHs); 1.56-2.08
(10H, m, ring protons); 2.42 (8H, m, ring protons adjacent to C=0) (Figure 4.3A)

'H NMR (CDCls) of 2,2 bis (2-oxepanone) propane d: 0.78 (6H, s, -CHs); 1.34-1.96
(10H, m, ring protons); 2.49-2.78 (4H, m, -CH- on the ring adjacent to C=0); 4.08-4.39
(4H, m, -OCH,) (Figure 4.3B )

Synthesis of 4-(dimethyl amino) pyridinium 4-toluene sulphonate (DPTS)?’

Dry PTSA (1 g, 0.0058 moal) was dissolved in benzene in a round bottom flask equipped
with a dean and stark apparatus and heated to remove traces of moisture. An equi-molar
amount of DMAP (0.708g, 0.0058 mol) was added to the stirred solution of PTSA in hot
benzene. A white precipitate was formed as a result of this addition. This suspension was
stirred for an additional period of 1 h and filtered. The product was recrystallized from
saturated chloroform solution and dried. This quaternary ammonium salt DPTS was
collected as needle shaped white crystals (yield 95%). Melting point 163-165°C,
Reported 165°C*

N N Hogs—©—CH3 . E SN @ -
ch/ Q H3C/ NH 03

Scheme 4.3: Synthesisof DPTS
Synthesis of hydroxyl terminated telechelic poly (butylene adipate)s

Poly (butylene adipate) (16 g, 0.08 mol) prepared by melt polycondensation, in chapter 3
(Table 3.3, entry no. 2) and 1,4-BD (7.2 g, 0.08 mol) were heated in presence of
titanium isopropoxide ( 0.025 wt% of PBA = 0.004 g) a 150°C for 30 min in a two
necked round bottom flask fitted with a reflux condenser and a nitrogen inlet. After
heating for 0.5 h, the product was cooled, poured into warm water and washed
thoroughly to remove the excess BD. The oligomer was collected, dissolved in
chloroform and dried over sodium sulfate. The chloroform was evaporated under vacuum
and oligomer was dried (yield = 94%). The oligomer was characterized by NMR (*H and
3C) (Figure 4.4), IR (Figure 4.5), VPO, GPC (Figure 4.6) and MALDI-TOF MS
(Figure 4.7). The hydroxyl end groups were quartified by P NMR (Figure 4.8).

137


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
¥
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

FTIR (chloroform, cmi?): 3520, 3440 (O-H), 2950 (C-H), 1728 (C=0)

IH NMR (CDCls) of PBAd: 1.63-1.67 (8H, m, -CH,); 2.30 (4H, s, -COCH.,); 3.64 (HO-
CHy); 4.06 (4H, s, -OCH))

13C NMR (CDCls) of PBAd: 23.90 (CH,); 24.91(CH.); 33.42 (CH,CO); 63.42 (CH.0);
172.85 (carbonyl)

Chain extenson of hydroxy telechelic poly (butylene adipate)s with 1, 6-

hexamethylene diisocyanate:

Poly (butylene adipate) oligomer (0.25 g) was placed in a 25 mL round bottom flask
fitted with a nitrogen inlet and condenser. The oligomer was heated with stirring under
nitrogen atmosphere in an oil bath at 150°C. HMDI (0.0346 g, 0.033 mL, 2.058x10™* mol)
was added to the melt and the heating was continued for 3 h under nitrogen atmosphere.
Molar ratio of the hydroxyl groups to diisocyanate (NCO) groups was one. Experiments
were carried out at two temperatures 70°C and 150°C. The polymer was cooled under
nitrogen atmosphere and was recovered by dissolving in chloroform and precipitating
from methanol followed by drying under vacuum. The obtained polymer was

characterized by viscosity measurements, IR, GPC and NMR.
FTIR (chloroform, cm™): 3300 (N-H), 2950 (C-H), 1728 (C=0), 1530 (O=C-NH-)

'H NMR (CDCls) d: 1.63-1.67 (8H, m, -CH,); 2.28 (4H, s, -COCH,); 4.03 (4H, s, -
OCH))

Chain extension of hydroxy telechelic poly (butylene adipate)s with 2,2bis (2-

OXEPanone) propane:

Poly (butylene adipate) oligomer (0.25 g) and 2,2 bis (2-oxepanone) propane (0.056 g,
2.058x10* mol) were placed in a two necked round bottom flask fitted with a nitrogen
inlet and condenser. Molar ratio of the hydroxyl groups to lactone was one. Stannous
octoate (1.7x10%g, 4.116x10° mol) was added as a solution in dry THF. The reactants
were heated for 2 h under nitrogen in an oil bath maintained at 180°C. The final polymer
was recovered by dissolving in chloroform and precipitating from methanol followed by
drying under vacuum. The polymer was characterized by viscosity measurements, IR,
GPC and NMR.
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FTIR (chloroform, cmi): 2950 (C-H), 1728 (C=0)

'H NMR (CDCls) d: 0.78 (s, -CH3 protons from 2,2 bis (2-oxepanone) propane); 1.64-
1.67 (8H, m, -CH,); 2.31 (4H, s, -COCH,); 4.07 (4H, s, -OCH,)

Chain extension of hydroxy telechelic poly (butylene adipate) with bis (4-nitro phenyl)
carbonate:

Poly (butylene adipate) oligomer (0.25 g), bis (4-nitro phenyl) carbonate (0.0626 g,
2.058x10™) and DPTS (0.0605 g, 2.058x10* mol) were heated at 180°C under nitrogen
atmosphere for 4 h in a two necked round bottom flask fitted with a nitrogen inlet and a
condenser. Molar ratio of the hydroxyl groups to carbonate was one. The product was
dissolved in chloroform and precipitated from methanol and dried. The polymer was
characterized by viscosity measurement, IR, GPC and NMR.

FTIR (chloroform, cm™): 2948 (C-H), 1728 (C=0)

'H NMR (CDCl3) d: 1.64-1.67 (8H, m, -CH,); 2.31 (4H, s, -COCH,); 4.07 (4H, s, -
OCH,)

Chain extension of hydroxy telechelic poly (butylene adipate) with divinyl adipate:

(a) Poly (butylene adipate) oligomer (0.25 g), divinyl adipate (0.0407, 2.058x10%) and
titanium isopropoxide (0.5 wt% of oligomer, 1.25x10°3g) were taken in a two necked
round bottom flask. The reactants were dissolved in 2-2.4 mL of dry chloroform. The
reaction mixture was refluxed vigorously for 5.5 h. The viscous product was dissolved in
small quantity of chloroform and precipitated from methanol. The final polymer was
dried under vacuum and was characterized by viscosity measurements, IR, GPC and
NMR. (b) The chain extension reaction was also carried out in melt at 150°C and 70°C by
heating poly (butylene adipate) (0.25 g) and DVA (0.0407 g, 2.058x10° mol) in presence
of titanium isopropoxide (0.5 wt% of prepolymer, 1.25x10°3g) for 3 h and 5 h in an oil

bath under nitrogen atmosphere.
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4.3 Analysis

4.3.1 Determination of hydroxyl end group concentration of the telechelic oligomer
by P NMR?®

Hydroxyl end groups of the poly (butylene adipate) oligomer were estimated by
derivatizing the OH end groups of the polyester into O-P linkage usng 1,2-
phenylenephosphorochloridite (PPC) a room temperature. CDCl; and 2,4,6-
trichlorophenol were used as solvent and interna standard respectively. P NMR data
were acquired on a 200 MHz NMR spectrometer. Typical acquisition parameters
included a 30 degree flip angle and a collection of 32K data points. A pulse delay was

chosen so that the total recycle time was 2s. The number of scans was 400.
4.3.2 Solution NM R measurements

'H NMR spectrawere recorded on a Brucker AC 200 spectrometer at 25 + 1°C, operating
at 200 MHz. For measurements, 20 mg of polyester samples were dissolved in 0.5 mL of
solvent chloroform-d in 5mm diameter NMR tubes. The chemical shifts are reported up
field with reference to internal standard chlororform-d at 7.25 6 or down field with
referenceto TMS. **C NMR analysis was carried out on aMSL 300 spectrometer.

4.3.3 FTIR spectroscopy

IR spectra were recorded as chloroform solution on sodium chloride cells, on a Perkin-
Elmer Infrared Spectrometer Model 16-PC FT-IR. IR bands were expressed in frequency
(cm-1).

4.3.4 Molecular weight and molecular weight distribution

Molecular weights (M, and M,,) and polydispersity (Mw / M) were determined with
respect to polystyrene standard by size exclusion chromatography on a Thermo Finnigan
Spectra Series AS300 machine at 25°C by eluting poly (butylene adipate) solutions of 5-8
mg / ml concentrations in chloroform, with toluene as internal standard through a series
of five p — Styragel columns of pore sizes 10°, 10*, 10°, 500 and 100 A, respectively and
length 30 cm each. Chloroform was used as the mobile phase (flow rate ImL/min) and
both UV and RI detector signals were recorded simultaneously. As the molecular weights

were calculated with respect to polystyrene calibration, they were of little significance
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and hence GPC was mainly used to determine the polydispersity index. The number
average molecular weights of the polyesters were determined by KNAUER K- 7000
Vapor Pressure Osmometer as per the procedure reported in chapter 3.

4.3.5 Viscosity measurements

Inherent viscosities of 0.5% (w/v) solutions of polyesters in chloroform were determined
in an automated Schott Gerate AVS 24 viscometer, using an Ubbelohde suspended level
viscometer at 25 + 1°C. About 50 mg of polyester were weighed in 10 mL volumetric
flasks and dissolved in the solvent. Flow times for solvent and samples were recorded
Inherent viscosity was calculated and expressed in dL/g.

4.3.6 MALDI-ToF MSanalysis
This analysis was performed as described in chapter 3
4.3.7 Thermal analysis

Differential scanning calorimetric (DSC) measurements were made on a Waters thermal
analyzer model Q-10 in a nitrogen atmosphere. Approximately 6-7 mg of polymer
samples were weighed in auminium pans of 50 nlL capacity and sealed. The
measurements were run from —40 to 80 °C at a heating rate of 10 °C/ min and a cooling
rate of 100 °C/ min. The crystallinity data and melting temperature were recorded from
the second cooling and first heating curves, respectively. The thermal stability of the
prepared telechelic oligomer and divinyl adipate was determined by the Perkin Elmer
TGA instrument. A known weight of sample was heated from 30 to 800°C to determine
the temperature at which the degradation begins.

4.4 Results and Discussion

4.4.1 Synthesis of hydroxy telechelics and their chain extension reactions

Synthesis of poly (butylene adipate) (PBA) by melt polycondensation as described in
chapter 3 results in the formation of linear as well as cyclic oligomers. Driving the

reaction towards realizing high molecular weight polymers also results in formation of

141


http://www.pdfcomplete.com/1002/2001/upgrade.htm

Click Here & Upgrade

v’ Expanded Features
> PDF Unlimited Pages
Complete

macrocylces. The polyesters synthesized at temperatures less than 150°C contained

relatively lesser amount of cyclics.

High molecular weight polyesters can be obtained by chain extension reactions
using suitable chain extenders. Chain extenson essentiadly involves a spontaneous
reaction between the chain extender and end groups of the polymer chain in a statistical
way with no byproduct formation, resulting in the formation of a linear extended chain
and consequent increase in molecular weight. This requires the polymer chains to have

end groups of the same chemical nature.

Table 4.1 Chain extenders used for different types of end groups

Nature of end Chain extender used Reference
groups

-COOH Diisocyanate [29-32]
Bis (epoxide) [33]

Bis (oxazoline) [33-34]

-OH Diisocyanate [35-36]
Acid chloride [3]
Anhydride [33]
Epoxide [33]

Orthoester [33,37]
phosgene [39]
-NH, Diisocyanate [39]

The polyesters synthesized at temperatures less than 150°C in chapter 3, contains
chains having mixed end groups such as hydroxyl-ester, hydroxyl-hydroxyl and ester-
ester end groups which are not suitable for chain extension reactions with any of the
known chain extenders. The choice of chain extender depends on the nature of end
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groups of the polymer chain. The most commonly occurring end groups are hydroxyl and
carboxyl end groups. A number of bifunctional compounds can be used to link two such
end groups. Table 4.1 shows different chain extenders that can be used for these end
groups. Efficiency of the chain extender is measured in terms of the extent of coupling
reaction and consequent increase in molecular weight, without any side reactions or
degradation reactions leading to insoluble gels and broadening of molecular weight
distribution.

Diisocyanates are the most commonly used chain extenders. The high reactivity
of isocyanates with functional groups is known from urethane chemistry®®. A number of
diphatic, cycloaliphatic and aromatic diisocyanates such as hexamethylene diisocyanate
(HMDI), 4,4-dicyclohexylmethane diisocyanate (DES), isophorone diisocyanate,
methylenediphenyl diisocyanate (MDI) have been used as chain extenders to enhance the
molecular weights of polyesters having hydroxyl as well as carboxyl end groups. The
isocyanate groups can also react with moisture, urethane and urea groups to form urea,
allophanate and biuret respectively or with each other in isocyanate homopolymerization
leading to branching or crosslinking in the polymer and consequently resulting in the
formation of insoluble gels. Thus the chain extension reaction between isocyanate and
hydroxyl group to give urethane bond has to compete with these side reactions to achieve
high molecular weight poly (ester-urethane)s. These side reactions can be minimized by
appropriate choice of the OH/NCO ratio so that alarge excess of isocyanate groups is not
present in the reaction medium. Shorter reaction times and lower temperatures (< 150°C)
also reduce the occurrence of such reactions. The structure of diisocyanate is also known
to affect the chain extension reaction*'. Thus proper choice of diisocyante, OH/NCO
molar ratio, reaction temperature and time can result in effective chain extension with
minimum side reactions. A 10-12 fold increase in molecular weight (M) with a
distribution of 1.8-2.5 by chain extension with HMDI has been reported™.

2,2 bis (2-oxepanone) propane, bis (4-nitrophenyl carbonate) and divinyl adipate have not
been studied as chain extenders for polyester forming reactions.
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4.4.1.1 Synthesis and characterization of hydroxy telechelic poly (butylene adipate)s

Poly (butylene adipate)s with two terminal hydroxyl end groups was synthesized by using
a stoichiometric excess of 1,4-butanediol in the polycondensation reaction of DMA with
BD followed by glycolysis of the polyester with 1,4 butanediol*® as shown in the Scheme
4.4

o

o
OCHg o )
HO\/\/\OH . CHSO)‘\/\/\’( Titanium isopropoxide /EO\/\/\O
1500C n

O
O

(o]
1,4 Butanediol/Titanium isopropoxide
e : ttanium 15op p‘XI HO\/\/EO OM\O/H
1500C /30 min n
(o]

HO—PBA—OH (5)

Scheme 4.4: Synthesis of hydroxyl telechelic poly (butylene adipate)s (5)

The telechelic (5) was characterized by FTIR, *H and **C NMR. The concentration of the
hydroxyl end groups was determined by *'P NMR. The oligomer was also characterized
by MALDI-ToF MS, DSC and TGA. The molecular weights were determined by VPO
and GPC.

FTIR

The IR spectrum (Figure 4.4) exhibited characteristic absorption peaks of ester carbonyl
a 1728 cm™ and —CH, groups at 2950 cm™. A broad absorption peak at 3440-3520 cm'™
appeared due to the hydroxyl groups.

'H and *C NMR

The NMR spectra are shown in Figure 4.5. (CDCl; at 7.25) 6: 4.06 (m, -CH»-a attached
to ester linkage in the repeat unit), 3.64 (m, -CH,-a attached to hydroxyl end group), 2.30
(m, -CH,-b attached to the carbonyl group in the repeat unit), 1.63-1.67 (m, CH.-c,d
attached to methylene groups in the repeat unit), 1.98 (s, OH). In the carbon spectrum
(CDCl; at 77) ppm: 172.85 (s, C=0), 63.42 (s, -CH»-a carbon attached to ester linkage in
the repeat unit), 61.6 (s, -CH»-a carbon attached to hydroxyl end group), 33.42 (s, -CHy-
b carbon attached to the carbonyl group in the repeat unit), 23.96, 24.91 (s, CH.-c,d
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carbon attached to methylene groups in the repeat unit), 28.70 (s, CH»-e carbon attached
to methylene groups of hydroxyl end group)
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Figure 4.4 IR spectrum of hydroxyl telechelic poly (butylene adipate) (5)

3lp NMR

The 3'P NMR spectrum (Figure 4.6) shows peak due to internal standard at 131.7 ppm.
The peak appearing at 127.2 was due to the derivatization of the hydroxyl end groups of
the oligomer. The peak at 122.2 ppm was due to moisture present in the system
derivatized by PPC. The peak at 129.56 ppm may be due to the carboxyl end groups
generated as a result of THF formation during the reaction. The concentration of the
hydroxyl groups in unit of meg/ kg was calculated by assigning a value of 10,000 to the
peak due to TCP and then dividing the integration of the peak due to hydroxyl end group
by the weight of the polymer (in mg) taken for analysis.
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Figure 4.5 'H and **C NMR of hydroxyl telechelic poly (butylene adipate) (5)

The concentration of the hydroxyl groups was found to be 8.232x10* mol/g. The number
average molecular weight calculated based on OH end group was calculated to be 2430
g/mol which agreed closely with the value determined by VPO to be 2700 g/mol as
shown in Table 4.3. Thus the hydroxyl functionality of the telechelic is 0.9.
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Figure 4.6 *'P NMR spectrum of the hydroxyl telechelic poly (butylene adipate) (5)

MALDI-ToF MS

The MALDI- ToF mass spectrum of the oligomer was obtained using trans 3-indolacrylic
acid as the matrix and is as shown in Figure 4.7. The sample was scanned in the mass
range of 500 to 5000 Da, however for purpose of analysis the data in the mass range of
500-2500 Da was used. The gtructure of the end groups deduced from the spectrum are
tabulated in Table 4.2

The spectrum shows a series of very high intensity peaks appearing at vz values
of 1114, 1314, 1513, 1714, 1912, 2114 and 2313 as sodium cationized oligomeric species
of the type H-[-O-(CH>)4-O-CO-(CH,)4-CO-],-O-(CH,)4-OH-Na" mass = 200n+90+23, n
being the DP of the oligomer and 23 mass number of sodium. Potassum cationized
oligomers of the same species appeared as shoulder peaks at m/z values of 1130, 1329,
1530,1730, 1930, 2129 and 2328. A set of low intensity peaks appeared at m/z values of
1056, 1456, 1656, 1856, 2055 and 2255 as sodium adducts of oligomers of the type H-[-
O-(CH3)4-O-CO-(CH2)4-CO-]sOCHz—Na" mass = 200n+32+23.

147


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
= PDF
Complete

Click Here & Upgrade
Expanded Features
Unlimited Pages

2'13.55f1i’?'§
wwaga || ] 2T
L 391631
35114
430999
AR08 76
ELy el ] 431540
SN
At
gl w=N
i =X =
ek 3
i I
2
i s 4y Jhe) <A Lo 4
; [ dhelt 7
: 1 | kg e | [ : 1;
UL L0 AL
||J 1) l';l'lu A
2000 A0 GO0
Ilass iy
21355
31398
i
i 191208
1356 1513.11
1114.35
33697
192973 212204
132830 1729.99
— 1529 81
11808 |
117042
s 8 1455 1656 c'3'=~5-1'3' s b
L& 1055 | % -0 L q& I —_ :I)nﬁ (25, 'l
4
| )‘\ B o | 15 #u;‘ [{M JJJ e 4 J Jl,l,
i L E | ||. A
iy 'u"jlll uﬂ lhrlh_'ﬁl. qu."'" "'J*J IH/—/_\)("\ Rﬁh‘___..r\,-\\ur I'._,"r‘ H.___‘__,," \"J1u
1000 1300 1600 1900 ZZEI[I 2500
Il {mF

Figure 4.7 MALDI-ToF MS of hydroxyl telechelic poly (butylene adipate) oligomer
)

An isolated peak appeared at m/z value of 1041 as sodium cationized species of
the oligomer of the type H-[-O-(CH,)s-O-CO-(CH,)4-CO-],OH—Na". Thus, the analysis
shows that the poly (butylene adipate) oligomer (5) contains mainly chains with hydroxyl

148


http://www.pdfcomplete.com/1002/2001/upgrade.htm

’ Click Here & Upgrade
v Expanded Features
> PDF Unlimited Pages
Complete
end groups along with small amounts hydroxy-ester end groups as seen from the relative

intensities of the peaks.

Table 4.2 MALDI-ToF MS analysis of hydroxyl telechelic PBA oligomer

Repeat Unit Structure | Sum of end Structure of end Series
groups groups
(observed)

89-91 H—E BAa—O—(CH2)4—OP 1114, 1314, 1513,1714,
" 1912,........ Na" adduct

I I
{m(CHz)rmc—(CHz)rc}n

89-91 H-FBAT-0—(CH—o 1130, 1329, 1530,1730,
4 1930......... K* adduct

33-34 H-[— BAil—OCH3 1056,1456,1656,1856,
" 2055,....... Na' adduct

Molecular weight determination

The molecular weight of the telechelic PBA oligomer was determined by VPO. M,, was
found to be 2700 g/mol. GPC of the oligomer is shown in Figure 4.8. The sdient results
of characterization of telechelic PBA oligomer are summarized in Table 4.3

Elution volume

Figure 4.8 GPC of the hydroxyl telechelic poly (butylene adipate) oligomer (5)
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Figure 4.9 DSC curve of hydroxyl telechelic poly (butylene adipate) oligomer (5)
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Figure 4.10 Thermogravimetric analysis of hydroxyl telechelic poly (butylene
adipate) oligomer (5)
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Table 4.3 Analysis of the hydroxyl telechelic (butylene adipate) oligomer (5)

25°C (dL/g) (VPO) P NMR) (GPC) | (GPC) (°c)
0.211 2700 2430 7600 | 11,930 | 1.57 55

The oligomer shows a crystalline melting point (Tm) a 55°C and a T, at 25°C (Figure
4.9). The thermal stability was determined by thermogravimetric analysis (Figure 4.10).
The TGA curve shows that the polymer begins to degrade well above 200°C*. This
information was useful for deciding the range of reaction temperatures that can be used

for chain extension reactions.
4.4.1.2 Use of hexamethylene diisocyanate as a chain extender

Polyurethanes are synthesized by the addition reaction of an alcohol with an isocyanate
group and contain the urethane group as a characteristic sructural element
(R-NH-CO-0-R). In the chain extension reaction using diisocyanate, the hydroxyl
telechelic oligomer with low acid number and low water content reacts with a
diisocyante. The structure of the diisocyanate, functionality of the prepolymer, nature of
the hydroxyl groups, polymerization temperature and OH/NCO ratio influence this
polyaddition reaction. The melting temperature depends on the molecular weight whereas
the T4 depends on the structure of the diisocyanate and the urethane content in the poly
(ester-urethane). Seppala and coworkers used 1,6-hexamethylene diisocyanate to increase
the molecular weight of a hydroxyl functional PLA prepolymer from a M,, of 4500 g/mol
to 32,000 g/mol. Such a polymer had mechanical properties comparable to high
molecular weight PLA made by ring opening polymerization of lactide®™. A substantial
body of literature in the form of patents and publications on the use of diisocyanates as
chain extendersis available (Table 4.1).

The results of the chain extension reaction (Scheme 4.5) of the hydroxyl
telechelic poly (butylene adipate) oligomer with 1, 6-hexamethylene diisocyanate are
shown in the Table 4.4. Reactions at two different temperatures 70°C and 150°C were
carried out. The IR (Figure 4.11) and NMR (Figure 4.12) spectra prove that the
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polyester has been chain extended with the diisocyanate resulting in a linear poly (ester-
urethane). The urethane linkage is characterized by the NH absorption, which occurs at
3300 cm™ and is attributed to hydrogen-bonded NH groups. The amide absorption, which
is a characteristic of the urethane functionality, appears at 1530 cm™.

o

H{O\/V\O)‘\/\/\ﬂro\/\/\O/H . O:C:N\/\/\/\N:C:O
o) n
lA
o (0] (0]
O\/\/\O O\/\/\O)LNH/\/\/\/NHTKOﬁ/\/\O)K/\/\’(Oj”M
o n (o] [e] m

Scheme 4.5: Chain extension reaction of hydroxyl telechelic oligomer (5) with 1,6-
hexamethylene diisocyanate

The *H NMR spectrum of the chain extended polyester (Figure 4.12) is similar to
that of the telechelic (5). Small peaks arising due to the hexamethylene moiety in the
urethane functionality as a result of chain extension are seen at 3.16 and 1.279.

Table 4.4 Chain extension of poly (butylene adipate) using HMDI?

No. | Reaction Yidd® | ni® | MS% | MWMS | TS, TE
conditions (%) (dL/g) | (GPC) 0) o)

1. 150°C/3 h 48 062 |23510| 23 55 18

2. 70°C/3 h 60 030 |11,840 | 1.7 54 25

a molar ratio of OH/NCO = 1, b-based on weight of polymer obtained on precipitation
from methanol, c- precipitated polymer

The chain extended polyester was characterized by GPC (Figure 4.13). The shift in the
elution volume of the chain extended polyester towards a lower retention volume as
compared to the telechelic demonstrates an increase in the molecular weight by chain
extension reaction.

152


http://www.pdfcomplete.com/1002/2001/upgrade.htm

Click Here & Upgrade

v’ Expanded Features
> PDF Unlimited Pages
Complete

110 4
100 —-
%0 3300
80
70 —-
604 3440-3520

50

%T

40
30

20 2950
10 1 1728

1 L I 1 1 — 1
4500 4000 3500 3000 2500 2000 1500 1000 500

cm-1

Fig 4.11 FTIR spectra of (A) telechelic oligomer (5) and the corresponding
(B) chain extended poly (ester-urethane)
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Figure 4.12 *HNMR spectrum of poly (butylene adipate) chain extended with HM DI
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Figure 4.13 GPC of telechelic (5) and the polyester chain extended with HM DI
(entry no. 1, Table 4.4)

The molecular weight distribution of the chain extended polyesters does not indicate any
chain branching or other side reactions. However the overall yields are low and some
portion of the polyester solubilizes in methanol although the hydroxyl telechelic PBA
oligomer (5) is insoluble in methanol. This may be due to a number of ester exchange or
transesterification reactions occurring, resulting in low molecular weight species, which
are soluble in methanol. These reactions occur even at 70°C. Transesterification reaction
is favored over the chain extension reaction of the diisocyanate at 150°C as evidenced by
lower yield of chain extended polyester obtained at 150°C as compared to that obtained at
70°C. This shows that the ester interchange reactions compete with the chain extension
reactions resulting in methanol soluble fraction and small amount of chain extended
polyester.

Reactions were aso carried out using dibutyl tin dilaurate catalyst. However all
these reactions gelled. When the reaction was catalyzed by dibutyl tin dilaurate, the
reaction was very rapid and dight excess of the diisocyanate used for the reaction also
reacted with the urethane groups (Scheme 4.6), resulting in branched polymer chains and
ultimately crosslinking of the polymer resulting in a gel. The reactions catalyzed by
DBTL gelled even at 70°C and at a catalyst concentration of 0.02 wt%.
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Scheme 4.6: Reaction of the poly (ester-urethane) with isocyanate groups to form
branches and crosslink points

4.4.1.3 Use of 2,2 bis (2-oxepanone) propane as a chain extender

2,2 bis (2-oxepanone) is an interesting bis (lactone) which can undergo easy ring opening
with hydroxyl end groups in polymer. Consequently, its use was explored as chain
extender. Stannous octoate was used as catalyst (Scheme 4.7). The reaction was carried
out at 180°C for 2 h. Molar ratio of the lactone to stannous octoate was 500 and that of
the hydroxyl groups to lactone was kept 1:1, to avoid any concomitant ROP of the bis

(lactone).
(o] o o
H,[O\/\/\O)l\/\/\ﬂzo\/\/\o/H + O@—\—Cgo
n
o Stannous octoate
1800C/ 2 h
(o] (o] (o] (o]
O\/\/\O)‘\/\/\ﬂ/ O\/\/\O OE\/\/ O\n/\/\)l\%ﬁwww
O n o m
HO HO

Scheme 4.7: Chain extension reaction of hydroxyl telechelic oligomer (5) with 2,2
bis (2-oxepanone) propane
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Results are shown in Table 4.5. A portion of the product was insoluble in chloroform and
the fraction that dissolved in chloroform was precipitated from methanol. The yield was
generally low. The pendant hydroxyl groups resulting from the ring opening can lead to
branched and ultimately crosdinked structures which are insoluble in chloroform. This is
an unavoidable reaction. The *H NMR (Figure 4.14) indicates that oligomer (5) was
chain extended with 2,2' bis (2-oxepanone) propane. The presence of protons due to the
ring opened caprolactone in the spectrum proves the attachment of the lactone to poly
(butylene adipate) oligomer through chain extension. The methyl protons of 2,2 bis (2-

oxepanone) propane moiety at 0.78 ppm are more prominent among the other protons of
the lactone.

Chain extended polyester was characterized by GPC (Figure 4.15). A slight shift
in the retention volume corresponding to a small increase in molecular weight can be
seen. The distribution is very broad indicating some amount of chain branching caused by
the reaction of pendant hydroxyl groups.
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Figure 4.14 'HNMR spectrum of poly (butylene adipate) chain extended with 2,2 bis
(2-oxepanone) propane
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Table 4.5 Chain extension of poly (butylene adipate) using 2,2 bis (2-oxepanone)

propane®
Re&:tlon Ylddb ninhc Mnc Mnc MwlM nc Tcm ch
Conditions (%) (dL/g) | (VPO) | (GPC)

c) | (O

180°C/2h, Stannous 48 0.30 | 12,100 | 10,400 | 4.00 5 | 22
octoate

a molar ratio of OH/chain extender =1 b- based on weight of polymer obtained on
precipitation from methanol, c- precipitated polymer

cham extended
polyester
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Figure 4.15 GPC of telechelic (5) and the polyester chain extended with 2,2 bis (2-
oxepanone) propane (Table 4.5)

4.4.1.4 Use of bis (4-nitro phenyl) carbonate as a chain extender

Synthesis of bisphenol-A polycarbonates via a transesterification reaction of bisphenol-A
with dight excess of diphenyl carbonate catalyzed by base is well known. Esters or
carbonates of p-nitrophenol serve as activated transesterification agents, due to the fact
that p-nitrophenol is a good leaving group and results in irreversible formation of a poor

nucleophile, namely, p-nitrophenol*

. Therefore, chain extension of telechelic poly
(butylene adipate) oligomer was explored using bis (4-nitrophenyl carbonate) (Scheme

4.8). The reaction was carried out for 4 h under nitrogen atmosphere at 180°C. Molar
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ratio of the hydroxyl groups to bis (4-nitrophenyl carbonate) was 1:1. An equimolar
quantity of DPTS was added as catalyst for the reaction. The result of chain extension
reaction is shown in Table 4.6.

o}

o
{WMW i+ on—()y—o—t-o~y—no,

DPTS

1800C/ 4 h

? o
mfo\/\/\o)‘\/\/\ﬂ/o\/\/\o_ Q/E\/\/ \”/\/\/”\%Nw
o)
n

HO@NOZ

Scheme 4.8: Chain extension reaction of hydroxyl telechelic (5) with bis (4-nitro
phenyl) carbonate
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Figure 4.16 GPC of telechelic (5) and the polyester chain extended with bis (4-
nitrophenyl) carbonate (Table 4.6)

Approximately 50% of the polymer formed by ester interchange reaction at 180°C
was soluble in methanol. The final polymer obtained was colored. M,, determined by
VPO shows increase in molecular weight. A shift in the retention volume of the chain
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extended polyester in GPC (Figure 4.16) confirms the occurrence of chain extension
reaction.
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Figure 4.17 *H and **C spectra of poly (butylene adipate) chain extended with bis (4-
nitrophenyl) carbonate
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Table 4.6 Chain extension of poly (butylene adipate) using bis (4-nitro phenyl)
carbonate®

leon Ylddb ninhc M nc M nc MwlM nc Tcm TCC
Conditions (%) (dL/g) | (VPO) | (GPC) o) | Co)

180°C/4 h, DPTS 52 0.31 11,800 | 20,600 1.74 56 26

a molar ratio of OH/chain extender =1, b- based on weight of polymer obtained on
precipitation from methanol, c- precipitated polymer

'H NMR of the chain extended polyester is shown in Figure 4.17. *3C spectrum shows a
small peak at 157.81 ppm due to the carbonyl carbon of the carbonate linkage formed as
aresult of chain extension reaction.

4.4.1.5 Use of divinyl adipate as a coupling agent

The use of divinyl esters as monomers in the enzyme catalyzed synthesis of aliphatic
polyesters and as crosslinking agent has been reported*’. However its use as a chain
extender has not been explored. The vinyl functional group in the divinyl esters not only
activates the ester end group for faster transesterification but also imparts inherent
irreversibility to the process, because, the transesterification byproduct vinyl alcohol
rapidly tautomerizes to acetaldehyde, resulting in the continuous shifting of the
equilibrium in the forward direction.

(0] (0]

HJ[O\/\/\O)‘\/\/\IH,O\/\/\O/H + \/O\"/\/\)‘\O/\
n
(0]

Scheme 4.9: Chain extension reaction of hydroxyl telechelic oligomer (5) with DVA

Apart from the irreversibility of the transesterification reaction, it is worth noting
that use of divinyl adipate for chain extension results in an ester linkage which is

indistinguishable from that of the starting oligomer. Thus, synthesis of high molecular
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weight fully aiphatic polyester in the true sense can be achieved. The chain extension
using DVA is represented in Scheme 4.9. Chain extension reaction of hydroxyl telechelic
poly (butylene adipate) oligomer with DVA was attempted in melt phase as well as in
solution. The results of the chain extension carried out in refluxing chloroform for
different lengths of time are shown in Table 4.7.

Table 4.7 Chain extension reaction® using DV A carried out at different reaction times

No. | Reaction Conditions | Yield®(%) | mimt | M% | Mu/MS | TS | TS
1. Reflux/2h.45 min 53 042 |20180| 1.53 57 29
2. Reflux/5h.30 min 84 0.80 |36570| 250 59 26

a molar ratio of OH/DVA =1, b- based on weight of polymer obtained on precipitation
from methanol, c- precipitated polymer

An increase in molecular weight is observed as a consequence of chain extension.
GPC confirms this observation (Figure 4.18). There is a shift in the retention volume of
the higher molecular weight chain extended polyester compared to the telechelic (5). The
'H NMR of the chain extended polyester as shown in Figure 4.19 was identical to that of
the precursor telechelic (5).

cham extended
polyester

|||||||||||||||||||||||||ljl||||||||||||||||||||||||||||||||||‘L|||||||||||||
'20 5 a0 35 40 45 50 55 |

Elution volume

Figure 4.18 GPC of telechelic (5) and the polyester chain extended with DVA (entry
no. 2, Table4.7)
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Fig 4.19 *"HNMR spectrum of poly (butylene adipate) chain extended with DVA

An experiment was carried out in a higher boiling solvent, namely, chlorobenzene

(130-132°C) to examine the effect of higher temperature. The telechelic oligomer took

some time to solubilize in chlorobenzene. The results of the reaction are given in Table

4.8. Higher reaction temperature leads to increase in molecular weight as a result of chain

extension. GPC (Figure 4.20) showed a shift in the retention volume of the product.

However, the results obtained at higher temperatures were inferior to those obtained at

lower temperature.

Table 4.8 Chain extension reaction® with DV A in chlorobenzene as solvent

Reaction Conditions Yidd® (%) | nin M | MuMS | TS | TS
Reflux in chlorobenzene/ 5h 84 052 |23470| 2.08 60 | 31

a molar ratio of OH/DVA =1, b- based on weight of polymer obtained on precipitation

from methanol, c- precipitated polymer
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Figure 4.20 GPC of telechelic (5) and the polyester chain extended with DVA (Table

4.8)

Molecular weight distribution of the chain extended polyesters (Table 4.7 and 4.8)

indicate increase in molecular weight without any significant chain branching or

crosslinking.

The effect of OH to DVA molar ratio on the chain extension reaction was studied
(Table 4.9). Best results were obtained at amolar ratio of 1:0.9.

Table 4.9 Effect of OH to DVA molar ratio on chain extension

No. | Molarratioof | Reaction | Yidd® | nim® | Ma> | My/M | TP | T%
OHto DVA | Conditions (%) | (dL/g) | (GPC) o) | Co)

1. 1:0.9 Reflux5h | 93 0.87 | 36,770 | 253 63 | 25

2. 1:1.1 Reflux'sh | 92 0.76 |31,300| 2.22 61 | 26

3. 1:1 Reflux/5h | 84 0.79 |35580| 250 59 | 25

a based on weight of polymer obtained on precipitation from methanol, b- precipitated

polymer
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The decrease in the retention volume of the chain extended polyester as compared to the

telechelic confirms the increase in molecular weight (Figure 4.21). No significant chain

branching is discernible since the molecular weight distribution is close to 2.0

cham extended

polyesters

Flution vohune

Figure 4.21 GPC of telechelic (5) and the polyesters chain extended with DVA
(entries1, 2, 3 Table4.9)

The chain extension reactions using DVA were also carried out in melt phase. Reactions
were carried out at 150°C and 70°C for 5 h. A reaction was aso carried out for 3 h to

study the effect of reaction time. The results are shown in Table 4.10.

Table 4.10 Chain extension reaction® using DVA in melt

No. | Reaction | Yield®(%) | nin° (dL/g) M¢, Mo/M® | T | TS
Conditions (GPC) o) | (o

1. | 150°C/3h 69 0.25 10,960 1.33 59 28
2. | 150°C/5h 57 0.25 12,850 1.36 59 28
3. | 70°C/5h 51 0.24 12,320 1.22 58 30

a molar ratio of OH/DVA =1, b- based on weight of polymer obtained on precipitation
from methanol, c- precipitated polymer
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Figure 4.22 GPC of telechelic (5) and the polyesters chain extended with DVA in
melt (entries 1, 2, 3 Table 4.10)

The reactions carried out in melt resulted in both lower yields and molecular weights
(Table 4.10). GPC (Figure 4.22) also substantiate this observation. The low
polydispersity values can be ascribed to fractionation of the product when precipitated
from methanol. The starting telechelic (5) is insoluble in methanol but a part of the
product obtained after chain extension reaction in melt is soluble in methanol indicating

that low molecular weight species are formed during the reaction.

Thermogravimetric curve of DVA is shown in Figure 4.23. DVA begins to
degrade around 100°C with complete degradation at 200°C. Consequently temperatures >
100°C may not be appropriate for chain extension reaction with DVA. Even at 70°C the
reaction was inefficient with approximately 50% of the product soluble in methanol.
Polymers obtained from the melt reactions were also colored. Poor thermal stability of
DVA together with the accompanying chain scisson reactions could be the cause for

poor chain extenson in melt.
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Figure 4.23 Thermogravimetric analyss of DVA

The chain extension reactions using DVA were also carried out in the absence of

catalyst, both in melt as well as in solution (Table 4.11). The molecular weights and

viscosity values indicate very low extent of chain extension in both the cases. The low

polydispersity values indicate fractionation of the product upon precipitation from

methanol.

Table 4.11 Chain extension reaction® using DV A in absence of catalyst

No. | Reaction Conditions | Yield®(%) | it | M% | Mu/MS | TS0 | TS

1. Reflux in chloroform/ 51 0.26 | 14,530 1.17 59 29
5h

2. In melt 70°C/ 5 h 57 025 | 12,360 | 1.23 58 | 28

a molar ratio of OH/DVA =1,b- based on weight of polymer obtained on precipitation
from methanol, c- precipitated polymer
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The low molecular weight species that are soluble in methanol result from the chain
scission reactions which occur both in melt as well as in solution. The GPC curves in
Figure 4.24 show practically no change in retention volumes of the telechelic oligomer
(5) and the polyesters obtained as a result of reaction with DVA carried out in absence of
catalyst, thereby indicating no chain extension in absence of catalyst.

— In meli
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Figure 4.24 GPC of telechelic (5) and the polyesters chain extended with DVA in
absence of catalyst (entries 1,2 Table 4.11)

The hydroxyl telechelic oligomer (5) has oligomers with hydroxyl-ester end groups along
with oligomers having hydroxyl-hydroxyl end groups. Reactions between the hydroxyl
end groups of one chain with ester end group of the other, could in principle aso lead to

chain extension.

To understand the importance of this reaction experiments were carried out in
melt and in solution in absence of chain extender. The results are tabulated in Table 4.12.
Under these conditions only small extent of chain extension is observed. GPC shows
practically no shift in the retention volumes (Figure 4.25). The low polydispersity values
are due to fractionation of product during precipitation from methanol. These
observations suggest that chain extenders have a definitive role in causing the chains to

grow through a process of chemical reaction with end groups. The extent of chain
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extension and consequent increase in molecular weight depend on the efficiency of the
chain extender and appropriate reaction conditions.

Table 4.12 Effect of absence of chain extender on molecular weight build up

No. | Reaction Conditions | Yield®(%) | min® M% | MM | TP | T
L
1. Reflux in chloroform/ 5 41 0.26 14,640 141 59 29
h
2. In melt 70°C/ 5 h 29 025 | 13760 | 1.18 58 | 30
a based on weight of polymer obtained on precipitation from methanol, b- precipitated
polymer
— In meli
— In zolution
bo ks Ly g T Lt T T g

Figure 4.25 GPC of telechelic (5) and the polyesters obtained as a result of reaction
in absence of chain extender (entries1, 2 Table 4.12)

4.5 Conclusions

Chain extension of hydroxyl telechelic poly (butylene adipate) (5) can be accomplished
using chain extenders like HMDI, 2,2 bis (2-oxepanone) propane, bis (4-nitro phenyl)
carbonate and DV A with varying degrees of efficiency. In the absence of chain extenders
little or no chain extension occurs. Additionally chain extension is accompanied with

transesterification reactions leading to low molecular weight oligomers.
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Divinyl adipate was found to be an efficient chain extender for hydroxy telechelic
poly (butylene adipate). The reaction was particularly effective in solution and in
presence of a catalyst at low temperatures. At higher temperatures severa side reactions

are apparent which result in the formation of methanol soluble oligomers.

Moderate chain extension was achieved using 1,6-hexamethylene diisocyanate as
a chain extender in melt at 150°C resulting in poly (ester-urethane)s. Yields were low due
to formation of low molecular weight oligomers soluble in methanol. The chain extension
reactions could be catalyzed by dibutyl tin dilaurate. However, the reaction was very fast
and uncontrollable and resulted in the formation of gel.

Chain extension reactions using 2,2 bis (2-oxepanone) propane was not very
effective. In case of bis (4-nitrophenyl) carbonate, moderate chain extenson was

achieved. The polyester obtained as aresult of chain extension was colored.

In al the reactions, whether in melt or in solution, a methanol soluble fraction was
persistently obtained. This implies competing transesterification reactions leading to

lower molecular weight linear or cyclic oligomers.
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Chapter 5: Synthesis of fully aliphatic poly (ester) s by ring opening

polymerization of alkyl substituted and bicyclic lactones

5.1 Introduction

Ring opening polymerization (ROP) of cyclic esters and related compounds is a simple
route to the synthess of aliphatic polyesters. ROP has many advantages compared to
traditional condensation polymerization and, is often, the method of choice for the
preparation of high molecular weight aliphatic homo and copolyesters. ROP proceeds
under milder conditions and shorter reaction times*2. High conversions can easily be
achieved without considerations of remova of reaction byproducts and the use of
stoichiometric balance of monomers. The ring opening polymerization of lactones and

the associated mechanisms as well asinitiators are extensively documented in literature®.

Coordinative ring opening polymerization differs from the ionic (cationic or
anionic) polymerization in that the propagating species consists of a covalent bond. This
generally reduces the reactivity and the polymerization rate which leads to fewer amounts
of gide reactions and leads to “living ROP’ of lactones under defined conditions.
Aluminum alkoxide and stannous octoate are the two extensively studied initiators for
coordinative ring opening polymerization of cyclic esters. Carboxylates are less
nucleophilic than alkoxides and are consdered to behave more like a catalyst than an
initiator. Metal carboxylates such as stannous octoate are used together with active
hydrogen compounds like alcohol as co-initiators’. The mechanism of ROP in the
presence of stannous octoate was examined by Kowalski® and Kricheldorf®. The active
species formed during polymerization was identified as an akoxide which suggested that
the polymerization proceeded on atin (I1) alkoxide bond formed from stannous octoate.
Sn(Oct), catalyst is generdly active at elevated temperatures, leading to some
intermolecular and intramolecular transesterification reactions’. Polyesters with defined
molecular weights and functionalized end groups can be prepared by ROP. Recently
polyesters with functional groups along the polymer chain have been prepared by ROP.
Specia attention has been paid to the synthesis of biodegradable polymers bearing
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pendant functional groups. The availahility of reactive groups along the chains is highly
desirable for fine tuning the properties, particularly the chemical reactivity, in order to
attach drugs, to improve biocompatibility, control biodegradation rate, promote (bio)
adhesion rate and impart hydrophilicity if not water solubility.

The synthesis and ring opening polymerization of cyclic esters bearing functional
group is a simple route to functional polyesters®. Monomers and polymers based on e-
caprolactone (CL) substituted with hydrophilic groups like hydroxyl, dihydroxyl,
carboxylic acid and amine have been reported®. e-CL substituted with bis
(hydroxymethyl) or hydroxyethyl groups can undergo self-condensation, which leads to
hyperbranched polyesters. e-CL substituted with halogen like bromine or a pendant
activated akyl bromide serves as both monomer for living ROP as well as initiator for
controlled ATRP. Unsaturated aliphatic polyesters are another useful type of functional
polyesters. The double bond can be easily transformed by means of cross linking,
epoxidation, bromination and hydrosilylation’. Homopolymerzation of 2-allyl—-
caprolactone in bulk using stannous octoate has been reported®. Although these
functional aliphatic polyesters are potentially degradable and biocompatible, their
properties have to be assessed and applications in different fields have to be explored.

o)
Q ROP I
- {O—CHZ—?H—CHZ—CHZ—CHZ—C}
n
H
CH;—(CH2)13—CH3 (|: 2
1 I(CH2)13
CHs
o)
o)
ROP |
. N P
2 n

Scheme 5.1: Ring opening of lactones (a) 3-pentadecyl 2-oxepanone, 1 (b) 2-
oxabicyclo [3.2.1] octan-3-one, 2
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In this chapter, the ROP of two novel lactones 1 and 2 (Scheme 5.1) are explored. 1 can
lead to an aliphatic polyester with fifteen carbon atom branching, whereas 2 can lead to
an aliphatic polyester with a confirmationally rigid cyclopentane ring in the backbone.

5.2 Experimental
5.2.1 Materials

Stannous octoate, e-caprolactone, 3-pentadecyl phenol (Cardanol), norcamphor and
Ruthenium on carbon (5%) were obtained from Sigma-Aldrich.Inc.USA. Pyridine,
chromium trioxide, hydrochloric acid and THF were procured from Merck, India. m-
Chloroperbenzoic (MCPBA) acid was purchased from Spectrochem, Mumbai, India
whereas ethylene glycol and n-butanol were obtained from S.D fine chemicals Mumbal,
India.

5.2.2 Reagents and purification

Stannous octoate was distilled twice before use. The first distillation was done to remove
water and octanoic acid. The second fraction which was collected at 180°C and 0.085-
0.086 mbar pressure, was used. THF was dried according to usual procedures. A stock
solution of Sn (Oct), was prepared by dissolving an appropriate quantity in dry THF and
stored under nitrogen prior to use. e-CL was dried over calcium hydride overnight and
then distilled under reduced pressure and stored under nitrogen. Ethylene glycol (EG) and
n-butanol were first ordinarily distilled. They were then refluxed with sodium pieces for
few hours and then again distilled under vacuum or nitrogen and stored over 4A
molecular sieves. Stock solution of EG and n-butanol were prepared by dissolving
appropriate amounts in dry THF and stored under nitrogen prior to use. Solvents like
hexane, chloroform were distilled and used. The other chemicals were used without
further purification.

5.2.3 Synthetic methods

Bayer-Villiger oxidation of 3-substituted cyclohexanone and norbornanone by enzymes'
has been reported. Bayer-Villiger oxidation of norbornan-2-one using different oxidizing
agents has been studied* where as that of 3-pentadecyl cyclohexanone has not been
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reported. Lactones 1 and 2 were synthesized by Bayer-Villiger oxidation of the
corresponding ketones.

5.2.3.1 Synthesis of 3-pentadecyl 2-oxepanone

3-pentadecyl 2-oxepanone (1) was obtained from 3-pentadecyl phenol in three steps. In
the first stage, cardanol was reduced to 3-pentadecyl cyclohexanol by hydrogenation. In
the second step it was oxidized to the corresponding ketone, namely, 3-pentadecyl
cyclohexanone and finaly in the third step the ketone was further oxidized to the lactone
using MCPBA.. The synthesis of the lactone is shown in Scheme 5.2.

Stepl: 3-Pentadecyl phenol (40.35 g, 0.13 mol) was taken in a Parr reactor (300 mL
capacity) and dissolved in isopropanol (150 mL). Ru (5 wt% on C) (0.8 g, 2 wt %) was
added. Hydrogenation was carried out at 120°C using 700 psi hydrogen pressure. The

reaction was continued until there was no further absorption of H, (1.5 h).

OH
H2, RuU/C OX|dat|on
: 700 psi PCC/CH Cl
CisHa1

CisHzg CisHa1

é\ M CPBA /&)
CisH3zp H31C15

a CisHap

Scheme 5.2: Synthesis of 3-pentadecyl 2-oxepanone from 3-pentadecyl phenol

Catalyst was separated by filtering the reaction mixture through Whatman filter paper.
Isopropyl acohol was stripped off and the compound was dried under reduced pressure
to afford 3-pentadecyl cyclohexanol. Yield: 40.6 g (98%), mp: Found 44-46°C, Reported
(45-48°C) .
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Step 2: Oxidation of reduced cardanol to 3-pentadecyl cyclohexanone™*- (a) Synthesis of
PCC (Pyridinium chloro chromate): 0.185 mL of 6 M HCI (1.1 mol) was added to 100 g
(AM) of chromium trioxide (CrOs) rapidly with stirring. After 5 minutes, the
homogeneous solution was cooled to 0°C and 79.1 g (IM) of pyridine was carefully
added over 10 min. Recooling to 0°C gives a yellow orange solid which was collected in
a sintered glass funnel and dried for 1 h in vacuum. PCC (16.16 g, 0.075 moal), finely
mixed with equal quantity of slica gel (60-120 mesh size) dissolved in 300 mL
dichloromethane (DCM) was taken in a 1L three necked round bottom flask fitted with a
reflux condenser. Reduced cardanol (15.5 g, 0.05mol) dissolved in 200 mL DCM was
added in one portion to the magneticaly stirred solution. After 8-10 h of stirring at room
temperature™, the reaction mixture was filtered through a sintered funnel. The round
bottom flask was washed 4-5 times with DCM. The filtrate was concentrated and then
passed through a bed of celite-silica gel. The colorless solution obtained was neutralized
by a saturated solution of sodium bicarbonate followed by a saturated brine solution. The
organic layer was dried over sodium sulfate. The formation of ketone was checked by
TLC, which showed a single spot due to ketone in an 80: 20 mixture of pet ether and
ethyl acetate as solvent system. Concentrating the organic layer resulted in the desired
product with 97-98% vield with mp = Found 41°C, Reported 41°C*. IR and NMR of the
ketone were recorded.

Step 3: 3-pentadecyl cyclohexanone (10 g, 0.0324 mol), MCPBA (14 g, 0.081 mol),
sodium bicarbonate (6.8 g, 0.081 mol) and DCM were tirred at room temperature in a
250 mL round bottom flask for 72 h. MCPBA was dried over sodium sulfate before use.
A white precipitate was obtained during the reaction which was removed by filtration.
This reaction mixture was washed with sodium bicarbonate (5% solution in 300 mL
water) followed by brine solution till the washings tested neutral. The organic layer was
dried over sodium sulfate. A white solid was obtained after concentrating the DCM
solution which was purified by column chromatography. The main impurity was
MCPBA. Lactone was eluted from the column using 6% ethyl acetate solution of pet
ether. TLC of this product showed a single spot due to lactone. The product obtained
from the column was dissolved in minimal amount of n-hexane. By alowing the hexane

solution to stand at R.T overnight, a part of the product was obtained as white needles.
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The lactone was obtained in 90% yield, mp = 35-60°C. NMR (Figure 5.1) and IR

(Figure 5.2) of the lactone were recorded.

—1.24 ma

Chlargform-d
W
o~y
-

—0.85 ==

408 00 205
e ] ]
T T T

T.0

T T T T
20 1.5 1.0 0.5

Figure 5.1 (A) 'H NMR, (B) *C NMR and DEPT spectra of 3-pentadecyl 2-

oxepanone
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'H NMR & (ppm, CDCls) of lactone: 0.86 (t, 3H, -CHs); 1.23 (s, 28H, -CH,); 1.6-1.9 (m,
5H, -CHy, -CH); 2.4-2.6 (m, 2H, -CHy); 3.96-4.21 (m, 2H, -CH>)

13C NMR & (ppm, CDCls) of lactone: 13.86 (CHs); 22.10, 22.5, 26.55, 29.51, 31.74 (-
CHy); 34.3 (-CH,C=0); 37.14 (-CH); 66.62 (-OCH,); 173.14 (C=0)

IR (chloroform, cmt): 2922, 2852 (C-H), 1726 (C=0)

Elemental analysis. Found- C = 76.45%, H = 12.71%; Calculated- C = 77.53%, H =
12.34%

Mass = 324 Da by mass spectrometer

Two isomers a and a are expected to be formed. An attempt to separate these isomers
and determine their compositions was not made.

120 -

100 -

80

60

%T

40

1726

20 - 2852

0 - 2922

T I T I T I T I T I T I T
3500 3000 2500 2000 1500 1000

cMm™

4000

Figure 5.2 FTIR spectrum of 3-pentadecyl 2-oxepanone
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5.2.3.2 Synthesis of 2-oxabicyclo [3.2.1] octan-3-one

Lactone (2) was obtained by Bayer Villiger oxidation* as shown in Scheme 5.3. Nor-
camphor (5 g, 0.0453 mol), MCPBA (19.5 g, 0.045 x 2.5 = 0.113 mol) and sodium
bicarbonate (9.5 g, 0.045 x 2.5 = 0.113 mol) were dissolved in 250 mL chloroform and
stirred for 72 h at room temperature. MCPBA was dried over sodium sulfate before use.
A white precipitate was obtained during the reaction which was removed by filtration.
This reaction mixture was washed with sodium bicarbonate solution (5 % solution in 300
mL water) followed by brine solution till the washings tested neutral. The organic layer
was dried over sodium sulfate. The organic layer was concentrated and further purified
by column chromatography. The lactone was eluted from the silica gel column with 3%
ethyl acetate solution of pet ether.

>
b b'

RT

Scheme 5.3: Synthesis of 2-oxabicyclo [3.2.1] octan-3-one from nor camphor

The semi-solid product obtained was further purified by vacuum distillation. The fraction
distilling at 60°C and 0.03-0.04 mbar pressure was collected which was a clear liquid that
solidified on cooling. Two isomers are expected as shown in Scheme 5.3 but a single
spot was shown on TLC due to the lactone. Yield = 80%, mp = 49-52°C. The lactone was
characterized by *H and *C NMR (Figure 5.3), FTIR (Fig 5.4), elemental analysis,
melting point and mass.

'H NMR & (ppm, CDCls) of lactone: 1.6-2.19 (m, 6H, -CH,, d + e + f); 2.39-2.76 (m, 3H,
-CH,C=0, -CH, c + b); 4.83 (s, 1H, -CH)

13C NMR (CDCl5) of lactone: 28.17 (s, -CH,, bridge head carbon, f); 30.82 (s, -CH, c);
31.4 (s, -CHy, d); 34.64 (s, -CHa, €); 39.52 (s, -CH,C=0, b); 79.9 (s, -CH-O-, a); 169.47
(s, -C=0, g, carbonyl carbon)

179


http://www.pdfcomplete.com/1002/2001/upgrade.htm

Click Here & Upgrade

v’ Expanded Features
> PDF Unlimited Pages
Complete

o=
-
T
d+e+f
b+c
F
o
0]
-4 .3
b 22T
f a % g
C o L
2
d e o . = &
' i (|
al =
i
3 [T
ol ™~
Chlaraform-d ,L'D_ ; 1 -; =
. G 2 I =
k= = e
- Y
i )
!
0 it 300 619
] e
A L e ELMAaiaa s L
75 70 65 60 55 5D 45 40 35 3D 15 D 15 1D DS
de
e oo
I::%%g!:
@ ST
g 5008
a | 'Jf
2
@
&

—169.47 0%
o o=
r
-y

Chlarafarm-d

g
-t
Rz
[
|

—30.76
2]

o GE—
2 PE—
o E—

L EE—

@
=
@
=
-
B
-
=
=
>
@
=
o
=4
o
=
X
S
o
=
[
o

Figure 5.3 (A) *H NMR, (B) *C NMR and DEPT spectra of 2-oxabicyclo [3.2.1]
octan-3-one
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IR (chloroform, cmi): 2954 (C-H), 1724 (C=0)
Elemental analysis: Found- C = 64.65%, H = 7.67%; Calculated- C = 66.58%, H = 7.92%

Mass = 126 Da by mass spectrometer. In principle, two isomers b and b' can result from

the reaction. No attempt to separate these isomers was not made.
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Figure 5.4 FTIR spectrum of 2-oxabicyclo [3.2.1] octan-3-one
5.2.4 Ring opening polymerization (ROP) of lactones

Homopolymerization of 3-pentadecyl 2-oxepanone and 2-oxabicyclo [3.2.1] octan-3-one
was attempted using tin carboxylate catalyst. Copolymerization of 3-pentadecyl 2-
oxepanone with e-caprolactone was also studied. Conversions were determined from *H
NMR and molecular weights were obtained using GPC and VPO.
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5.2.4.1 ROP of 3-pentadecyl 2-oxepanone
Effect of temperature

The polymerization was performed at three different temperatures 130°C, 150°C and
170°C using ethylene glycol (EG) as initiator. All glasswares were oven dried at 150-
200°C for a minimum of 3 h before use. Lactone 1 (0.5 g, 1.543x10° mol) was weighed
in a two-necked flask and dried under high vacuum for 30 min to 1 h before addition of
catalyst and initiator. Sn (Oct), (3.12 x 10°g, 7.7 x 10°® mol) and initiator EG (6.207 x 10
%9, 1 x 10™mol) were added into the flask through syringe under nitrogen. THF was
removed under vacuum. The flask was immersed in an oil bath heated to the required
temperature. Heating was continued for 5 h under nitrogen atmosphere. Thereafter, the
flask was cooled under nitrogen. Similar reactions were carried out at 150°C and 170°C.
The molar ratios of [lactone]/[SO], [lactone]/[EG] and [EG]/[SO] were kept at 200, 15.43
and 12.96 respectively.

Effect of reaction time

Experiments were carried out at 150°C for 7 h and 24 h under nitrogen atmosphere.
Lactone 1 (0.5 g, 1.543 x 10 mol) was weighed in a dried two-necked round bottom
flask. The lactone was dried under high vacuum for minimum 30 min. EG (6.207 x 10°g,
1 x 10 mol) and Sn (Oct) (1.25 x 10°g, 3.086 x 10° mol) were added into the flask
under nitrogen through syringe. The THF was removed under vacuum and then the flask
was kept under nitrogen. It was immersed in an oil bath at 150°C and heated for the
required time under nitrogen amosphere. The molar ratios of [lactone]/[SO],
[lactone]/[EG] and [EG]/[SO] were 500, 15.43 and 32.4 respectively.

Effect of [Lactone]/[SO] ratio

Effect of ratio on the ring opening polymerization and molecular weight was studied by
carrying out experiments at two different [lactone]/[SO] ratios. Lactone 1 (0.5 g, 1.543 x
10°mol) was dried in a two-necked round bottom flask under high vacuum. EG (2.07 x
10°g, 3.33 x 10°mol) and SO (3.12 x 10°g, 7.7 x 10°mol) were transferred into the flask
through syringe under nitrogen atmosphere. THF was removed under vacuum. The molar
ratio of lactone (1) to SO was 200, whereas the molar ratios of lactone to EG and EG to
SO were 46.3 and 4.3 respectively. The flask was immersed in an oil bath at 150°C and
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heated for 7 h under nitrogen atmosphere. Another reaction was carried out at
[lactone]/[SQ] ratio of 500.

ROP with different initiators

Lactone (1) was polymerized using two different initiators EG and n-butanol. The molar
ratio of lactone to Sn (Oct), used was 200. Lactone 1 (0.5 g, 1.543 x 10°mol) was
weighed in a two necked round bottom flask and dried under vacuum. Stannous octoate
(3.12 x 10°g, 7.7 x 10°mol) and n-butanol (7.4 x 103g, 1 x 10”*mol) were added under
nitrogen atmosphere through syringe. THF was removed and the contents were kept
under nitrogen. The molar ratios of lactone to stannous octoate, lactone to butanol and
butanol to stannous octoate were 200, 15.4 and 13 respectively. The flask was immersed
in an oil bath at 150°C. The heating was continued for 24 h. A similar reaction was

carried out using EG asiinitiator.
5.2.4.2 Copolymerization with g-Caprolactone
Copolymerization at different reaction temperatures

Extent of incorporation of lactone 1 in the copolymer was studied by carrying out the
reactions at two different compositions 80/20 and 60/40. The reactions at these two
compositions were carried out using EG as initiator under nitrogen atmosphere at 130°C,
150°C and 170°C for 5 h. All glasswares were oven dried for a minimum of 2 h at 150-
200°C. Lactone 1 (0.162 g, 5 x 10“*mol) was weighed in a two necked round bottom
flask. e-Caprolactone (0.23 g = 0.22 mL, 2 x 10° mol), EG (4.84 x 10° g, 7.8 x 10°mol)
and Sn (Oct); (5.0625 x 10° g, 1.25 x 10° mol) were added through syringe under
nitrogen atmosphere. THF was removed under vacuum and the flask was then kept under
nitrogen atmosphere. The total concentration of the monomers was 0.0025 mol. The
composition of e-caprolactone was 80% and that of lactone (1) 20%. The molar ratios of
monomer to Sn (Oct),, monomer to EG and EG to Sn (Oct), were 200, 32 and 6.2
respectively. The flask was immersed in an oil bath at required temperature. Similar
reaction was carried out using 60% composition of e-caprolactone monomer and 40% of
lactone 1. The total concentration of the monomers was 0.0025 mol. The molar ratios of
monomer to Sn (Oct),, monomer to EG and EG to Sn (Oct), were 200, 25.2 and 7.9.
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Conversion and compositions of the copolyesters were determined from *H NMR of the

virgin reaction products.
Copolymerization at different reaction times

Copolymerizations using 80/20 and 60/40 compositions were carried out at varying
lengths of reaction time at 130°C to study the extent of incorporation of lactone 1 in the
copolymer with time. The reactions were carried out using EG as initiator under nitrogen
atmosphere at 130°C for 5, 10 and 20 h. Lactone 1 (0.162 g, 5 x 10*mol) was weighed in
a two-necked round bottom flask. e-Caprolactone (0.228 g = 0.22 mL, 2 x 10° mol), EG
(4.84 x 10° g, 7.8 x 10°mol) and Sn (Oct), (5.0625 x 102 g, 1.25 x 10°° mol) were added
through syringe under nitrogen atmosphere. THF was removed under vacuum and the
flask was then kept under nitrogen atmosphere. Total concentration of the monomers was
0.0025 mol. The composition of e-caprolactone monomer was 80% and that of lactone 1
20%. Molar ratios of monomer to Sn (Oct),, monomer to EG and EG to Sn (Oct), was
200, 32 and 6.2 respectively. The flask was immersed in an oil bath at 130°C and heated
for predetermined lengths of time under nitrogen atmosphere. Similar reaction was
carried out using 60% composition of e-caprolactone monomer and 40% of lactone 1.
The total concentration of the monomers was 0.0025 mol and the molar ratios of
monomer to Sn (Oct),, monomer to EG and EG to Sn (Oct), were 200, 25.2 and 7.9.
Conversion and compositions of the copolyesters were determined from *H NMR of the

virgin reaction products.
Homopolymerization of &-caprolactone

Polymerization of e-caprolactone was performed at three different temperatures 130°C,
150°C and 170°C using EG as the initiator to study the influence of temperature on the
conversion and molecular weight. All the glasswares were ovendried at 150-200°C for a
minimum of 3 h before use. eCL (0.15 g, 1.315x10° mol), Sn (Oct), (2.66 x 10°g, 6.575
x 10° mol) and initiator EG (1.862 x 10°g, 3.0 x 10°mol) were added into the two-
necked flask through syringe under nitrogen. THF was removed under vacuum and then
the flask was kept under nitrogen. It was then immersed in an oil bath and heated at the
required temperature for 5 h under nitrogen atmosphere. The polymer was recovered by

dissolving in chloroform and drying under vacuum. The conversions were determined
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from *H NMR. Similar reactions were carried out at 150°C and 170°C. The molar ratios
of [CL]/[SOI, [CL]/[EG] and [EG]/[SO] were kept at 200, 43.83 and 4.56 respectively.

5.2.4.3 ROP of 2-oxabicyclo [3.2.1] octan-3-one

Ring opening polymerization of 2-oxabicyclo [3.2.1] octan-3-one (2) was attempted at
two different temperatures using n-butanol as initiator. The lactone 2 (0.5 g, 3.96 x 10
®mol) was weighed in an ampoule and dried for at least 30 min. n-butanol (7.412 x 10°g,
1 x 10*mol) and Sn (Oct), (8.019 x 103g, 1.98 x 10°mol) were added through syringe
into the flask under nitrogen atmosphere. The molar ratio of lactoneto Sn (Oct), was 200,
whereas the molar ratios of the lactone to butanol and butanol to Sn (Oct), were 39.06
and 5.05 respectively. THF was removed and the ampoule was sealed under vacuum. The
ampoule was then immersed in an oil bath at 150°C and the heating was carried out for
24 h. Another reaction was carried out in exactly similar manner with the same quantities
at 130°C for 24 h under nitrogen. After polymerization the product was dissolved in
chloroform and precipitated in methanol. The product of the experiment carried out at
150°C was highly colored as compared to that conducted at 130°C.

5.3 Analysis
5.3.1 Solution NM R measurements

'H and **C NMR spectra of lactones as well as polyesters were recorded on a Bruker AV
200 MHz NMR spectrometer. About 15-20 mg of the sample was dissolved in
chloroform-d. The chemical shifts in parts per million (ppm) are reported up field with
reference to internal standard chloroform-d at 7.25 ppm or downfield with reference to
TMS. The sample concentration for *C NMR measurements was 25-30 % by weight.
CDCl; served as solvent as well as interna standard for all **C-NMR measurements.
Relative peak areas were proportional to the number of carbon atoms. Peak areas were
calculated by using WIN-NMR software.

5.3.2 Characterization of lactones

FTIR analysis
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IR spectra were recorded as chloroform solution on sodium chloride cells using a Perkin-
Elmer Infrared Spectrometer Model 16-PC FT-IR. IR bands are expressed in frequency
(cm-1).

Melting point determination

Meélting points were recorded on the Celsius scae usng Thermonik Campbell melting
point apparatus

Elemental analysis

Elemental analyses (C, H) were performed on a Carlo-Erba 1100 automatic CHN
analyzer.

Mass analysis

The mass spectra of the lactones were recorded using APl QSTAR PULSAR mass
spectrometer

GC and HPLC analysis

The purity of the lactones was determined by GC as well as HPLC. GC-analysis of
lactones was performed using a Perkin Elmer GC Auto System XL-200 by injecting 0.1
uL of chloroform solutions of lactones into BP-20 capillary column. The split ratio was
1:60, the detector was FID, the carrier gas was nitrogen with a pressure of 7 psi and the
fuel for FID was hydrogen. The programme for 3-pentadecyl 2-oxepanone was as follows
: oven was isothermal at 50 °C for 4 min, followed by heating with a ramp rate of 45°C/
min from 50°C to 250°C. The oven was again isothermal a 250°C for 12 min. The
injector and detector were kept at 300°C. The heating programme for 2-oxabicyclo
[3.2.1] octan-3-one was as follows: Oven was isothermal for 5min at 50°C, followed by
heating at a ramp rate of 45°C/ min from 50°C to 200°C and again isothermal at 200°C

for 6 min.

HPLC analysis was carried out on Waters modular HPLC instrument equipped with an
autosampler (Waters 717 plus), Rl (Waters 2410) and UV (Waters 996 PDA) detector. 10
uL of the methanol solution of the lactones was injected into zorbax Cg reverse phase
column. The chromatography was done in a isocratic mode using methanol as mobile

phase.
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5.3.3 Characterization of polyesters
Molecular weight and distribution

Molecular weights (M, and M,,) and polydispersity (M,, / M) were determined with
respect to polystyrene standard by size exclusion chromatography on a Thermo Finnigan
Spectra Series AS300 machine at 25°C by eluting polyester solutions of 5-8 mg / ml
concentrations in chloroform, with toluene as internal standard through a series of five p—
Styragel columns of pore sizes 10°, 10%, 10°, 500 and 100 A, respectively and length 30
cm each. Chloroform was used as the mobile phase (flow rate ImL/min) and both UV
and RI detector signals were recorded simultaneously. As the molecular weights were
calculated with respect to polystyrene calibration, they were of little significance and
hence GPC was mainly used to determine the polydispersity index. The number average
molecular weights of the polyesters were determined by KNAUER K- 7000 Vapor
Pressure Osmometer as per the procedure reported in chapter 3.

Thermal analyss

Differential scanning calorimetric (DSC) measurements were made on a Waters Thermal
Anayzer model Q-10 in a nitrogen atmosphere. Approximately 6-7 mg of polymer
samples were weighed in auminium pans of 50 nl capacity and sealed. The
measurements were run from —30 to 70°C at a heating rate of 10 °C/ min and a cooling
rate of 5°C/ min. The melting temperature (T,) and the crystallinity data were recorded

from the first heating and second cooling curves, respectively.

5.4 Results and Discussion

5.4.1 ROP of 3-pentadecyl 2-oxepanone (1)

Lactone 1 was characterized by (*H and **C) NMR and IR (Figures 5.1 and 5.2). The
structure matched well with the spectra. The peaks due to carbonyl stretching and C-H
stretching appeared a 1726 cm™® and 2900 cm* respectively in the IR spectrum. The
protons of the alkane chain appeared at 1.23 & in the proton spectrum and the carbons at
29.5 6 in carbon spectrum. DEPT spectrum showed two peaks one at 37.08 and the other
at 13.97 ppm which were inverted indicating that these were the carbon atoms attached to
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odd number of hydrogens in the lactone. The isomers a and a could not be distinguished
by NMR and, hence, were not separated. The melting point ranged between 35°C to 60°C
depending on the relative amount of isomer a and a. The mass spectrum showed a single
peak of high intensity due to the sodium adduct of the lactone at m/z value of 347, which
gives the molecular weight of the lactone as 324 Da. The purity of the sample as
determined by GC as well as HPLC was 98.8% and 97.7% respectively. The lactone was
soluble in chloroform and hexane and insoluble in methanol.

The ROP of lactone 1 was studied under different reaction conditions. The results
are summarized in Tables 5.1 and 5.2. The products obtained after polymerization were
found to be soluble in hexane like the starting monomer. Hence, the products could not
be precipitated in hexane. The product could be precipitated in methanol. However, the
monomer too was insoluble in methanol. Hence it was difficult to separate the polymer
from the unreacted monomer using solvent-non solvent precipitation techniques. The
yields of the polymer were therefore not calculated

The polymers were characterized by *H as well as *C NMR. The amount of
unreacted monomer was determined from the peak at 4.25 due to —OCH> protons in the
unreacted lactone in *H NMR. The spectra of a representative sample are shown in
Figure 5.5. In the 'H NMR the protons adjacent to the carbonyl carbon shift from 2.6
ppm in the lactone to 2.3 ppm in the polymer. In the **C NMR of the polymer, thereis a
shift in the carbonyl carbon from 173.14 ppm for the lactone to 173.42 ppm for the
product and the carbon adjacent to the oxygen (-OCHy) shifts from 66.6 to 66.7 ppm.
Thus, *H and **C NMR data are consistent with the structure of the repeat unit resulting
from the ring-opening polymerization of lactone 1. M, in the range of 4000-4500 by VPO
was observed for all the polymers (Table 5.1 and 5.2).

In view of the fact that unreacted monomer was not removed form the product before
VPO measurements, there could be some ambiguity on the accuracy of the reported

values.
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Figure 55 (A) *"HNMR and (B) *C NMR spectra of polymer obtained from 3-
pentadecyl 2-oxepanone (entry no. 4 Table 5.1)
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Table 5.1 Effect of reaction temperature and time on ring opening polymerization of 3-pentadecyl 2-oxepanone (1)

No. Reaction | [M]/[SO] | [EG]/[SO] | [MJ/[EG] | M?,(cdlc) | Conv. My M, Mw/Mnp | Tm Tc
Conditions (%mol) (VPO) | (GPC) 0) 0)
Reaction temperature
1. 130°C/5 h 200 13.0 15.4 3650 73 3860 | 2570 1.3 30 25
2. 150°C/5h 200 13.0 154 4250 85 4200 | 4080 13 28 22
3. 170°C/5 h 200 13.0 15.4 4250 85 4800 | 4750 1.3 26 19
Reaction time
4. 150°C/7 h 500 324 154 4900 98 4050 | 7140 15 24 17
S. 150°C/24 h 500 324 154 4900 98 4190 | 9260 14 23 17

[M]-1.543 x 10mol/L; [SO] (stannous octoate) — 7.7 x 10°mol/L (for [M]/[SO] =200) and 3.086 x 10°mol/L (for [M]/[SO] = 500);
a M, (calc.) based on [M] in ¢/ [Initiator] in moles x % conversion; b-Conversions determined from NMR
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Table 5.2 Effect of [M]/[SO] ratio and initiator on ring opening polymerization of 3-pentadecyl 2-oxepanone (1)

No. Reaction [M]/[SO] | [EG]/[SO] | [M]J/[EG] M2 Conv.” Mhn Mhn Mw/Mp Tm Te
Conditions (calc.) (%mol) (VPO) | (GPC) 0) 0)

[M]/[SQ] ratio

6. 150°C/7 h 500 10.8 46.3 14,700 98 3000 6770 15 21 13
7. 150°C/7 h 200 4.3 46.3 14,700 98 3860 8630 1.6 20 12
I nitiator
8. 150°C/24 h; 200 13.0 15.4 4900 98 4190 9260 14 23 17

EG
9. 150°C/24 h; 200 13.0 15.4 5000 100 4300 | 11,490 1.6 21 15
n-butanol

[M]- 1.543 x 10°mol/L; [SO] (stannous octoate) — 7.7 x 10°mol/L (for [M]/[SO] =200) and 3.086 x 10°mol/L (for [M]/[SO] = 500);
a M, (calc.) based on [M] in ¢/ [Initiator] in moles x % conversion; b-Conversions determined from NMR

191


http://www.pdfcomplete.com/1002/2001/upgrade.htm

Click Here & Upgrade

e‘ Expanded Features
C

PDF Unlimited Pages
omplete

GPC curves showed tailing due to low molecular weight species in al the samples (Figures

5.6 and 5.7). The retention volume of the lactone (1) and the product of polymerization were
different and unreacted monomer was observed in al cases. The molecular weights (by SEC
using polystyrene standards) of the polymerization products increased with increase in
reaction temperature. The GPC curves (Figure 5.6) also show that the amount of unreacted
lactone (1) decreases with increase in reaction temperature. Under conditions explored in
this study true “living” or “controlled” polymerization of lactone (1) was not observed.
Although some correspondence between observed and calculated molecular weights were
observed at [M]/[SO] = 200, the results were unsatisfactory at [M]/[SO] = 500. The M/M
also observed to be broad, in the range of 1.3-1.6. Collectively these data prove that the
polymerization of 3-pentadecyl 2-oxepanone (1) to poly-1 occurs to give a polyester with
the expected repeat unit.

mreacted lactone (1)
a

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||{||“ T
40 4 44 45 40 Ed EZ LT ==} EB

Flution volmne

Figure 5.6 GPC of polyester synthesized from 3-pentadecyl 2-oxepanone (1) by ROP
(a) 130°C (entry no.1) (b) 150°C (entry no. 2) (c) 170°C (entry no.3) Table5.1
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— [M}[SO] = 500
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Figure 5.7 GPC of polyester synthesized form 3-pentadecyl 2-oxepanone (1) by ROP
using different (A) [M]/[SO] ratios (entries 6 and 7) (B) initiators (entries 8 and 9)
Table5.2
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5.4.2 Copolymerization of 3-pentadecyl 2-oxepanone (1) with e-Caprolactone

Copolymerization of 3-pentadecyl 2-oxepanone with caprolactone was explored to gain
better understanding of the relative reactivity of 1 in relation to e-caprolactone.
Copolymerization reactions were performed in bulk using stannous octoate as the initiator
and ethylene glycol as co-initiator. As a point of reference, the polymerization of e-
caprolactone was performed under similar conditions. The results are shown in Table 5.3

Table 5.3 Homopolymerization of e-caprolactone

No. Reaction | M, (calc.) | Converson | M?% Mw/M,, Tm Te
tem?éecr:?ture (%mol) (GPC) o) 0)

1 130 4500 90 2300 14 50 20
2. 150 4550 91 3220 14 52 27
3. 170 4650 93 4130 15 55 31

[M]/[SO] = 200, [EG]/[SO] = 4.56, [M]/[EG] = 43.83; [M] = 1.315x10° mol/L, [SO] =
6.575 x 10° mol/L; athe virgin reaction product was characterized by GPC. M,, (calc.) =
[M] (9)/ [1] (moal) x % conversion.

Lactone (1) was copolymerized with e-caprolactone in 80:20 and 60:40 mol%
compositions. Effect of reaction temperature and time on the mol% incorporation of lactone
(1) in copolymer was studied. Poly (e-caprolactone) could be precipitated from n-hexane;
however, the polyester derived from lactone (1) could not purified by solvent-nonsolvent
precipitation for reasons described in section 5.4.1. Copolyesters obtained were viscous
liquids at room temperature. These copolyesters were soluble in hexane and therefore
hexane could not be used for precipitation. Due to insolubility of lactone (1) in methanol,
precipitation in methanol would not cause removal of the unreacted lactone (1). Therefore,
purification of these copolyesters by precipitation method was not possible. Hence the

copolyesters were characterized as obtained, without any further purification.

Copolymerization was performed at 130°C, 150°C and 170°C and time of reaction
was 5, 10 and 20 h. The results are shown in Table 5.4. Composition of the comonomersin
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the polymer was determined using *H NMR. A typicad *H and **C NMR spectra of the
copolymer is shown in Figure 5.8
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Figure 5.8 'H and **C NMR spectrum of copolyester sample (entry no.1) Table 5.4

195


http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
¥
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

Copolyester composition of a sample obtained at 130°C for 5 h using a feed composition of
80:20 mol% (Figure 5.8) was caculated as follows:

The total integration of all the protons in the copolyester repeat unit is 36.1.The peak at 0.86
is due to the methyl protons of the alkane side chain. Dividing the intensity due to this peak
by total number of methyl protons that is 3 gives the intensity per proton which is 0.48. As
the total number of protonsin the repeat unit of comonomer (1) is 40, the total intensity due
to comonomer (1) is 19.2 (= 40 x 0.48). The intensity due to caprolactone monomer in the
repeat unit is therefore 16.9 (= 36.1-19.2). The peak at 4.25 § is due to the methylene
protons adjacent to the oxygen of the ester group in the unreacted lactone.
Homopolymerization studies of e-caprolactone and lactone (1) show that e-caprolactone has
higher reactivity than lactone (1). Hence it is expected that e-caprolactone will react
completely and any unreacted monomer would only be lactone (1). The peak at 4.25 6 was,
therefore, assumed to be due to the methylene protons of the unreacted lactone (1). The peak
at 4.04 § is due to the methylene protons in the copolymer. The amount of lactone (1)
incorporated in the copolymer is calculated from the relative intensities of the peaks at 4.04
6 and 4.25 6 and is 65.3%. Thus, only 65.3% of the lactone (1) in the feed isincorporated in
the copolymer. The total intensity of protons due to lactone (1) incorporated in the
copolymer is 12.54 (= 19.2 x 0.653). The total number of protons in caprolactone repeat unit
is 10, hence intensity per proton of caprolactone repeat unit M; = 16.9/10 = 1.69. Similarly
intensity per proton of lactone (1) repeat unit M, = 12.54/40 = 0.31. Composition of M, or
M is obtained by dividing M1 or M2 by M1+ Mo.

'H NMR spectra of copolyesters obtained using different reaction conditions are
shown in Figures 5.9 and 5.10. The copolyesters were also analyzed by GPC (Figures 5.11
and 5.12). For comparison, the GPC of poly (e-caprolactone) is also shown in Figure 5.13.
Both *H NMR and GPC show presence of unreacted comonomer (1) in the copolymer which
could not be removed by precipitation methods. The copolymer compositions indicate that
lactone (1) has relatively poor reactivity for enchainment during copolymerization.
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Table 5.4 Copolymerization of 3-pentadecyl 2-oxepanone with e-caprolactone at different reaction temperature and time

No.| Reaction |[CL]:[C15L]| [CLL:[C15L] |[MJ/[SO] | [EGI/[SO] | [MI[EG] | Conv® | Ma | MP | MwM,
temperalure | i ooy | (in copolyester @ mol) | (cc) | (GPC)
("C)/ time by NMR)
(h)
1 | 1305 80:20 84:16 200 6.24 32.05 83 | 4150 | 3240 | 13
2. | 1305 60:40 75:25 200 7.92 2525 83 | 4150 | 3500 | 13
3. | 1505 80:20 86:14 200 6.24 32.05 92 | 4600 | 5040 | 14
4. | 1505 60:40 76:24 200 7.9 2505 84 | 4200 | 4630 | 14
5 | 17055 80:20 84:16 200 6.24 32.05 84 | 4200 | 4880 | 14
6. | 1705 60:40 74:26 200 7.92 2525 88 | 4400 | 5500 | 13
7. | 130110 80:20 90:10 200 6.24 32.05 79 | 3050 | 3720 | 14
8 | 13010 60:40 74:26 200 7.92 2525 85 | 4250 | 3500 | 13
9. | 130120 80:20 88:12 200 6.24 32.05 74 | 3700 | 3100 | 14
10. | 13020 60:40 72:28 200 7.9 2525 84 | 4200 | 3100 | 14

[M] = 2.5x 10° mol/L, [SO] = 1.25 x 10™ mol/L, a— conversions were calculated by taking the mean value of the individual
conversions of both the monomers, b-the virgin reaction product was characterized by GPC, M, (calc.) = [M] (g)/ [1] (mol) x %
conversion
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Figure 5.9 'H NMR spectra of the eCl/L actone (1) copolyesters initiated with stannous octoate and EG: variation of reaction

temperature
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Effect of temperature at 80:20 composition
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Effect of temperature at 60:40 composition
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Figure 5.11 GPC of the eCL/Lactone (1) copolyesters synthesized at different
reaction temperatures
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Effect of reaction time at 30:20 composition
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Figure 5.12 GPC of the eCL/Lactone (1) copolyesters synthesized at different
reaction time
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Figure 5.13 GPC of poly (caprolactone) synthesized at different temperatures
(entries1,2,3) Table 5.3

5.4.3 ROP of 2-oxabicyclo [3.2.1] octan-3-one (2)

The monomer was characterized by NMR and IR (Figures 5.3 and 5.4). IR spectrum of
2-oxabicyclo [3.2.1] octan-3-one (2) shows peaks due to carbonyl stretching and C-H
stretching at 1724 cm™ and 2954 cm” respectively. *H NMR of (2) shows that the b
isomer is formed exclusively. The *H and *3C indicate that the carbon adjacent to the
oxygen of the ester group is attached to single hydrogen and is adjacent to the bridge
head carbon. The peak at 4.83 & in the proton spectrum is due to a single proton adjacent
to the oxygen of the ester group (O-CH). The carbon attached to this proton appearing at
79.9 ppm in DEPT spectrum is different from the other carbons indicating that it is
attached to odd number of hydrogen. In the isomer b, the peak at 4.83 & would
correspond to two protons instead of one and would be inverted in the DEPT spectrum.
As the NMR spectra match very well with the structure b it can be concluded that b is
formed exclusively. In fact formation of 95:5 mixtures of b and b by MCPBA oxidation
of the corresponding ketone has been reported™. The melting point determined using the
melting point apparatus was found to be 49-52°C. The mass spectrum showed a single
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peak of high intensity due to sodium adduct of the lactone at m/z value of 149, which
gives the molecular weight of lactone as 126 Da. The purity of the lactone was
determined to be 99% by GC and 98.8% by HPLC. 2-oxabicyclo [3.2.1] octan-3-one (2)

was soluble in chloroform, hexane and methanol.

Lactone (2) was polymerized using stannous octoate as catalyst and butanol as
initiator. The polymerization was conducted at 150°C and 130°C for 24 h. The product
obtained in the experiment carried out at 150°C was highly colored as compared to that
obtained at 130°C. The product was recovered by precipitating in hexane. No precipitate
was obtained in both the experiments. The removal of hexane yielded an oily liquid

which was not analyzed further.

Table 5.5 Ring opening polymerization of 2-oxabicyclo [3.2.1] octan-3-one

No. | Reaction |[M]/[SO] | [But]/[SO] | [M]/[But] | Yield® | MP, M, | Mu/M,
Conditions (%) | (cdc) | (GPC)
1. | 150°C/ 24 200 5.05 39.6 - 5000 - -
h
2. | 130°C/24 200 5.05 39.6 - 5000 - -
h

a based on polymer recovered by precipitation, b- M, (calc.) based on [M] g¢/[I] mol

The absence of polymeric product was confirmed by GPC. Thus, ROP of 2 does

not occur under these experimental conditions. According to thermodynamic
considerations, ring opening polymerization of seven membered ring is accompanied by
an entropy decrease. The only driving force for the conversion of monomer to polymer is
the negative enthalpy of polymerization, related to the release of the monomer ring
strain'®. The seven membered cyclic monomers exhibit only moderate ring strain. This
results in pronounced reversibility of propagation (ko[M] = Kkg) leading to high
equilibrium monomer concentration ([M]ey). Studies on the polymerizability of bridged
bicyclic monomers showed that monomers of the bicycle [3.2.1] octane group underwent
polymerization with varying facility. It is worth noting that the ring opening
polymerization of the corresponding lactam, namely 2-azabicyclo [3.2.1] octan-3-one to

give the corresponding polyamide by heating with water has been reported®’.
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5.5 Conclusions

The ring opening polymerization of 3-pentadecyl 2-oxepanone (1), obtained form
cardanol and 2-oxabicyclo [3.2.1] octan-3-one (2) was studied and it was demonstrated
that 1 can be polymerized by stannous octoate as initiator and EG or butanol as co-
initiator. Low molecular weights in the range of 4000-5000 were prepared. However, 2
did not polymerize in the presence of stannous octoate indicating the unfavorable
enthalpy of polymerization.

Copolymerization of 1 with e-caprolactone was studied at 80:20 and 60:40 feed
compositions. Quantitative incorporation of lactone (1) was not obtained in any of the
copolyesters. These results confirm that the substituted lactone 1 polymerizes slowly as
compared to unsubstituted monomer e-caprolactone. The difference in reactivities of the
two lactones in the presence of stannous octoate resulted in the non-quantitative
incorporation of lactone (1) in the copolyester.

Most importantly in this work, we have demonstrated the simple conversion of a
naturally occurring cardanol derivative to a monomer 1 that can be polymerized to yield a
potentially useful material. On account of the long akyl chain substitution, this monomer
can be copolymerized with other lactones or polymers to prepare polyesters containing
long chain branches.
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Chapter 6: Transesterification of poly (ethylene terephthalate) s to poly
(butylene ter ephthalate) s

6.1 Introduction

Industriaization and urbanization has resulted in large scale generation of plastic waste
that is disposed off by landfill, incineration, composting, and recycling. Poly (ethylene
terephthalate) (PET) is one of the most widely used consumer packaging material that is
currently being recycled. PET waste is available in the form of fibers, films, bottles and
off-specification chips. The disposal of large volumes of waste PET by economicaly

viable recycling process has dlicited consderable interest in the literature.

Recycling is a process by which materias are separated from waste destined for
disposal and remanufactured into usable materials. There are two main approaches to
plastics recycling' (a) physical recycling which involves recycling by physical and
thermal reprocessing of waste plastics singly or in combination with other materials into
secondary products and (b) chemical recycling which involves regeneration of
monomers/oligomers by depolymerization of off-spec products and in-plant scrap (useful
for condensation polymers) and conversion of plastic-rich waste by pyrolysis to oil-type
fraction (useful for addition polymers). Two main methods of recycling waste PET? are:
(1) reaction of polyester wastes with polyols or polycarboxylic acids to give new
polyester oligomers™ or (2) depolymerization of PET waste to the starting raw materials

and their reuse for the production of polyester™*°

In all the methods reported so far, the objective was to convert waste PET to
polyester raw materials (PTA, DMT and EG) or to PET for reuse. From the point of view
of waste load on the environment, it would be desirable to convert waste PET into
another product which has a longer life cycle in the environment. This way a short life
cycle product such as PET would get converted to a long life cycle product, thus

minimizing the environmental impact of waste generation.

Polyesters derived from 1,4-butanediol (BD) and 1,4-cyclohexane dimethanol
(CHDM) are engineering thermoplastics used in such long life cycle applications. Thus, it
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would be advantageous to convert waste PET to poly (butylene terephathalate)s (PBT),
poly (1,4-cyclohexane dimethylene terephthalate)s (PCHDMT) and poly(1,6-
hexamethylene terephthalate)s by direct transesterification of PET with BD, CHDM, and
1,6-hexanediol.

An examination of the prior literature shows that examples of such approaches to
waste recycling are rare. Only two patents describing the direct transesterification of PET
to PBT using BD*"*® have been reported. This chapter reports the results of an extensive
study to delineate the scope of such transesterification reactions for the valorization of
PET wagte.

6.2 Experimental

6.2.1 Materials

Shredded flakes of post-consumer PET bottles were supplied by M/s. Futura Polymers,
Chennai, India.  Antimony trioxide (Sb,0O3), 1,4-butanediol (BD), 1,4-
cyclohexanedimethanol (CHDM), 1,6-hexanediol (HD), and titanium (V) isopropoxide
(Ti(iPrO)s) were obtained from Sigma-Aldrich Inc., USA. Phenol, 1,1,2,2-
tetrachloroethane, benzyl alcohol, phenolphthalein, phenol red and potassum hydrogen
phthalate (KHP) were obtained from SD fine Chemicals, Mumbai, India.

6.2.2 Reagents and purification

Shredded flakes of post-consumer PET bottles were used as received. Analysis of the
PET flakes is shown in Table 6.1. BD was distilled and stored over 4A molecular sieves.
CHDM and HD were dried under vacuum prior to use. Antimony trioxide was used as
received. Titanium (V) isopropoxide was distilled under vacuum and used as a solution
in dry toluene. Phenol and 1,1,2,2-tetrachloroethane were freshly distilled before use.
Reagents like benzyl acohol, phenolphthalein, and phenol red were used as received.
KHP was dried in oven prior to use. 4-hydroxy butyl benzoate (4-HBB) used as model
compound for studying THF formation during transesterification reaction was prepared
according to reported procedure™®.
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'H NMR of 4-HBB (7.27 &, CDCls): 1.6-1.9 (4H, m, CHy), 2.15 (1H, OH), 3.7 (2H, t,
CH,0OH), 4.3 (2H, t, -O-CHy), 7.4-7.6 (3H, m, aromatic protons), 8-8.05 (2H, m, aromatic

protons) (Figure 6.1)

b f d £
O_C 0— CH: CH; CH;-CH;—OH
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Figure 6.1 *H NMR of 4-hydroxy butyl benzoate (4-HBB)

Table 6.1 Analysis of PET post-consumer bottle waste

Form Flakes
Color Blue, Green and Y ellow colored flakes
*hirn (dL / @) 0.7
Acid No. (eg/10° g) 32
Sb content (ppm) 50

a— Viscosity was measured using 60: 40 mixture of phenol+TCE at 25°C
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6.2.3 Synthetic Methods

The effect of reaction parameters was studied by carrying out experiments under different
reaction conditions. The copolyesters obtained were characterized by NMR, viscosity

measurements, acid value and DSC.
Effect of reflux time

PET flakes (5 g, 0.026 mol), 1,4-butanediol (5.85 g, 0.065 mol) and antimony trioxide
catalyst (0.0025g, 0.05 wt% based on PET) were taken in a two-necked round-bottom
flask equipped with areflux condenser. Molar ratio of PET to BD was 1:2.5. The reaction
mixture was heated at 230°C for varying lengths of time from 1 h to 5 h. Thereafter, the
reflux condenser was replaced with an air condenser fitted with a spira trap, which was
cooled in liquid nitrogen to collect the distillate. The pressure inside the flask was
decreased to 100 mbar and the temperature was smultaneously raised to 250°C. The
pressure was further gradually reduced from 100 to 1 mbar over a period of 40 to 50 min
at 250°C. The excess butanediol, ethylene glycol and THF distilled out and the
polycondensation was further continued at 250°C and 0.05-0.03 mbar vacuum for 1 h.
When no more distillate was collected, the flask was cooled under vacuum and the
resulting polyester was isolated. A similar series of experiments were carried out without
catalyst.

'H NMR of the transesterified product (CDCls/CFsCOOH) §: 2.02 (4H, s, CHy), 4.4 (4H,
s, OCH,), 8.12 (4H, s, aromatic protons)

Effect of feed (PET: BD) ratio

PET flakes (5 g, 0.026 mol) and varying amounts of 1,4-butanediol (5.85 g, 0.065 mol;
11.7 g, 0.13 mol; 23.4 g, 0.26 mol) corresponding to a PET to BD molar ratio of 1:2.5,
1.5 and 1:10 respectively, were taken in a two-necked round bottom flask equipped with
a puckered column fitted to a water condenser and a receiver flask to collect the THF
formed during the reaction. The reaction mixture was heated at 230°C for 4 h. After 4 h
of refluxing, the column and water condenser were replaced with an air condenser fitted
to a spiral trap, which was cooled in liquid nitrogen to collect the distillate. The pressure

inside the flask was reduced to 100 mbar and the temperature was simultaneously raised
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to 250°C. The pressure was further gradually decreased from 100 to 1 mbar over a period
of 40 to 50 min at 250°C. The excess butanediol, ethylene glycol and THF distilled out
and the polycondensation was further continued at 250°C and 0.05-0.03 mbar vacuum for
1 h. The flask was cooled under vacuum and the resulting polyester was isolated. A
similar series of experiments were carried out to study the effect of the feed ratios in
presence of 0.0025 g (0.05 wt% based on PET) of antimony trioxide and titanium
isopropoxide catalysts.

Effect of catalyst

PET flakes (5 g, 0.026 mol), 1,4-butanediol (5.85 g, 0.065 mol) and catalyst (0.0025 g,
0.05 wt% of PET) were heated at 230°C for 4 h in a two-necked round bottom flask
equipped with a puckered column fitted to a water condenser and a receiver flask to
collect the THF formed during the reaction. Molar ratio of PET to BD was 1:.2.5. The
catalysts studied were antimony trioxide and titanium (1V) isopropoxide. After 4 h, an air
condenser with a spiral trap was fitted to the reaction flask. The trap was cooled in liquid
nitrogen to collect the distillate. The pressure inside the flask was reduced to 100 mbar
and the temperature was simultaneously raised to 250°C. The pressure was further
gradually decreased from 100 to 1 mbar over a period of 40 to 50 min at 250°C. The
excess butanediol, ethylene glycol and THF distilled out and the polycondensation was
further continued at 250°C and 0.05-0.03 mbar vacuum for 1 h. The flask was cooled

under vacuum and the resulting polyester was isolated.
Effect of dilution of carboxyl groupswith BD on THF formation

To understand the effect of dilution of the carboxyl groups with 1,4-butanediol, model
reactions were carried out in the presence and absence of antimony trioxide catalyst.
Benzoic acid (1g, 0.0082 mol) was heated with different amounts of BD (5.9 g, 0.066
mol; 11.75 g, 0.13 mol; 23.4 g, 0.26 mol), and antimony trioxide (0.0025 g) at 230°C for
2 h in a two-necked round bottom flask equipped with a puckered column fitted to a
water condenser and a receiver flask to collect the THF formed during the process.

Similar experiments were carried out in the absence of antimony trioxide catalyst.

Effect of 4-HBB concentration on THF formation
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Transesterification of PET with BD results in formation of polyester chains with hydroxy
butyl end groups which can either undergo intermolecular or intramolecular reactions.
Intramolecular reactions lead to THF formation, which is unaffected by dilution. To
verify this hypothesis, 4-HBB was synthesized"® and effect of its concentration was
studied. Two different concentrations of 4-HBB (1.58 g, 0.0081 mol and 3.14 g, 0.0162
mol) were heated with BD (5.9 g, 0.065 mol) and antimony trioxide catalyst (0.0025 g) at
230°C for 2 h in a two-necked round bottom flask equipped with a puckered column
fitted to a water condenser and a receiver flask to collect the THF formed during the

process.
Effect of dilution on THF formation in the presence of 4-HBB

To understand whether dilution has any effect on the THF formation in the presence of 4-
HBB, it was refluxed with different amounts of BD in the presence and absence of
catalyst. 4-HBB (1.57 g, 0.0081 mol) was heated with two different amounts of BD (5.9
g, 0.066 mol and 11.7 g, 0.13 mol) and antimony trioxide catalyst (0.0025 g) at 230°C for
2 h in a two-necked round bottom flask equipped with a puckered column fitted to a
water condenser and a receiver flask to collect the THF formed during the process.
Similar set of experiments were repeated in the absence of antimony trioxide.

Effect of diphenyl ether asa diluent

Two sets of experiments were carried out, in presence as well as absence of titanium
isopropoxide catalyst, to understand the effect of diluent diphenyl ether on the
transesterification reaction. In the first set, effect of diluent was studied in the absence of
titanium isopropoxide catalyst. PET flakes (5 g, 0.026 mol), 1,4-butanediol (5.85 g, 0.065
mol) and diphenyl ether (17.55 g), were heated at 230°C for 4 h in a two-necked round
bottom flask equipped with a puckered column fitted to a water condenser and a receiver
flask to collect the THF formed during the reaction. Molar ratio of 1:2.5 of PET to BD
was used. Total volume of liquid in the flask (23.4 ml) was equal to the total volume
when BD was taken ten times in excess corresponding to a PET to BD molar ratio of
1:10. After refluxing for 4 h, an air condenser fitted to a coiled trap was used to collect
the digtillate. A vacuum of 100 mbar was applied and simultaneously the flask was
heated to 250°C. The vacuum was gradually increased from 100 to 1 mbar over a period
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of 40-50 min at 250°C. The excess butanediol, diphenyl ether, ethylene glycol, and THF
distilled out and the polycondensation was further continued at 250°C and 0.05-0.03 mbar
vacuum for 1 h. The flask was cooled under vacuum and the resulting polyester was

isolated. A smilar experiment was carried out without diluent.

In the second set, effect of diluent was studied in the presence of titanium
isopropoxide catalyst. PET flakes (5 g, 0.026 mol), 1,4-butanediol (5.85 g, 0.065 mal),
diphenyl ether (17.55 g), and titanium (V) isopropoxide (0.025 g, 0.5 wt% of PET) were
heated at 230°C for 4 h in a two-necked round bottom flask equipped with a puckered
column fitted to a water condenser and a receiver flask to collect the THF formed during
the reaction. Molar ratio of PET to BD was 1:2.5. After refluxing for 4 h, an air
condenser fitted to a coiled trap was used to collect the distillate. A vacuum of 100 mbar
was applied and simultaneously the flask was heated to 250°C. The vacuum was
gradually increased from 100 to 1 mbar over a period of 40-50 min at 250°C. The excess
butanediol, diphenyl ether, ethylene glycol, and THF distiled out and the
polycondensation was further continued at 250°C and 0.05-0.03 mbar vacuum for 1 h.
The flask was cooled under vacuum and the resulting polyester was isolated. A similar
experiment was carried out without diluent.

Transesterification with other diols

Transegterification of PET with diols such as 1,4-cyclohexanedimethanol and 1,6-
hexanediol was carried out at higher reaction temperatures (280-300°C) and longer
reaction times for higher conversions due to the higher melting nature of these diols.

PET flakes (5 g, 0.026 mol), CHDM (15 g, 0.104 mol) and antimony trioxide (0.025 g,
0.5 wt % of PET) were heated at 280°C for 5 h under nitrogen flow in a two-necked
round bottom flask equipped with a nitrogen inlet and a reflux condenser. After heating
for 5 h, the reflux condenser was replaced with an air condenser and a coiled trap which
was cooled to collect the distillate. The pressure inside the flask was reduced to 100 mm
of Hg and was further gradually decreased to 1 mm of Hg in 2.5 h at 280°C. The excess
CHDM and ethylene glycol distilled out and the polycondensation was further continued
at 280°C and 1mm of Hg vacuum for 2 h and at 300°C and 1mm of Hg vacuum for 1 h.
The flask was cooled under vacuum and the resulting polyester was isolated.
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'H NMR of PET transesterified with CHDM (CDCls/CFsCOOH)) §: 1.2-2 (10H, m,
cycloaliphatic protons), 4.3-4.4 (4H, m, OCHy), 8.12 (4H, s, aromatic protons)

In a similar way PET flakes (5 g, 0.026 mol), HD (12.272 g, 0.104 mol) and
antimony trioxide (0.025 g, 0.5 wt % of PET) were heated at 280°C for 5 h under
nitrogen flow in a two-necked round bottom flask equipped with a nitrogen inlet and a
reflux condenser. After heating for 5 h, the reflux condenser was replaced with an air
condenser and a coiled trap which was cooled to collect the distillate. The pressure inside
the flask was reduced to 100 mm of Hg and was further gradually decreased to 1 mm of
Hg in 100 min at 280°C. The excess HD and ethylene glycol distilled out and the
polycondensation was further continued at 280°C and 1mm of Hg vacuum for 2 h. The
flask was cooled under vacuum and the resulting polyester was isolated.

'H NMR of PET transesterified with HD (CDCIl3/CFsCOOH)) &: 1.6 (4H, m, CH,), 1.9
(4H, m, CHy), 4.4 (4H, t, OCH,), 8.12 (4H, s, aromatic protons)

6.3 Analysis

6.3.1 Determination of acid value of copoly (ester) s

Acid vaue of the copoly (ester) s was determined by Pohl’s method®. This procedure
involves dissolving the polymer in benzyl alcohol rapidly at temperature above 200°C
followed by quickly mixing the solution with chloroform and titrating against NaOH
using phenol red as indicator. It was found that hot benzyl alcohol solution of PET could
be poured into chloroform to yield either a cold metastable solution or a fine suspension
which can be satisfactorily titrated with alkali. Nitrobenzene, 1-methyl naphthalene and
tetramethylene sulfone in addition to benzyl acohol can also act as “high temperature
solvents’ for this polymer at temperatures 175-210°C. Benzyl acohol was chosen
because of its preferred odor, stability with base and low relative toxicity. The method

involves the following steps:
(a) Preparation and standardization of HCl and NaOH solutions

0.1 N Sodium hydroxide solution was prepared by weighing 1.0303 g of NaOH in a 250
mL volumetric flask and diluting it up to the mark with distilled water. Similarly 0.1 N
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ethanolic sodium hydroxide solution was prepared by dissolving 1.0544 g of NaOH in
ethanol in a 250 mL volumetric flask. 0.1N Hydrochloric acid solution was prepared by
dissolving 2.1 mL of 12 N HCI solution in distilled water in a 250 mL volumetric flask.
A 10 mL stock solution of phenolphthalein and phenol red indicators in ethanol was
prepared by dissolving 12.1 mg of phenolphthalein and 11.5 mg of phenol red in ethanol
in a 10 ml volumetric flask.

0.1 N Sodium hydroxide solution was standardized by using potassum hydrogen
phthalate (KHP). KHP was dried overnight in the oven prior to use. Solutions of KHP
(0.1 g) in distilled water were prepared and titrated against sodium hydroxide solution
using phenolphthalein as indicator. The titration readings were used to calculate the exact
normality of NaOH solution which was found to be 0.1006 N. This standardized sodium
hydroxide solution was used to determine the exact normality of HCI solution. The exact
normality of HCl was determined to be 0.0965 N using the relation N1V1 = NaVo.

The exact normality of the ethanolic sodium hydroxide solution was then
determined as follows: 1 mL of standardized HCl| solution each was taken in three
different flasks. 2 mL of distilled water and one drop of phenol red indicator were added
in each of these flasks and titrated against ethanolic NaOH solution till solution turned
from colorless to pale pink. 0.913 mL was required for neutralization. Exact normality of
ethanolic NaOH solution was calculated to be 0.1057 N.

(b) Determination of acid value of PET

The acid value of PET was determined as follows. Benzyl alcohol and chloroform (40
mL each) were taken in a conical flask and 5 drops of phenol red indicator was added.
This solution was titrated against 0.1057 N ethanolic NaOH solution. This reading is
called the blank reading and is used in the calculations of acid value of polyester. About 1
g of finely ground polyester was weighed in a test tube. 40 mL of benzyl alcohol was
added to it. The solution was stirred or shaken mechanically and then immersed in an ail
bath heated to 205-210°C. The solution was heated with stirring for 10 min in the oil
bath. After 10 min, the test tube was quickly lifted out of the oil bath and immediately
lowered into a beaker containing cold water (20-30°C) after wiping off the oil of the test
tube, to quench the sample for 6-7 seconds. After quenching, the solution was poured into
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a 250 mL conical flask containing 40 mL chloroform. The chloroform acts as a liquefier
and dispersant and prevents formation of thick gel. 5 mL of benzyl alcohol was again
added to the test tube and heated at 210°C for 1 min. This was added to the rest of the
sample and stirred. 5 drops of phenol red indicator was added and titrated against 0.1057
N ethanolic NaOH solution. The solution was vigoroudly stirred during titration. The
titration was carried out till the first discernible pink color throughout persists for 10
seconds. Amount of ethanolic NaOH required for titration was recorded and acid value

was calculated as follows:

Acid Value = (Sample-Blank) mL x 10° L x Normality of NaOH/ wt of sample (g) x 10°
The acid value is usually expressed in equivalents per million gram =AV equiv per 10° g.
6.3.2 Quantification of tetrahydrofuran by gas chromatography

THF formed during the reactions was estimated by Perkin Elmer Autosystem XL Gas
Chromatograph using capillary column under the following conditions:

Column specifications. BP-20 (polar) capillary column made of fused slica material with
a bonded poly (ethylene glycol) stationary phase (length = 25 m, 1.D. = 0.22mm, O.D. =
0.33 mm, film thickness (stationary phase) = 0.25 micron)

Carrier gas. Nitrogen, Inlet pressure: 7 psi, Flow rate through the column: 0.3 mL/min.
Detector: FID, Flow rate for hydrogen: 45 mL/min, Flow rate for air: 450 mL/min. Oven
programme: 50°C (5 min), 50°C —220°C at a heating rate of 45°C/min, 220°C (6 min),
Injector: 250°C, Detector: 280°C.

Under these conditions, the retention times for THF and phenol were 4.04 and 13.3 min
respectively. In order to estimate accurately the amount of THF formed during the
reaction, a calibration curve for THF using phenol as the interna standard (IS) was
obtained as follows. A stock solution of phenol was prepared by dissolving 2.5030 g of
phenol in 25 mL methanol. From this stock solution 1 mL was taken for the preparation
of solution. A stock solution of THF was prepared by dissolving 1.0067 g in 10 mL
methanol. From this stock solution 0.2, 0.4, 0.6, 0.8 and 1 mL solution were pipetted out
in separate 10 mL volumetric flasks. 1 mL of interna standard (phenol) was added into
each of these volumetric flasks and further diluted with methanol up to the mark. 0.5 pL
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of each of these solutions was injected into the column. A minimum of 3 injections was
used to confirm the reproducibility in the analysis. Area ratios of THF to phenol were
calculated for each injection and all concentrations from the chromatograms. The area
ratios of THF to phenol were plotted against their corresponding mole ratios. The dope
of the curve was 2.14 and was used to calculate the exact quantity of THF as follows:
Mole Ratio (MR) = Area Ratio (AR) x Response Factor (RF). Moles of THF were given
asMolesof ISX AR X RF

6.3.3 Solution NM R measurements

"H NMR spectra were recorded on a Brucker spectrometer at 25 + 1°C, operating at 200
MHz. About 20 mg of finely powdered polyester was dissolved in 0.5 mL of solvent
[CDCl; + trifluoroacetic acid (4:1 viv ratio)] for *H NMR spectra. The spectra were
internally referenced to tetramethyl silane.

6.3.4 Viscosity measurements

Inherent viscosities of 0.5% (w/v) solutions of copoly (ester)s in phenol/1,1,2,2 -
tetrachloroethane (60:40 w/w) were determined in an automated Schott Gerate AVS 24
viscometer, using an Ubbelohde suspended level viscometer at 25 + 1°C. Solvent for
dissolving the copoly (ester) s was prepared by thoroughly mixing phenol and 1,1,2,2 -
tetrachloroethane in the ratio of 3:2 by weight. About 50 mg of finely powdered
polyesters were weighed in 10 mL volumetric flasks and dissolved in the solvent. Flow
times for solvent and samples were recorded. Inherent viscosity was calculated and
expressed in dL/g.

6.3.5 Thermal analysis

The caorimetric measurements were carried out using Perkin Elmer DSC-7.
Approximately 8-9 mg of finely powdered polyester samples sealed in auminium pans of
50 L capacity were heated from 0°C to 300°C at 10°C/min, held for 1 min at 300°C and
then rapidly cooled at 100°C/min in a draught of nitrogen. The melting temperature and

heat of fusion were obtained from heating thermogram.
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6.3.6 M easurement of mechanical properties

The mechanical properties, namely, the tensle strength and unnotched izod impact
strength of PBT obtained upon transesterification of scrap PET, were determined using
an Ingron (model 1122) and CEAST impact strength tester (model 6545). PBT
(commercial sample) was compression molded at 240°C in Morgan Press (USA). PBT
sample prepared by transesterification of scrap PET was mixed with irganox 1010 (0.2
Wt%), and then melt mixed in a minimax molder at 245°C, pelletized in a grinder and

compression molded at 250°C in Morgan Press

6.4 Results and Discussion

6.4.1 Transesterification of poly (ethylene terephthalate) s (PET) using 1,4-
butanediol (BD)

Transesterification is a process where one ester is transformed into another through the
interchange of an alkoxy moiety. This reaction is an equilibrium reaction catalyzed by acids,

bases, amines or alkoxides and occurs, essentially, by mixing the two components®

O

o
{o—cnzg@fc”:—o—(cmzjbn + HO—(CH,)s—OH

@) @)
Fo——{(O)—L—0—(CHad— + HO-(CHI-OH

Scheme 6.1: Transesterification of PET using 1, 4-butanediol

The transesterification reaction as an effective method of recycling post consumer PET
flakes was studied in detail using 1,4-butanediol (BD). Effects of reaction time, feed ratio,
and catalyst type were examined. The composition of the resulting copolyesters was
determined from an integration of (CH>),- protons at 4.4 d and -(CHy).- protons at 4.8 d. The
conversion of PET to PBT was inferred by the absence of the -(CH,),- protons and the
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appearance of the -(CH,)4- protons in the NMR spectra. Figure 6.2 shows typical spectra of
waste PET, virgin PBT and a sample of PBT obtained after transesterification.

The use of excess diols in these transesterification reaction leads to glycolysis of PET.
Further polycondensation leads to polyesters. It is recognized that during
transesterification reaction with BD in presence of catalysts, tetrahydrofuran (THF) is
formed®?. It has been shown that in the synthesis of PBT from DMT and BD, increase
in temperature, BD to DMT feed ratio, or catalyst concentration, leads to higher
production of methanol, i.e., higher transesterification. An increase in temperature and
BD to DMT ratio also increased THF formation. Higher catalyst concentration caused the
amount of THF to decrease™.

™S
3
. A
5 Jl ™S
i JL i
1 ™S
. il i Ji i

Figure 6.2 '"H-NMR spectra of (1) PET scrap, (2) PBT and (3) transesterified
product (97%) (Entry No. 7, Table-6.3)
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6.4.1.1 Effect of reflux time

PET flakes (5 g, 0.026 mol) and BD (5.85 g, 0.065 mol) were refluxed for varying lengths of
time in the absence as well as presence of antimony trioxide catalyst (0.05 wt% of PET).
Molar ratio of PET:BD was 1:2.5. Conversions increased as a function of reflux time as seen
in Table 6.2 and were higher in presence of catalyst. A limiting conversion of 95% was
reached in a reflux time of 4 h when the reaction was carried out in the presence of catalyst.

Table 6.2 Conversion profile in the PET-BD transesterification reaction®

No. | Reflux | mol% butylenein | Inherent viscosity” Tm (°C)
azoe| (Pl g
! 1 44 0.31 184
2 2 63 0.33 184
3 3 [ 0.32 191
4 4 82 0.35 194

Catalyst (Sb,03) : 0.05 wt% of PET

5 2 87 0.16 200
6 3 95 0.21 210
7 4 94 0.35 212
8 5 93 0.35 210

a-Reaction conditions: 230°C/no N, flow; 250°C/40 min/100-1 mbar, 250°C/1h/0.05-
0.03 mbar; PET: BD ratio 1:2.5, no catalyst, mol of BD = 0.065; b-Determined in 60 :
40 mixture of phenol + TCE at 25°C

In case of reactions carried out in the absence of externally added catalyst, moles
of THF as well as % mol of THF based on BD increased with reflux time from 0.004
moles to 0.026 moles and 6.5 % to 40 % respectively. The conversion profile of

transesterification reactions in presence and absence of catalyst is shown in Figure 6.3.
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Figure 6.3 Effect of reflux time on transesterification (Entries from Table 6.2)

6.4.1.2 Effect of PET: BD feed ratio

PET and BD in different feed ratios were taken in a round-bottom flask and refluxed (i)
without additional catalyst, (ii) with additional Sh,O5; catalyst, and (iii) with additional
Ti(iPrO)4 catalyst. A catalyst concentration of 0.5 wt% of PET was used for the reaction.

The results of these experiments are shown in Table 6.3. It was observed that in
absence of any catalyst mol % THF based on BD in the feed decreased inversely as the
feed ratio of PET: BD increased. The mol % butylene in PET and viscosity of the
obtained copolyester remained constant. The acid value of transesterified polymer was
higher than that of the starting material (PET flakes) indicating the occurrence of

intramolecular cyclization.

At PET: BD feed ratio of 1:10, a large effect of dilution with BD on THF
formation was seen. Therefore, though the amount of THF formed increased with the
increase in the amount of BD, the overall mol % THF formed based on moles of BD
decreased with increase in BD indicating a dilution effect. In the presence of SbhyOs
catalyst too, the mol % of THF formed based on BD decreased as the feed ratio of PET:
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BD was increased. Under these conditions only a dight increase in carboxyl group
formation was observed in comparison with the PET flakes. Thus, Sb,Os; promotes
transesterification as seen by the higher mol % butylene incorporation in PET over the

dehydration of THF to form acid groups.

100 4 o a TITANIUM ISOPROPOXIDE
o) A
o —
§ 95 -
o )l
a
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8 90 4 ./
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= Z 80
e
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w
s 75 " NO CATALYST
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Figure 6.4 Effect of PET: BD feed ratio on conversion (Entries from
Table 6.3)
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Figure 6.5 Effect of PET: BD feed ratio on THF formation (Entriesfrom
Table 6.3)
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In case of Ti(iPrO)4, as the PET:BD feed ratio was increased, the mol % THF
formed increased from 34 to 46 mol % and at afeed ratio of 1:10, the mol % THF formed
decreased to 37 mol %. A substantial increase in the mol % butylene content in PET was
observed. The acid value was also lower when Ti(iPrO),4 was used as compared to Sh,0s.
Thus, Ti(iPrO)4 promotes transesterification as seen by the near complete substitution of
butylene moiety in PET over the dehydration of THF to form acid groups (Figures 6.4
and 6.5).

6.4.1.3 Effect of catalyst

Effect of catalyst type on the transesterification reaction was studied by refluxing PET
(5.0 g, 0.026 mol) and BD (5.85 g, 0.065 mol) with 0.0025 g (0.5 wt% of PET) Sh,Os
and Ti(iPrO)zas shown in Table 6.4.

Table 6.4 Effect of catalyst type on transesterification reaction®

No. PET:BD BD THF mol mol % Tm Inherent | Acid
ratio/ (mol) | (mol) | %THF | butylene | (°C) | viscosity” | value®
catalyst basedon | inPET [h]im, | €/10°
BD dL/g g
1 1:2.5/ Sh,O3 | 0.065 | 0.028 43 90 210 0.45 46
2 1:2.5/ 0.065 | 0.021 32 98 220 0.54 25
Ti(iPrO).

a — Reaction conditions; 230°C/4 hno N, flow, 250°C/40 min/100-1 mbar, 250°C/1
h/0.05-0.03 mbar, Catalyst concentration: 0.5 wt% of PET = 0.025 g; b- Determined in
60: 40 mixture of phenol + TCE at 25°C; ¢ —Determined by Pohl’ s method

Molar ratio of 1:2.5 for PET: BD was used. The results show that Ti(iPrO),4
resulted in a lower mol % of THF formation and a higher mol % butylene incorporation
as compared to  Sb,0s3. Sb,O3 gave a dlightly higher acid value as compared to Ti(iPrO),.
This indicated the higher efficiency of Ti(iPrO), as a transesterification catalyst as
compared to Sb,0s.
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Table 6.3 Effect of PET: BD ratio on converson and THF formation?

No. PET : BD BD (moal) THF THF (mol mol % Inherent Tm (°C) Acid value® eq/10° g
ratio (mol) | %basedon | butylene | viscosity”
BD) in PET [h]inh,
dL/g
1 1:25 0.065 0.028 420 83 0.35 197 98
2 1:5 0.130 0.041 315 82 0.33 197 -
3 1:10 0.260 0.048 18.5 76 0.33 189 102
Externdly added catalyst = Sb,05 (0.0025 g)
4 1:2.5 0.065 0.028 43.0 89 0.43 208 48
5 1:5 0.130 0.052 40.0 91 0.55 212 45
6 1:10 0.260 0.052 20.0 83 0.48 204 49
Externally added catalyst = (Ti(iPrO)4) (0.0025 g)
7 1:25 0.065 0.022 34.0 97 0.55 220 24
8 1:5 0.130 0.060 46.0 99 0.52 225 24
9 1:10 0.260 0.096 37.0 100 0.48 223 22

a—Reaction conditions; 230°C/4 h/no N, flow, 250°C/40 min/100-1 mbar, 250°C/1 Hh 0.05-0.03 mbar; b-Determined

in 60 : 40 mixture of phenol + TCE mixture at 25°C; c-Determined by Pohl’s method
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6.4.1.4 Factors causing THF formation in the transesterification reaction

During the degradation of PET with BD a large number of hydroxybutyl end groups are
formed which can either undergo transesterification or cyclization to form THF. Greater
the amount of BD, greater will be the degradation of PET and higher will be the
concentration of the hydroxybutyl end groups. Intramolecular cyclization of the butyl end
groups is unaffected by dilution but this reaction may be reduced indirectly by use of a
good transesterification catalyst and / or a higher catalyst concentration. THF can also be
formed by dehydration of BD catalyzed by the acid groups generated as a result of
intramolecular cyclization of the hydroxybutyl end groups, or from the acid groups
aready present in PET as shown in Scheme 6.2.

|
— CH
_O—CHa,_ o X en
C CH, A [catalyst I [ 2
I | " > Q CJ CH;
O CH2 H O—CHy~
CH3

|
OH l
0] O]

A/ Acid groupsin PET
HO—(CHj),—OH >

+

H 0]

Scheme 6.2: Formation of THF and carboxylic acid group during PET-BD
transesterification reaction

The total amount of THF formed is thus a net result of these two reactions, i.e.,
intramolecular cyclization and acid catalyzed dehydration. Catalysis by acid groups is
often affected by dilution. The increase in THF from the cyclization reaction is
compensated by the decrease in the THF formation by acid catalysis as the dilution
increases. To verify this hypothesis the following studies were undertaken.

224


http://www.pdfcomplete.com/1002/2001/upgrade.htm

Click Here & Upgrade

v’ Expanded Features
> PDF Unlimited Pages
Complete

Effect of dilution of carboxyl groupswith BD on THF formation

Effect of dilution of the carboxyl groups with BD on THF formation was studied in
presence and absence of Sh,O; catayst using the following model reactions. Benzoic
acid (1 g) was heated with different amounts of BD at 230°C for 2 h without nitrogen
flow. THF was formed indicating that dehydration of BD is catalyzed by benzoic acid.
The results (Table 6.5) were similar in the presence as well as absence of Sb,O5 catalyst,
thereby showing that Sb,Os did not have any direct effect on dehydration of BD. It was
observed that both in the presence and absence of Sb,Os catalyst, mol % THF formed
decreased dlightly with increase in the amount of BD, although the amount of THF
formed increased with increase in BD content. This showed that there is a dight effect of
dilution of the carboxyl end groups with BD on the THF formation catalyzed by carboxyl
groups (Table 6.5 and Figure 6.6).

Table 6.5 Effect of dilution of carboxyl groups with BD on THF formation®

No. Amount of BD taken, g (mol) THF (mol) THF (mol
%based on BD)
Without catalyst
1 5.92 (0.066) 0.0047 7
2 11.75 (0.13) 0.0064 5
3 23.43 (0.26) 0.0080 3

Catalyst Sb,0s: 0.0025 g

4 5.87 (0.065) 0.0044 7
5 11.77 (0.13) 0.0057 4
6 23.43 (0.26) 0.0074 3

a—Reaction conditions: 230°C/2 h, no N flow; benzoic acid (19)
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Figure 6.6 Effect of dilution of carboxyl groups with BD on THF formation
(Entriesfrom Table 6.5)

Effect of 4-HBB concentration on THF formation

Degradation of PET with BD leads to the formation of hydroxybutyl end groups that can
either undergo transesterification or intramolecular cyclization to form THF which is
unaffected by dilution. To verify this hypothesis two different concentrations of 4-
hydroxybutyl benzoate (4-HBB) were heated with BD at 230°C for 2 h in presence of
Sh,O3 catalyst. It was observed that increase in 4-HBB concentration lead to higher THF
formation (Table 6.6). These results show that higher the concentration of the hydroxy
butyl end groups in the reaction medium, higher will be the intramolecular cyclization
leading to THF formation.

Table 6.6 Effect of 4-HBB concentration on THF formation®

No. | Amount of 4-HBB g (mol) | Amount of BD, g THF mol% THF
(mol) (mol) based on
BD
1 1.59 (0.008) 5.93 (0.066) 0.021 33
2 3.14 (0.016) 5.89 (0.065) 0.026 41
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a— Reaction conditions; 230°C/2 h, No N flow; Sb,Os: 0.0025 g

Effect of dilution on THF formation in the presence of 4-HBB

To explore whether dilution had any effect on the THF formation in presence of 4-HBB,
4-HBB (1.57 g, 0.0081 mol) was refluxed with varying amounts of BD in presence and

absence of catalyst

In the absence of transesterification catalyst the mol % THF increased with the amount of
BD taken. Increase in THF was due to both intramolecular cyclization as well as
dehydration of BD by the formed carboxylic acid groups. No effect of dilution was
noticed. In presence of catalyst (Sb,O3;) also there was no effect of dilution. Thus
intramolecular cyclization is not affected by dilution. However, in presence of
transesterification catalyst increase in BD increased THF only marginally which could be
due to preponderance of the transesterification reaction over the cyclization leading to

THF formation (Table 6.7).

Table 6.7 Effect of dilution on THF formation in the presence of 4-HBB?

No. | Amount of 4-HBB (g) Amount THF (mol) THF (mol%
of BD (g) based on BD)
Without catalyst

1 1.57 (0.0081) 5.92 0.039 61
(0.066)

2 1.59 (0.0081) 11.73 0.110 85
(0.13)

With catalyst Sh,O3: 0.0025 g

3 1.59 (0.0081) 5.93 0.021 33
(0.066)

4 1.58 (0.0081) 11.84 0.050 38
(0.13)

a— Reaction conditions; 230°C/2 h, No N flow

Effect of diphenyl ether (DPE) as a diluent on the transesterification reaction
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Effect of diluent on the transesterification reaction was studied by carrying out the
reaction using a PET: BD feed ratio of 1:2.5 in the presence of DPE as a diluent (Table
6.8). In the absence of Ti(iPrO)4 catalyst and diluent, a higher mol % THF formation was
seen indicating higher intramolecular cyclization, while in the presence of a diluent, mol
% THF formation and the acid values were lower indicating a favorable effect of dilution.
However the converson (%mol butylene incorporation) was aso very low. In the
presence of Ti(iPrO), catalyst and in absence of diluent a higher mol % THF formation
and low acid value was seen in the resulting polyester. In presence of a diluent, low %
THF formation was observed, again indicating effect of dilution. In the reactions carried
out in presence of catalyst, the conversions (%mol butylene incorporation) were high (98-
99%) and were unaffected by the presence of diphenyl ether as diluent.

Table 6.8 Effect of diphenyl ether as a diluent on the transesterification reaction®

No. BD | Amountof | THF | THF (mol | mol % Inherent | Tm | Acid
(mol) | DPE(g) | (mol) | %basedon | butylene | viscosity® | (°C) | value®
BD) iNPET | []imn, dL/g eq/10°
1 | 0.065° | Absent 0.028 42 83 0.35 197 98
2 | 0.065° 17.55 0.003 5 42 0.27 185 63
3 | 0.065° | Absent 0.016 25 98 0.54 226 39
4 | 0.065° 17.57 0.012 18 99 0.68 222 86

a-Reaction conditions; PET : BD = 1:2.5, 230°C/4 h/no N flow, 250°C/40min/100-1
mbar, 250°C/1 h/0.05-0.03 mbar; b—No catalyst was added; c-0.025 g Ti(iPrO), was
added as a catalyst; d-Determined in 60 : 40 mixture of phenol + TCE at 25°C; e-
Determined by Pohl’s method

6.4.1.5 Transesterification of PET with other diols

reaction with PET was aso caried out
cyclohexanedimethanol and 1,6-hexanediol.

transesterification (Table 6.9).

Transesterification usng 14-

These reactions resulted in complete

The H-NMR spectrum of the polymer based on 1,4-cyclohexanedimethanol was
characterized by the absence of — (CH,), — protons of PET (4.8 d, s, 2 H) and the
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appearance of -(CHy)- protons (4.3 —-4.4d, m4 H) and the cycloaliphatic protons (1.0 —

2.0 d, m 10 H) from 1,4-cyclohexanedimethanol.

Table 6.9 Transesterification of PET with CHDM and HD?

No. Diol PET: Diol | Reaction conditions Conv. Inherent Tm
(mol %) | viscosity’ | (°C)
[h]inn,
dL/g
1 CHDM | 1:4 283°C/5h/N,flow+283° | 100 0.20 285
C/2.5h/100-1mm of
Hg+283°C/2 h/1 mm of
Hg+300°C/1 h/Imm of
Hg
2 HD 1:4 280°C/5h/N,flow+280° | 100 0.40 137
C/1h 40 min/100-1mm
of Hg+280°C/2 h/1mm
of Hg

a — Catalyst: Sby,O3 (0.5 wt% of PET, 0.025g); b — Determined in 60: 40 mixture of

phenol + TCE at 25°C
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Figure 6.7 NMR of (a) PET transesterified with CHDM and (b) PET
transesterified with HD

Similarly, in the *H-NMR spectrum of the polymer based on 1,6-hexanediol, the — (CH2)-
— protons of PET (4.8 d, s, 2 H) were replaced by -(CH)e- protons (4.4 d, t, 4 H; 1.9 d,
m, 4 H; and 1.6 d, m, 4 H) from 1,6-hexanediol (Figure 6.7)

6.4.1.6 M echanical properties

The mechanical properties (tensle strength, un-notched izod impact strength and %
elongation at yield) of PBT obtained by transesterification of PET with BD were
determined according to ASTM methods. The results are shown in Table 6.10. These
values compared well with a commercial grade of PBT.

Table 6.10 Mechanical properties of PBT generated from post-consumer PET flakes

Properties PBT Virgin® PBT generated from PET scrap
Tensile strength
At yield (MPa) 42.5 46.6
At break (MPa) 245 30.5
(ASTM D-638)
Elongation, (%)
At yield 20 20
At break 27 46
(ASTM D-638)
|zod impact strength (un-notched) 735 620
(Jm)
(ASTM D-256)
Color White Cement gray
Physical form Sheet Powder
hin” (dL/g) 0.90 — 1.00 0.90 — 1.00
Acid No. (eg/10°) 56-58 72-75

230



http://www.pdfcomplete.com/1002/2001/upgrade.htm

&
¥
C

PDF
omplete

Click Here & Upgrade
Expanded Features

Unlimited Pages

Tm (DSC), (°C) - 221-225

Ethylene glycol content (mol %) - <3

a-Arnite-T 200 (AKZO); b — Phenol: tetrachloroethane (60: 40 w/w)
6.5 Conclusions

Shredded flakes of post-consumer PET bottles as well as other forms of PET waste could
be recycled successfully to PBT by transesterification with BD. In the recycling of PET
by transesterification with BD, an optimum reflux time was found to be 4 h for achieving
a limiting conversion of 95%. Use of excess BD, does not increase the conversion
significantly and a molar ratio of 1:2.5 for PET: BD is sufficient to achieve a conversion
of greater than 95%.

The conversions were higher in the presence of externally added catayst as
compared to in its absence. The best results (100% incorporation of butylene moiety)
were obtained with a catalyst concentration of 0.5 wt% (0.0025 g). Ti(iPrO)4 appeared to
be a better catayst than Sb,Os. However the amount of THF formed increased with
increase in BD in the feed, both in presence as well as absence of catalyst. Effect of

dilution was observed both in presence as well as absence of catalyst.

The model studies show that formation of THF by acid catalyzed dehydration of
BD is affected by dilution and that by intramolecular cyclization of hydroxybutyl end
groups is unaffected by dilution. Hence a higher concentration of hydroxy butyl end
groups automatically leads to higher THF formation by the intramolecular cyclization. In
the absence of diluent, THF formation is high compared to the situation when diluent is
present, both in presence as well as in absence of catalyst. Thus a diluent like diphenyl
ether can be used, which does not affect conversion and at the same time minimizes the
THF formation.

Formation of THF is inevitable during transesterification with BD. As THF is
formed by both acid catalyzed dehydration and intramolecular cyclization, its extent of
formation depends on both these reactions. However, a definite effect of dilution is
observed both in the presence as well as absence of catalyst. A lower feed ratio and
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reaction time, use of higher concentration of catalyst like titanium isopropoxide can lead

to lower THF formation and higher conversion.

Thus, the composition of the resulting copolyester could be varied by a judicious

choice of the diol/PET feed ratio, time, temperature and catalyst used for
transesterification. PET could also be converted to other poly (alkylene terephthalate)s,

€g.,

poly(1,4-cyclohexane dimethylene terephthalate) and poly(1,6-hexamethylene

terephthalate). The mechanical properties of PBT obtained from scrap PET were

comparable with virgin PBT
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Chapter 7: Summary and conclusions

7.1 Summary

The key findings and conclusions of the present thesis are summarized below:

Synthesis of poly (butylene adipate)s was examined using the melt polycondensation reaction
of dimethyl adipate with 1,4-butanediol using titanium isopropoxide as catalyst. The reaction
was characterized by the formation of both linear as well as cyclic oligomers. Formation of
cyclic oligomers effectively competed with the linear step growth process, limiting the ability
of reaction to produce high molecular weight polymers. Formation of cyclics increased at
higher polymerization temperature. Cyclics of DP ranging from 3 to 12 could be detected
using MALDI-ToF MS Consequently, the molecular weight of the polyesters obtained was
limited to a few thousands due to incomplete conversions and loss of end groups leading to
formation of THF and cyclics.

Direct synthesis of poly (butylene adipate)s by melt polycondensation was, thus, not
suitable for the synthesis of high molecular weight polymer. A useful method of increasing
molecular weights of polyesters is by chain extension, which involves a fast or irreversible
reaction between the reactive chain extender and the end groups of the polymer. Poly
(butylene adipate)s with hydroxyl groups at both the ends was obtained by glycolysis of poly
(butylene adipate) with 1,4-butanediol in stoichiometric amounts in the presence of titanium
isopropoxide. The hydroxyl end group concentration was estimated by 3P NMR. Chain
extension reactions with hexamethylene diisocyanate (HMDI), 2,2 -bis(2-oxepanone), bis (4-
nitrophenyl carbonate) and divinyl adipate were studied. Chain extension, leading to high
molecular weight poly (butylene adipate)s was observed with varying efficiencies with
different chain extenders. However, best results were obtained with divinyl adipate as a

chain extender.
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An dternative route to the synthesis of high molecular weight aliphatic polyesters
is via ring opening polymerization (ROP). Ring opening polymerization of substituted
lactones leads to polyesters with substitution in their chains. Bond bridged bicyclic
compounds are also potential monomers for ring opening polymerization. Hence ROP of
3-pentadecyl 2-oxepanone and 2-oxabicyclo [3.2.1] octan-3-one was attempted using
stannous octoate as the initiator and ethylene glycol as co-initiator. Copolymerization of
3-pentadecyl 2-oxepanone with g-caprolactone was also studied with a view to gain a
better understanding of the reactivity of this monomer. 3-pentadecyl 2-oxepanone
polymerized in the presence of stannous octoate to yield low molecular weight oligomers.
However 2-oxabicyclo [3.2.1] octan-3-one did not polymerize under similar reaction

conditions.

Polyesters are a class of polymers that can be either recycled or environmentally
degraded. Poly (ethylene terephthalate) PET is the most widely consumed polymer
among the aliphatic-aromatic polyesters. Aliphatic-aromatic polyesters are not
biodegradable on account of the aromatic component. However PET can be recycled very
effectively. The direct conversion of PET to another polyester, namely poly (butylene
terephthalate) (PBT) was studied by transesterification of waste PET flakes with 1,4-
butanediol using either titanium isopropoxide or antimony trioxide catalysts. The effect
of reaction parameters on the incorporation of butylene moiety in the polyester was
studied. Copolyesters with 99% incorporation of butylene moiety could be synthesized. A
major side reaction is the formation of large amounts of tetrahydrofuran (THF) either by
intramolecular cyclization of hydroxy butyl end groups or by dehydration of butane diol
catalyzed by the carboxyl end groups of the polyester. Model reactions using benzoic
acid and 4-hydroxy butyl benzoate were carried out to understand the path by which THF
formation takes place. This reaction was successfully extended to transesterification
reactions with diols, such as, 1,4-cyclohexanedimethanol and 1,6-hexanediol.
Corresponding copolyesters were obtained.

7.2 Conclusions
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Poly (butylene adipate) was synthesized by melt polymerization of dimethyl
adipate and 1,4-butanediol. Specific causes which limit attainment of high
molecular weight poly (butylene adipate)s were identified. Based on this
understanding suitable reaction conditions were identified for the synthesis of

poly (butylene adipate) oligomers with minimum accompanying side reactions.

Chain extension of hydroxyl terminated poly (butylene adipate) with chain
extenders such as hexamethylene diisocyanate (HMDI), 2,2 -bis(2-oxepanone)
propane and bis (4-nitrophenyl) carbonate was studied. Moderate chain extension
of poly (butylene adipate) could be achieved with HMDI and bis (4-nitrophenyl)
carbonate, whereas, with 2,2 bis(2-oxepanone) propane the chain extension was
poor with substantial broadening of molecular weight distributions.

Chain extension of hydroxyl terminated poly (butylene adipate) with divinyl
adipate was carried out in melt phase as well as in solution. Coupling with divinyl
adipate led to fully aliphatic polyester in which the chain extender could not be
distinguished from the rest of the polyester chain. Effective chain extension was
achieved using divinyl adipate. Thus, divinyl adipate appears to be a very
promising chain extender for aliphatic polyesters

Ring opening polymerization of a novel substituted lactone, namely, 3-
pentadecyl 2-oxepanone was achieved using stannous octoate as initiator. 2-
oxabicyclo [3.2.1] octan-3-one did not undergo ring opening polymerization
using stannous octoate under similar reaction conditions. 3-pentadecyl 2-
oxepanone copolymerized with the more reactive e-caprolactone to yield

copolyesters bearing a C15 pendant hydrocarbon branch.

Waste PET flakes could be converted directly into PBT by transesterification with
1, 4-butanediol. Other poly (alkylene terephthalate) s were also prepared by
transesterification of PET scrap with diols, such as, 1, 4-cyclohexane dimethanol,
1,6-hexanediol. Thus PET can be directly converted into other polyesters used
in long life cycle applications by direct transesterification of waste PET flakes

with the corresponding diols.
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7.3 Futur e scope of work

Synthesis of high molecular weight aiphatic polyester like poly (butylene adipate) by
melt polycondensation leads to a mixture of linear and cyclic oligomers. Higher reaction
temperatures that enhance the molecular weight build up process aso lead to formation
of cyclics due to the competitive nature of the cyclization reaction. Cyclic oligomers of
DP 2 could be distilled out under high vacuum. The increase in reaction temperature led

to more amount of this cyclic being distilled out.

It would be interesting to study the ring opening polymerization of this cyclic
diester using stannous octoate as catalyst as it would lead to a more controlled synthesis
of poly (butylene adipate) with fewer side reactions, higher conversions and higher

molecular weights.

As higher reaction temperatures lead to colored product with no polymer in the
case of ring opening polymerization of 2-oxabicyclo [3.2.1] octan-3-one, polymerization

at lower temperatures using auminium isopropoxide as catalyst can be explored.

Activated esters such as 2,2,2-trifluoroethyl, 2-chloroethyl and 2,2,2-
trichloroethyl esters can be studied as chain extenders for the synthesis of high molecular
weight poly (butylene adipate).

Poly (butylene adipate) and poly (3-pentadecyl 2-oxepanone) or polycaprolactone
are known to be potentially degradable polymers. Poly (butylene adipate) forms a part of
the synthesis of commercialy available polyester Bionolle®. It would therefore be
interesting to modify the properties of poly (butylene adipate) by synthesizing multiblock
copolymers consisting of poly (butylene adipate) and polycaprolactone or the poly (3-
pentadecyl 2-oxepanone). Modification of properties of poly (butylene adipate) by
copolymerization with cycloaliphatic diols or diesters can also be studied.

Ability to introduce long chain branching (via a lactone with C15 alkane chain
branch) in aiphatic polyesters, can lead to tuning of hydrophilic-hydrophobic properties.
This, in turn, will have an effect on biodegradation using enzymatic hydrolysis.
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Consequently, such a monomer can be used to tailor specific biodegradation rates of
diphatic polyesters.
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