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Aim and Introduction 1

1. Aim and Introduction

The Aim of this work is to synthesize new degradabiaterials, based on vinyl monomers,

which can be used for various applications.

Further, to characterize the obtained materialgluate the physical properties (including
molecular weight, glass transition temperature, lraaal properties, etc.) and to correlate the

structure-property relationship, is an indispensgiart of this research work.

This thesis consists of two main parts. Firstlyteesis of polycaprolactone based new materials
. poly(vinyl acetate-co-cyclic ketene acetals) otyfVAc-co-esters) showing a combination of
hydrolytic degradability, biocompatibility and lowsoftening temperature is shown.
Polymerization has been carried out between viogtate and 2-methylene-1,3-dioxepane and
initiated using a free-radical initiator. The maaés thus formed, have been proposed to be used

as degradable materials for chewing gums or other gpplications.

The second part deals with yet another combinatiioproduce degradable and eco-friendly
materials using a naturally originating monomesmethylene--butyrolactone (Tulipalin A).
Here, poly(-methylene--butyrolactone-co-cyclic ketene acetals) or poly(M&-esters) are
synthesized to produce thermally stable, solvesistant, degradable materials having very high
glass transition temperature. Such materials, lgaaibiobase, have been proposed to be used as
eco-plastics for various applications including kesging. With this aim, copolymerization of
MBL has been carried out with cyclic ketene acefamethylene-1,3-dioxepane, providing
degradable polycaprolactone units. An attemptnd fout the mechanism of polymerization is
also mentioned.
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2. Motivation

Issues surrounding waste management has beendieifispiration for this work. It motivates
to come up with new materials which would reduceiremmental pressures and carbon

footprints.

Degradable materials are those materials which bmrcompletely degraded in landfills by
various means, leaving behind no toxic, visiblelstinguishable residues. Hence an effort has

been done to contribute some degradable mateoiated benefit of mankind.

Also, the omnipresent use of petroleum based pBsiind their persistence in the environment,
and their fossil fuel derivation further motivatescombine degradability with bio-origin, in the
later part of this research work, wherein somerétives to traditional materials have been

found out.
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3. Concept

The highly stable carbon-carbon linkages in vinglymers, provides stability and resistance
towards degradation, be it by chemical, mechaneaymatic, or by any other means. However,
desired degradability can be introduced in suchymels by incorporating heteroatomic
functional groups like ester, carbonate, anhydradetal, amide, phosphazene or hydroxyl esters
in the polymeric backbone.

The present work deals with incorporation of ediekages using cyclic ketene acetals via
radical polymerization, into vinyl polymers. Henogh, it can be considered as a combination of

ring-opening polymerization and 1,2-vinyl additipalymerization methods.

cyclic ketene

acetal

hydrolytic

degradation

e

Q)O O > vinyl chain

O ‘ . ester units

Scheme 3.1: Pictorial representation of conceftisfresearch work
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4. Background

4.1 Polymer degradation

What is Polymer degradation? Is it useful? Thesesame of the questions which need to be
answered before we go into further details of thesis. The deterioration in polymer properties,
accompanied by reduction in molecular weight is @ call polymer degradation. It is a both,

desirable and undesirable phenomena. While in stases, polymer degradation is prevented or
delayed as far as possible, in others like wasteagement programs, polymer molecular
weights are deliberately lowered. One such benaffipolymer degradation is applied in

spacecrafts, wherein a polymeric material is usedadheat shield". In cases of increased
temperature, the heat shield protects the metalcaaftl by itself taking the intense heat and

getting charred/degradéd.

Degradation could be randomly at any point of thlymer chain, leading to a drastic change in
molecular weight, or could be along the chain efu#polymerization) whereby liberating the

monomers. The various possible ways of inducingatapility:
A. Thermal degradatiéfl
B. Mechanical degradati&h
C. Degradation by ultrasonic waJ&s
D. Photodegradatiéti
E. Degradation by high-energy radiatidn
F. Oxidative degradatiofl
G. Biodegradatiof

H. Hydrolytic degradatiof
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4.2 Degradable Vinylic Polymers

Vinyl polymers/polyolefins are generally represenas:

H
bt

R

where, 'R' could be hydrogen, alkyl, aryl, halogester, ether or any other functionality. Vinyl yrolers
are a group of industrial polymers that serve irtgur purposes in plastic industry, paints, adhasive
cosmetics, and even for biomedical applications,likh medicine and pharmacy. Depending on the
requirements, the polymer properties can be easilglified. Due to such vast range of applicatiohs, t
significance of bio(degradable) materials is reioénl. Many groups, including our group, the Agarwal

group®”, are active in this field for synthesizing suclefusand degradable materials.

4.3 Radical ring-opening polymerization (RROP)

of cyclic ketene acetals

Radical ring-opening polymerization of cyclic ke¢eacetals incorporate ester linkages onto the
very stable C-C backbone, thereby integrating diapidity in them. Considering the example of
2-methylene-1,3-dioxepane (MDO), ring opening iegance of radical initiator takes place as

given in Scheme 4.3.1.

heat

A ok
O —O—C 2wt

Scheme 4.3.1: Ring-opening polymerization of MD(iiasence of radical initiator
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Other methods to synthesize polyesters include:

1.  Condensation polymerization of dicarboxylic acidthdialcohol§®*°!

R + R’ —_— R o} o}
Hooc”  COoH Ho” o \k\ﬂ/ \H/ e \]~n
o o

2. Ring-opening polymerization of cyclic esté?&°®!
(0]
o}
O cationic/anionic/
> O

metal catalysed n ﬁ
ring-opening

n polymerization

The benefits of using radical ring-opening polyrmation of cyclic ketene acetals are that firstly,
it is the only method which incorporates esterdigés at random positions in the main polymer
chain. And secondly, it is accompanied by low vadushrinkage. During the ring-opening

polymerization of cyclic monomers, one ring is opeénn each monomeric unit, and thus one

bond is broken for each new bond formed therebwatmlow volume shrinkaged”
Apart from this, conventional condensation methas its own limitations:

A. Perfect stoichiometry of the reactants should bmta@aed

B. High temperature is the prerequisite conditionnf@lt condensation

C. High conversion is difficult to achieve

D. Control over the chain length is not possible

E. High molecular weight polymers cannot be formedaose of the possibilities of

reversibility of the condensation reaction and zatlon reaction.
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4.4 Polymerization routes of cyclic ketene acetals

via Radical polymerization

The free radical polymerization of cyclic ketenetats with vinyl monomers is a combination of
ring-opening polymerization of the acetals andVit4 addition of the vinylic monomers. The

various polymerization routes of cyclic ketene atsetvas first studied by Bailey and coworkers
in 1979*Y. All the possibilities of radical addition at tdeuble bond are presented as given in

the Scheme 4.4.1, taking the example of 2-methyleBalioxepane:

WOV\/\L

o]

j\ polyesters
8 / <_>4y
RRP O o
—» —_—

pathway B U

'?,?Op
/)e,,} '?,? » polyacetals

e

WMW

polyesters + polyacetals

Scheme 4.4.1: Possible pathways for radical polyragon of cyclic ketene acetals

As shown, CKAs can undergo radical ring openingyparization (RROP) to form polyesters,
or the ring can remain intact and undergo 1,2-vagdlition polymerization, via ring-retaining
polymerization (RRP) to yield polyacetals, or ihdae a mixed mechanism, by combining the

two possibilities to form both type of products.
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4.5 Factors influencing RROP over ring-retaining
polymerization (RRP)

Of the above given possibilities, which route woblel followed by cyclic ketene acetals in a
particular reaction depends upon:

1. Substituents on the ring

2. Ring-size of CKA

3. Temperature of reaction

4. Monomer concentration

Effect of substituents can be understood by taktiegexample of 2-methylene-1,3-dioxalane (A)

and 2-methylene-4-phenyl-1,3-dioxalane (B). Strrediare given in Scheme 4.5.1.

B

Scheme 4.5.1: Structures of (A): 2-methylene-1@«liane; (B): 2-methylene-4-phenyl-1,3-

dioxalane

Monomer B undergoes quantitative and regioseled®ROP from 60-150°C to give polyesters,
whereas monomer A undergoes ROP depending on tampdf.. This variation is attributed to
the fact that in monomer B, the stabilizing sulbstitt, phenyl group (<4EHs) leads to the

formation of a stable benzyl radical, whereas mogrofnresults only in a primary radical.
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Size of the ring also plays an important role igidig the mechanism of reaction followed by
CKAs. Considering 5,6, and 7 membered non-substt@KAs, this effect was studied by

Bailey et al. in 1982°! wherein the following scheme 4.5.2 was presented:

O

polymerization o L| o |('|;2 H_[E‘z c
o o > ‘l‘ —C— — *]‘
A4 | o o
n @) @)
W

n=2, x=0.83, y=0.17
n=3, x=0.85, y=0.15
n=4, x=1.00, y=0.00

Scheme 4.5.2: The effect of ring size on radicaiHopening polymerization

The basis of this observation lies in the fact thatsteric hindrance in 7-membered ring radical
is more as compared to 5- or 6- membered ringscél@avoring the reaction to proceed via ring-
opening mechanism. Also, the relief of ring stri@iry-membered ring as compared to the others

promotes the ring to open.

Temperature also plays a crucial role in choosiROR or RRP. High temperature favors the
formation of polyesters while low temperature ygefiblyacetals preferably, in most of the cases.
2-methylene-1,3-dioxalane undergoes 50% RROP & 66% 83% at 125!,

Apart from this, ring-opening increased with deseea the concentration of monomer.

4.6 Back biting reactions

In 1997, Jin and Gonsalves reported complete detdilpolymerization mechanism of ring-
opening polymerization of MD&'. The very reactive primary growing radical coulel dasily
converted into a more stable species via 1,4-Igiachydrogen abstraction reactions, forming

short chain branches (Refer Scheme 4.6.1).
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JL P

M \/\/i\ 1,7-H-abstraction

+

[¢]
(6}
(o}
0\/\/\)]\ .
M o 1,4-H-abstraction
(0]

Scheme 4.6.1: Back biting reaction during polynegran of MDO

At 50°C, in 72 h, polymerization of MDO using AIBiNas found to yield 20% of branched
poly(caprolactone) structures. Due to these chainster reactions, the polymer obtained was

amorphous, and not crystalline, and of much redmeel@cular weight than expected.

4.7 Synthesis of cyclic ketene acetals

Preparation of a variety of cyclic ketene acetateged from the Laboratory of Mc Elvain and
Curry in 1940%°. They proposed a method of deriving CKAs from &hg and trimethylene
glycols, which is still followed with slight moddations. The 5- and 6-membered CKAs, were
obtained by the dehydrohalogenation of the cornedipg halogenated cyclic acetals (B). The
latter compounds, with the exception of the chlanatlic acetals, were prepared by an alcohol

exchange between the glycol and the methyl (orle#ivgtals (A) (Scheme 4.7.1).
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R OCHj , .
X_\C_C ﬁ HO(—CHz-%BOH‘ XR>C_3/O\CH | -BuOK . R . y \CHZ)
R/ OCH / N } . N } '

Scheme 4.7.1: Synthetic procedure for cyclic ketaretals

5,6-benzo-2-methylene-1,3-dioxepane was synthesuzadsimilar three-step synthetic route

according to Scheme 4.72 Here, the glycol, phthalalcohol was first deriviedm Diethyl

Brl

phthalate using LiAlkhas the reducing agent.

o] o )J\O
o 0 HO OH p-toluene
LiAlH, Sulphomc “BUOK
THE EtOH < : /: \:
diethyl phthalate phthalalcohol BMDO

Scheme 4.7.2: Synthetic procedure for 5,6-benzethptene-1,3-dioxepane (BMDO)

The most striking property of CKAs is their tendgrio undergo spontaneous polymerization.
Therefore, it is extremely difficult to obtain pu@KAs after synthesis. Polymerization occurs
during their isolation. The purer the acetal, therenreadily it gets polymerized, giving a

voluminous white precipitate, along with the maroguict.

4.8 Cationic Polymerization of cyclic ketene

acetals

The very first cationic ring opening polymerizatioves studied in 1962, wherein cyclic
iminocarbonates were polymerized using varioualgsts including BE; SnCl, ZnCh, H,SO,,
etc. to give ring opened structures. Further, #gehinique was then extended to compounds

which possessed the structural possibility of mpgning polymerization: cyclic ketene acetals
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and iminooxazolidines. The presence of two strorgéctron releasing alkoxy substituents on
the double bond makes CKAs prone to be attackeeldmtrophilic agents. Schildkne&fit and
McElvain et al?®>?°*% reported cationic polymerization of typical Leveisid initiators like BE
etherate and weak protonic acids. But since submmaizations led to unstable polymers which
undergo immediate degradation, hence Pittman Ef! aftudied cationic polymerizations of
CKAs like MDO using heterogenous,$0, supported on activated carbon black which gave

both ring retained as well as ring-opened strestur

Apart from this, cationic photopolymerization of 8K has also been investigated by Crivello
and co-worker§?

Similar to radical polymerizations, cationic polymzations can proceed through both 1,2-vinyl
additions or ring-opening polymerizations, or ewercombination of them (Scheme 48?’1]).

Depending on similar factors like: steric hindranstbility of reaction intermediate and ring-
size affect the chances of ring opening versus retgining. Apart from this, type of acid-
initiator also affected ratio between ring-openiugd ring-retaining polymerization. Stronger

acids give less ring-openiti!
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n

Scheme 4.8.1: Three possible pathways for catjoligmerization of cyclic ketene acetals

In pathway 1, the propagating ring (dioxonium cajits attached at $jybrid carbon by exo-

methylene carbon of other monomer and a new ringegiium is formed.

In pathway 2, the activated %plkoxyl carbon is attacked by nucleophilic metimgecarbon of
the other monomer, thereby inducing ring-openinkyperization via an & reaction. This thus
forms a new propagating cation containing a pemalte ester linkage, ultimately producing

polyesters.

Pathway 3 proceeds by isomerization taking plac#énpropagating cation viaySopening of
the ring and thereby forming ester linkage and primcation. The new cation, then adds to
another monomer giving ring-dioxonium cation. Tharnfiation of this primary cation is

unfavorable due to its high energy which finallgds to polyesters.

The energy of activation is less for 1,2-vinyl d&dih polymerization and the products obtained
are thermally stable as compared to ring-openirdgnperization, but still at higher temperature,
ring-opening polymerization is preferred over riegaining. This is attributed to the Ceiling

temperature effect. At higher temperatures, raté,dfdepropagation reaction increases much
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faster than the forward 1,2-propagation reacfidrHence, ring-opening increasingly competes

with ring-retaining.
4.9 Zwitter ionic polymerization of cyclic ketene
acetals

The double bond of CKAs have strong anionoide attardecause of electron donating property
of the two conjugated oxygen atoms. Henceforth,hsaompounds tend to polymerize in
presence of protic or electron-withdrawing subssdike PhANCG® heterocumulenes (Scheme
4.9.1) like CS%® (N,0-acetals), cyanoallefi8, via a zwitter ionic tetramethylene intermediate

or a biradical tetramethylene intermediate.

O X (0]

7N\ AN

H,C—C }/CHz)n+ mxX—C—yYy —————>» m

o)

Nt o e ot N
e/c C c —@)—i c c —(}—r]» c—cC C{(/CHQ)
o Y o

Y

Scheme 4.9.1: Copolymerization route of cyclic ketacetals with heterocumulenes (e.g;)CS

through macrozwitterion mechani$m

Hall and Padid® reported zwitter ionic specie can initiate cationar anionic

homopolymerization, whereas biradical specie ipaasible for alternating copolymers in such
charge-transfer polymerizations. Eaffiéf”, number of spontaneous polymerizations of
nucleophilic and electrophilic vinyl monomers haatso been found to undergo only
cycloadditions in reactions of cyclic ketene acetalth elctrophilic monomers. Further, Endo
and co-workers made more contributions by investigathe mechanism of reaction taking
place between CKA (2-methylene-4-phenyl-1,3-diorelaand electrophilic monomers like

methyl -cyanoacrylate, acrylonitrile, and methylmethaag/fd*?! and found out through
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solvent effect and by reactions using some additifee epichlorohydrin, radical trapping

agents, etc., that the path followed in their systeas Zwitter ionic.

4.10 Need for polymers originating from bio-

resources

The wide range of properties of polymers allow therfind extensive importance in the society.
Through macromolecular engineering, the propertes be modified and tailored in order to
achieve a polymer of the desired property. Todayast number of polymers used in paints,

plastics, rubbers, detergents, cosmetics, medicatesoriginate from fossil fuels.

Due to the awareness among humans about the rapletidn of fossil fuels, research is

diverting towards the usage of renewable sourcefer® the Earth gets completely exhausted of
all its energy reserves. Apart from this, fossglfugenerate a large amount of energy on being
burnt (combustion), but the problem is they emigéngoncentrations of green house gases, like
carbon dioxide, to the atmosphere. There is a teeedntrol the steady increase of such gases to

decrease the rapid increase in global warming laaed¢ean acidification.

4.11 Renewable and non-renewable resources

Renewable energy resources are “never-exhaustiigtal sources such as Solar energy, wind,
ocean thermal energy, tidal and wave energy, gaotideand hydro energy, etc. Their supply is

unlimited and can be used again and again witheutdar of getting depleted ever.

In contrast, non-renewable resources are natusaltyrring sources that cannot be regenerated
or replenished very easily and very soon. Once &sted, they will take hundreds and thousands
of years to be reformed. Or in other words, the@nsumption rate is far more than their

regeneration rate. Some examples of non-renewalel® sources are fossil fuels such as coal,

petroleum and natural gas.
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4.12 -methylene- -butyrolactone and recent

developments

The main aim of this Thesis was to synthesize negratiable materials. Henceforth, the need
for “Degradable polymers” has been combined in gsheond part of the thesis, with that of
“polymers originating from renewable resources” giaelable plastics could be bioplastics (or
organic plastics) whose components are derived fremewable biomass sources, such as
vegetable oil, corn, starch, &€ or could be fossil fuel plastics (i.e. derived from
petroleum) with some additive. Use of bioplastict only takes care of theenvironmental
concerns by decreasing the amount of green house emissidmsn degraded, but also takes
care of the finite petroleum resources probled{&by decreasing the dependency on such non-

renewable fossil fuel resources.

Polymers from renewable resources fall into thregomcategoridd™:

(a). Natural polymers (e.g. proteins, starch, ¢tedle)

(b). Synthetic polymers from naturally originatedmomers (e.g. poly lactic acid)
(c). polymers from microbial fermentation (e.g.yoldroxybutyrate)

Polymers obtained from Category (b), described apbtas been of great importance recently
14849 To exemplify, compounds belonging to the classasfjuiterpene lactone family have been
isolated from various plant®>¥! -methylene-- butyrolactone (MBL), also known as Tulipalin
A, is found to be present in common tulips. Bywérof its exo-methylene double bond, it can be
used as a naturally originated monomer in ordesytthesize biopolymers. The very first free
radical polymerization of such compounds was rembih a patent by Mc Graw in 1953
Prior to which more attention was given by mediticteemists for biomedical applications due
to their cytotoxicity and tumor inhibitory propexsi® Having a natural source origin inculcates
biocompatibility, biodegradability, eco-friendly @n renewable characteristics in these

compounds.
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Monomers of exocyclic methylene butyrolactone catgghat have already been polymerized
include -methylene--butyrolactone (-MBL), -methyl- -methylene--butyrolactone (-MBL
or MMBL)®®% and -methyl- -methylene--butyrolactone (MeMBLJ*® %% Polymerization of
-MBL using radical initiator AIBN has been carriedt many time£? Apart from this, also
known is the photopolymerization of this monomertthethoxystyrer{?] and the group
transfer polymerization using tris-(dimethylamingulfonium difluoride as catalySf!
Akkapeddi®” presented some aspects of both free radical asasehnionic polymerization
characteristics of-MBL. He determined the stereochemical configuratd the homopolymers
produced and discussed various other significaopgaties like alkaline hydrolysis at 100°C,
pyrolysis beyond 360°C under reduced pressurettanéffect of hydrazinolysis (Refer Scheme
4.12.1).

% &'&

%()* %(&&+%( Lo

Scheme 4.12.1: Alkaline hydrolysis at 100°C, Pys@ybeyond 360°C under reduced pressure,
and the effect of hydrazinolysis ofMBL. %%

Controlled radical polymerization of-MBL to obtain predetermined molecular weight and
narrow polydispersity has been achieved by Matgaski and Mosnacék’ wherein,
CuBr/2,2’-bipyridine (bpy) catalyst complex and Bropropionitrile (BPN) initiator was used to
synthesize homopolymers of MBL. Also, they obtainedll defined diblock and triblock
copolymers by chain extension of various macratotis, for example, PMMA and P(n-BA)

with -MBL, using CuBr/N,N,N’,N”,N”-pentamethyldiethyletigamine (PMDETA) as catalyst.
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Later, some hybrid materials of poly(ethylene oXideethyl ether methacrylate (PEOMA) and
-MBL were produced by Kubo et & via radical polymerization. The ionic conductieiiand
thermal properties of solid polymer electrolytesravenvestigated. It was found that the solid
polymer electrolyte using P (PEOMA) had higher @weonductivity and larger temperature
dependence of ionic conductivity than those ofsbied polymer electrolyte using homopolymer
of MBL. Furthermore, physical mixture or blends weformed with graft copolymers
comprising of -MBL with thermoplastic matrix resins in order tmprove the mechanical
properties of the resing’
Recently, transparent copolymers having unsaturg@gester networks were synthesized
wherein for the first time -MBL could be ring opened using a catalytic systém, Bismuth
(1) trifluoro methane sulphonaté®’ Resulting unsaturated polyesters were crosslinkid
methacrylates to obtain transparent bicomponetwtarks which showed shape memory effect.
The crystallization of polycaprolactone mainly givase to the shape memory effect of the
networks. The normal crystallization temperatur&®fC got influenced by the incorporation of
-MBL units in the polyester backbone. The more dangount of -MBL sequences, lower the
melting point of the copolyester becomes.
Not only this, but the homopolymers ofMBL have been reported to have good durability and
high refractive index (1.548” Poly( -MBL) obtained by free radical polymerization was
found to be atactic and amorphous havinggafTas high as 195°C, whereas PMBL obtained

from anionic polymerization was found to be iscigdtut still amorphou&”

4.13 Resemblance and differences of MBL and
MMA

Monomers belonging to methylene butyrolactone aategre structurally similar to MMA, and
hence polymerize in a similar fashion (Scheme 4)13.
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MMA MeMBL MMBL

Schemet.13.1: Structure similarity between MMA and me#ng butyrolactone monomers

Considering the example of monomer, MBL, similatMMA, can undergo anionic as well as
radical polymerization because the propagatingiepearbanion or free radical is stabilized by

adjacent carbony! grouff!

Also stated by Akkapeddi is the fact that the paysresulting from MBL resemble PMMA in
mechanical properties, optical clarity and therstability. The polymers were found to be stable
upto 320°C, above which they got depolymerized it@ dpack the monomers via “unzipping
mechanism of thermal degradation”. The opticalitgland brilliance is much more for poly-(
methylene lactones) than that of polystyrene, é&feamth, can be applied for optical fibres,

moldings or organic glassE&’?

But, reactivity of MBL in radical polymerization bdeen reported to be higher even than that of
MMA. This has been attributed to three main reasgngd Firstly, due to the planar structure of
MBL, it exhibits less steric effects and the exdydouble bond is more accessible and
secondly, planarity favors delocalization of chaadical’'s spin density and hence results in
maximum resonance stabilization. These conditianur the interaction between growing
radical and the approaching monomer in the tramsistate for propagation. Thirdly, the
exocyclic double bond is at a higher energy lewetampared to the vinylic group of MMA.
This is attributed to the ring strain, and reliéftlois strain provides additional driving force for
the polymerization of MBL. The overall rate congtéq) for bulk polymerization of MBL using
radical initiator, AIBN, at 55°C was calculatedtie 190 by Akkaped@f using the following

equation:

Initial rate (% conversiond =k [AIBN]*?
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This value was comparable with the rate constarititk polymerization of MMA at 60°¢#

Due to the polar cyclic structure;methylene butyrolactones possess very low vadiatio
odour and higher boiling points as compared to dh&MA. Apart from this, the side groups of
PMMA have better freedom of rotation as compareth whe highly structurally rigid lactone
ring which is perpendicular to the plane of theypwdr backbone. Such rigidity results in a better
solvent resistance (common organic solvents) ahmlaer T, for PMBL (195°C) compared to
that of atactic PMMA (105°CY Such properties have found applications for thEsdgmers as

thermoplastic toughners, heat resistant resingdanthl resing>7¢"8!
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5. Results and [scussion

5.1 Degradable gummy materials

5.1.1 Synthesis of Poly(vinyl acetate-co-cyclic lexte acetals)

or Poly(vinyl acetate-co-esters)

S. Agarwal,R. Kumar, T. Kissel, R. ReulPolym. J.2009,41(8), 650.

Poly(vinyl acetate) is yet another important anteriesting vinyl polymer which is used for
various applications, including as a base for chgwyumd® but due to its stable C-C
backbone, degradation under environmental conditisrvery slow and is not counted in the
category of degradable polymers. The degradationham@sm firstly leads to hydrolysis to
poly(vinyl alcohol) and then further degradationkes place. On the other hand,
polycaprolactone (PCL) is a very well known biodetable polymer. Bringing hydrolysable and
biodegradable PCL structure onto the PVAc backbamédd lead to, in general, hydrolysable
and biodegradable environmentally friendly gums adHdesives for short duration applications.
Bringing PCL structure randomly onto PVAc backbobg conventional routes of either
condensation polymerization or ring-opening polyizegion of cyclic esters for the formation of
esters is not possible. Therefore, here an attbagpbeen made to provide a CL and VAc based
degradable material by radical ring-opening cop@gmation of MDO with VAc, and the

material has been proposed to be used as adhesigkewing gum base.

The various possible products of copolymerizatiorividO with VAc are given in Scheme
5.1.1. MDO being a cyclic ketene acetal, could tred& ring-opening polymerization to give
polycaprolactone type unit8(C or D), or via ring-retaining polymerization to give gatetals
(A or E). Also, the reaction could lead to formation ofpotymers C or E) or simply

homopolymersA, B or D) as given in Scheme 5.1.1.
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Scheme 5.1.1: Various possible polymerization petglof reaction between vinyl acetate (VAc)

and 2-methylene-1,3-dioxepane (MDO).

All the copolymerization reactions of MDO and VA& carried out under conventional free

radical polymerization reaction conditions. AIBNswased as an initiator at°(@

The detailed studies regarding the copolymerizabenavior and properties evaluation of MDO
and VAc are required in order to recommend the meaterials for different applications
including degradable gums. The various copolyméidO with VAc were made by changing
the molar ratio of the two monomers in the inifizéd (Table 5.1.1). I’C NMR spectra of all
the copolymers made in this work, no peak betweé¥h-1110 ppm is seen thereby showing the
complete ring-opening reaction forming ester lirdsly"! Henceforth, formation of structurds

andE of scheme 5.1.1 is clearly ruled out.
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Table 5.1.1: Copolymerization of 2-methylene-1,8x@pane (MDO) and Vinyl acetate (VAc)
by bulk polymerization method, at 70°C, using AlBNtiator and varying monomer feeds
(reaction time = 4h).

Run Feed Yield Copolymer T4 [ 19 T

compositioft
composition % P (°C) (°C)

_ (molar ratio)
(molar ratio)

VDO - VAC MDO : VAc

1% 8:92 80 5:95 38 1.5575 290
2 19:81 77 18 : 82 17 1.2041 300
3 29:71 73 25:75 5 0.9831 285
4 52 : 48 48 47 : 53 -22 0.5618 280
5 76 : 24 64 73:27 -44 0.3360 280

Yobtained from'H NMR °'T, is the glass transition temperatut§,] is the intrinsic viscosity

calculated at 25°C using Viscosimetry method ufivf as the solvenf’Reaction time = 4h.
5.1.2 Structure characterization

The structural characterization of the homopolynard copolymers was done in CR@king
various NMR spectroscopic techniques. A represigretad NMR of copolymers is shown in
Figure 5.1.1 (entry 3, table 5.1.1)
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Figure 5.1.1*H NMR spectrum of poly(VAc-co-MDO) (entry 3, Talfiel.1) in CDC} as solvent.

The characteristic signals of both VAc and MDO weeen in the polymers. And, by the
occurrence of only one glass transition temperaioreall the samples, the formation of
homopolymers of VAc and MDO (structurBsandD of scheme 5.1.1) can be ruled out, leaving
the copolymer structur€ (scheme 5.1.1) to be the most plausible one. Td,E(O)OCH-
protons of MDO were seen between 4.0 - 4.1 ppm.eOtliphatic protons of MDO (-
CH,C(O)OCHCH,CH,CH,-, -CH,C(O)OCHCH,CH,CH,- and -CHC (O)OCHCH,CH,CH,-
were obtained at 2.2, 1.5 and 1.3 ppm, respectiwelgccordance with referedt® H NMR
also showed a small peak at 0.85 ppm (marked Xg @hgin of this extra peak during
homopolymerization of MD&% comes mainly from the 1,7-H abstraction reacticsch¢me

5.1.2) leading to some branches having ;@kbups as branch ends.
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Scheme 5.1.2: Copolymerization of 2-methylene-ig3«@pane (MDO) and vinylacetate (VAc)

using azobisisobutyronitrile (AIBN) as radical iaitbr at 76C.

In the present work, although 1,7-H abstractiorctieas are also seen during copolymerization
leading to branched structures in very small amobuat the quantitative estimation of branches

could not be estimated with any accuracy becausergflow intensity.

—CHOC(O)CH; protons from VAc units were observed as two peaksiered on 4.8 and 5.1
ppm. Methyl protons of VAc were obtained around pgim and other aliphatic protons (-
CH,CHOC(O)CH)-) were observed between 1.7 - 1.8 ppm. The sgittf —-CHOC(O)CH;
peak of VAc units between 4.8 and 5.1 ppm and teegmce of an additional peak at 2.6 ppm
showed the presence of different configurationad annformational sequencing of the two

comonomeric units (MDO and VAc) onto the polymeckizone.

The copolymer composition (Table 5.1.1) was deteettiby using the peak intensities at 4.8 -
5.1 ppm of VAc ({ac (~CHOC(O)CH;) ) and 4.0 - 4.1 ppm of MDOwbo (-CH,C(O)OCH-) in

'H NMR. The molar ratio of VAc : MDO in the copolym®r high conversions (till about 80%)
was always found to be almost same as that of ¢led {Table 5.1.1). A negligibly small
variation of copolymer composition from feed comfios could be due to the inherent

experimental error in integrations of NMR spectrhaialn could not be avoided. The different
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copolymers could be made in high yields having easing amount of MDO units just by

changing the molar ratio of the two comonomerdainitial feed (Figure 5.1.2).

[0}
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o
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Mol% MDO (copolyme
S S
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Mol% MDO (feed)

o
o

Figure 5.1.2: Mol-% of MDO in the feed versus molé%oMDO in the copolymer (details of

reactions given in Table 5.1.1).

The intrinsic viscosity as measured in DMF (acaogdio method given in section 6.2.4) which
is an indirect measure of molecular weight decreéagiéh increasing amount of the MDO units
in the polymer chain under similar reaction comfi§. But, in general very high intrinsic
viscosity polymers could be made (Table 5.1.1)fof$ to determine molecular weights by gel
permeation chromatography (GPC) were not succebsftduse of interaction of materials with
GPC columns. Therefore, intrinsic viscosities agported in the Table 5.1.1. There was a
decrease in the intrinsic viscosity on increasing amount of MDO in the copolymers. The
values were between 0.33 - 1.55 dL/g depending upenratio of VAc and MDO in the
copolymers. For homo polycaprolactone (PCL), thansic viscosity of 0.33 dL/g corresponds
to M, (number average molecular weight) of about 1530@and for homo poly(vinyl acetate)
the intrinsic viscosity of 0.33 dL/g correspondsolecular weight of about 75000 according to
the literaturd®! This gives a hint of having relatively high molé&uweight copolymers in this

study.
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5.1.3 Reactivity ratios and polymerization parametes of

monomers

For reactivity ratio determinations a separatetibatacopolymerizations were carried out and the
reactions were stopped at low conversions (15 -)2886 copolymer composition which is
required for the calculation of reactivity ratio@svdetermined by using the peak intensities at
4.8 - 5.1 ppm of VAc (Jac ((CHOC(O)CH) ) and 4.0 - 4.1 ppm of MDO wbo (-
CH,C(0)OCH>-) in *H NMR. Table 5.1.2 presents the details.

Table 5.1.2: Calculation of various parametersréactivity ratio determination by Kelen Tidos

method

Run. Feed Copolymer x® ¥Y) [ &Y ®) )

composition composition

VAc : MDO VAc : MDO

1 50 :50 65:35 1 0.55 1.83 -0.83 -0.29 0.64
2 92:8 96:4 0.09 005 0.16 -1.71 -1.45 0.14
3 7228 7723 039 031 051 -0.90 -0.59 0.33
4 82:18 88 :12 0.22 0.14 035 -1.40 -1.02 0.26
5 24 .76 39:61 321 16 644 -1.20 0.16 0.86

A = Feed molar ratio: MDO/VAC”y = copolymer molar ratio: MDO/VACYF = ¥ly; 9G =

X(y-1)1y; = 1(Fmax Fmin); ©2= G/ +F;"3=F/ +F.
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Reactivity ratios for MDO and VAc are determinedngsKelen-Tiidos methdf’ and was
determined to be/k; = 1.56 andyipo = 0.47 (Figure 5.1.3).

y = 2.0297x - 1.5432

Figure 5.1.3: Kelen - Tudos plot for VAc - MDO cdpwmers; copolymer composition was
determined frontH NMR for low conversions (15 - 20 %).

The reactivity parameters give a hint about the obpper microstructure as statistical
comonomer sequences along the polymer chains. dp@&ymer composition is decided by the
amount of the monomers in the feed. The reactiatyp data available in the literature for MDO
during its copolymerization with other vinyl monoraeshowed very high reactivity of the vinyl
monomers as compared to the cyclic ketene acdtalgxample, Bailey et al showegpo =
0.021; & = 22.6). On contrary to it, Davis et al. have reported amnplete absence of
copolymerization and their experimental data indidehe homopolymerization of styrene, with
the MDO merely acting as a dilueftd.Davis et al. have reported copolymerization patamse
for copolymerization of MDO with MMA at 4 as fpo = 0.057 andyva = 34.12 thereby
showing the low tendency of cyclic ketene acetalsdpolymerize with vinyl monomef$! In
this work, a very good copolymerizability of MDO twiVVAc which is due to the similarity in
monomer structures in terms of nucleophilic doutded and stability of growing radicals, is

shown.
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Q (monomer reactivity) and e (monomer polarity)ues for MDO using a well known Alfrey-
Price equation were calculatéfl. The Q (0.026) and e (-0.88) values for vinyl atetaere
taken from the literature. The Q and e values f@Mwere calculated to be 0.010 and -0.3363,
respectively. Very similar Q values of VAc and MB®plains good copolymerizability of the

two monomers.

5.1.4 Structure-property relationship

Before the materials could be utilized for any a&milon, the basic studies in terms of
copolymerizability and properties evaluation isukeed. Therefore, studies have been carried out
to have the basic understanding of the copolymeoizgrocess between MDO and VAc. The
microstructure of the resulting materials is a Kagtor in deciding the end-use properties as

degradable material.

Further careful examination of tHel NMR spectrum helped in analysing the microstreetof
the copolymers. With increase in the amount of MiD@he copolymers the peaks at 5.2 and 2.6

ppm increased and also a new peak at 2.2 ppm aup@dgure 5.1.4).
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Figure 5.1.4'H NMR spectra of copolymers (in CDg;l with copolymer composition, MDO :
VAc (in mole percent): A) 73 : 27 (Entry 5 Tabld 3.); B) 47 : 53 (Entry 4 Table 5.1.1); C) 25 :
75 (Entry 3 Table 5.1.1); D) 18 : 82 (Entry 2 Tabl&.1).
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Figure 5.1.5"H NMR spectra of copolymer with copolymer compasitiMDO : VAc (in mole
percent): 5: 95 (Entry 1, Table 5.1.1): hardly gewk 11 is visible.

The new peak appearing at 2.2 ppm is assignecet¢-@HC(O)OCHCH,CH,CH,- protons of
MDO-MDO diad with reference to our previous work lsomopolymerization of MD&”. The
other two prominent peaks that increased with amesse in the amount of MDO in the
copolymers could be due to the -OB(O)CH; VAc protons linked to MDO _(VAEGVIDO) (5.2
ppm) and -CHC (O)OCHCH,CH,CH,- protons of MDO linked to VAc (VAc-MDOdiads
sequences) (2.6 ppm) in the copolymers. This shatsincrease in the amount of MDO in the
copolymers the diads of the types both VAc-MDO &bBO-MDO increases showing more
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randomisation of the copolymer structure. In fadtyvery low concentrations of MDO in the
copolymers i.e. 5 : 95 molar ratio, hardly any diadd the type MDO-MDO were seen. The
MDO units were present in this particular copolynasrisolated units mainly in the form of
VAc-MDO diads. Since microstructure of the polymemuld influence the final properties of
materials, efforts were made to further confirmuging 2D NMR techniques like HMQC
(heteronuclear multiple quantum correlation) and B®A (heteronuclear multiple bond

correlation).

2D HMQC was used to provide unambigudt@ NMR peak assignments and 2D HMBC was
used to prove chemical links between VAc and MD@sumdlso, HMBC helped in confirming
the correct peak assignments to tHeNMR. The representative 2D HMQC NMR spectrum is
shown in figure 5.1.6 with the cross peaks usessigning thé*C NMR spectrum.
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Figure 5.1.6: A part of 2D HMQC (heteronuclear npét quantum correlation) NMR spectrum
(entry 3 table 5.1.1)'i NMR 0 - 7 ppm *C NMR 0 - 100 ppm) in CDGlas solvent.

The representative 2D HMBC NMR spectrum is showfigare 5.1.7.
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Figure 5.1.7: 2D HMBC (heteronuclear multiple barmtrelation) NMR spectrum (entry 3 table

5.1.1) {H NMR 0 - 10 ppm **C NMR 0 - 200 ppm) in CDGlas solvent.

The proposed peak from MDO-MDO diad at 2.2 ppmth NMR (Figure 5.1.7) from the
protons (-CHC(O)OCHCH,CH,CH,- ) showed only one correlation in the ester caybon
carbon region with*C NMR peak at 173.4 ppm (cross peak A). This shinepeak ifH NMR
spectrum at 2.2 ppm is correctly assigned as itilshshow only onéH NMR-*C NMR cross-
correlation through one bond in HMBC with carboongkbon 12. The protons 5 of MDO at 2.6
ppm (-CHC(O)OCHCH,CH,CH,- ) from linking MDO unit (VAc - MDO diad) did noshow
any correlation with carbonyl carbon 12, insteashibwed strong correlations in the peak region
170 - 171 ppm (cross peaks D) (carbonyl carbondcanbonyl carbons of neighboring VAc).

Also, protons 5 showed broad and strong 1 and 3 lmamrelations (cross peak E) with the
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carbons 2 and 4 of VAc units and therefore, isexily assigned. The increased amount of MDO
- MDO diads on increasing the amount of MDO in fiaed i.e. from going from entry 1 to entry
5 of table 5.1.1 could also be clearly seen froendarbonyl carbon region 61C NMR spectra.
The **C NMR spectra of copolymers having low mole % of ®iin the copolymers (5 - 18
mol%) hardly show any carbonyl peak at 173.4 ppisireg from homo MDO - MDO diads
(Figure 5.1.8).
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Figure 5.1.87°C NMR spectra (in CDG) of different copolymers with copolymer compositjo
MDO : VAc (mole percent): A) 5: 95 (Entry 1 Talfel.1); B) 18 : 82 (Entry 2 Table 5.1.1); C)
25 : 75 (Entry 3 Table 5.1.1); D) 47 : 53 (Entrydble 5.1.1) E) 73 : 27 (Entry 5 Table 5.1.1);
Clearly shows the appearance of MDO - MDO diad& witreasing amount of MDO in feed.
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5.1.5 Influence of time on copolymer microstructure

Copolymerization reaction was followed at differenttervals of time and change in
microstructure of the copolymers is studied withdi For a sample with initial feed molar ratio
of MDO : VAc 1 : 1, copolymer composition was detémed at different time intervals usinig
NMR technique and is given in Table 5.1.3. It carsben from the data (Table 5.1.3) that rate of
consumption of VAc was more at the start. This giises a hint that at the start there were more
VAc-VAc type of sequences followed by the more @misation and more VAc-MDO diads.
After about one hour of polymerization, the yielttieased but the copolymer composition

remained almost same.

Table 5.1.3: Copolymerization of 2-methylene-1,8x@ipane (MDO) and vinyl acetate (VAc)
[MDO : VAc 50 : 50 (molar ratio)] at 70°C, using BN initiator for different time intervals by

bulk polymerization [monomer : initiator = 100 (rholar ratio)].

Run Time Yield % Copolymer

composition

(molar ratio)

MDO : VAc
1 30 min 33 37 :63
2 1h 42 50:50
3 2h 48 43:57
4 4h 52 47 : 53

5 70 h 74 47 : 53
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5.1.6 Thermal analysis of P(VAc-co-esters)

Effect of the incorporation of MDO ester units orttte PVAc hydrocarbon chain is also
investigated on the thermal stability and glassigition temperature. The degradation of
polycaprolactone generally takes place in one ¢ligire 5.1.11), while the degradation of
PVAc prepared by the radical polymerization gerngrahkes place in two steps (figure
5.1.11)"® The acetate group elimination takes place at lowemperature between 300 and
330°C followed by breakdown of polymeric backbone mhier temperature (between 360 —
450°C). Addition of MDO units on the PVAc backbone didt affect the thermal stability of
PVAc and the copolymers also showed two step degjads with T (initial degradation
temperature) in the range of 3Q0- 280C.

A comparison of TGA curves of PCL, P(VAc-co-estéEntry 3, Table 5.1.1) and PVAc is

shown below in figure 5.1.11.
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Figure 5.1.11: A comparison of TGA curves of comerarPCL, copolymer with composition
MDO : VAc = 25 : 75 (Entry 3, Table 5.1.1) and PVAc

For DSC measurements the samples were heated finsthieeating cycle from —6C till 200°C

at a heating rate of 30 / min. The samples were cooled again to°€6@ith a cooling rate of
10°C / min and again heated in the second heatingecylttl 200°C. The glass transition
temperatures are (noted in the Table 5.1.1) fraerstond heating cycle. Single glass transition
temperature was observed for the copolymers (pdgf@o-ester)s. There is a decrease in the
glass transition temperature on increasing the amouMDO onto the PVAc backbone (Table
5.1.1). Different copolymers with a wide range ¢dsg transition temperatures from°G8to -
44°C were obtained. Figure 5.1.12 gives a compari$@S€ curves of copolymer samples with

varying copolymer composition.
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Figure 5.1.12: Comparison of DSC curves of differespolymers with copolymer composition,
MDO : VAc (mole percent): A) 5: 95 (Entry 1 TalBel.1); B) 18 : 82 (Entry 2 Table 5.1.1); C)
25:75 (Entry 3 Table 5.1.1); D) 47 : 53 (Entrydble 5.1.1) E) 73 : 27 (Entry 5 Table 5.1.1).

5.1.7 Hydrolytic Degradability

Since the incorporation of ester linkages are etgokto introduce degradability and was one of thesa

of this work, the studies on hydrolytic degradatairthe MDO-PVAc copolymer samples were carried
out in KOH (5 wt% in methanol). After 20 hrs of hgtysis, the polymer was completely soluble in the
hydrolysis medium. The degraded material was etddawith chloroform, dried over sodium sulphate

and after evaporation and drying the left over waiky material was subjected to NMR analysis.
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Figure 5.1.13 (a and b) show a comparisort®6f NMR spectra, before hydrolysis and after
hydrolysis. The disappearance of acetate peak@t 173 ppm and the appearance of carboxyl

peak at 177 ppm clearly indicated that the hydisli®ok place.
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Figure 5.1.13 (a)**C NMR spectra, before hydrolysis (entry 5, Table B
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Figure 5.1.13 (b)**C NMR spectra, after hydrolysis (entry 5, Table 5)1
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'H NMR was further used to identify the hydrolysedducts (Figure 5.1.14 gives a comparison
of entry 5, Table 5.1.1, a) before hydrolysis, ahafter hydrolysis).
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a) before hydrolysis
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Figure 5.1.14'H NMR spectrum in CDGlof poly(VAc-co-ester) (entry 5 Table 5.1.1) a) duef
hydrolysis; b) after hydrolysis
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Since the polymer degradation would be by hydrslysi the ester linkages of PCL units, all
degradation products i.e. oligomers / small organadecules with hydroxyl and acid functional
groups would be formed. The probable hydrolys@pcts from the linear copolymer structure

are shown in scheme 5.1.4.
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Scheme 5.1.4: Probable hydrolysis products of pgtco-MDO) with random distribution of
ester linkages with pentads of the type: (M-M-M-M;NM-V-M-V-M), (M-V-M-M-M), (M-V-
V-V-M), (M-M-V-M-M), (M-M-V-V-M), (M-V-V-M-M), (M-M -M-V-M); where M: MDO and
V: VAc, respectively;A, B, C, D : Distinguished hydrolysis products from all pelgagiven
above having molecular weights 132, 176, 264, g2fpectively.

As mentioned above, the branches due to 1,7-Haabgtns reactions were negligibly small, the
hydrolysis products formed from such structures aot¢ considered Besides oligomeric
hydroxyl and acid functionalised poly(vinyl alcohahits due to VAc-VAc-VAc-VAc-VAc type

of units and 6-hydroxy pentanoic acid (structupgfrdm MDO-MDO-MDO-MDO-MDO units,
other structures as shown in scheme 5.1.4 argpaksible from hetero structures. From all these
degradation products mainly overlapping signalheregion for protons 1(HO-GH, 2(-CH-
COOH), 3 (-CHOH)-), 4 (-CH(OH)CHCOOH) and aliphatic protons are expected (Scheme
5.1.4) in'H NMR. There was a clear change in the NMR pealtipas (Figure 5.1.14) of the
hydrolysed product as compared to the original NMRhe copolymer). The very strong and
characteristic peaks of VAc units i.e. —OQptotons and —CEOCOCH;)- in the unhydrolysed
copolymer at 1.996 ppm and between 4.8-5.2 ppneotiseely (Figure 5.1.1) disappeared after
hydrolysis and a new and very broad peak appeatekbn 5.3 — 6.2 ppm from chain end —OH
and —CH(OH) groups appeared . The —COOH protonfdamot be seen itH NMR which
could be due to the fast relaxation bi@ NMR showed the presence of this group, as a peak
177 ppm was observed. Also, the hydrolysis of ebidages led to the formation of small
moieties as shown in the scheme 5.1.4 with —-OH-&@QOH functional groups. This changed
the peak position of —-GI€(O)OCHCH,CH,- and —CHC(O)OCHCH,CH,- protons of PCL
units in the unhydrolysed copolymer from 4 ppnthte new characteristic peaks of 1, 2, 3, 4
and aliphatic protons (Scheme 5.1.4) at 3.3 ppm®, 2.3 ppm, 4.1 ppm and between 1.2 - 1.7
ppm (Figure 5.1.14). Although, in this study it wast possible to identify each degradation
product quantitatively but the NMR clearly showad hydrolytic degradability tendency of the

new materials .

Hydrolysed sample (poly(VAc-co-ester) (entry 5 &l8.1.1)) was analysed by LCMS in
negative ion mode to get further insight into tiydrolysis products (figure 5.1.15).
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Figure 5.1.15: LCMS data for hydrolysed producipofy(VAC-co-ester) ( entry 5 table 5.1.1)
when measured in negative ion moéeg;B, C in Scheme 5.1.4 are confirmed at molecular ion
peaks 131.0715, 174.9863, and 263.1508, respegctivel

The compounds showed no retention in the column ahdelevant masses were detected
directly in the breakthrough. Three hydrolysed ponments could be confirmed viz.a.viz.
CsH1103, CgH1404, C12H2206, having molecular weights 131, 175, 263, respebti(Structures
A, B, C in Scheme 5.1.4). However, by ESI-MS, it is nosgble to assign the positions of the
OH groups. Absence of the fourth expected compomnent GoH150s, (Scheme 5.1.4; structure
D) could not be seen and proved that (M-M-V-V-M)(bt-V-V-M-M) type of pentad were less
probable. This result is again in accordance to MMR results for microstructure analysis,

which states that MDO prefers VAc as its comonora#rer than MDO.
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5.1.8 Cell Viability Studies of hydrolysed polymeisample

(This work was done in cooperation with Researcugrof Prof. Dr. Thomas H. Kissel,

Department of Pharmaceutics, Philipps Universitat)

This work was carried out in the Research grouprof. Dr. Thomas H. Kissel, by a former co-
worker Dr. Regina Reul. It is always good to kndwe toxicity of materials before using for
various applications such as adhesives or chewingsgWith this aim, the study was done by a
calorimetric assay, based on tetrazolium salt MB(4(5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide§9.1] The principle behind is that it measures the &gtiof enzymes that
reduce the yellow coloured MTT to purple colouredrrfazan in the mitochondria. Toxic
materials result in cell toxicity and hence mitostinal dysfunction. Figure 5.1.16 shows the

structures of MTT and Formazan, respectively.

N
NéNY \'/
a) MTT b) Formazan

Figure 5.1.16: Structure of: a) MTT(3-(4,5-dimetiwhzole-2-yl)-2,5-diphenyl tetrazolium

bromide); b) Purple Formazan

More the amount of Formazan generated, more isiheber of active cells, hence lesser is the

toxicity of the material under consideration.

Hydrolyzed materials (entry 3 table 5.1.1) wer@atssted for cytotoxicity studies in L929 cells
and compared with that of known and accepted ngit-tmaterials like poly(ethyleneimine)
(figure 5.1.17).
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Figure 5.1.17: Cell viability studies for poly(VAEh-ester) (entry 3 table 5.1.1).

The hydrolysed products were non toxic and showedllaviability > 95%. Therefore, no kK
(half maximal inhibitory concentration) value coubé calculated. PVA was also used as a
comparison as PVA is also one of the hydrolysigipats. PVA also displayed no cytotoxicity
and no IGp value could be calculated. PEI 25 K was used a#ip® control and showed the
typical sigmoidal curve and andgvalue of 0.0091 mg/mL.

5.1.9 Mechanical Tests

An attempt has also been made to evaluate the mieehgroperties of resulting materials,
because it is always important to know how strdmg materials are and how much stress can
they withstand. The new materials having highaéosatf ester linkages i4 29 mole% of MDO

units in the copolymer had very low glass transittemperatures and, therefore, could not be
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obtained in the film forms for mechanical testiMgchanical properties of copolymers having
low molar ratios of MDO i.e. 5 and 18 mole% havermeompared with the homo PVAc (Table
5.1.4). Stress-strain curves of Runs 1, 2 andTabfe 5.1.4 are shown in Figure 5.1.18 (a-c).

Table 5.1.4: Mechanical properties of poly(VAc-ciex)s

Run Copolymer  Emodulus Maximum  Stress Elongation
composition _ or Strain
(stress/strain stress at break
MDO : VAc at break
(GPa)) v (MPa) s(MPa)
%
1 0:100 0.0065 1.15 0.77 1007
2 5:95 0.0051 0.91 0.52 1093

3 18:82 0.0029 0.82 0.67 1285
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Figure 5.1.18 Stress-strain curves of copolymer samples witholyoper composition, MDCb
VAc a) 10050 (entry 1, Table 5.1.4); b) 5 : 95 (entry 2, ®abl1.4); 18 : 82 (entry 3, Table
5.1.4)

The introduction of low mole% of MDO led to sigmiéint decrease in modulus and increase in

elongation of the polymers which are required fguan material.

5.1.10 Applications

Due to the characteristic properties of PVAc, itkisown to be used for numerous other
applications, apart from chewing gums. Some ofréoent inventions include : adhesiV&s™,
coatings with good ink absorption and surface sfét!, or coatings to builcecorative
finishing of walls, slopes, ceilingg, or even as fire retardafif4 Our materials (P(VAc-co-

esters)) when used for these applications, woudgige an added advantage of degradability.

5.1.11 Conclusions

The ester units having PCL structure were succkgsfitroduced onto PVAc backbone by ring-
opening polymerization of MDO and VAc to make PCisbed degradable materials. 1D and 2D
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NMR studies gave an insight into the polymer mitmagure and shown to have random
distribution of ester linkages onto the PVAc baakbolt was possible to control the properties
of new materials such as glass transition temperatuscosity, mechanical properties etc. by
controlling the amount of MDO in the copolymers. eTlpolymers were shown to be

hydrolytically degradable due to the presence tdrdskage in the backbone and showed large
elongations as compared to pure PVAc. The PCL dasww materials poly(VAc-co-PCL)

showing a combination of hydrolytic degradabilitydalow glass transition temperatures, could

be suggested as degradable substitute for chewimg gr other gum applications.
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5.2 Synthesis of bio-based eco-friendly plastic

R. Kumar, S. Agarwal, "Synthesis of Bio-Based Eco-frienglgstic using polymerization of

cyclic ketene acetals with Tulipalin Aif) preparation

Poly( -methylene--butyrolactone) (PMBL), a homopolymer having a bswurce origin, is a
very useful polymer due to its interesting propertlike: biodegradability, durability, solvent
resistance, mechanical strength, and optical gldtihas a very high glass transition temperature
of 195°C. Figure 5.2.1 shows a representative gotdi a PMBL film (M, = 4.3 x 10) formed

by solvent casting method, by dissolving in DMF.

Figure 5.2.1: A representative picture of a PMBIf{M, = 4.3 x 1d) formed by solvent casting

method, taking DMF as the solvent.

The monomer, -methylene--butyrolactone (MBL), is found in common tulips amenceforth is
also known as Tulipalin A. The use of MBL, beingaturally-originated monomer, decreases
the dependence on finite petroleum resources. tBatneed of performance and processability
cannot be overlooked for incorporating degradabiéihd renewability, there is a need for a
better alternative than merely using a homopolywieMBL, which has a very high glass

transition temperature of 195°C.

In this work, -MBL is copolymerized with monomers of the cycliet&éne acetal category. Such
a combination is expected to have properties simdaPMMA, with an added advantage of

being degradable and hence eco-friendly.
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5.2.1 Introduction and Requirements

Due to the numerous applications of plastics, likepackaging industry, in manufacturing of
machine spare parts, household products, laboratpripments, toys, etc., the use of plastics by
mankind is rising endlessly day by day. Figure 5.8hows an analysis of world's plastics
production for the year 2008, done by Plastics perdlarket Research Group (PEMRG).
Europe produced 60 million tonnes and was foundtolte a major region contributing about
25% of the global totat®!

Europe 2c5.0%, 60 Mtonne
Rest af Asiz ?_Eﬂ,f‘"“" 5,";': P UK 5%
6,53 .' F . talyzo%

France 3.0%
Benelux 4.5%

Other EU z7+N, H

China i 1 - £.0%

15.0% —

—— a53.0%

_  Middle East, Africa

Japan -~ . B.0%

5:5%

Latin America
44.0%

Figure 5.2.2 Worlds plastic production in the y2@68, in various countries and region (source:
Plastics Europe Market Research Group-PEME3).

Being cheap, light weight, strong and easily preabke, plastics are a choice of raw materials
for most of the industries including packaging, lthmig and construction, automotive and
transportation, inks and coatings. Some of thecbhaperties of plastics include transparency,
elasticity, flexibility, electrical and heat resiste, thermal stability, solubility, chemical
resistance, etc. Depending upon the end-use regemnts, through macromolecular engineering,
it is possible to fabricate a material of choicé&kelwise, based upon the aim of this project for
synthesizing a degradable material, which would erdy originate from a natural source, but
would have properties similar to PMMA, it was regai to use a monomer with similar
properties to that of MMA. For this purposesMBL was the chosen monomer, and was

copolymerized with various cyclic ketene acetaldjrid the best possible combination.
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5.2.2 Copolymerization of BMDO and MBL using radica

polymerization

Firstly, copolymerization was carried out with hénzo-2-methylene-1,3-dioxepane (BMDO)
and MBL at 120°C, using di-tertiary butylperoxidétl{p) as initiator, in dimethylformamide
(DMF).

BMDO is reported to be extremely sensitive to mo#st hence proper care was taken to carry
out reactions in air-free and inert atmosphereoii§fwere also done to study the influence of
atmosphere (at 22°C) and water on BMDO under roemperature. It was found to be easily

protonated to generate stable cyclic dioxonium .idiese cations are ambident reagents which

undergo nucleophilic attack at three possible iocaf”.

Figure 5.2.1 shows a representatitt NMR of BMDO, taken in CDGl All possible efforts
were taken to avoid any exposure to atmospheresefierth the NMR was also measured by
sealing the NMR tube under inert gas (Argon). Bilit $ew extra peaks appeared in the spectra.

The peak integrations are in agreement with thé& peaignments.
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Figure 5.2.1: A representativel NMR of 2-methylene-1,3-dioxepane (BMDO), takerOBCls,

The two adjacent O-atoms impart nucleophilicity ttee double bond, by making it highly
electron rich and hence prone to protonation bgliagroups and even water. Previously, it has
also been shown in our group, that electrophiliditawh by acidic vinylic monomer, methyl
acrylic acid (MAA) took place on the nucleophiliouble bond of BMDO thereby yielding a
new monomer which could further be polymerized radical polymerizatiod'®. On a similar
basis, effect of moisture was studied, wherein, BDMWas exposed to the atmosphere and after
definite intervals of time, it was analysed unttéNMR to see the structure changes.

The possible reaction taking place is given in &uhé.2.1. Firstly, protonation of the double
bond occurred due to the moisture present in athesp(at 22°C), which gave a structure 3-
methyl-1,5-dihydrobenzo-[e][1,3]dioxepin-3-ol (stture B) wherein the cyclic ring was intact.
Further, this cyclic structure underwent structurehrrangement to give a product : 2-
(hydroxymethyl)benzyl acetate (structure C).
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Scheme 5.2.1: Reaction of 5,6-benzo-2-methylenalib@pane with moisture in air at room
temperature (22°C).

This reaction Scheme was confirmed by the presehoharacteristic peaks of both B and C,
marked as 1' and 1", respectivelid NMR measurements were done after every hour.r€igu
5.2.2 shows a comparison 1 NMR spectra of BMDO depicting structural chandeg to the

formation of B and C, after 10 min, 2 h and 4 fegposure to atmosphere.
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Figure 5.2.2: A comparison 0H NMR spectra of BMDO depicting structural changéter 10
min, 2h and 4h of exposure to atmosphere.
By integrating the characteristic peaks of BMDQusture B and C, i.e., peaks due to protons 1,

1'and 1", the molar ratio was calculated. Detaitsgiven in Table 5.2.1.
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Table 5.2.1: Variation in molar ratio of BMDO, stture B, and structure C, when exposed to

atmosphere at room temperature (22°C), with redpdane

Run Time Mole percent
BMDO Structure B Structure C
1 10 min 77 18 5
2 1lh 73 17 10
3 2h 72 14 14
4 3h 59 21 20
5 4h 48 48 24

It was found that in 4h, about 48% of BMDO was kafid the rest was converted to structure B
and C. Similarly, study was done by deliberatelxing water in BMDO at room temperature
(Table 5.2.2).

Table 5.2.2: Variation in molar ratio of BMDO, stture B, and structure C, in water, with

respect to time

Run Time Mole percent
BMDO Structure B Structure C
1 1h 92 7 1
2 5h 89 7 4
3 10 h 86 7 7
4 14 h 84 8 8
5 15h 83 7 10

Therefore, it was observed, that at room tempegatum mixing BMDO with a small amount of
water, 83% of it was left after 15h.

After the studies of influence of air and water BMIDO, in order to achieve the target, some
preliminary tests were done with this system (BMB@l MBL reaction system). Schemes 5.2.1

and 5.2.2 show the reactions taking place in thetien system
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Scheme 5.2.1 Thermal dissociation of di-tertiarfylperoxide (dtbp) at 120°C

dtbp

DMF

] O,
MBL 20°C expected product

BMDO

Scheme: 5.2.2 Expected polymerization of 5,6-betxnoethylene-1,3-dioxepane (BMDO) with

-methylene--butyrolactone using dtbp

Polymerization of both monomers was successfultdulee occurrence of characteristic peaks in
'H NMR, of both the polymerized monomers, in theaied product. The peak from -
CH,COOCH- protons of BMDO at 5.0 ppm and peak from -GEC(O)OCHCH,(C)- protons

of MBL at 4.3 ppm were integrated to find out thepolymer composition. The results with

different feed ratios of the monomers can be fauntable 5.2.1.
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Table 5.2.1: Copolymerization of 5,6-benzo-2-methg-1,3-dioxepane (BMDO) and-
methylene--butyrolactone (MBL) in DMF, at 120°C, using dtbptiator and varying monomer
feeds (reaction time = 24 h).

Run Feed Yield®d  Copolymer T M, ? PDI

composition compositior?

(%) (°C)

(molar ratio) (molar ratio)

MBL : BMDO MBL : BMDO
1 10: 90 11 24:76 33 6.1x30 1.8
2 20: 80 31 47 : 53 73 72x30 1.8
3 50 : 50 72 67 :33 104 1.1x10 1.9
4 80: 20 81 84: 16 143 1.4x10 2.0
5 90: 10 66 92:08 163 1.7x10 2.2
6 100:0 82 100:0 195 43xM0 2.6

Acalculated by Gravimetry’calculated by’ H NMR; “T, is the glass transition temperature,
determined by DSC%etermined by GPC using DMF as eluent, and PMMAcaibrating
standard.

Conversion of the polymerization reaction was diyeproportional to the feed of MBL. Also,
the amount of MBL present in the copolymer was ghvhigher than the amount of BMDO,
because of the high reactivity of MBL with respexBMDO. Still a copolymer with maximum

of 76% BMDO was synthesized by using 90% of BMDQhe reaction mixture, but it gave a
very low yield of 11% (Table 5.2.1, Run 1). It walso possible to reduce the glass transition
temperature from 195°C of PMBL to 33°C (Table 5.Rin 1), due to the incorporation of ester
linkages in the polymeric chain. This method carefore be used to increase the processability
of PMBL. With changing the copolymer compositiohe tthermal stability did not change to a

large extent, and the initial degradation tempeeat{l;) remained almost the same (320 -
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330°C). Also, all the samples were amorphous, wtgdhdicated by the absence of any melting
peak in DSC curve. GPC showed uni-modal broad surve

5.2.3 Modification

There was a need for modification in this system tuthe following problems:

a) With higher ester incorporation (76%), thearsion (11%) and molecular weight (6.1 x

10°) were low.

b) Because of the low molecular weights (6.D%1L7 x 1d) obtained, materials were not film

formable and hence were bad-processable.

Due to the above stated problems, a new concepfollasred, wherein terpolymerization was
carried out between BMDO, MBL and MMA.

5.2.4 Terpolymerization of BMDO, MBL, MMA using

radical polymerization

The most critical problem in the MBL - BMDO systemas the low molecular weight of the
obtained polymers. So, an attempt was made toaserd, by adding an additional monomer
(MMA) to the system. This monomer was not only estpd to increase the molecular weight,
but also to improve the mechanical properties.

O)J\O CHs
o
O n
C=0 dtbp
* N | DMF O_C\
o) OCH;  120°C 0
MBL

MMA expected product OCH;

BMDO
Scheme 5.2.3: Expected terpolymerization of BMD@hwiMBL and MMA

Here again, polymers were prepared by using conM&A feed and by varying the amount of
the other two (MBL : MMA : BMDO = x : 50 : y). FromH NMR, it was confirmed that

polymerization of all three monomers was takingplaNhile the characteristic peaks of BMDO
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and MBL were clearly distinct, no distinct peak ltbbe observed for MMA (Figure 6.4.3). It
overlapped with the peak due to water present infSOMi (around 2.9 - 3.0 ppm) and with the
peaks due to MBL in 0.3 - 1.8 ppm range, as shawvtheé representativiél NMR (Figure 5.2.3).
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Figure 5.2.3: A representativil NMR of Run 2 of Table 5.2.2

Therefore, the copolymer composition was found indirectly by integrating the region 0.3 -
1.8 ppm and by subtracting the contribution fromIMB get the integrals of the MMA protons,
3.6 - 3.8 ppm to get the integrals of MBL and 4pénpto obtain the integrals of BMDO protons.

A short summary of the observations is tabulatefable 5.2.2 below.
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Table 5.2.2: Terpolymerization of 5,6-benzo-2-méthg-1,3-dioxepane (BMDO)-methylene-
-butyrolactone (-MBL), and methyl methacrylate (MMA) in DMF, at 120, using dtbp

initiator and varying monomer feeds (reaction trm24h).

Run  Monomer feed Yield M, Copolymer compositiofTy
MMA : MBL : BMDO (%) MMA : MBL : BMDO  (°C)

1 50:40: 10 95 46x10 38:51:11 T=70
T2 =141

2 50:25:25 83 31x10 54:32:14 J1=64
Tg2= 109

3 50:20:30 82 24x10 59:25:16 $1=49
Tg2= 102

4 50:10:40 82 21x10 70:10:20 31=50

Terpolymers with high yield were formed, with moater molecular weights (in the range of

10%. But still the incorporation of ester units wast s desired. Also, the appearance of two
glass transition temperatures indicated the presehtwo different type of species present in the
system. But, before going into much detail of therostructure, it was important to test the

processability. For this, efforts were done to prepfilms of Runs 1 and 2 of Table 5.2.2 by
using compression moulding machine (processing éeatpre was 250°C). But, the films could

not be formed.

Since out of all the common solvents, the matemadse found to be soluble only in DMF and
DMSO, the next step was to test the ability of mate to be film-formable via solvent casting.
For this, Runs 1 and 2 (Table 5.2.2) were dissoimedinimum amount of DMF, and a solution

having honey-like consistency was made. It was theared on a glass petri dish, and the



Results and Discussion 66

solvent was allowed to evaporate slowly, under tarisheat by bulbs (Apparatus is shown in
section 6.3.1).

The films were formed, but were turbid and extrgnimlttle and were therefore impossible to be
handled.

5.2.5 Modification

No doubt that adding MMA to the original reactioystem, increased the molecular weight to a
large extent (from a maximum of 1.7 x*dbtained in the first system to a maximum of 4.6 x

10" in the second system), but still there were soroblpms which had to be overcome:
a) Limited ester incorporation, and hence poorlstity (only in DMF and DMSO)
b) Extremely brittle materials

Further, the cyclic ketene acetal BMDO was subistitiwith another monomer of this category
i.e. 2-methylene-1,3-dioxepane (MDO). Such a repi@nt would also lead to an added
advantage of biodegradability, since polycaprolaettormed from ring-opening polymerization
of MDO is reported to be biodegradable since 101

5.2.6 Spontaneous Copolymerization of MDO and MBL

The copolymerization of a cyclic ketene acetal, MM@h the naturally occurring monomer vis-
a-vis -methylene--butyrolactone (MBL), was carried out with the saaiem of obtaining a

degradable polymer with high glass transition terapee. Surprisingly, the two monomers
reacted even in the absence of any radical initiat&/yO°C and above, to form high molecular

weight materials.

In this work, for the very first time, a mixed tyjé reaction mechanism initiated by charge
transfer between electrophilic butyrolactone moaatg nucleophilic cyclic ketene acetal moiety,

following radical and zwitter ionic mechanism iepented.
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5.2.6.1 Influence of temperature on spontaneous clymerization between MDO
and MBL

During the copolymerization studies, surprisinghge two monomers reacted even in the absence of
any radical initiator at 70°C and above. For a 50 monomer feed ratio {MBL : MDO) without

any initiator, no reaction took place when heatptb 60°C, whereas white powders of very high
molecular weights (M= 2.6 x 18 and 7.9 x 1bfor spontaneous polymerizations at 70 and 120°C,
respectively) were obtained at higher temperatlitess 70°C and 120°C. Figure 5.2.4 shows

comparison of GPC elugrams of the two samples.iBetee summarized in Table 5.2.3.
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Figure 5.2.4: GPC traces of MBL-MDO polymers diéfetiating elugrams of two samples (A:
Table 5.2.3, Run 5; B: Table 5.2.3, Run 4).
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Table 5.2.3: Spontaneous copolymerization of 2-glette-1,3-dioxepane (MDO) and -
methylene--butyrolactone (MBL) at varying temperatures, inkywithout any initiator and

using monomer feed 50 : 50 (reaction time = 24 h).

Run Temp. Yield Copolymer Tga) Mp PDI Ring
) composition retained
°C) (%) Q)
MDO %
MBL : MDO
1 Room Nil
temperature
2 50 Nil
3 60 Nil
4 70 43 75:25 J=145 26x10 24 53
5 120 52 71:29 g=118 79x1b 28 28

¥ In DSC, heating and cooling cycles were perforineithe range -120°C to 180°C at 20°C/min
rate. Tywere noted from second heating cycles.

Some blank experiments (homopolzmerizations) wareed out at 70 and 120°C to rule out the
possibility of thermal self polymerization of theomomers. For the blank reaction, the viscosity of
the reaction systems remained apparently unchaegeq after 24h, and on adding it to methanol
(the precipitating solvent), no product was obtdin€he polymers obtained at 70°C and 120°C

were analyzed by NMR spectroscopy.
5.2.6.2 Structure Characterization

A representativéH NMR is given in Figure 5.2.5 (Table 5.2.3, Rumrd 5), wherein the spectra
obtained from Run 4 (70°C) and Run 5 (120°C) aregared.
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Figure 5.2.5H NMR Spectrum of poly(MBL-co-MDO) (Table 5.2.3, R4 and 5), in DMSO-

ds as solvent, at 70°C.

The NMR was taken in DMSOscht 70°C to get a better resolution of the peake presence of
characteristic peaks of MDO andMBL in all the samples were seen in the NMRs. &net—
CHy(C)C(O)OCHCH,(C)- of MBL were observed at 4.3 ppm, while —LE)C(O)OCHCH,(C)-
and -CH(C)C(O)OCHCH,(C)- were found in the region 1.9 ppm - 2.2 ppmoténs —
CH,C(O)OCH- and —CH-C(O)OCH- of ring opened MDO appeared at 2.6 ppm and 410, pp
respectively, while protons —GB(O)OCHCH,CH,CH,- of ring opened MDO were found in the
region 1.1 ppm - 1.3 ppm. The peaks due to &B)OCHCH,CH,CH,- of the acyclic MDO and
peaks due to —CHIC)OCH,CH,CH,CH,O(C)- of the cyclic MDO overlapped in the regiol ppm

- 16 ppm. Finally, the peaks of -—-@&)OCHCH,CH,CH,O(C)- and -
CHy(C)OCHCH,CH,CH,O(C)- protons of the ring-retained MDO were seer2.8tppm and 3.5
ppm - 3.6 ppm. Thé’C NMR also showed the presence of ring retainedcstre (quaternary
carbon —CH(C)OCH,CH,CH,CH,O(C)-) by the presence of peak at 102 gpthA representative
13C NMR is given in Figure 5.2.6 (Table 5.2.3, Run 4)
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Figure 5.2.6°C NMR spectra in DMSOg{(Table 5.2.3, Run 4).

2D NMR (HMQC) was used to provide definft®c NMR peak assignments (Figure 5.2.7, Table
5.2.3, Run 4).
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Figure 5.2.7. A part of 2D HMQC (heteronuclear nplét quantum correlation) NMR spectrum
(Table 5.2.3, Run 4), in DMSOsdolvent.

The copolymer composition and the ratio of ringopad ring-retained structures was calculated
using '"H NMR. The —CH-C(O)OCH- protons of ring-opened MDO at 4.0 ppm, the —
CHy(C)C(O)OCHCH,(C)- protons of MBL at 4.3 ppm, and —Q&)OCHCH,CH,CH,O(C)-
protons of ring retained MDO around 3.5 ppm - 3p8npwere considered as characteristic peaks
and their integrals were compared to calculate dbpolymer composition. A small error in
calculation of copolymer composition is acceptalllee to the inherent experimental error in
integration. With increase in temperature, the ¢gper conversion did not vary much (from 43%
to 52%) (Table 5.2.3, Runs 4 and 5) and the copetgroontained more MBL units with the ratio of
MBL : MDO around 75 : 25. Further from Table 5.2a8\other point to be considered is that the
percentage of ring retained cyclic ketene acetaksires decreased with increase in temperature.
Such variation encouraged me to explore the meshmand microstructure of the formed polymers

at these temperatures.
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5.2.6.3 Mechanistic study of spontaneous copolyraation between MDO and
MBL

As already stated, there was no thermal polymeozatf the two monomers MDO and MBL
observed, charge transfer polymerization seems douroin the reaction system under
consideration. Our system has nucleophilic doubledbof MDO and electrophilic double bond
of MBL. The charge transfer would lead to the fotiora of intermediates i.e. diradical or di-ion
(Scheme 5.2.4, structure 1 and 2).
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Scheme 5.2.4. Expected copolymerization routes BLNMnd MDO at 70°C and 120°C, via

charge transfer mechanism.
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The further polymerization, via radical pathwayzwvitterionic pathway could lead to various
possibilities due to the combination of MBL, ringemed MDO and ring-retained MDO, as
mentioned in Scheme 5.2.4, to yield homopolymé&r<D( Scheme 5.2.4), or alternatg, (F),
random ) or block (H) copolymers. Although, radical polymerization oD@ is known to
give complete (100%) ring-opening polymerizatiorO@®**! with vinyl monomers like methyl
methacrylate (MMA), vinyl acetate (VAc), etc., bstill it is not adequate to rule out the
formation of ring-retained structures of MDO hemgedo the extremely high reactivity of its
comonoméf? in comparison to it. Due to the highly reactive MRhances are there, though
less, that MDO would not get enough time to givargilative ring-opening polymerization.
Further, MBL is known to get polymerized via aniopiolymerizatiof” and MDO by cationic
polymerizatiof?®°¥ to give both ring-opening (to give polyesters) aimy-retaining (to give
polyacetals) polymerization, though ring-retainiaghe more preferred one. The possibilities of
formation of homopolymers can be ruled out easdgause the glass transition temperature of
the obtained polymers matches with neither of thedpolymers A-D: Scheme 5.2.4§1%2
Further, a polycombination of either of the twoemmediates (Structure 1 and 2, Scheme 5.2.4)
would lead to the formation of an alternate copaymwith copolymer composition 50 : 50.
Therefore, the copolymer composition of 75 : 25 (MBMDO) for our system rules out the
formation of alternate copolymer structur&s @r F: Scheme 5.2.4). The other possibilities as
shown in the Scheme are the formation of eitheddl@emor block copolymer of MBL and MDO
(with the possibility of both ring-opened and riregained structures). The present system led to
a blocky-random structure by the combination ofigaldand ionic mechanism (Scheme 5.2.5),

wherein the sizes of blocks varied depending upation conditions.
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Scheme 5.2.5. Blocky-random structures via radileading to structuréd) and ionic mechanism
(leading to structur8)

At 70°C, two glass transition temperatures werensé&ais confirms the presence of two types of
species, where 4T~ 189°C could be due to the blocky-random structislese to the { of
homoMBL ~ 195°C) giving a rigid structure contaigimostly cyclic unitsB: Scheme 5.2.5), and
Ty~ 145°C could be due to blocky-random structureaioled by radical mechanism, wherein ester
linkages in the polymer backbone includes flexipifind the segments become mobile, thus leading
to decrease in glass transition temperature. Thepstarbonyl peak of MDO it*C NMR (Figure
5.2.6) at 171 ppm suggests the presence of singi® Mnits between blocks of MBL, whereas the
splitting in carbonyl peak of MBL at 181 ppm sudge® presence of different type of MBL units
in the copolymer (i.e. linking and non-linking MBlgiving MBL-MDO, MBL-MBL and MDO-
MBL types of diads).

2D NMR (HMBC) was used to find out the exact mit¢rosture of the copolymer. From the 2D
NMR (HMBC), (Figure 5.2.8, Table 5.2.3, Run 4),cdan be seen that at point A, the carbonyl
carbon of MBL in**C NMR at 181 ppm correlates with the 4CHO)OCHCH,CH,CH,- protons

of the caprolactone units formed via its ring operin the'H NMR at 2.6 ppm. Another correlation
that links the two monomers can be seen in thedigat position B. This shows the correlation of
carbonyl carbon of caprolactone unit in°C NMR at 171 ppm with that of —
CH,(C)C(O)OCHCH,(C)- protons of MBL in'H NMR around 2 ppm. Hence it can be very well
concluded that MBL correlates with the caprolactan# formed from ring opening polymerization
of MDO confirming the formation of a copolymer ofB¥ with MDO with ring-opened structures.
No correlation of quaternary carbon of ring-retaiddDO structure at 102 ppm could be seen with

either MBL or with ring-opened MDO unit, or eventlwitself. This is attributed to the very weak
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signal at 102 ppm, and hence due to sensitivityegblution, the correlation was not distinctly

visible.
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Figure 5.2.8. A part of HMBC (heteronuclear mukigdond correlation) NMR spectrum (Table
5.2.3, Run 4), in DMSO+kolvent.

When spontaneous reaction without any initiator wasied out at higher temperature of 120°C,
one Ty disappeared. Figure 5.2.9 shows the comparis@8$af plots of Runs 4 and 5 of Table 5.2.8
at 70°C and 120°C, respectively.
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Figure 5.2.9. DSC plots: Curve A (Table 5.2.3, R)nCurve B (Table 5.2.3, Run 5).

The disappearance of the highgp &nd the much more lowering oflindicated the preference of
reaction to proceed via radical pathway with muabremincorporation of polyester units, than at
70°C. This was also confirmed by copolymer compmsi{calculated byH NMR) which gave
53% of ring retained structures of MDO at 70°Cjlevs28% at 120°C (Table 5.2.3, Runs 4 and 5).
Also, much lower molecular weight (7.9 x*L@t 120°C than at 70°C (2.6 x *)(oint towards
radical mechanism. The blocky random structure fmecamore random with increase in
temperature, which was clearly observed by compathe carbonyl peaks of both reactions (Table
5.2.3, Runs 4 and 5) iC NMR (Figure 5.2.10).
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Figure 5.2.10. Comparison of a partd NMR (160 - 185 ppm) : A: Run 4, Table 5.2.3; RirfS,
Table 5.2.3.

At 70°C, as already stated, the structure seemedritain big blocks of MBL, having small unit of
MDO in between, which corresponded to a single pgak71 ppm (A: Figure 5.2.10), while more
and more MDO units start to join together at 120U@ming bigger blocks in between that of MBL
blocks, which is evident from B:Figure 5.2.10, wéiarseveral peaks can be seen between 171-
171.5 ppm. Likewise, the increase in number ofttspdj in carbonyl peak of MBL at 181 ppm with

increase in temperature further confirm the fact.

5.2.6.4 Evidence to prove mixed-mechanism followingth Radical and Zwitter

lonic pathway

In order to prove that both pathways (radical amud) were running parallel, some experiments
were done with 50:50 monomer feed (MBL:MDO) in mmese of a pinch of hydroquinone (9.2 mg)
which is a radical trapping agent, and in preseoicdtbp/AIBN (1 mol-%), which are radical

initiators. These reactions were done at both teatpees (Details can be seen in Table 5.2.4).
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Table 5.2.4: Comparison of copolymerization reacta 2-methylene-1,3-dioxepane (MDO)
and -methylene--butyrolactone (-MBL) at 70 and 120°C in presence of inhibitor oitiator
(monomer feed: MBL : MDO = 50 : 50; reaction tim&4h) .

Run  Temp. Inhibitor/ Yield Copolymer M, Ty MDO (% ring
N (%) composition retained)
(°C) Initiator (°C)
MBL : MDO
1 70 Hydroquinone 71 66 : 34 2.6 X°10 168 44
2 120 Hydroquinone 60 74 :26 8.1 X¥'10107 27
3 70 AIBN 87 75:25 8.0x1fo 136 35
4 120 dtbp 72 66 : 34 4.0x"10 112 10

If the reaction pathway would have been only vidigals, then no polymer should have been
obtained in presence of radical trapping agentrdguinone. But actually, the reaction did take
place, and that too with a higher conversion arweissed molecular weight (Comparing Runs 4
and 5 of Table 5.2.3 with Runs 1 and 2 of Table45.Pespectively). This happened, because
hydroquinone trapped all the radicals of the systhereby forcing the reaction to now proceed via
ionic mechanism. Likewise, considering reactionpri@sence and absence of initiators (Runs 4 and
5 of Table 5.2.3 with Runs 3 and 4 of Table 5.2e4pectively), it can be seen that the conversion
increased drastically due to the presence of rhdigaators, whereas the molecular weight
decreased drastically. This also correlates with d@bove stated fact because now the radical
initiator favored the radical polymerization ovesnic polymerization. The highest molecular
weight obtained in case of HQ-reaction and the kivebtained in case of initiator-reaction further

confirmed the same.
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Furthermore, epicholorohydrin (ECH), does not pdyire under radical chain mechanism, but
only polymerizes under ionic mechanism. Its reactiopresence of charged species is expected to

be as given in Scheme 5.8%
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Whereas in presence of a cation, it polymerizes as:
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Scheme 5.2.6: Expected copolymerization route odl#Eprohydrin in presence of ions.

If the reaction system under consideration, undetuweic mechanism also, it was important to
analyze and prove that it followed any of the abayigen pathway, in presence of

epichlorohydrin, and therefore, there should beiparation of extra molecules in the polymeric
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chain. To prove this, two sets of reactions wengiez out under similar reaction conditions,
using 1:1:1 monomer feed of MBL : MDO : ECH.f&eTable 5.2.5 for details.

Table 5.2.5Copolymerization reaction of 2-methylene-1,3-djpxee (MDO) and -methylene-
-butyrolactone (-MBL) at 70 and 120°C in presence of epichlorohydiECH) (monomer
feed: MBL : MDO : ECH =1:1: 1, reaction time24 h) .

Run Temp. Elemental analysis (%) Yield Mn

(°C) C H Cl %
1 70 60.6 6.0 0.6 10 2.6x710
2 120 60.2 7.2 0.42 36 4.2 x"10

With elemental analysis result, it was clearly sd®at epichlorohydrin got incorporated in the
polymer chain, thereby confirming the occurrenceiasfic mechanism in addition to radical

mechanism.
5.2.6.5 Kinetic study of spontaneous copolymeriaatbetween MBL and MDO

Kinetics was studied at both reaction temperatwiesa-vis. 70°C and 120°C, taking two
different reaction systems (monomer feed MBL : MBQO : 80 at 70°C, and monomer feed
MBL : MDO =50 : 50 at 120°C), and following thelpmerization at different intervals of time.

Details are listed in Tables 5.2.6 (a) and 5.2)6 (b
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Table 5.2.6 (a): Copolymerization of 2-methyleng-dioxepane (MDO) and -methylene--
butyrolactone (MBL) (feed ratio MBL : MDO = 20 : gat 70°C for different time intervals, by

bulk polymerization

Run Time
(h)

1 5

2 6

3 20

4 24

Yield
(%)
Nil
19
25

21

Copolymer composition

MDO (%

MBL : MDO

66 : 34

66 :34

62 :38

ring retained)

50
45

37

Table 5.2.6 (b): Copolymerization of 2-methylen8-dioxepane (MDO) and -methylene--
butyrolactone (MBL) (feed ratio MBL : MDO = 50 : p@t 120°C for different time intervals, by

bulk polymerization.

Run Time
(h)

1 5

2 6

3 20

4 24

Yield

%

36

42

52

52

Copolymer Mn
composition

MBL : MDO

78:22 9.2x 10
74 : 26 8.5x 10
74 : 26 7.4x 10
71:29 7.9x f0

PDI

3.1

3.0

3.8

2.8

MDO(%

ring retained)

49
29
29

28

From the above given data, it was known that polyzagon did not initiate until 5 hours, at 70°C,

whereas at higher temperature, (120°C) 36% oféhetion was over in this much time. There was
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neither much change in copolymer composition ncgraarkable drift in copolymer conversion of
both the systems with increase in reaction time, B amount of ring opening in MDO increased
drastically as the time progressed. At 120°Q4rhours, 52% of reaction was complete. From the
tables, it is clear that initially almost half dfet MDO molecules underwent ring retaining, while
half of them underwent ring-opening. But, as thectien time increased (at both the temperatures),

more and more MDO was able to proceed via ring-mgepolymerization to form polyesters.

5.2.6.6 Influence of varying monomer feed on copulgrization of MDO with
MBL

To apply the new materials for various applicatjoitswas very important to get a better
understanding of the reaction system. Efforts vileegefore done to go more into the depth of it.
Various polymers were synthesized with diverse doatibpn of monomer feed (at both

temperatures: 70°C and 120°C) and gradation iniphlyproperties were observed carefully.
Details can be seen from Table 5.2.7(a) and 5.2.7(b

Table 5.2.7(a): Spontaneous copolymerization of M@d -MBL at 70°C without any solvent
or initiator and varying monomer feeds (reactiongi= 24 h).

Run Feed Yield Copolymer Tg M PDI  MDO
composition % composition 0 (% Ring
MBL : MDO MBL : MDO retained)
1 90:10 21 96: 4 d=192 36x16 29 75
Tg2= 156
2 50:50 43 75:25 =189 29x16 23 53
Ty= 145
3  20:80 21 62 :38 gE100 1.9x10 24 37

4 10:90 5.4 63 : 37 gF 96 19x10 2.2 41
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Table 5.2.7(b): Spontaneous copolymerization of @hylene-1,3-dioxepane (MDO) and
methylene--butyrolactone (-MBL) at 120°C without any solvent or initiator andrying

monomer feeds (reaction time = 24 h).

Run Feed Yield Copolymer Ty My PDI  MDO
composition %) composition cc (% Ring
MBL : MDO MBL : MDO retained)

1 90:10 39 91:9 150 2.6x%10 24 37

bimodal

2 50 : 50 52 71:29 118 79x%0 28 28

3 20:80 31 61: 39 80 56x10 3.4 14

4 10: 90 14  52:48 50 48x10 33 9

All reactions at 70°C, formed materials with theletolar weights of the order 3Gvhereas, the
reactions at 120°C gave molecular weights in threyeaof 10. This discrepancy (as already
discussed) was because at 70°C, ionic mechanismmegie predominant, while at higher
temperature, radical mechanism was. Also due tcs#ime reason, at 70°C, the percentage of
ring-retained structures was very high in comparisothat of ring-opened structures. At both
temperatures, conversion followed the same treaghgbmaximum for the reaction in which 1 :
1 moles of both reacting species were used. Aa@dretated, disregard whether ionic or radical
mechanism is predominant, reaction got initiates fermation of zwitter ion, and hence faster
the formation of this reaction intermediate, fasteuld be the propagation rate which thereby
would lead to higher reaction yield. The appearaide/o glass transition temperatures at 70°C,
for higher feed of MBL in Table 5.2.7(a) (Runs Id&) and bimodal curve distribution in GPC
for Run 1, Table 5.2.5(b) again depicts that tleetien proceeded via radical and ionic pathway
with equal probability initially, which then driftetowards radical mechanism with increase in
MDO feed.
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Considering reactions at 120°C, when more amoumMBE was fed into the reaction mixture,

more amount of it was present in the copolymersTad to a higher molecular weight and a
higher softening temperature of 150°C (Table 58, Run 1). With increase in incorporation of
MDO units into the long polymer chain, it was pbésito lower the glass transition temperature
to as low as 50°C. The ester linkages in the potybsekbone included flexibility and the

segments became mobile, which led to a decreagkass transition temperature. At 120°C, by
varying the monomeric feed, it was possible to Isgsize materials with about 50:50 copolymer
composition, with about 91% of MDO forming polyestén the polymeric backbone, but with a

very less conversion of only 14%. Hence there waseal to find a alternative.

5.2.6.7 Copolymerization of MDO and MBL using radik initiator (dtbp) at
120°C

For the aim of this project, in order to achievgraeability and processability, more polyester
incorporation was a prerequisite. Keeping this indna series of six more reactions were then
performed in presence of radical initiator, dthp,as to obtain the best possible material, which

could serve as a eco-friendly plastic (Tabl2.8 presents details).
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Table 5.2.8: Copolymerization of 2-methylene-1,8x@pane (MDO) and -methylene--
butyrolactone (MBL) using varying monomer feed 20%C for 24h, using dtbp initiator, by bulk

polymerization.

Run  Feed Yield Copolymer Ty M, PDI % Ring
composition (%) composition 0) Retained
MBL : MDO MBL : MDO
1 90: 10 97 93:7 JgE163 22x1h 87 20
2 80 : 20 93 86 : 14 gJ=125 27x1b 48 19
3 50 : 50 72 66 : 34 g=112 40x1b 3.7 10
4 30:70 60 53:47 J=96 7.0x10 3.8 11
Tm=37
5 20:80 58 39:61 JI=-53 4.4x1d 3.8 5
Ty2= 67
6 10: 90 36 38 : 62 J=-52 54x1d 35 5
Tm=42

The idea was to obtain a polymer which could bel@sean eco-friendly plastic material.

Here again, the yield decreased with decrease i M#&d. Samples with large amount of
caprolactone units could be incorporated in themper (as large as 60%), and the molecular
weights were also in a very good range. With dtbjator, the reaction was pushed towards ring
opening (as already discussed) and hence, verg\gsr ionic mechanism was followed which

led to less amount of ring retained structure.

Microstructure variations (and hence mechanistigatian) due to varying monomer feed was
nicely seen by comparing tH&C NMR spectra (Figure 5.2.11) of polymer sampleioled in
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Table 5.2.8. Neglecting the ring retained structnfrd1DO, the most plausible blocky random

structure of polymers obtained by synthesizingrespnce of radical initiator would be as given
in Scheme 5.2.7.

Scheme 5.2.7: Blocky random structure of copolynastained by carrying out synthesis in

presence of radical initiator.
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Figure 5.2.11: Comparison 6fC NMR spectra of Table 5 (Runs 1, 2, 3, 4, 6) with NMR
spectra of homopolymers PMBL and PCL. Clearly shivesappearance of MDO-MDO diads and

triads with increasing amount of MDO in feed.

The new peak appearing and markeddass due to the carbonyl carbons of MDO-MDO diad

sequence which is hardly visible when monomer f@d8L : MDO) is 90 : 10, and the new
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peak appearing at 173.0 ppm with reference to cevipus work’ is assigned to the carbonyl
carbons of the MDO-MDEMDO triad type of sequences which appears onljh witonomer
feed of MDO more than 20%. This peak also matche&l the carbonyl peak of commercial
polycaprolactone as shown in the figure. The ot prominent difference observed by
increasing MDO monomer feed was in the linking oagd group of MBL linked to MDO
(MBL-MDO) (180 ppm, marked a%" in figure 5.2.11) and the carbonyl groups of MBLigh
are linked to another unit of itself (181 ppm, netkasl+1" in the figure). The splitting in the
peaks increases showing more randomisation ofdpelgmer structure.

Also, observing down the table, (Table 5.2.8; Rdn%, 6) the copolymers start gaining the
commercial polycaprolactone characteristics, whels a melting point of 60°C and a glass
transition temperature of -604? The melting peaks were observed in first as welbecond
heating cycles of DSC, which meant that there wasimange in crystallinity upon heating.
Crystallinity of Runs 4 and 6 of Table 5.2.8 wemmpared by integrating the melting peaks
obtained in DSC curves for both the samples. Ruvad found to be more crystalline (which
absorbed 10.88 mJ of energy during endothermic ephnsition from solid to liquid) as
compared to Run 6 (which absorbed 101.16 mJ erdugng phase transitionpamples with
more amount of MBL (Table 5.2.8; Runs 1 and 2) gasey nice white pearl-shaped polymers.

A representative picture of Run 2 is given in FgGr2.12.

Figure 5.2.12: A representative diagram of a copelyof MBL-co-MDO (Table 5.2.8, Run 2).
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5.2.6.8 Transparency studies by UV-Vis spectroscopy

Films of Runs 1 and 2 (Table 5.2.8) could not benfed because the samples were hardly
soluble in any solvent. These samples dissolveg snDMF or DMSO, which have a high

boiling point and are hard to evaporate. Wherdas samples with higher amount of ester links
(Runs 3-6) were soluble in chloroform too. Hereiag®&uns 5 and 6, being extremely soft
materials, were not film formable. These sampleseweo sticky and could not be handled

easily.

Finally, films of Runs 3 and 4 were formed by solveasting using chloroform as the solvent
(Figure 5.2.13). A 7 x I& mm thick film of Run 3 was found to show less tha@%
transmittance to visible light while a 6.5 x46m thick film of Run 4 was found to show less
than 30% transmittance. Compared to this, a 1.D% hm thick film of PMMA formed in
chloroform, was found to be 90% transparent tdolésiight, while a 6.2 x T& mm thick film of
polycaprolactone (M= 8.0 x 10) was found to show less than 30% transmittance tdisemi-

crystalline characteristics).
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Figure 5.2.13. Films of polymer samples formed blyent casting, using CHghs solvent (a:
PMMA, 1.2 x 10" mm thick, 90% transparent; b: PCL, 6.2 x?1®m thick, less than 30%
transmittance; c: PMMA film kept on dark surface better photography; d: PCL film kept on
dark surface for better photography; e: Table 5.Ri 3, 7 x 18 mm thick, showed less than
20% transmittance (crystalline characteristics)T&ble 5.2.8, Run 4, 6.5 x Tamm thick,

showed less than 30% transmittance (crystallineacieristics).
5.2.6.9 Study of mechanical properties

An attempt has also been made to evaluate the mieah@roperties of the above formed films.
The polymer sample having more amount of esteraliek, i.e., 47% MDO in the copolymer
was found to be elastic, where as that with lowmoant of ester, i.e., 34% MDO in the
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copolymer was brittle. Figure 5.2.15 shows a pfatteess-strain curves of Runs 3 and 4 of Table
5.2.8.

Stress (MPa)

Strain (%)

Stress (MPa)

150 200

Strain (%)

b)
Figure 5.2.15: a) Plots of stress-strain curveRui 3; b) Run 4 of Table 5.2.8.

Details can be seen in Table 5.2.9. Introductioresiers led to a decrease iRofus and an

increase in elasticity.
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Table 5.2.9: Mechanical properties of poly(MBL-cstexs)

Run Copolymer  Emodulas Maximum Maximum Elongation at
composition ~_Force (Fnay  stress (may  Fmax
(stress/strain)
MBL : MDO N MPa %
(GPa) (N) (MPa) (%)
1% 66 : 34 0.00655 18.5 26.15 5
2" 53 : 47 0.00569 21.6 12.43 9.9

3 Run 3, Table 5.2.8”Run 4; Table 5.2.8

Compared to this, the modulus of elasticity for coencial PMMA (16 < My, < 2 x 10) is
reported to be 3.3 GPa and elongation at breaketod%!'®? The synthesized materials,

therefore, may not be as strong as PMMA, but weeecsfore, tougher than it.
5.2.6.10 Thermal studies

The thermal stability for all samples was measurgdhermogravimetric analysis (TGA), and
the samples were found to be very stable until B2@ne-step degradation was observed until
about 340°C.

All samples were only soluble in DMF and DMSO, amehce were found to have solvent
resistance properties. The synthesized polymere w&pected to be degradable due to the
degradable polyester linkages incorporated in th@ €hain, and also due to the degradable

property of MBL.
5.2.6.11 Study of Hydrolytic degradation behavidrRolymer by base hydrolysis

Finally, the main aim of obtaining a degradablesptawas to be analyzed. This was checked by
base hydrolysis (5% wt. NaOH in methanol) of copmdy samples, overnight at room
temperature. Two samples were kept for stirringrioight under basic medium (Table 5.2.8,
Run 1 and 6). After hydrolysis, the polymeric metiehaving 62% of ester groups, Run 6, was
completely soluble in hydrolysis medium, whereas Ruhaving 7% of ester groups was found
to be turbid (Figure 5.2.16 shows the difference).
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a b)

Figure 5.2.16: a) Hydrolysis of Run 6, Table 5.hBHydrolysis of Run 1, Table 5.2.8

The hydrolyzed products were then extracted usihgraform, dried over sodium sulphate and
after evaporation and drying, the left over stichgterial were subjected ft{ NMR (Figure
5.2.17). The sample containing 62% of MDO (Run &egmore amount of hydrolyzed product
obtained from polycaprolactone, than that from ptBy, while the sample containing 93% of
MBL (Run 1) gave hydrolyzed products from both. idas hydroxy acids obtained from the
hydrolysis of the block copolymers are given indf&g5.2.17, with their NMR peak assignments
and are compared with théd NMR spectrum of the respective non-hydrolyzed sam
Molecular weight of the hydrolyzed material couldt ibe taken because the material was not
soluble in DMF.
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00

after hydrolysis

before hydrolysis

a) the shift in peaks marked (in green) before blydis and after hydrolysis, gave a clear

indication of hydrolysis taking place
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after hydrolysis

before hydrolysis

b) the shift in peaks marked (in blue and red) keefoydrolysis and after hydrolysis, gave a clear

indication of hydrolysis taking place

Figure 5.2.17: Comparison dH NMR spectrum of non-hydrolyzed polymer with hylyzed
product for a) Run 6, Table 5.2.8 and b) Run 1,|§&2.8 (NMR for hydrolysed product was

taken using CDGlas solvent).

5.3 Conclusion

Out of the three systems, vis-a-vis MBL-BMDO systéiBL-BMDO-MMA system and MBL-
MDO system, the most suitable was the MBL-MDO gystdegradable and eco-friendly
materials of high molecular weight and high glassgition temperature were synthesized by
spontaneous polymerization between MBL and MDOhauit the usage of initiator, as well as
by radical polymerization with radical initiatorwb parallel reaction mechanisms initiated by

charge transfer, i.e. zwitterionic and biradicalchreism were running in the system, which
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could be easily controlled to get the desired nstrature. The microstructure of the obtained
polymers consisted of blocks of polyMBL and poly KDPwherein MDO polymerized both via

ring-opening and ring-retaining polymerization. Dioethe thermal stability, solvent resistance,
suitable mechanical properties, degradability, matiral source origin, the synthesized materials

can be used in many applications.
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6. Experimental

6.1 Materials

Material

2-methylene-1,3-dioxepane (MDO)

5,6-benzo-2-methylene-1,3-dioxepane

(BMDO)

Azobisisobutyronitrile (AIBN)

CDClz

Chloroform

d-DMSO

Diethyl ether

Dimethylformamide (DMF)

Di-tertiary-butyl-peroxide (dtbp)

Methanol

Methylmethacrylate (MMA)

n-hexane

Sodium hydroxide

Sodium sulphate (anhydrous)

Tetrahydrofuran (THF)

Vinyl acetate (VAc)
-methylene--butyrolactone (MBL)

6.2

techniques

Instrumentation

Source

Polysciences imged as received
Synthesized in the laboratory according to
previously reported method

Recrystallized from éthanol
Roth, used as received
BASF, distilled before use
Roth, used as received
BASF, distilled before use
BASF, distilled before use
Aldrich, used eeceived
BASF, distilled before use
BASF, distilled before use
BASF, distilled before use
Grussing GmbH, used as received
Chemical shop, Philipusersitat
BASF, distilled before use
Acros organics, distilled befarse
Aldrich, used as received

and characterization

6.2.1 Nuclear magnetic resonance spectroscopy

1D and 2D NMR measurements were done in the NMRaBeent at the Philipps Universitat
Marburg. *H (400.13 MHz) andC (100.21 MHz)-NMR spectra were recorded on a Bruke
DRX-400 spectrometer using Tetramethylsilane (TMS)an internal standard4-*C NMR

correlation experiments were performed on a BruR&X-500 spectrometer, with a 5 mm
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multinuclear gradient probe and using gs-HMQC (fueteclear multiple quantum correlation)
and gs-HMBC (heteronuclear multiple bond correl@tigpulse sequences. The HMQC
experiment was optimized for coupling of 8 Hz, watbcoupling during acquisition. 2D NMR
data were acquired with 2048 pointsnand the number of increments fpmas 256. Four and
Eight scans were used for HMQC and HMBC experimeespectively, and 4 dummy scans
were used for both the experiments. A relaxatiolaydef 1s was used for all 1D experiments
and 2s for all 2D experiments. Typical experimémetwas about 1.5 and 3.0 h for HMQC and
HMBC, respectively.

6.2.2 Thermogravimetric analysis (TGA)

Thermal gravimetric analysis was done by using Metthermal analyzers having 851
thermogravimetric modules. Thermal stability wagedmined by recording TGA traces in
nitrogen atmosphere (flow rate = 50 mL MinA heating rate of 10°C mihand a sample size

of 10 £ 1 mg was used in each experiment.

6.2.3 Differential scanning calorimetry (DSC)

Mettler Thermal Analyser having 821 DSC module weed for thermal analysis of the
polymers. DSC scans were recorded in nitrogen gthere (flow rate = 80 ml mi) at a
heating rate of 10°C mih A heating rate of 10°C mihand a sample size of 10 + 1 mg was used

in each experiment for DSC.

6.2.4 Viscosimetry

Viscometric studies were done by dissolving thepobsmers in DMF. All the measurements

were done at a constant temperature of 25+1°C udihglohde viscosimeter.

A representative picture of the viscosimeter isgiin Figure 6.2.1
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Figure 6.2.1: A representative diagram of Ubbelohideosimeter.

Viscosity, also called internal friction, is thesigance of a liquid to flow. The viscosity of
polymer solutions2) are considerably higher than that of the pureesul Q).

Relative viscosity2rer.

5 = 2
rel” o
2 1)
Specific viscosity2sp
2% 239 9
Sp 2 rel
2

Reduced specific viscosity, or intrinsic viscosiy,viscosity number, or Staudinger ind&x [

[2] = jim 2
Cc® 0 C 3)

where, "C" is the concentration of solution

By Mark-Houwink equation:
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2
Lim—= = [2] = Kxm®

where,
K izanstant,
M I&tmolecular weight

expoh&a” is the conformation of macromolecules, whicimtains

information about the shape of molecules.

a=1/2 flexible polymer chain in "ideal" solvent
0.5<a<0.8 flexible polymer chain in "good" solvent (excludealume limit)
a>0.8 "stiff" chain

6.2.5 Zwick Roell-tensile tests

Mechanical properties of the copolymer samples weeasured by Zwick Roell-tensile testing
machine. Thin films were prepared by dissolving saenples in THF or chloroform (as stated).
Films were cut out in the shape of a rectangle rgawidth of 10 mm and the grip to grip

separation was kept to be 10 mm. Pre-load wa®$e01 N and test speed was 50 mmin

6.2.6 Liquid chromatography mass spectroscopy (LCMS

Hydrolyzed sample was analyzed with a 125/2 Nualeddl18ec column (Macherey-Nagel,

Germany) utilizing a Agilent 1100 series HPLC-syst@Hewlett Packard, Germany), which was
directly coupled with a LTQ-FT mass spectrometdrgfino, Germany) through an ESI interface
and with a linear gradient from 0-30% acetonitilewater within 30 minutes. Masses were
measured in negative ion mode and parent ion peaks detected. The capillary temperature

was 280°C and the injection volume was, 25
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6.2.7 Gel permeation chromatography (GPC)

The molecular weights of P(MBL-co-ester)s were mea$ by GPC at 25°C. Sample
concentration was 1 gL The apparatus consists of a Gynkotek HPLC pump\gitent
Autosampler 1200, linear columns (PSS, polystyremisisting of a pre-column 10 p, 8 x 50
mm, a column 10 A, 8 x 300 mm and two columns 380® x 300 mm. As detector, a RI
detector of Knauer Company was used. As calibratimear PMMA with a narrow mass
distribution and molecular weight between 500 aj@Q,000 was used. Toluene was used as an

internal standard. The elugram was evaluated Wi ®/inGPC Unity program.

6.2.8 Film preparation (Compression moulding machir)

Compression moulding machine of the company Schmthba was used for film formation. Water

was used as the cooling medium. The processingaeatyse was chosen to be 250°C.

6.2.9 UV-Vis spectroscopy

All UV-Vis spectra were taken up with the help o§pectrometer of the type Lambda 9 of the
company Perkin Elmer, which was operated by thensoé Lambda SPX. For the measurement,
two quartz cuvettes (Perkin Elmer) were used withl2 capacity. The spectra were evaluated

and analyzed by the software Lambda SPX.

6.2.10 Elemental analysis

Elemental Analysis was done in the Central anaytibepartment of Philipps Universitat
Marburg. The elements carbon, hydrogen and chlavere analysed two times, using 25 mg of

sample and then the average of the two values takes.

6.3 Methods
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6.3.1 Film preparation (solvent casting)

Films were prepared by dissolving polymer sampitesninimum amount of suitable solvent
(THF or chloroform or DMF, as stated), to make ghly consistent solution (consistency was
similar to that of honey). The solutions were amfly put on a petri dish using a glass pipette
and were covered with aluminium foil having holes top of it, to let the solvent evaporate
slowly. In case of DMF solvent, the evaporationgess was activated by the heat of bulbs, as

shown in the figure of apparatus used. (Figure)63.1

Figure 6.3.1: Apparatus used to dry DMF solventirdurfilm formation by solvent casting

method

Finally, the films were dried under reduced presgar many days, until TGA showed no traces

of extra solvent.
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6.3.2 Hydrolytic Degradability Test

200 mg of the copolymer samples were stirred im20of KOH in Methanol (5 wt.-%) for 20 h.
The extra base was neutralized by 10 mL of 10% H®@e solution was extracted with
chloroform, dried over sodium sulfate, and the maldeft after evaporation of the solvent was

further characterized.

6.3.3 Cell viability studies/ Cytotoxicity studiesMTT Assay

(This work was done in the Research group of ®afThomas H. Kissel, Department of

Pharmaceutics, Philipps Universitat)

Cell viability studies of hydrolysed products weatkso carried out using the MTT assay as
described previous§* Briefly, L929 cells were seeded into 96-well miiter plates
(NunclonTM, Nunc, Germany) at a density of 800dstefell. After 24 h, the culture medium
was replaced with serial dilutions of polymer ordrhglyzed polymer stock solutions in
antibiotic-free DMEM with FCS (n = 11, concentrat0.001-4 mg mt). After an incubation
period of 24 h, 200 uL of DMEM and 20 pL MTT (Sign2eisenhofen, Germany) (2 mg L
in PBS) were added. After an incubation time of, 4utreacted dye was removed by aspiration
and the purple formazan product was dissolved i@ 2Q/well dimethylsulfoxide (Merck,
Darmstadt, Germany) and quantified by a plate ne@deertek Plus MS 212, ICN, Germany) at
wavelengths of 570 and 690 nm.

The relative cell viability [%] related to contrelells containing cell culture medium without
polymer was calculated by absorbance test/absoebemiatrol x 100. Poly(ethylene imine) 25
kDa (BASF, Germany), a water-soluble polycationatymer used in gene delivery and known
to induce a cytotoxic response in cells, was used positive control. The kgwas calculated as
polymer concentration which inhibits growth of 5@¥ocells relative to non treated control cells.
Data are presented as a mean of four measuremi@ggswas calculated using the Boltzman

sigmoidal function from Microcal Origin® v 7.0 (@inLab, Northampton, USA).
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6.3.4 To study the influence of air on BMDO

In order to study the effect of air on BMD& NMR was used as the analytical techniqtré.
NMR of pure BMDO was taken under inert atmosphdrargon, by sealing the tube using
bunsen burner. 100 mg of BMDO was kept on a pash caind was then exposed to the

atmosphere'H NMR measurements were taken after definite irtisrof time.

6.3.5 To study the influence of water on BMDO

To study the effect of water on BMDO, 67.8 mg (thehol) of BMDO was mixed with 455L
(25 mmol) of water under inert atmosphere. THeNMR was measured every hour for 16

regular times.
6.3.6 Synthesis and Polymerization Techniques

6.3.6.1 Homo- and Copolymerization of MDO and VAsing radical initiator

Co-polymerizations were carried out under Argorpia-dried Schlenk tubes using free radical
initiator, AIBN, at 70°C. In a typical bulk polymieation reaction (entry 3, Table 5.1.1), 0.5750
g (6.6 mmol) of VAc and 0.3028g (2.6 mmol) of MD@]lowed by 1 mol-% (0.01 mg) of
initiator (AIBN) were added and kept for polymetina in an pre-heated oil bath at 70°C for 4
h. The reaction was then quenched by immediatdtingaout the tube from oil bath and
immersing into liquid nitrogen. Post-polymerizatiofHF was used as the dissolving medium,
while n-hexane was the precipitating medium. Tleetien mixture was dissolved in 15 ml THF
and precipitated in 250 mL of n-hexane. The polymvas obtained as white powder and was
dried in vacuum at 40°C for 15 h. For purificatidhe sample was re-dissolved in THF and re-
precipitated in n-hexane. The reaction conversias estimated by Gravimetry, i.e., by taking
the mass of the polymer as compared to the matbe afitial monomers used and was found to
be 73%.

'"H NMR (400 MHz, CDCJ):

<ppm = 4.8-5.1(s, 1H, —GBIC(O)CH; from VAc), 2.0 (s, 3H, -CHOC(O)GHrom VAc), 1.7-
1.8(d, 2H, -CHCHOC(O)CH from VAc), 4.0-4.1 (t, 2H, CKC(O)OCH- from MDO), 2.2 (t,
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2H, -CHC(0)OCHCH,CH,CHp-from MDO), 1.5(m, 2H, -ChC(0)OCHCH,CH,CHy- from
MDO) and 1.3(m, 2H, -CbC (O)OCHCH,CH,CH,- from MDO).

6.3.6.2 Homo- and copolymerization of BMDO and MRising radical initiator

Co-polymerizations were carried out under Argorptia-dried Schlenk tubes using free radical
initiator, dtbp, at 120°C. In a typical solutionlpmerization reaction (using 1 mL of dry DMF)
(entry 1, Table 5.3.1), 1.1861 g (7.3 mmol) of BM@a&d 70.2 L (0.8 mmol) of MBL, followed

by 1 mol-% (14.6 L) of initiator (dtbp) were added and kept for polgrization in an pre-heated
oil bath at 120°C for 24 h. The reaction was thaernghed by immediately taking out the tube
from oil bath and immersing into liquid nitrogenod®-polymerization, DMF was used as the
dissolving medium, while methanol was the prectpith medium. The reaction mixture was
dissolved in 10 mL DMF and precipitated in 250 nflneethanol. The polymer was obtained as
white powder and was dried in vacuum at 60°C forh4&or purification, the sample was re-
dissolved in DMF and re-precipitated in methandieTreaction conversion was estimated by
gravimetry, i.e. by taking the mass of the polynasr compared to the mass of the initial
monomers used and was found to be 11%.

6.3.6.3 Terpolymerization of BMDO, MBL and MMA usgnradical initiator

Co-polymerizations were carried out under Argorpia-dried Schlenk tubes using free radical
initiator, dtbp, at 120°C. In a typical solutionlpmerization reaction (using 1 mL of dry DMF)
(entry 2, Table 5.3.2), 0.3264 g (2 mmol) of BMDLI5; L (2 mmol) of MBL, and 426 L (4
mmol) of MMA followed by 1 mol-% (14.6 L) of initiator (dtbp) were added and kept for
polymerization in an preheated oil bath at 120°C2%4 h. The reaction was then quenched by
immediately taking out the tube from oil bath amdmiersing into liquid nitrogen. Post-
polymerization, DMF was used as the dissolving mediwhile methanol was the precipitating
medium. The reaction mixture was dissolved in 10 BIMF and precipitated in 250 ml of
methanol. The polymer was obtained as white powddrwas dried in vacuum at 60°C for 48 h.
For purification, the sample was re-dissolved in BMnd re-precipitated in methanol. The
reaction conversion was estimated by Gravimetg, by taking the mass of the polymer as
compared to the mass of the initial monomers usddaas found to be 83%.
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'H NMR (400 MHz, CDGJ):

<ppm = 0.2 -1.8 (2H, -CHC)- from MBL), (2H, -(C)-CH-CH,- from MBL), (2H, -CH-(C)-
from MMA), (3H, -CHs- from MMA), 3.1 (s, 3H, -COCHt from MMA), 3.7 (d, -CH-CH,-O-
from MBL), 4.5 (s, -C(O)OCkt from BMDO).

6.3.6.4 Spontaneous copolymerization of MDO and MBL

All co-polymerizations were carried out under Argonpre-dried, schlenk tubes without any
initiator, at 70°C for 24 h (if not stated otherajisin a typical bulk copolymerization reaction
(Table 5.3.3, Run 4), 270 pL (3.09 mmol) oMBL and 350 pL (3.09 mmol) of MDO were
added and kept for polymerization at 70°C in alprated oil bath for 24 h. The reaction was
then quenched by immediately taking out the tulmenfroil bath and immersing into liquid
nitrogen. After polymerization, 2 mL of DMF was dsé dilute the viscous material thus
obtained, while 250 mL methanol was used to preaipiit out from the mixture of unreacted
monomers. The polymer was obtained as a white poanttwas dried in vacuum at 65°C for a
week under reduced pressure. For purification, sdu@ple was re-dissolved in DMF and re-
precipitated in methanol. The reaction conversias estimated by Gravimetry, i.e by taking the
mass of the polymer as compared to the mass ohitied monomers used and was found out to
be 43%.

'H NMR (400 MHz, CDCJ):

<ppm = 4.32H, -CKHC)C(O)OCHCH,C)- from MBL), 19 - 22(2H, -
CH,(C)C(O)OCHCH(C)-) and (2H, -CH(C)C(O)OCHCH,(C)- from MBL), 2.6 (2H, -
CH,C(O)OCH>-), 4.0(2H, —CH-C(O)OCH- from ring opened MDO), 1.1 - 1.3 (2H, -
CH,C(O)OCHCH.,CH,CH,- from ring opened MDO), 13 - 16 (4H, -
CH,C(O)OCHCH,CH,CH,- from acyclic MDO) and (4H, —CHKC)OCH,CH,CH,CH,0O(C)-),
2.3 (2H, -CH(C)OCHCH,CH,CH,O(C)- from acyclic MDO), 3.5 - 3.6 (4H, -
CHy(C)OCHCH,CH,CH,0O(C)-from acyclic MDO.
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6.3.6.5 Homo and copolymerization of MDO and MBLing radical initiator

All co-polymerizations were carried out under Argonm pre-dried Schlenk tubes with dtbp
initiator, at 120°C for 24 h. In a typical bulk adpmerization reaction (Table 5.3.6, Run 1), 975
pL (11.124 mmol) of -MBL and 139.4 pL (1.236 mmol) of MDO, and 22.7 pLdtbp initiator
(2mol-%) were added and kept for polymerizatiod2@°C in a preheated oil bath for 24 h. The
reaction was then quenched by immediately takirtgreaitube from oil bath and immersing into
liquid nitrogen. After polymerization, 2 mL of DMias used to dilute the viscous material thus
obtained, while 250 mL methanol was used to pretiit out from the mixture of unreacted
monomers. The polymer was obtained as a white poanttwas dried in vacuum at 65°C for a
week under reduced pressure. For purification, sdu@ple was re-dissolved in DMF and re-
precipitated in methanol. The reaction conversi@s wstimated by Gravimetry, i.e, by taking
the mass of the polymer as compared to the mabe ahitial monomers used and was found out
to be 97%.

'"H NMR (400 MHz, CDCJ):

<Jppm = 4.3(2H, -CKC)C(O)OCHCH,C)- from MBL), 19 - 22(2H, -
CH,(C)C(O)OCHCH,(C)-) and (2H, -CH(C)C(O)OCHCH,(C)- from MBL), 2.6 (2H, —
CH.C(O)OCH>-), 4.0(2H, —CH-C(O)OCH- from ring opened MDO), 1.1 - 1.3 (2H, -
CH,C(O)OCHCH.,CH,CH,- from ring opened MDO), 13 - 16 (4H, -
CH,C(O)OCHCH,CH,CH,- from acyclic MDO) and (4H, —CHC)OCH,CH,CH,CH,O(C)-),
2.3 (2H, —-CH(C)OCHCH,CH,CH,O(C)- from acyclic MDO), 3.5 - 3.6 (4H, -
CHy(C)OCHCH,CH,CH,0O(C)-from acyclic MDO.
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/. Zusammenfassung

7.1 In English

New degradable materials having extremely low (€4and extremely high (163°C) glass
transition temperature were synthesized by radib@mistry, using various combinations of
vinyl acetate (VAc) and -methylene--butyrolactone (-MBL) (present in common tulips)

monomers with a cyclic ketene acetal, 2-methyleBedioxepane (MDO). Degradability was

catered in polymer chains by ring opening polyregran of the cyclic ketene acetal.

Firstly, synthesis of P(VAc-co-esters) was caroed with an aim to make degradable materials
based on MDO and VAc units using radical chemigRgdical ring-opening copolymerization
of 2-methylene-1,3-dioxepane with vinyl acetatepiesence of AIBN initiator at G was
carried out to achieve the aim. Complete ring opgnof MDO was observed during
copolymerization which introduced degradable PChee¢ units onto the C-C backbone of
poly(vinyl acetate). Microstructure analysis of tt@polymers was done using different 1D and
2D NMR techniques. Reactivity ratios were found bytKelen Tidos method and werg. =
1.53 andrypo = 0.47 leading to statistical introduction of estmkages onto the polymer
backbone. The materials showed varied glass tiansiemperatures (from 37 to -42)
depending upon the amount of ester linkages anglhigh elongations. Compared to 6.5 x>10
GPa modulus and 1007% elongation at break of PBA&(VAc-co-ester) with 5% ester
incorporation gave 5.1 x TlGPamodulus and 1093% elongation, while 18% ester jp@tion
led to 2.9 x 16 GPa modulus and 1285% elongation. The hydrolysislymts were also tested
for cytotoxicity studies in L929 cells and compareith that of known and accepted non-toxic
materials like poly(ethyleneimine). The hydrolysg@ducts were non toxic and showed a cell
viability > 95%. Keeping in view the combined projes like degradability, non-toxicity and
low glass transition temperatures, the resultingenls could therefore be proposed for

different applications like degradable gums, cuggietc.

Additionally, a successful effort of synthesizinggdadable materials, which could be used for

various applications, was carried out. Due to tigh Isoftening temperatures (as high as 163°C),
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these materials were proposed to be used as thistiop that would not only be eco-friendly
due to their ability to be easily degraded to hasslsubstances, but would also be useful due to
their origin from a plant source. Polymerizationaytlic ketene acetal MDO with a naturally
occurring monomer vis-a-visMBL, was carried out to achieve the target. Ssipgly, the two
monomers reacted even in absence of any radidatori at 70°C and above. Complete ring-
opening of MDO did not take place, and some ringined structures were also present. On
investigation, the reaction under consideration feasd out to be initiated via charge transfer
between nucleophilic double bond of MDO and elgatitic double bond of MBL, and was
thereafter proceeded by a mixed mechanism of radied ionic. The microstructure of the
obtained polymers was blocky-random, wherein blaak®BL and polyester or polyacetal of
unequal sizes was obtained. Radical mechanismegehdostly blocks of MBL and polyesters,
whereas ionic mechanism yielded mostly blocks of LMBhd polyacetals. It was possible to
monitor the mechanism and hence the microstructdiréhe materials by varying reaction
conditions like temperature, monomer feed, and .tibxge to the addition of radical initiator,
reaction was allowed to undergo mostly via radica&chanism, thereby yielding P(MBL-co-

esters).

PMBL being itself degradable due to ester grouggmein it, not only enhances its degradability
due to the incorporation of ester linkages of cydletene acetal units, but also enhances its
processability by increasing the softness and byedecreasing the glass transition temperature
from 195°C to as low as -52°C. The copolymer hawiigo of MDO units was found to give
9.9% elongation atfzx and was also found to be elastic, while the sartif@econstituted 34%
MDO gave 5% elongation atnk and was found to be brittle. The synthesized rasewere
also tested for base hydrolysis (5% wt. NaOH inhaebl) overnight, and were found to be
degradable.

Degradable, eco-friendly, natural source originatecterials were finally synthesized.which

could be used for various applications
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7.2 In German

Es wurden neue, abbaubare Materialien mit extrexdrigen (-44°C) sowie sehr hohen (163°C)
Glasubergangstemperaturen mittels radikalischeynralisationstechniken synthetisiert. Dazu
wurden unterschiedlichste Monomerkombinationen Vamylacetat (VAc) und -Methylen- -
butyrolacton (-MBL) (in der gemeinen Tulpe enthalten) mit dem lgdghen Ketenacetal 2-
Methylen-1,3-dioxepan (MDO) eingesetzt. Abbaubdrkder Polymerketten wurde durch

ringdffnende Polymerisation des zyklischen Ketetedsesrreicht.

Abbaubare P(VAc-co-Ester) Polymere (auf Basis vobMund Vinylacetat) wurden durch
radikalische ring6ffnende Copolymerisation von 2thgen-1,3-dioxepane mit Vinylacetat in
Gegenwart von AIBN als Initiator bei 70°C hergdsteDie Mikrostruktur der erhaltenen
Copolymere wurde NMR-spektroskopisch (1D und 2D hhgken) aufgeklart. Die so
nachgewiesene vollstandige Ringdffnung von MDO téilmum Einbau von hydrolysierbaren
Estergruppen in das C-C-Riuckgrat von Poly(vinylaeDie nach Kelen und Tudos bestimmten
Reaktivitatsparameterac = 1.53 undrypo = 0.47 sprechen flir eine statistische Anordnung der
Estergruppen im Polymerriickgrat. Die erhaltenen  eMalien zeigten
Glasubergangstemperaturen zwischen 37 und -44Ablvéngigkeit des Ester-Anteils und eine
sehr hohe Bruchdehnung. Wahrend reines PVAc eindtodiil von 6.5 x 1§ GPa und eine
Bruchdehnung von 1007% hat, konnte fur P(VAc-ceeBgnit einem Esteranteil von 5% ein E-
Modul von 5.1 x 18 GPa sowie eine Bruchdehnung von 1093% und bei E88éranteil ein E-
Modul von 2.9 x 13 GPa bei einer Bruchdehnung von 1285% ermitteltdemer Die
Hydrolyseprodukte wurden auf Zytotoxizitat (L929llKeie) getestet und mit der von als nicht-
toxisch geltenden Materialien wie Poly(ethylenimugrglichen. Die Hydrolyseprodukte waren
nicht-toxisch, die Zell-Viabilitat lag bei > 95%idenschaften wie Abbaubarkeit in Verbindung
mit nicht toxischen Abbauprodukten und niedrige dBl@ergangstemperaturen machen einen
Einsatz der Materialien als abbaubare Kaugummiscldehtungen usw. moglich.

Zusatzlich wurden abbaubare Materialien flr unt@estichste Einsatzbereiche synthetisiert.
Aufgrund der hohen Erweichungstemperaturen (bis1@8°C) kénnten diese Polymere als
umweltfreundliche thermoplastische Materialien Andeng finden, die leicht zu

unbedenklichen Produkten abgebaut werden kénnerauhdiner pflanzlichen Quelle basieren.
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Polymerisationen des zyklischen Ketenacetals MDQ dem natlrlich vorkommenden
Monomer -MBL wurden durchgefilhrt um dieses Ziel zu erreich&berraschender Weise
reagierten die beiden Monomere in Abwesenheit elRadikalstarters bei Temperaturen von
70°C und daruber. Eine vollstandige Ringdffnung WDO fand nicht statt - einige zyklische
Strukturen blieben erhalten. Ein Untersuchung deskRonsmechanismus zeigte, dass die
Polymerisation durch Ladungstransfer von der nykiden MDO Doppelbindung auf die
elektrophile MBL Doppelbindung initiilert wurde urdhs anschlieRende Kettenwachstum auf
einem gemischt ionisch-radikalischen Mechanismugeutie Eine statistische Abfolge von
unterschiedlich grof3en Blocken aus MBL und Polyestier Polyacetal wurde durch Analyse
der Mikrostruktur der erhaltenen Polymere bestimBr radikalische Mechanismus flhrte
hauptsachlich zu MBL- und Polyester- Blocken, wageigen der ionische Mechanismus
hauptséchlich zu MBL- und Polyacetal-Blécken fuhEs war mdglich den Mechanismus und
damit auch die Polymermikrostruktur der Materialgemch Variation der Reaktionsbedingungen
wie Temperatur, Monomerzusammensetzung und Zelienbachten. Durch den Zusatz eines
Radikalstarters erfolgte das Kettenwachstum haaplisé radikalisch und fuhrte zu Polymeren
P(MBL-co-Ester).

Das bioabbaubare PMBL wird durch die Estergruppdie, der ringbffnende Einbau des
zyklischen Ketenacetals beisteuert, nicht nur nzetser abbaubar, sondern I&sst sich auf Grund
der héheren Weichheit der Copolymere (ReduzierwergGlastibergangstemperatur von 195°C
auf Temperaturen bis -52°C) auch besser verarbditaa Copolymer mit einem MDO Antell
von 47% zeigte ein elastisches Verhalten bei eBwrchdehnung von 9.9% wéahrend das
Material mit 34% MDO sprode war und eine Bruchdetguon 5% aufwies. Die Abbaubarkeit
konnte durch basische Hydrolyse (5 Gew.-% NaOH ethdnol) der synthetisierten Materialien
Uber Nacht gezeigt werden.

SchlieRlich wurden, abbaubare, umweltfreundlichd anf natirlichen Rohstoffen basierende

Materialien synthetisiert, die viele nutzliche Anvdeingen haben.
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8. Appendix
8.1 List of Symbols and Abbreviations

[2] Intrinsic viscosity

AIBN Azobisisobutyronitrile

BMDO 5,6-benzo-2-methylene-1,3-dioxepane
CDCl; deuterated chloroform

CH3OH Methanol

CHCl; Chloroform

CKA cyclic ketene acetal

DMSO-d; deuterated dimethyl sulfoxide
DMF Dimethylformamide

DMSO Dimethylsulfoxide

DSC differential scanning calorimetry
dtbp di-tertiary butyl peroxide

ECH Epichlorohydrin

GPC gel permeation chromatography
H,SOy sulfuric acid

HCI hydrochloric acid

HMBC heteronuclear multiple bond coherence
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HMQC
HQ
LCMS
MBL
MDO
MMA
mol-%

MTT

My
NapSOs
NaOH
NMR
PCL
PDI
PMBL
PMMA

PVAc

heteronuclear multiple quantum coherence

Hydroquinone

liquid chromatography mass spectroscopy
-methylene--butyrolactone

2-methylene-1,3-dioxepane

methyl methacrylate

mole percentage

3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide

number average molecular weight
weight average molecular weight
sodium sulfate

sodium hydroxide

nuclear magnetic resonance
poly(caprolactone)
polydispersity index

poly( -methylene--butyrolactone)
poly(methylmethacrylate)
poly(vinyl acetate)

reactivity ratio

glass transition temperature
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TGA
THF
UV-Vis
VAc

25p

thermo gravimetric analysis
Tetrahydrofuran

ultra violet-visible spectroscopy
vinyl acetate

specific viscosity
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8.2 DSC curves

Some relevant DSC Curves:

0.6 4
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0.0+
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-0.6 1

-0.8

Run 3, Table 5.3.8
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Heat flow (W/q)

_0.8 I T I T I T I T I T I T I 1
-100 -50 0 50 100 150 200

Temp. (°C)

Run 4, Table 5.3.8
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0.5+
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0.3+
0.2 4
0.1+
0.0+
-0.1 -
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-0.34

Heat flow (W/q)

-0.4 4
-0.5 4
-0.6
-0.7 4

-0.8

-100

Run 5, Table 5.3.8

T T T T T T T T T T T T T !
-50 0 50 100 150 200

Temp. (°C)



Appendix 118

-0.1
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Heat flow (W/q)
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