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Abstract

Driven by environmental reasons and éxpecteddepletion of crude oil, bitbased polymers
are currently undergoing a renaissance in the attempt to replacebsssibnes.The present
work aims at contributing in the developmentlod steg that start fronbiomassand move to
new polymericmultifunctionalmaterials

The study focuses onwb bio-based building blocksitéconic and vanillic acid9
characterized by exploitable functionalitieise. a laterd double bond anda substituted
aromatic ringrespectively able to confer interesting propertteshe final polymers.

The lateral double bond of dimethyl itaconate was functionaNzadhia-Michael addition
reaction obtaining ghermo-stable building blockthat can undergo polycondensation under
classical conditions of reactioithe addition of dong lateral chaimallows the polymer to
expressantimicrobial activity against Staphyococcus aureus making it attractive for
packaging andtargeting antimicrobial applications Moreover, the architecture ofthe
homopolymer was modified by means of copolymerization with dimethyl 2,5
furandicarboxylatehus improvingthe rigidity andobtaining a thermgrocessable material.
Potential applications as thermoset or thermoplastic material have been discussed.

As concerns vanillic acid, the ggence of aromatic risgn the polymer backbonémpars
high thermal stability, but brittle behaviour in the homopolymer. Therefore, the architecture
of the polyester wasuccessfulltuned by means atopolymeriation with a flexible bio-
based comonomer, i.®-pentadealactone, providing processalbédom copolymersAn in
depth investigation of water transport mechanisra been undertaken ahe synthegzed
polyesters Since he copolymers present a succession of aromatic anldattunits as a
consegence of the chemical structurgater vapor permeability interposes between
polyethylene and poly(ethylerterephthalate) proving that tle®polyesters are suitable for
packaging applications.

Moving towards a sustainable model @vdlopmentnovel sustainable synthetic pathways
for the ecodesign of new biebased polymeric structures with high value functionalities
and different potential applications have been successfully developed
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CHAPTER 1: INTRODUCTION

1.1 Plasticsand circular economy

The commonly usedwor d fApl asti cso indicates an ext

materials generallgeriving from fossil sourcesPlastics are defined as materials made up of
pure organic polymers or blended with additives that can be easily moulded into different
shapes and products for a large variety of usesented only 110 years afosynthetic
plastics have replaced metals, ceraaicd glassnade materials in many usagbscoming

the most widely used mamade substances. Indeedarnks to the availability ofeedstock
materials, easy processing, tabke propertieslightnessand low cost, plastic materials are
used ina wide range of applications since decades: from clothing to agriculture application,
from aerospact® medical and cosmetics uses.

Because othe continuous growth of human population andustrialization,worldwide
plasticproduction is on the scale of million metric tons for year and its demand is increasing
fast. Its production ramped up from5lto 322million tons sincel950 t02015(65 yearsY. In
2019theglobalplastic production reache®8Mt (Figure 1.1).

ANNUAL GLOBAL PLASTICS PRODUCTION
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Figure 1. 1: Plastic worldwide production in million metric tons per year (Mt {émom 1950 since nowadayBata

compiled from reference 2.

Such market demanihcrease results in iabhsive exploitation of fossgourcesand in
environmental pollution due to a mismanagement of plastics litter. The vast majority of

plastic is not designed to be-used during its life cycle sincgproximately halfof plastic
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worldwide produedis used forsingleusepackagingapplication and other disposable (cups
for beverage, food containers, cotton bud sticks, straws*&khik leads to a steadgycrease

in plastic waste generaticand the leakage of plastic waste into the environment given the
fact that40% of plastic waste is not accounted for in managed landfitlsrecycling facilities

and consumers are not educated to do not disg#astics in the environment.

In such a framework, industrial and academic research is committed daily to point out
strategiestackling plastic waste accumulation into the environment, in paatidato the
marine environmerft Waste strategies taken in different regions in the word are similar and
are based on the prention and recycling of waste.

In response to the wastecumulatiorand mismanagement, the European Parliament and
the Council have adopted a certain number of Directives to ensure that waste is recovered or
disposed of without impairing the environment and human health. Indeed, in the context of a
Circular Economy Action Plan laid down in the Communication of the European Commission
of 2 December Cloifigltte loeph An EU actibn pdan for the Circular
Econom$°, and confirmed in its CommuAkuo@eani on of
Strategy for Plastics in a Circular Econofiy the European Commission concluded that the
steady increase in plastic waste generation must be tackled in order to achieve a circular life
cycle for plastics.

The lastdirective (2019/904 of the European Parliament and of the Council of 5 June
2019° reveals that the objectiie n  Europearii Strategy for Plastizss to ensure that by
2030 all plastic packaging placed on the marisetreusable or easily recycledi T h e
AEur opean Str at &dep toands estBblishirsyta icircidad ecanamy in which
the design and production of plastics and plastic products fully respadeserepair and
recycling needs and in which more sustainabl

Therefore, managemenf plastics and plastic waste should include prevention of waste
and re-use, recycling and other forms of recovering plastics waetiles the development of
more sustainable materidls

Prevention meansthe reduction of the quantity of plastic and plastic waste at production
process level and at marketing, distributiand utilization stages by devel oping
production and technologies.

Re-usemeans any operation by which plastic, after its life cycle, is refilled or used for the
same purpose for which it was conceived, with or without the support of the auxiliary

products enabling the plastic to be refilled.



Recoveryincludes operationthat dlow the use of plastic waste generate valyee.g. use
as a fuel to generate energy

Recyclingis defined as the reprocessing in a production process of the wast@ls&ber
the original purpose ofor other purposes including organic recyclinithere areseveral
options for how this cabe done mechanical reayling, chemical recyclingand organic
recycling? Organic recycling refers to biodegradability which ithe natwal-occurring
breakdown process of a polymeric material by microorganism to carbon dioxide, water,
mineral salts and new biomass in the presence of oxygen, or to carbon dioxide, methane,
mineral salts and new biomass in the absence of oxy§ewerh biodegradable polymers
have been identified such as pddgtic acid (PLA), polyhydroxyalkanoates (PHAS),
poly(buthylene adipateo-terephthalate(PBAT), polycaprolactone (PCL) coming from fossil
and natural sources.

In a sustainable model afevelopment, biodegradable plastics are-feemdly materials
and together with bitbased plastics comprise bptastics.

1.2 Bioplasticsand market data

Bioplastics comprise a whole family of materialsvironmentally friendlyhich are either
bio-based, bidegradable or features both propertiesh e t e-b ms édabsahat the
plastic material or product iderivedfully or partly from renewable feedstock referred as
biomass Biomassincludes wood or forest residues, waste from food crops and food
procesing etc'® On the other handas stated in the previous paragraphe term
biodegradhle meanghe propertyof a polymeric material tdegra@ under naturabccurring
conditions’ The process of biodegradation depends on the surrounding environmental
conditions (e.g.microorganism,location temperature),and on polymer chemical and
morphological structure (e.g. functional groups, molecular weight, crystallinity) asmahat
related tothe source basis of thenaterial. Therefore, according tbigure 1.2, a biopolymer
can be bidbased and/ or biodegr ad a-dpdsed.polymérdcan beor t h
biodegradable such as pfctic acig (PLA) and polybuthylene succina}§PBS), or non
biodegradable like bipoly(ethylene terephthalgte (bio-PET). Moreover, not all
biodegradable polymers are HHiased as for exampleoly(buthylene adipateco-
terephthalate (PBAT) and polycaprolactone (PCkhich are indeed produced from crude
oil.
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Bioplastics Bioplastics
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e.g. PP, PE, PV e.g. PBAT, PCL
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Figure 1.2: Classification of biplastics détinguishingbio-based and biodegradable plasti@ata compiled from reference
11.

Currently,mostly due to their high price level and low performarioecomparison with
conventional petrochemical counterpabi®plasticsproductionis negligiblerepresenhg less
thanone percenof the about 30 Mt of plastics produced annuall®.11 Mt in 2@0. (Figure
1.3).

ANNUAL GLOBAL BIOPLASTICS PRODUCTION

Global Production (Mt)

1,051 1,227 1,365 1,533 1,571 1,775 1,800

2019 2020 2021 2022 2023 2024 2025

I biocbased/non-biodegradable biodegradable forecast @ total capacity

Figure 1. 3: Global production capacity of bioplastié3ata compiled from reference 11.



As shown inFigure 1.4, biodegradable plasticproduction both biebased and fossil
basedaccouns for over 3B.1% (about 12 million tonnes)of the globabioplastic production
and it isexpected to increase to8Imillion in 2025(Figure 1.3) especi al |l y due t
significant growth rate§' The polyhydroxyalkaoates (PHAs) are a family of aliphatic
polyesters, whichare both biodegradable amb-derived sincethey are accumulated as a
carbon/energy sourdey bacteria? Their production capacities are @estited to more than
triple in the next five years. Bio-basel, nonbiodegradable plastics, includifigr example
bio-based polyethylene (biBE) and bicbased poly(ethylene terephtHate) (bio-PET)
currently make up forover 41.9% of the global bioplasticproduction capagt The
production of biebased PE and P@polypropylene)is predicted to continue to grodue to
the wide range of applications in which there are invol¥al.the other handnientionsto
increase wduction capacities for bibased PET, however, have not been realisdideatate
predicted inpreviousyears. Instead, the focusshshifted to the development pdly(ethylene
furardicarboxylat (PEF) a new polymer that is expected to enter the market in 2(28F
is 100 %bio-basedPET-like polymer®?

Bio-based/non-biodegradable Biodegradable
PE 105% @ 13.5% PBAT
PET 78% @ 4.1% PBS
PEF* 0% ()

PA 11.9% . . 18.7% PLA
1.7% PHA
PP 14% @ @ 1.7%
PTT 9.2% @ @ 18.7% starch blends
other 1.1% @ @ 1.4% other
(bio-based/non-biodegradable) (biodegradable)
41.9% 58.1%

*PEF is currently in development and predicted to enter the maret in 2023

Figure 1. 4: Global production capacities of bioplastics ireQ@by material) Data compiled from reference 11.

According to the latest market data and predictions compile@ubgpean Bioplastics in
cooperation with the research institutevaInstituté, global bioplastic production is séb
increase from around 2.11 million tonnes ir2@@o approximately B7 million tonnes in
2025(Figure 1.3), driven by the interest ireplace crude oil as feddsk and environmental

reasons.



In this work the terms bioplastic and biopolymers refeer materials from natural resource
independently of the fact that they are biodegradable or not, unless noted otherwise.

1.3 Environmental advantagesof bio-based plastics

Bio-based plastics established plastics emergence 160 years ago. ketonek inclde
the invention of cellulose nitrate (celluloid) in th860s, celluloséydrate films (cellophane)
in 1912, casein protein (milk fibres) asdy-based plastics in the 19353° These materials
lost their importance with the rise of the petrochemical industry inl8swhich startedto
fabricate materials from crude oNowadays concerns ovecrude oil supply andclimate
change have been driving the renaissance ebaed materials.

The reasons cfud trend argoresented in the present paragraph.

Although exhaustion offossil sourcesva s n 6 t i mmi nentatarmddeater e x p |
made known thait was inevitable as back as 1985t that time, 8w people pa attention
to such i ssues blhythowifdssl global edelvesceeated anhiilliors bfe d
years from dead plants fossilized in anaerobic conditians, exploitedintensively and
depletion is imminent given their long periodrehewd& Worldwide, 98 million of barrels of
crude oil are consumed dai(35 bb/year); at this ratesincethe proven global crude oil
reserves stand at ~ 1.5 trillion barrels, it can be estimated that total reserves will be depleted
by 2060'°?° Since the world's reserves are predicted to depletade oil price isecording
record highsand in such a frameworkt plays an occasional role as a political weapon.
Moreover, a significant environmental damage occurs when extraction, transportation and
processing of oil take place.

Concering environmental issuespil consumptionis cause of CO, releasein the
atmosphere otheige stored in fossil deposits. It leads to the greenhouse effect in which the
gradually increasing concentrations of carbon dioxide ;JG@ethane (Chk), and nitrous
oxide (NQ) areresponsibldo trap an excessive amount of solar radiation reflected fnem t
earth causing in turrglobal warming® Therefore industrial and academic stedi are
focusing strong effostto replace fossisourceswith biomassfor the production of chemicals
and materialsreferred as bidased.

Biomass is a renewable, sustainable and environmentally besogrce Biomass
resources include wood and wood wastes, agricultural crops and their wgstedogts,
municipal solid wast® animal wastes, wastérom food processig and aquatic plants and

algae.Theycan be divided into three general categories:



1. wasesincluding agricultural processing wastes, urban organic wastes, urban and mill
wood wastes etg.

2. standing foreste.g. trees and shrubs residues, sawdust from forest cleacinging
also algae and water weed;

3. energy cropse.g. grasses, starch cropsr(t, wheatand barley, sugar crops (cane and
beet), oilseed crops (goean, sunflower).

To produce chemicals, biomasses can be subjected to fluid extraction, microorganism
digestion, alcoholic fermentation and other biological processes.

Replacingcrude oilwith biomasshasenvironmental benefits. Indeefigrown and utilized
on a sustainable basis, biags is carbon dioxide neutrdlhe sustainability is connected to
the balance of carbon emission and removal associatedt&rials derived from biomass.

Plants fix carbon by converting carbon dioxid€0,) to organic compoundwia
photosynthesisEach year terrestrial plants fix 138l0° tons of CQ (about 20 tons per
person)> Carbohydrate, represented by the building block,@Hs the primary organic
compound. Over millions of ye#r10° years) dead plants fossilized in ambicconditions
forming crude oil Crude oil istherefore a store otarbon underground. Wheail is
transformed in petrochemical produdsyredcarbon is released the atmosphere in a short
time (110 years)making a net contribution to greenhouse gad3ebk e r a tnbalaree
between theateof CO, conversion twil and CQrelease

Considering biomass assource ofthemicals and material€O; is taken up by new plants
growth at the same rate that it is released by using the harvested bidrifsyears)
Therefoe the substitution ofcrude oil with biomass will result in a net reduction in
greenhouse gas emission and the replacement of-genewable sourc¥.

Despite several environmental advantages, there are also some constraints regarding the
use of biomasses. There is a concern that esespitad use of natural forest causes
deforestation and localized fuelwood scarcity. However, it is widely accepted that
deforestation is mainly caused by conversion of forestland into urban areas and agricultural
lands. In addition, there is a potentialnfict over the use of agricultural land and water
resource for biomass production rather than food supply. In view of such considerations,
biomass processes need to maximize wastes exploitation to preserve standing forests and
agricultural lands but at ¢hsame time valorise huge amounts of agricultural and wood wastes
as well as urban organic wasfésMoreover, sme biomass applications are not fully
economically competitiveat this stage.Fuelbased applications are high efficient and

optimized whereasiomass processeseed improvemest However the economics of
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biomass applicatianare improving and industrial and academic research is working to
optimize biomass processeg giving them a competitive edge.

ltés worth noting that biomass can be expl
well as energy. Indeed, biomass is one of the possible renewable sources along with solar,
wind, hydroeletric, and geothermal powers able to replace fossil fuels in energy production
and its conversion may be conducted through direct combustion process, thermochemical
processes as well fermentation proce$ses.

In this work, biomassesre considered as sources for chemicals and materials.

1.4 Bio-based polymers: definition and classification

Bio-based polymersan be classifieth three different categories:

1. natural polymers;
2. polymers obtained through biomass fermentation by microorganism

3. polymers obtained through synthetic polymerizatibmonomers from biomass

1.4.1 Natural polymers

Natural polymers meanaturally occurringpolymersthat can beseparate from biomass.
They have plant origin such as cellulose, hemicellulose, starch, ligramimral origin as
chitin and chitosan.

Celluloseis the most abundant polymer on earth and it is an essential structural component
of the primary cell wall of plants and algae. It is classified as polysaccheitidéhe formula
(CsH1005)n consistingof a linear chaino f r e p-B-gltcosa gnitsbhe Dglucose units
are covalently linked through acetal functions between the equatorial OH groups of C1 and
C4 car bodi, das shaws irFiguse 1.5.

CH,0H B OH CH,OH | OH
0 O o o)
HO H
OH OH OH OH
H OH
o (o] o
OH CH,OH OH CH,OH

-n
Figure 1.5: Cellulose chemical structure: linear chain of repeabiiiyglucose units

The multiple hydroxyl groups form intramolecular hydrogen bonds, holdindirikar
chains firmly together and forming ordered microfibrilsadng to a highly crystalline
|24

material?” For a perfect crystal of cellulose, the dhetically predicted elastic modulus and

tensile strength is 150 and 10 Geapectively’>, whichare comparable to Kevlar fibers.
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Cellulosic materials have several advantag&dlulose isan abundantinexpensiveand
biodegradableesource. Moreovert has high strengtito-weight ratio (low density, high
specific strength and modulusihd a relatiely reactive surface, which can be used for surface
modification. Therefore, cellulosic materials cover several applications: from textile to
building, from packagingto pharmaceuticalSome interest is growing in the field of
cellulosereinforced thermopistics in which highly crystalline cellulose fibres improve
compositematerial stiffnessAs well, nanocomposites based on cellulose nanocrystals are
currently investigate®®

Starch is another vegetal polymer produced ¢gmeen plants as energy storage. It is a
polysaccharide consisting of repeatinggdcose unitsDepending on the linkagglucose
units form two macromolecular structures which characterize statotse are: the linear
amyl ose st r uct-b4liskedDeglucose sitits and theobfanched amylopectin
structure consi s(i4)rD-glucosaunits branehgdiegeny @430 umitsvia U
a glicosidicU-(1,6) bond.(Figure 1.6)

a) b)

CH,0H CH,OH

OH OH

O,

o

CH,

CH,OH CH,OH CH,OH
>Q 5 CH,OH % CH,OH

Figure 1. 6: Starch chemical structure consistinggdmylose (linear) antd) amylopectin (branched) macromolecular

structures.

Native starch granules atsed as fillers in synthetic polymers to enhance final plastics
biodegradability’’ This is because the starch portion is consumable by microorganisms and
the remainingsyntheic polymers skeleton is more prone to degradation by natural elements
attack such as thermal oxidation and ultraviolet plustgradation. Therefore, starch has
gained great attention tme blend with synthetic polymers because of its ability to accelerate
biodegradation and availability in abundance at cheap pfices.

Moreover, native tarchcan be processed the presence of plasticizessich as wateor
low molecular weight polyolsble to disrupt its highly organized granulésdeed, &rch
films canbe obtained from the native starch Byotmain techniqueswvatersolution casting
and subsequent drying (wet method) and thermoplastic processing (dry nfétochrding

9



to the wet method, starch films can be formed from afidrming dispersion, or an emulsion,
which contains a high peentage of watel’ However, thisprocess is too timeonsuming
and is not suitable for larggcale productioi® The dry méhod involves the addition of a
plasticizer such as glycerol into starch to improve its processability and obtain a thermoplastic
starch® The dry filmforming process is much more efficient and more suitable for large
scale productiof®

Lignin comprises a complex family of aromatmlymers that are present mainly in
secondary thickened plant cell wallsdustrially, it is obtained as a iproduct in the
productive proces®f celluloserich pulp fibres The structug of lignin is complex and
changes according to biomass sourceisitconstituted by phenylpropamaonomers as
repeating units kmnomohgnol® coedumasyt tanifergll and smapyl i
alcohol (Figure 1.7).3* The phenylpropane building blockseaandomlyconnected through
carboncarbon and carbeaxygen bonds.

Lignin applicationsinclude the use irhydrogels *, composite and narcomposite
polymeric system&®, carbon fibers’, epoxy resing®, and thermoplastics.

OH OH OH

Y 7 /

Figure 1. 7: Monolignolschemical structures: to the left coumaoniferyl and sinapyl alchol.

Chitin is the second most abundant natural polymer on earth. Chitin occurs in nature as
structural component in the exoskeleton of arthro@odkin the cell walls of fungi and yeast.

The main commercial sources exploited arestacean, shrimp and crab shells. Chitin
consists of a -(1J4)yNraeetytD-glucdsamine unitsaind fdrm crystalline
microfibrils as well as cellulosas shown irFigure 1.8.

Chitosan is produced from chitin by fully or partiallgleacetylationunder alkaline
conditions or by enzymatic hydrolysts Thanks to its ready solubility in dilute acids,
chitosan is moreasilyaccessible for utiiation and chemical reactions.

Chitin and chitosarhave been showrto be useful as a wound dressing matsridrug

delivery vehicls and interestingandidats for tissue engineerinty
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o >—o0
CH,OH HN CH,OH HN
o 9 o O
HO H
OH OH OH OH
H OH
o o] o
NH CH,OH NH CH,OH
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CHs; - CHs  —n

Figure1.8:Chi ti n chemical s t(&4rN-acetytDeglucobaminecuaits. chain of b

1.4.2 Polymers obtained throughbiomass fermentation by microorganism

Polyhydroxyalkanoates(PHAS) are a family of aliphatic polyestewhich aresynthesized
by bacteria agnergyreservewhen an excessf carbon source is present and nutrients such as
nitrogen and phosphorus are available in limiting conditidhese compounds are stored in
granuleslocalisedin the cellcytoplasmand degraded and usemhcethe limiting nutrient is
provided to the ceff The general structural formula is shownFigure 1.9. Depending on
the number of carbon atomstime chan PHAs canbe divided into thregroups shortchain
length (SCL)which consst of 35 carbon atomsnediumchain ength (MCL), which consist
of 6-14 carbomatomsand longchain length (LCL) which count more than 15 carbon atoms.
This family of bacterially synthemed polyesters isompletelybiodegradable, biocompatible
and thermoprocessablBecause of these peculiaritigdHAs have found applications in the
form of packaging materials, including films, boxes, coatings, fibers aaoh fmaterials,
medical implantsand drug delivery carrierdn spite of their numerous advantages, PHAs
have yet not been able to replace conventional plastics on a large scale because of high cost
coupled with difficulties of extraction arichpact of thepurification procedure®
Poly(3-hydroxybutyrate) (PHB) wathe first discoved member of the PHA family antd
is also the most widely tgdied and charactegd It has properties very similar to
conventional plasticsuch as polypropylen®P) high melting temperature and relative high
tensile strength. Howeverltlaough PHB an be extrudedmoulded made into films, it is
highly brittle with poor elastic propertie§or this reasorPHB is commonly blended or

copolymerized with longer side chain PH&s

R=H Poly(3-hydroxypropionate)
%OM R = CHs Poly(3-hydroxybutyrate)
R = CH,CH3 Poly(3-hydroxyvalerate)

R O In R = (CH;),CHj; Poly(3-hydroxyhexanoate)

R = (CH;)4CH3; Poly(3-hydroxyoctanoate)

Figure 1.9: General structural formula of polyhydroxyalkanoates (PHAS).
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1.4.3 Polymers obtained through synthetic polymerzation of monomers

from biomass

Polymers btained through polymerization of baerived monomers are classified as-bio
based polymers even if the process is synth€hiesepolymersareentirely (100 w/w%) bie
based if all their monomers derive from renewable sountbsrwisethey are partiallybio-
based if both bio and fossd derived monomersre used in the polymerizatiohese
polymers carbe classified in twolasseslepending on the type of monomers:

l. bio-derived monomers chemically identical to fosrived monomers thafenerate
polymers having the same features as the petrochemical counterparts

Il. bio-derived monomerable to generate polymers having different featewaapared
to the welltknown petrehemical polymers

The first class includesommodity plastics apolyethylene, plypropylene poly(vinyl
chloride andpoly(ethylene terephthalgtéhat differ from the fossitlerived pastics only for
the bio- derivation. The second class includes polymers such as(lgmiy acid,
poly(butylene siccinatg and polyethylene furandiadoxyate).

Bio-based polyethylengbio-PE) Polyethylengchemical structure ifigure 1.10a) is an
aliphatic polyolefin that represent more thad6f the global plastics market. The monomer
ethylene oretheng(CH,=CHy) is produced by the petrochemical indusirgm hydrocarbons
(ethane, propane, or naphtre)bjected tca catalytic thermal cracking with steam at high
temperaturesCurrently with the aim of exploiting renewable raw materiatjylene can be
produced from the catalytic dehydration of bioetharfétiarting from bioethylene bio-
polyethylene(bio-PE) is produced. BHPE retains the same features of REIS a non
biodegradhle plasticwhich differ from the petrochemical produarily for the derivatiorf®

Bioethanol obtained by the fermentation of sugarcane and molasses and also by hydrolysed
starch from corn grains is classified as first generation (1G) bioetl2naskem, éBrazilian
company created in 200% theleading producer worldwiel of HoPE based on 1G ethanol
from the sugar caneccounting for 200 ktortgear** Second generation (2G) bioethanol is
produced from lignocellulosic biomass (agricultural wastes, wood, and grasses) and has a
huge potential bese lignocellulosic biomasstise most abundant carbohydrates source in
the world and does not compete with food productidBurrently, 2G bioethanolproduction
accounts less that®% of the totalbioethanolproduction (20850 million litres in 2017%°
I t 6s wor t he coreent resegrch tard daethnologly focus orthilid generation (3G)

bioethanolproduced from algdbiomass Algal biomass has no competition with agricultural
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food and feed production and, if comed to lignocellulosic biomass, has increased
fermentation efficiency. Owing the low content of hemicellulosd about zero content of
lignin, algal biomass is considered more suitable to substitute conventional crops because of
its high level of carbohymtes?*®

Bio-based polypropylene(bio-PP): Polypropylene (PP), which belongs to theypletfin
group, is the second most producedmmodity plasticwith the main market in the
automotive (chemical structure inFigure 1. 10Bb). Bio-based polypropylene can be
manufactured using a variety of raw materials and production procdssked, the

monomeric unit ppylenecan be produced frofsiomassvia various processé';

1 Dimerization of ethylene into -bhutene, followed by isomerization into-t2itene.
Metathesisof ethylene and -butene yieldingpropylene. In this process, the pdene is
entirely derived from ethanol.

1 Dehydration of nbutanol into 3ibutene, followed by isomerization into-b2itene.
Metathess of ethylene and-Butene yieldingropylene.

1 Acetonebutanotethanol ABE) fermentation of sugars to acetone. Reduction of acetone to
isopropanol, followd by dehydrabn to propylene.

1 Fermentation of sugars into isopropanol, followgdibhydration into propylene.

1 Dehydrogenation of propane from glycerol, agrgduct of diesel production from natural
oils and fats.

Even if the processes from ethanol or ethanol armltanol are the most likely
possibilities, arrently it is unclear which procegsthe most favourabl® produce biebased
propylene At the momenthere is no technology that can compete with the-efisttive
production of synthetic polypropylersndthis isthe reason whgompanies are hesitant to
enter the market. This threatens to result in limited commercial production -tiabénl
polypropyleneThe global biebased polypropylene market was evaluated at $32.0 million in
201778

Bio-based polyvinyl chloride) (bio-PVC): Poly(vinyl chloride (chemical structure in
Figure 1.10c) is apolyolefin and represents the third most produced commodity plasisc: it
widely utilized in theconstruction sectoas well as for pipes and elactcables Most PVC
products contain plasticizers in order to make pure polymer softer and more flexible. In
addition, because of its application sector, it requires the incorporatatheyfadditivessuch
asheat stabilizers, UV stabilizers, flame relant, blowing agentsmoke suppress@nd so

on. As for polyethylene and polypropylene, strong eftidve been don® replace synthetic
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PVC material with biebased poly(vinyl chloride). Vinyl chloride can be obtained by
conversion of ethylene (from ethol bydehydration) with chlorine intd,2-dichloroethane,
followed by dehydrochlorinationin 2019, INOVYN launched itsproduction of biePVC
under the brand bamemBh@VYNE worl doés {first
attributed PVC usindio-ethylene®® Efforts to replace traditional plasticizers are also under
study. For example, sexal companies have created -bmsed plasticizers to replace
phthalates, reportedly with no reduction in PVC flexibilityother properties®

a) b) C)

Figure 1.10: Chemical structure af) polyethylengPE),b) polypropylene (PP),c) poly(vinyl chloride) (PVC).

Bio-based polyethylene terephthalatg (bio-PET): Poly(ethylene terephthalate is a
semtaromatic polyeste(chemical structure ifrigure 1.11) used as thermoplastic material
e.g.for water and soft drink bottles, for clothiridpres tyre cords andor glassreinforced
resins.PET faes some of the strongest public pressure to be 100% sourced from renewable
feedstocksThis pressue has been augmented by the aggressive awareness campaign of US
based beverage giants CeaCala and PepsiPET is produced from ethylene glycol and
terephthalic acidor dimehyl terephthalatewhich react toproduce the monomer (&%
hydroxyethyl)terephthalate.

Currently, partially(30 w/w%) bio-derived PETusing ethyleneglycol is widely used
commercially Consequently, the synthesis of {iased terephtalic acid (TPA) is a required
step for producing 100% bioased PETIn 2011, Coc&Cola enterednto agreementvith
Gevo and Virentto bring 100% PlantBottle technology to commercial scale through two
different biocbased routes togpaxylene which is a precursor for TPA Gevo developed an
integrated method to convert forest residuegsobutanoP? which canin turn be processed
into p-xylene® Virent devised the BiBorming= processtechnologywhich can convert
biomassderived sugaro fuels and chemicalincluding aromaticd* The processconsiss of
three keysteps: 1. catalytic hydrogenaig of an aqueous carbohydrate steam to produce low
molecular weight oxygenes 2. aqueous phase reformitmyreduce the oxygen content of the
feed; 3. conversion of the monooxygenates and hydrocarbons steam into aromatics: benzene,
toluene and xylenes>%*’ In 2015, Virent annowed the use of its bibased pxylene (bie
PX) forthewortl 6 s f i r st -scake prodoction ofa PET@lastic bottle made entirely
from plantbased materialwhich was presented at World Expo hosted in Mifan
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Besides, a significant effort has focused on the development of synthetic pathways for bio
based TPA production without tHermation of pxylene as an intermediaté Most of the
approaches reported in thiéerature are based on the Didkler reaction TPA can be
produced frommuconic acid and ethylen® or from isoprene and acrylic acigassing
through ptoluic acid®® Alternatively, TPA can be lmained fromterpene, tepenoid, or
combination thereof, extracted from a biological source such as lemon, thyme, c&mphor.

O : (0]
—[—O O
L
Figure 1. 11: Chemical structure of poly(ethylene terephthalate) (PET).

Poly(butylene succinate (PBS) Poly(butylene succinaje(Figure 1.12) is an aliphatic
polyesterwhich finds severalapplicatiors as biodegradable materia¢.g. mulching films,
compostable bags, nonwoven sheets and textiles and foams. nitansifacturedvia
polycondensation oimonomerssuccinic acid and 1,4butanediol which are commonly
obtained from fossil resources and are readily available on the mRaB&tis commercially
avail able since 1993: it is prodwenkdfandnder
by Mitsubishi Chemical Corporation under the tradena®®&Pl& .°* Interestingly, both
monomers can be obtained not only from oil feedstock but trough fermeraatienewable
feedstocksby microorganismas well. The bacterial pragction strains that are capable of
producingsuccinic acidrom glucose sourceare recombinanEscherichiacoli, Mannheimia
succiniciproducensandAnaerobiospirillum scciniciproducen§>® Various companies such
as Succinity® (a joint venturéetween BASF and Corbion), oBuette BioAmber and
Myriant are studyingn the production of bisuccinic acid at industrial scale starting from
different substrate: starch, sugar beet, wheat and lignocelldlbseseobtained succinic acid
can be convertkinto 1,4butanediol through hydrogenati6hThis would lead to a complete
bio-based PBS.

PBS is commonlysynthesizedby polycondensation in two steps: the first one
esteification with removal of water occumshile in the secondtheremoval of the excess of
BD allows obtain high molecular weight PBSThe catalyst most common used is titanium
(IV) butoxide (TBT); neverthelessthe use of enzymatic catalysis has been explored as well.
Lipase fromCandida atarctica has been testeoh thedired polycondensatiowf dimethyl
succinateand ring opening polymerization alyclic oligomers (firstly obtained by lipase

catalysed condensation of DMS and BB} Even if in both @ses the esterdimethyl
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succinaté has been employedthe positive results achieved have demonstrated the
availability of a greener route to the PBS synthesis. Howenethe interest of fairness,
mention should also be madetbé issues related to emag leaching and inactivation atite
use of solvents to avoid polymer precipitatiofrhese constrainteamperthe diffusion of
enzymatic catalysis to produce PB®an industrial scale.

PBS is ahermoplastic material suitable in melt processing to olmaisumer goods. It is
a semicrystalline material with a melting temperature value betweer130A0C and a glass
transition temperaturbelow room temperature betweedd and-15 °C’* Despite its good
flexibility (elongation at break ca. 5609 BS exhi bits brittle Dbeha
modulus (E) of about 36800 MPa andh tensile strength of about 20 MPEhis behaviour
can be mitigated through different strategies such as copolymerizadigmer blendingand

fiber reiforncemenf® 273747

(0]

MO\/\/\%

(0]

Figure 1.12: Chemical structure of polg(itylene succinajgPBS).

Poly(lactic acid) (PLA): Polylactic acid is an aliphatic polyester obtained frorg
hydroxy propionic acidalso called lacticacid monomer. Lactic acid is &hiral molecule
consisting of two optical isomees shown irFigure 1.13: L-(+)-lactic acid and B T-lgctic
acidthat can be producdia/ chemical synthesis or bacterial fermentati®hamical synthesis
of lactic acid ismainly based on the hydrolysis of lactonitrile, a derivativpeifochemicals,
by strong acids, which provides only the made mixture of D-and L-lactic acid On the
contrary, bacterial fermentation allowsbtaining high product stereospecificity as
fermentatiorderived lactic acid tygially consists of 99.5% -isomer and 0.5%®-isomer.
The optical purity of lactic acid is a crucial parameter in RlyAthesis and fingbroperties
since it affects crystallizatiorBesides specificity, ignificant advantage of biotechnological
production of lactic acid is that can use cheap maaterials such as molasses, starchy waste,

cellulosic and othetarbohydrate rich materif®’’

O (0]
H OH
HO,, H/,
L-(+)-lactic acid D-(-)-lactic acid

(S)-2-hydroxypropanoic acid (R)-2-hydroxypropanoic acid

Figure 1.13: Lactic acid optical isomers:-(+) and D(-)-lactic acid.
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Poly(lactic acid which is produced by a synthetic pathway is a biodegradable and
thermoformable polyestawell suited for disposable applicatioffslt can be produced by
direct polyconderation of lactic acid or ringpening polymerization through lactide
intermediate Figure 1.14). Lactide is the cyclic intermediate dimer that results from
depolymerisabn of PLA oligomersformed by removing water under mild comidns and
without solvent Polymerization through lactide formation is being industrially accomplished
for high molecular weight PLA production

NatureWorks LLC is the major producer of Plukde the tradename of Ingewvith a
capacity of 15000 metric torperyear in its US manufacturing facilijn Blair, Nebraskaj?

PLA has a glass transition temperature above room temperature at around 55 °C and a
melting temperature valugetween 170 180 °C2° PLA exhitits a Youngmodulus of around
3 GPa, a tesile strength between 50 and ViPa with an elongation at break of ca. 4%, and
an impact strength close to 2.6J m2® Despite its brittleness, rpperties like good
appearance, high mechanical strendthw toxicity and acceptablebarrier prgerties have

broadened its applications especially in food packaging which represent 70% of the PLA

market®?
Lactid Acid Direct Poly(lactic acid)
(o] Polycondensation o
HO |:|'>
OH \H/U\Oﬁ
Low Mw
%

%

Q

B
Ring Opening
Polymerization

High Mw

Lactide

Figure 1. 14: Synthetic pathways for paliactic acig production from lactic acid.

Poly(ethylene 2,5furandicarboxylate) (PEF): Poly(ethylene 2 Surandicarboxylate)
(Figure 1.15) is the most spotlighted member of the furandicarboxylic acid polyesters family
since it is the furan counterpart of the engineered polyester poly(ethdeshthalate)
(PET)®® PEFis 100% biederived the monomers ethylene and FD@8me from renewable
sources.Therefore, PEF is a completely kderived alternative to PET thatrcaeplacethis

lastasfor example in the packaging of soft drinkgater and alcoholic beverag®s.
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FDCA is obtained from the oxidation oftfdroxymethylfurfural (HMF) that is in turn
produced byacidic dehydration of hexoses e.g. gluco®F production is known since the
19" century but the search for efficient and lasgale production wasaplementedn recent
decadesn view of a sustainable production of chemicals. The conversion of HMF into FDCA
is an oxidative process that has beedrassed using distinct types of catalysts, e Pt
nanoparticles®™, and oxidation condition§® Very recantly, Kang et al®’ describedan
alternativeroute to the HMF pathway, based thie @nversion of lignocellulosic biomass into
5-chloromethylfurfural, followed by its conversion inteaetoxymethylfurfural that allowed
obtaining he latter in >99.9% purity. Thaterest in this route relies on the high stability of 5
acetoxymethylfurfuralthe simplicity ofits purification and ultimatelyts simple conversion
into FDCA. However, at the momemnpurified FDCAIs produced on the muiton scale only
by Avantium whose process is based on the air oxidation of a HMF derivative. Iidéesl,
Avantium proces$-(methoxymethyh2-furfural is converted into FDCA in a single step
using a catalytic system based on Co/Md&/Br.

PEF is produced by 2stage melt polymerization approach: (i) a first stage esterification
reaction of FDCA with EG carried out under nitrogen and heating up to 215 °C followed by
(i) a second stag&ansesterification reaction with increasing temperature up to 245 °C in
orderto increase the polyester degree of polymerizatldPEF is a semicrystalline material
displayinga glass transition of around 8®5 °C and a melting efotherm at 210 215 °C*®
The stressstrain curve analyses show that PEFdadu n g6 s mo d u-R4s@MPad 2070
maximum stress of arour86 - 67 MPa and an elongation lateak of only 3- 4% %% PEF
exhibits excellent barrier properties against oxygen, carbowidg and water. This
peculiarity will be discussed deeper in the next paragrhaphliew to replace commercial
PET, some studie¥®® evaluated the economic cost of PR@duction and pointed out an
optimistic view predicting FDCA price bele TPA and competitive prices fdPEF when
produced on a large scafeand when properprices for byproducts (e.g. furfuryl ethyl ether)
are appliedGreat effort is now devoted to the rapid industrial development and marketing of
FDCA. In this vein, Avantium established rpeerships with Swire Pacifiché CocaCola
Company, Danone and Alplamong ot her s, i n a unique consor

36 million aimed at turmg PEF into a business reality.

o} (¢}
o

+o7 T\ ok

Figure 1. 15: Chemical structure gioly(ethylene 2,5urandicarboxylatefPEF).
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1.5 Properties of novel bio-based polymers

The efforts made to replace fossslources with renewable onkave shed light on novel
organic compounds deriving from biomass that can be used as building blocks in polymer
scienceto produce new materials that often present valuable propekliest relevant
polymers obtained from novel baterived monomers have beeistéd in the previous
paragraph, i.gpoly(buyhylene succinajepoly(ethylene furadicarboxilatg, poly(lactic acd),
but a great variety ohew polymersbelonging to this classe.g. polyricinoleic acid, are
object of research and under developmBaotsuant t@ sustainabilitymodel of development
research similarly found ouhe PHAs polymersthat aredirectly producedfrom biomass
fermentati on. | tebides theosustaihablen detivationg thietrelstant thede
new polymers also derivefsom their peculiar propertiesrelated to theunique chemical
structurexoming from nature.

Because of their natal structure, PHAgsan be biodegraded in both aerobic and anaerobic
conditions in many differenecosystemsncluding sea wate¥**®> PHA-degradingbacteria
havebeen isolated from soiP6eudomonas lemoigneéComamonas spAcidovorax failis,
Aspergillus fumigatus and Variovorax paradokuactivated sludgeA(caligenes faecalis,
Pseudomonasfluorescens) and anaerobic sludgellyobacter delafield), sea water
(Comamonas testostergnand lakewater (Pseudomonas stutzeriThe efect of different
environments on the degradation rates been studied and, for example, it was repahizid
the copolymerpoly(3-hydroxybutyrateco-3-hydroxyvaleratg was completely degraded after
6, 75, and 350 weeks in anaerobic sewage, soil, and sea water, resp@¢tvERy. The
ability to degrade in many different ecosystems is a unique peculiarity ¢fHAs family
which matchperfectly wellenvirormental purposes.

Ancther key example is represented frahe furandicarboxylic acid (FDCA) polyesters
family which have received recent attention duexoellentbarrier propertiescoupled with
thar renewable sourcingds previously mentioned,gby(ethylene 2,5furandicarboxylate) is
the furan counterpart of polyester poly(ethylene terephthalate) (BB )while FDCA is
strictly similar to therephtalic acid PA) differences in ring size, polarity, and linearity result
in significantly different performares. TPA is a phenyl ringaromatic ring with 6 carbon
atoms)while FDCA is afuran ring (fivemembered aromatic ring with four carbon atoms and
one oxygen)as shown inFigure 1.16. Moreover, he linearp-phenyl connection in TPA
results in an angle of 180° between carboxylic acid carbons while the nonlinear structure of
FDCA vyields an angle of 129.4°%nvestigation of gbambient mechanical relaxation
behaviourof PEFand PET bydynamic mechanical analygiBMA) revealed that élow Tg,
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both phenyl ringflipping and carbonyl motions contribute to the relaxation behaviour of PET
while the ringflipping in PEF is strongly mdered such that only the carbonyl motions are
believed to contribute tthe subanbient relaxation behaviour ofgF. Furan ringflipping in

PEF is frustrated by the ndimear axis of rotation coupled with ring polarityAs a result,

even if PEF is characterized by higher free volume than PET, it shows improved barrier
properties since its rigidity results in reduced penetrants diffusion coefficients and hence
permeability. PEFexhibits a reduction in oxygen permeability ofaator of* 10x compared

to PET, i.e.0.011vs 0.114 and a reduction in carbon dioxide permeability of a factor of

X 19, Pcgi = 0.026 for PEF and 0.49 for PEY.

Figure 1. 16: Chemical structures of poly(ethylene terephthalate) PET, and poly(ettyheandicarboxylatePEF.

PEF representa key example of the advantage of devaigpnew polymess from novel
bio-sourced building blocks with the aim of replacoamnmercially usegolymersin specific
applicationsl t 6 s w o that the differenicenbgtween PEF and-based PET is not the
bio-derivation since both can be obtained from biomassesegardsthe final performances
of the two materialsvhich depend on the chemical structuresbio-PET retains the same
features of PET while PEF paves thayfor innovative applications.

Another example of this approach is ricinoleic acid and its hotgoger poly(ricinoleic
acid). Ricinoleic acid is the main constituent of the natural plantadtor oiland it is an
unsaturated fatty acidontaining a secondaiyOH group and a lateral aliphatic chain, with a
notable steric hindrance. Poly(ricinoleicd (Figure 1.17) is an amorphous polymgewith a
glass tansition temperature of about5 °C, i.e. significantly low, indicating a very flexible
chainthatinducespoor mechanical performancé3espite ithinders chain packing and hence
crystallization,the presence of the aliphatic sidechaingh@polymeric structure allowthe
material to express a strong biocidal activity towards microorganisms s&thps/lococcus
aureus(mortality rate% = 100y°? S. aureusis a Grampositive bacterium and the long lateral
aliphatic chain can penetrate its cell wall causing damage of the membrane and consequently
cell death.The polymer exhibits lower antimicrobial activity (mortalrate% = 45.0+ 3.2)
on Gramnegative bacteria such Bscherichia coli This is not surprisig given the structure
of Gramnegative bacteria that couah extra outer lipopolysaccharide membrane on the cell

wall, acting as a permeability barrigs that uptake into the cell is reduced
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Figure 1. 17: Chemical structure of poly(ricinoleic acid) (PRA).

1.6 Bio-basedbuilding blocks

In order to move from a nesustainablefossitbased model of development to a
sustainable one, a number of organic compounds that can be obtained from biomass have
been highlighted as platform chemicals in a key study conducted by the U.S. Department of
Energy Efficiency and Renewable Ener@ijpe study angsed both sugar$®and lignin'®*as
renewable sources.

Focugd on sugars, thestudy identified twelve building block chemicals that can be
producedvia biological and chemical conversioiit. deeply revised the routes for their
production and subsequent conversion into valdéed chemmls or materialsBuilding
block chemicals, as considered for this analysis, are molecules with multiple functional
groups that possess the potential to be transformed into new families of useful molecules. The
twelve sugabased building blockshown inFigure 1.18 are 1,4diacids (succinic, fumaric
andmalic), 2,5furan dicarboxylic acid, -Biydroxy propionic acid, aspartic acid, glucaric acid,
glutamic acid, itaconic acid, levulinic acid;h§droxybutyolactone, glycerol, sorbitol, and

xylitol/arabinitol.

(0] o o o NH, O
OH (0) HO
i o
HOWOH HO/\)J\OH
o o
succinic acid 2,5-furandicarboxylic acid 3-hydroxypropionic acid aspartic acid
O OH OH O (0] (0] (0]
HO)MOH y OWOH y OJ\”/\”/OH y OJ\/\H/
OH OH O NH, 0 0
glucaric acid glutamic acid itaconic acid levulinic acid
O _o OH OH OH OH
o OH HO OH
Ho. X _oH HO™ ™
HO OH OH OH
3-hydroxybutyrolactone glycerol sorbitol xylitol

Figure 1.18: Top twelve building blockchemicals that can be obtained from sugacording to the study of the U.S.

Department of Energyfiiciency and Renewable Energy.
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The study also investigated the conversion of lignin to discrete building block molecules.
Lignin is the only renewable source ah important class obrganic compounds: the
aromatics.Hence, the study pmoted tobreak upl i g nmaord@r®lecular structure but
maintain the aromatic nature of the building block moleciNestselective depolymerization
of lignin could leadto benzene, toluene, xylene (BTX) anespectivephenolswhose can
directly enter theconventional petrchemical processe€n the other hand, a very selective
depolymerization could yield a higlalue portfolio of complex aromatics that are difficult to
producevia conventional petrochemical routeBhese compounds are closely related to the
basic building blocks of lignin and may be highly desirable if they can be produced in
reasonable commercial quantiigure 1.19 andFigure 1.20 suggest possible structures that
could be derived from the guaiacyl and syringyl units present in ligiuo. barriers would
need to be overcombowever. First, technologllowing highly selective bondcissionneed
to be developedn order to capture the monomeric lignin building block structures.
Development of this technology will be more difficult than the more aggressive processes that
would yield BTX or phenolsSecond, markets and applications for monomeric lignin building

blocks would need to bavestigated
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Figure 1. 19: Building block chemicals that can be obtained from gepiunit of lignin.
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Figure 1.20: Building block chemicals that can be obtained freyringyl unit of lignin.

Besidesthe building blockscoming from sugars and lignimghlightedfrom the study of
the U.S. Department of Energy Efficiency and Renewable Energy, a healthy ferment of
activities worldwide involving both academic and industrial sectocsis also on other
valuablebuilding blocks coming from renewable resourt® Among them it és
mentioning lactic acid, isosorbide, mannitdhe family of terpenes and terpenqigegetable
oils, tartaric acicand citric acidas reported ifrigure 1.21.

OH
OH O
i O/\Q VV\)\/M/\/\)L
HO O ~ OH o OH
%OH (0] HO/\i/H/\/ ricinoleic acid
s 0.0 o
lactic acid isosorbide mannitol oleic acid OH
( )
6 OH Os_OH
OH Q Q
HO
o (o) OH O HO OH
\B-pinene a-pinene Iimonene) menthone dihydrocarvone tartaric acid citric acid

terpenes

Figure 1. 21: Building block chemicals coming frodifferent type of renewable resource.
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Lactic acid,isosorbide and mannitoledve from biological @ chemical conversion of
sugarsComing from plant oils, fatty acids as ricinoleic acid and oleic acid can be exploited as
building block in polymer science or as precursors for the synthesis-bhberl monomers.
Terpenes are predanantly derivedfrom turpentine, the volatile fraction of resins exuded
from conifers. T h ep i nmaejpoeene ahb lmertenet Iug iraportarst toe b
emphasize that ffmonene is also a bgroduct of the citrus industry. Terpenoids are ratu
products occurring in essentials oils bearing some structural resemblance to terpenes, but with
functional groups like OH or carbonyl moieties as shown by menthone and dihydrocarvone.
Citric acid and tartaric acid are the main-gmpduct of the citrusand winery industry
respectively.
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CHAPTER 2: AIM OF THE WORK

Biomass, which includesrops, foresty, agricultural wastes and agmudustrial by
products,is not only a renewable and sustainable resoafaenergy,but alsoa source of
valueadded chemical$n polymer scienceht unique chemicalrsicture of these compounds
coming from their natural origin, as for example the presence of lateral double bonds,
aromatic rings, polar rings, long flexible chains ei&.pftenconceived as an advantage for
providing peculiar properties to the finalolpmers. The extraction/conversion and
valorisation of these bibased compounds as green building blocks foiblaged plastics is a
great challenge that requires notable effortdeweelop a fully sustainable vaghain Figure
2. 1). Indeed, from a chemical perspective, all processes must be safe, efficient in terms of
yield and purity, covering all three pillars of sustainability: economic, social and

environmental.

> biomass >> high value compounds >> monomers >> polymers >> applications >

Figure 2. 1: Scheme of a value chain that start from biomass to obtain olgmwersand applications.

In this contex the research work here presented aims at contribtdidgvelop the stegs
that start from high value compoundsand move to polymeric materialsof the value
chains of wo bio-based building blocks:itaconic and vanillic acids. As shown inFigure 2.
2 thevaluechain of itaconic acid already finds in literature interesting developmdrilisthe

exploitation of vanillicacid isa relatively newopportunity
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Figure 2.2: Scheme of the two value chains with respect to the literature data.
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Itaconic acid and vanillic acid have been chosen as kegmpoundsbecause of their
chemical peculiarities. Itaconic acid is a diacid with a short aliphatic chain and containing a
double bond. Vanillic acid is a hydroxy acid witlpara-substituted aromatic ringresenting
a lateralmethoxy group.

These chemical peculiarities can be exploited to obtain multifunctional building blocks
suitable for polycondensation reactions to produce polyesters and copolyesters, using other
bio-based comonomersdifnethyl 2,5furandicarboxjate and w-pentalecalactone). It is
noteworthy that the new polymeric products have been designed to have some novel
functionalities such as antibacterial and antioxidant propertigseable segmentalhains
mobility, water vaporbarrier properties, hydrophobicity, acaing to the specific potential
applications, aseportedn Figure 2.3.

Therefore, this research work aims at studying and developivel sustainable synthetic
pathways for the ecedesign of new biebased polymeric structures with high value
functionalities and new potential applicationsasthermosés or thermoplastic materialgr
example in the fields ahedical goods ansimartfood packaging.

In this way the thesis work tries to significantly contribute to the concepts dbdied

Economy and Green Chemigtr
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(EC = ethylene carbonate; CHDM = igyclohexanedimethanol; CHD = 1¢§clohexanediol).

Figure 2.3: Schematic representation of the telmirs of research
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Thia-Michael reaction for a thermostable itaconicbased monomer

and the synthesis of functionalized bigolyesters

3.1.1 Introduction

Itaconic acid (IA), declared as one of the top twelve chemicals from biomasses by the U.S.
Department of Energgfficiency and Renewable Enerd{®, has recently received larg
attention. The biological synthesis of itaconic acid hasnknown since the midorties of
the last century when IA was isolated from the growth medium of fudgyegillus
itaconicus'® Currently, it is produced on an industrial scale (80000 tons/yeiar)
fermentation of carbohydrate sources (glucose, starch and glycerol) deriving from agricultural
wastes'® using Aspergillus terreusand its production capacity is expected to grow 5.5%
every year in the nexd years-'° Because of its multigl functionalities and the exponential
growth of its biological production, IA and its derivatives such as dimethyl itaconate (DMI)
are arousing interest as new building blocks in the field obbged polymeric materials. In
fact, as shown inFigure 3.1.1, by exploiting the double bondt is possible to develop a
radical polymerization; on the other hand, the double carboxylic groups could be subjected to
polycondenson with diols 0 yield unsaturated polyesters

itaconic acid HO. _O
radical polym.

OH

_____ 4 & (0]
’ i H
..... polycondensation HOWO/ R‘O’}
o 5 n

Figure 3.1.1: Schematic representation of the exploitation of itaconic acid as building block in polymer science.

Thanks to these characteristics, IA has been extensinegstigated as an alternative
monomer or canonomer to prepare acrylic polymers thanks to its similarity to acrylic acid.
The first studies regarding the polymerization of itaconic acid were carried out bglNad
Shepherd backn 1959 They reported the homopolymerization of itaconic acid and its
copolymerization with acrylic acid in aqueous solutiming potassiumesulfate as radical

initiator.
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Despite its promising role as building block for polyesters, IA presents some issues to be
taken ino account. Under typical polycondensation conditions, in taetdouble bond tends
to isomerize and to pmote crosslinking reactions. Moreover, the presence of the double
bond weakens the electrophilicity of the adjacent COOH group thus affecting its reattivity.
To temper such effects, IA is often gmlymerized in a small amount with other saturated
diacids or diesters thus reducing the density of thesdirkable moiety. Barretet al'** and
Brannstromet al!** synthesizedlifferent polyesters by thermal polycondensation of itaconic
acid and a second dicarboxylic acid (adipic acid or succinic acid). They obtained oligomers
suitable for coatings applications. Higher molecular weight polyesters including itaconic acid

1115 and Wei and cavorkers'® Guo combined IA with sebacic

were syithesized by Guet a
acid (10% molar ratio of 1A) in the presence of a radical inhibitor ar{@V)ibutoxide as the
condensation catalyst whilé/ei, in similar reaction conditions, combined succinic acid,
sebacic acid and 5 15% molar ratio of itaconic acid. However, it is worth noting that
crosslinking reactions have been limited by the rather low ratio of itaconic acid and the
presence of inhitors. The direct polycondensation of itaconic acid with different diols was
reported by Dakt al'*’ but they statet to obtain only very low molecular weights itaconic
based oligmers in order to avoid crosslinking reactions. Enzymatic polymerization has been
used to ensure mild reaction conditions for the direct polycondensation of IA. For example,
this approach was followed by Barretit al’® who demonstrated the successful
polycondensation of dimethyl tanate with different diols catalyzed by lipase B from
Candidaantarctica (CaLB). They were able to obtain oligomers with molecular weights of
2000- 6650 g/mol. In this context, Gardossi andveorkers'*?*'® developed a new type of
enzymatic catalyst by covalently immobilize CaLB on an egloxgtionalized methacrylic
resin. In this way, they were able to polymerize DMI overcoming the problems of protein
contamination and enzyme recyailgy; however,also in this casdpw molecular weight
oligomers were obtained.

To the best of our knowledge, tleairrent most successful direct polycondensation of
itaconic acid was recently reged by Winkler and cavorkers*'® They polymerized dimethyl
itaconate with differendiols in the presence ofiethoxyphenol as radical inhibitor and tin
(I) ethylhexanoate as catalyst. The reactions were conducted 4C1yelding unsaturated
poly(butylene itaconatedligomers with molecular weights of about 990@1500 g/mol.
Remakably, they investigated the possibility to exploit the unsaturation of DMI to graft
functional groups by means of Michael addition reaction. In particular, tviaee

successfully graphed on the unsaturated moieties of the synthesized oligomers. However,
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when the functionalization of dimethyl itaconate and the subsequent polymerizate®n ha
been tested, a cresked materialwas obtained. Winkler ascribed this behavior to an
undesired elimination of the thiol thati@ms the double bond.

The reportecexamples show that, despite its huge potential versatility, the exploitation of
itaconic acid is still limited. It should be noted that only mild reaction conditions (relatively
low temperature and presence of inhibitors) can be employed and that lowlanoleeights
oligomers are obtained. Furthermore, the unexpected reactivity of the sulphide moiety,
usually characterized by high stability, deserves more extensive studies. Indeed, a deeper
understanding of the stability range and degradative processdamg IA derived structures
could allow researchers to build a platform of new, stable and reliable functional monomers
based on itaconic acid, suitable to yield high molecular weight thermostable polyesters. In
addition, the possibility to introduce gspic lateral groups, such as long aliphatic chains,
could open to a new family of functional materials mimicking the natural biocidal activity
expressed by ricinoleic actf Indeed, as stated by Totagbal, the presence of theijphatic
sidechains on the polymeric structure allowealy(ricinoleic acid)to express a strong
biocidal activity towards microorganisms such Bscherichia coliand Staphylococcus
aureus Moreover, the presence of sulfur onto the polymer backbone camélproxidative
resistance sinceolysulfidescan be oxidized to polysulfonéS.

Consequently, the objective of this work is devoted to study and develop a new method to
exploit itaconic acid fothe synthesis a& robust monomethat can be subjected to common
polycondensation condition®f reaction to yield high molecular weighs polyesters
characteized by specific lateral grougmat provide biocidahnd antioxidangactivity. Hereby,
the functionalization of the unsaturated double bond of dimethyl itaconate bMithiael
addition readbn using *octanethiol and the subsequent polycondensatitindifferent diols
(1,4-butanediol 1,4-cyclohexanedimethanol,4-cyclohexanediol and isosorbid® yield a
family of polyesters is presenteddditionally, the thiefunctionalized monomes subjected
to copolymerization withdimethyl 2,5furandicarboxylate in order to confegidity to the
final copolyester and obtainpaocessablenaterial.Finally, the biocidal activity ascribable to
the long lateral groups investigatedvia plate countdy comparing antimicrobial properties
of the new polyester presenting thesertedside chainand poly(butylene succinate) and

poly(butylene 2methylsuccinate) polyesters
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3.1.2 Thia-Michael reaction on dimethyl itaconate

The functionalization of th unsaturatedouble bond of dimethyl itaconateas achieved
by adapting the thidichael addition reaction with thiols performed by Okadanl'*° They
reportedthat the itaconatalerived addition product was prepared by the addition reaction of
alkyl mercaptan and dimethyl itaconat@MI| was specifically selected as substrate since
itaconic acid would interfere with thalkaline environment of the reaction. The reaction
between DMI and -bctanethiolcompletel after 24 hours at room temperature in presence of
KoCOs (30 wt% to DMI) and eetone $cheme 3.1.1) vyielding dimethyl 2-
((octylthio)methyl)succinate (DOMS)

o 0
K,COs4 o ~
acetone s o
(@)

W

dimethyl 2-((octylthio)methyl)succinate
DOMS

Scheme 3.11: Synthesiof dimethyl 2((octylthio)methyl)succinate (DOMS) by thiMichael addition reaction.

The *HNMR analysis confirms the complete fuioctalization of the double bonds
shown by the disappearance of the signals at 6.33 and 5.72 ppm typical of the veml syst
and the appearance of the signals concerning the introductieocbdriethiol Figure 3.12).

6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0 ppm

Figure 3.1.2: 1H-NMR spectrum of dimethyl-2(octylthio)methyl)succinate
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The molecular mass and structural features of DOMS are confirmed by gas
chromatographynass spectrometry (GRIS) shown inFigure 3.1.3 where it appears clearly
the pe& at m/z 304 corresponding to the molecular mass of DOMS.

The FFIR analysis reported iRigure 3.14 demonstrates the complete absentsignals
in the double bondegion (R.C=CH, stretching 1600 1700 cnt) as well as thiols (RS
stretching 2500- 2600 cnt) while the weak signal at 723 €nis representative of the
sulphide GS stretching.
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Figure 3.1.3: Mass spectrum of dimethg((octylthio)methyl)succinate.
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Figure 3.1.4: FT-IR spectrum of dimethyl-2(octylthio)methyl)succinate.
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It is worth noting that the functionalization by thichael shows a reaction yield of 99%
and it does not requirany purification step other than the filtration of potassium carbonate,

thus increasing the sustainability of the entire process.

3.1.3 Stability tests for DOMS

Dimethyl 2((octylthio)methyl)succinate (DOMS) was tested in order to assess its range of
stability axd determine the most suitable operative conditions for the subsequent
polymerization. Thermogravimetric analysis (TGmyeaed no evident loss of weight other
than after 258 °C, due to thevaporation of DOMSFurthermorea series ofisothermal
closed ap treatmersg were performed on DOMS in order to investigate its operative
conditions. The thermal treatment teéthe monomer fob hours at 200 °C did not evidence
any undesired degradative procassconfirmed byH-NMR analysisand so didalsoin the
presence of a glycol such as -bdtanediol. Additional tests were performed to evaluate
DOMS stability at high temperatures in presence of a classical transesterification catalyst such
as titanium(lV) butoxide (TBT) or proit acids. As reported iRigure 3.15A, the monomer
is stable inthe presence of TBT even after 5 hours at 200 °C presenting only traces (below
1%) of dimethyl itaconate (6.3Bpm and 5.72pm) resiting from the elimination of 4
octanethiol. On the contrary, the presence of a protic acid such as octanoi€igaoid 8.1.
5B), favaurs the elimination of the thiol wh the formation of double bosd6.33 ppm and
5.72 ppm) and oligomers (3.4ppm and 2.3Jppm). Such effect is further enhancedthe
presence of atng acid such as-fpluenesulfonic acid Rigure 3.1.5C). In this case,
extensive degradation occurs resgtin a mixture of undesired sydgvoducts and oligomers.

The reported results demonstrate that, during the polymerization step, the presence of acid
moieties must be avoided in order to prevent undesired crosslinking reactions previously

reported in literaturé®
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Figure 3.1.5: *H-NMR spectrum ofA. DOMS in presence of TBT at 200 °C for 5 holBsDOMS in presence of octanoic
acid at 200 °C for 5 hour§&. DOMS in presence of-4oluenesulfoniacid monohydrate at 200 °C for 5 hours.

3.1.4 Optimization of the polycondensation of DOMS with 1,4butanediol

The polycondensation of dimethyl-(@ctylthio)methyl)succinate with 1;dutanediol
(named DOMSBD) was studied firéy (Scheme 3.12) and the reaction conditions were

optimized by varying parameters such as the feed ratio (nBD/nDOMS), the catalyst type and

content.
o) o)
~o O TBT o N b
ol toHo NN ——— ol
s _CH;OH s
W W n
DOMS-BD

Scheme 3.12: Synthesis of DOMSBD by direct polycondensation.

On the basis of the thermostability of the monomer, the reactions were conducted at 200
°C for the first 2 hours and then graduallpbghtto 210 °C under reduced pressut®{
mbar) during the subsequent 3 hours. Common industrial transesterification catalysts such as
titanium (IV) butoxide (TBT) and dibutyltin(IV) oxide (DBTO)?! were tested.The
synthesizegolyesters reswtd to be fully soluble inchloroform. Moreover, as shown liye
'H-NR spectrumin Figure 3.16, the appearance of the signals related to the butylene chain at
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4.04 and 1.67 ppm and the disappearance of the ester terminals at around 3.67 ppm indicate
the formation of high Mw polyesterén addition, no signals related to undesired reactions
like crosslinking as well as suproducts deriving from thalkylthio group scissiortan be
detected. Such result is also confirmed bylRTanalysis Figure 3.1.10). In fact, no signals
related to double bonds formation appear evident while the signal at 728etative to the
C-S bond is preserved. GPC analysis revealed homogeneous molecuglair adigtributiors
with low PDI. Therefore, all these experimentdhta indicate that polyesters without
crosslinking were obtained

The optimization of the reaction conditions was carried out by measuring the molecular
weight variation and the respective Tg value of tblygsters. First of all, the influence of the
feed ratio was studied, keeping constant the TBT catalyst content at 250 ppm to the final
polyester weightable 3.1.1, entries 15). By increasing the molar ratio of BD on DOMS
from 1.05 to 200, the molecular weight of the polyester increases from 12000 to 1@y500
mol ™. Due to the high volatility of 1:4utanediol (biling point = 230 °C), the stoichiogtry
ratio caneasily unbalance&vhenBD is in slight excess (1.05) thus hampering the molecular
weight growth (entry 1). The molecular weight of the polyesters is also influenced by the type
of catalyst (entry 5 and entry 6). TBT proves to be more efficient as catadysDBTO in
the same reaction conditions. Indeed, using DBT@aaalyst an oligomer of 8700 mol™*
was obtained while lgh molecular weight polyester washieved with TBT. As expected,
the amount of catalyst influences the molecular weight as provemtby 7, obtained using
175 ppm of TBT rather than 250 ppm. However, a molecular weight reduction of EBEDMS
polyesters from 107500 to 88800 mol* can be warranted by a lower TBT catalyst
utilization. Hence, from the polycondgation optimization, it rested that the optimal
conditions are a feed ratio (nBD/nDOMS) equal to 2 using TBT catalyst in an amount of 175

ppmto the final polyester weight.
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Figure 3.1.6: "H-NMR spectrum of DOMSBD.

The DSC thermograms shoed that the polyesters are in the fulamorphous state
characterized by a low glass transition temperature (betvé€etC and-59 °C) As reported
in Table 3.1.1, DSC analyses revealed cartain correspondence between thelecular
weight and the Tg value of the synthesized polyeskgsire 3.1.11 showsthe 2" heathg
DSC thermogram of optimizddOMS-BD (entry 7).

The thermalstability of DOMSBD was analyzed by TGA and the thermogravimetric
curve Figure 3.112) reveals that degradation occurs at the temperatyfg) of 364 °C.

The fundionalization with thiols proves to be a powerful tool to obtain a thestable
system based on itaconic acid that allows the synthesis of high molecular weight polyesters.
The lateral group introduced by tkidichael additionreaction may provide antibaderial
activity to DOMSBD polyester in the attempt of mimpoly(ricinoleic acidp structurebut,
at the same time, ihindes the crystallization processnterfering with the chaid s
organization As a result, amorphoiBOMS-BD polyesters are obtained observed by DSC
analyse. In addition, the aliphatic lateral group affects the glass transition temperature due to
free volume increasefor this reason, the polyesters are characterized by glass transition

temperature values similar to thtmatural ubber (i.e-67 °C)*
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Table 3.1.1: Polycondensation reaction conditions, weight average molecular weights, polydispersity indexes (PDI) and

glass transition temperatures of DONB® polyesters.

entry nBD/NDOMS  catalyst Mw x 10°2  PDI® Tg®

(ppm) (g mor) (°C)
1 1.05 250 TBT 12.0 2.4 -64
2 1.2 250 TBT 21.3 2.0 -64
3 15 250 TBT 80.9 2.6 -64
4 1.7 250 TBT 87.0 2.5 -63
5 2 250 TBT 107.5 2.5 -59
6 2 250 DBTO 8.7 2.2 -66
7 2 175 TBT 88.8 2.5 -63

3 determined by GPC analysisdetermined as Mw/Mn°® determined by DS, second heating scan at 10 ffin™ after a

cooling scan at0 °C min.
3.1.5 Synthesis of polyesters based on DOMS

The influence of the diol structure on the properties of the polgelstéesed on DOM®&as
studied using more rigid struceg than 1,4utanediol, such a$,4-cyclohexanedimethanol
66% trandCHDM), 1,4-cyclohexanediob6% trandCHD) and isosorbide (ISO), as shown in
Scheme 3.13. The polymers are named DOMIHIDM, DOMS-CHD and DOMSISO,

respectively.
OH
HO
CHDM
o) o]
~ O TBT 9 o
Y + on Y
o) o]
S /O/ -CH30H S
W HO K/\/\/n\
CHD
o) OH o)
HO o) o)
isosorbide DOMS-CHDM DOMS-CHD DOMS-ISO

Scheme 3.13: Synthesis of different itaconigased polyesters by varying the diol typeom the top: 1,4
cyclohexanedimethan¢CHDM), 1,4-cyclohexanediol (CHPand isosorbide.

According to the results obtained for DONB®, the amount of TBT catalyst was
maintained at 175 ppm for all the reactions, but parameters such as the feed ratio, the
temperatures and reaction times of the two stages were tailored to monomers that lestve high

boiling points and are less reactive with respect to BD. Using CHDM as diol, it was observed
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that the optimal molar ratio is 1.2, due to the low volatility of the siiate itsboiling pointis

at 286 °C (see samples DOMEHDM 1 and DOMSCHDM 2 in Table 3.1.2) and on the

basis of such consideration the following reactions were carried out. As proved by the sample
DOMS-CHDM 3, the molecular weight of the material blily increases (i.e. 35300 g il

when the temperature of the second stage is increased at 230 °C instead of 210'RE. The
NMR spectrum of DOMSCHDM polyester is reported irigure 3.17.
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Figure 3.1.7: *H-NMR spectrum of the polyester DOMSHDM obtained by polycondensation of dimethyl 2

((octylthio)methyl)succinate and X@yclohexanedimethanol.

Table 3.1.2: Polycondensation reaction conditions, weight average molecular weights, polydispersity indexes and glass

transition temperatures of polyesters of dimeth{octylthio)methyl)succinate with different diols.

sample dioltype  ndio/nboms T 1'stage T 2%%stage Mw x 10°® PDI® Tg°©
(°C) (°C) (g mor) (°C)
DOMS-CHDM 1 CHDM 2 200 210 17.3 2.6 -40
DOMS-CHDM 2 CHDM 1.2 200 210 31.8 2.0 -38
DOMS-CHDM 3 CHDM 1.2 200 230 35.3 2.2 -37
DOMS-CHD 1 CHD 1.2 200 210 21.1 2.2 -29
DOMS-CHD 2 CHD 1.2 200 230 31.1 2.4 -23
DOMS-ISO isosorbide 1.2 200* 230* 28.7 2.4 8

2 determined by GPC analysisdetermined as Mw/Mn¢ determined by DSC, second heating scan atClnin after a

cooling from the melt at 10 °C min*conducted by varying the stage time
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A more pronounced effect of the temperature of the second polymerization stage on the
molecular weight was detected using CHD as diable 3.12 shows that in samples DOMS
CHD 1 and DOMSCHD 2 the increment of the second stage temperature produces a growth
of the molecular weight from 21100 to 31100 g thdlhe'H-NMR spectum of the obtained
polyester using CHD as diol is reportedrigure 3.18.
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I\/\/j\/o\n
f h™>~"h>~"h
g h h i
d
a TMS
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

Figure 3.1.8: 'H-NMR spectrum of the polyester DOMSHD obtained by polycondensation of dimethyl 2

((octylthio)methyl)succinate anti4-cyclohexanediol.

Isosorbide is characterized by a low reactivity as reported in liter&tlifeerefore, while
the first stage wasnaintained for 3 hourghe second stage was followed by subsequent
sampling (4h, 5h, 6h, 8h) in order to monitor the molecular weight growtceptable
molecular weight (28700 gnol™) was achieved after 4 hours at 210 °C and 4 hours at 230 °C
under vacum. So, polyester DOMSISO, which *H-NMR spectrum is reported figure 3.1.
9, was obtained by extending reaction times

DOMS proves to be reactive also with more rigiobls such as CHDM, CHD and
isosorbide as demonstrated by #oeeptablenolecular weight obtained for all the polyesters.

DSC curvesreported inFigure 3.1.11, revealthat all the polyesters are fully amorphous,
characterized by higher Tg values with respect to that of DBRMSDOMS CHDM presents
Tg value ranging around8 °C and DOMSCHD around-25°C, depending on the molecular
weight. The Tg value is also depelent of the cis/trans content of CHDM (66% trans) and
CHD (56% trans) which is retained in polyesters strucame it is known that th&g value
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increases with the increment dfet rans content®® DOMS-ISO is characterized by a Tg of

8°C. Such remarkable increment of Tg is related to the diol rigidity. The aliphatic linear chain

of the butanediol introduces high chain flexibility and determines letyvalues of Tg.
Otherwise, the glass transition temperature increases in the presence of 6 members cycles:
CHDM causes an increment of Tg of about 20 °C, whereas the higher rigidity of CHD
increments Tg of about other 20 °C. A further increment of tpevalue is obtained using
isosorbide that is constituted by two fused tetrahydrofuran c¥cl@kerefore, by varying the
chemical structure of the diol, it is possibletador the thermal properties of the polyesters.
However, despite such remarkable increments, all the polyesters are in the fully amorphous

state with Tg values below room temperature.

TMS

5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0 ppm

Figure 3.1.9: 'H-NMR spectrum of the polyester DOMSO obtained by polycondensation of dimetByl

((octylthio)methyl)succinate and isosorbide.
The thermogravimetric curvesported inFigure 3.1.12, show that the initial degradation
occurs at temperaturesqy(le) higher than 340 °C for all the polymers. DOMEID starts to
degrade at 340 °“POMS-ISO degrades at 362 °C while DOM3IDM shows hermal
resistance until 373 °C.
Sincethe synthesizegolyesterexhibit an outstanding thermal stabiljty blend mixed or
inserted in copolymeric architecturetiey might undergo thermaeprocessg such as
extrusion and injection moldintp producefilms or other materialsin this case,ti Gverth

noting that blending or copolymerizatiane necessary requiremertop obtain thermeplastic
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goods since thepolyesters exhibitT g v al ues bel ow room temper
crystallize een if slowcooling are applied.

The polyestersan also produce thermoset$ a small amount of dimethyl itaconate is
inserted as canit in the polyestér structure From geliminary studieswe demonstrate
that in the same reaction conditions previously descrdvedl whatever the diol usethe
polycondensation oDOMS with a 310% molar ratio of DMI allow obtain polyester
completely soluble and without crosslinking. addition, he subsequent UV curing of the
viscous prepolymer thus synthesizeddemonstratedto harden the polymers obtaining
insoluble and infusible materialsClearly, te present research requires additional
investigatios but from thesepr el i mi nary studies it can be

obtain thermosets fully based on dimetitgtonate.
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Figure 3.1.10: FT-IR spectra of polyesters DOMBD, DOMS-CHDM, DOMSCHD, DOMSISO.
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Figure 3.1.11: Second heating curves of polyesters DOBI3, DOMS-CHDM, DOMS-CHD, DOMSISO at 10°C min™.
The curves have been normalized by the weight of the samples.
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Figure 3.1.12 TGA curves of polyesters DOMBD, DOMS-CHDM, DOMS-CHD, DOMSISO at 10 °Qmin* under N
atmospher¢A) andtheir derivatives B).

3.1.6 Itaconic/furandicarboxyl ic-basedcopolymers

With the aimto design copolymeric architecturebased onDOMS and improve the
thermal properties of the homopolymére synthesis of copolymewnsth a rigid counterpart
was studied To ensure the biderivation dimethyl 2,5furandicarboxylate(DFDC) was

selected aa diestecomononer and 1,3 propanediol asliol (Scheme 3.14).
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Dimethyl 2,5furandicarboxylate (DFDC) is thdimethyl ester of2,5furandicarboxylic
acid (FDCA) which is one of the mostelevant bio-basedbuilding blocks andthe first
candidate to replace aromat@rephihalic acid.The choice of dimethyl estés dictated by the
fact thatacid moieties areresponsible forthe alkylthio group scission anithe undesired

crosslinking reactionduring polycondensation

Scheme 3.14: Synthesis oftaconic/furadicarboxylicbaseccopolymes.

Two different copolymerswere synthesizedby varying the molar ratio of DOMS and
DFDC, consideringthat DFDC is the structureonfering rigidity: DOMS-DFDC 20/80 and
40/60wereselectedhs molar compositianas reported ifable 3.1.3.

The synthetic parameters were adapted from the previously reported precddure
particular, 175 ppm of TBT were used as a catalyst and the feed ratio of the ebtdrsvas
set at 1.8 according tothe literatureon PPF synthesi¥® The first stage was conducteat
180 °C for 1 hour and at 200 °C for th& Rour while in the second stage, whidasted3
hours the temperature was gradually raised from 200 °C to 230 °C and the presiired
to 10" mbar.The described conditions of reacti@iowed DOMS-DFDC 20/80 to achieva
molecular weight of 33300 g nibeand DOMS-DFDC 40/600f 26200 g mot, as reported in
Table 3.1.3. The chemical structure of theynthesizeccopolymers was confirmed byAH-
NMR analysis shown ifrigure 3.113. In Scheme 3.15 the possibleliads for DOMSDFDC
random copolymersire reportedThe signals of the protons of the two monomers remain
unvaried by the neighborhooBrom right to left: 0.87 ppnH, 1.26 ppm™, 1.55%H, 2.50
ppm 'H, from 2.62 to 2.96H and®H, 3.04 ppnPH, 3.71°H of DOMS monomer 7.21 ppm
™H of DFDC monomer On the other hand, the signals of the protohpropanediol split
depending orthe neighborhood. The signals of propanediol linkechflmth sides to DOMS
(DOMS-DOMS) occur at 2.11 ppm fd and 4.4Zor “H. The signals at 2.24 ppm and 4.48
ppm are assigned to the protons of propanediol linked from $idds to DFDC (DFDE
DFDC) labetd as’H and™H in Scheme 3.15. When propanediol is linked from one side to
one monomer and from the other side to the other (D@WBC), the system lose
symmetry and multiple signalare recorded at 1.98 ppm add22 ppm for 'H and H

respectively.
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The signals a3.04 ppm (proton°’H of DOMS-unit) and7.21 ppm (proton™H of DFDC-
unit) were chosemno determinethe molar fractions 0DOMS (Fpoms) and DFDC (Fpepc)

unitsusingthe equations:

0 0 (3.11)
‘O "OIc

- ‘O7¢ (3.1.2)
‘O 0OI¢

where | is the integration intensity of signalfie calculated values tfhe molar fraction are
reported inTable 3.13.
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Scheme 3.15: Diads present iDOMS-DFDC random copolymers
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cocl,

T™MS

Figure 3.1.13: 'H-NMR spectrum of theopolymer DOMSDFDC 40/60.

The DSC analysegeported inFigure 3.1.14 reveal thatthe copolymersare fully
amorphous, characterized bByTg valuewhich is a function ofthe molar compositionThe
copolymerDOMS-DFDC 20/80presentsa Tg valueof 8 °C while the copolymer 40/60 €f9
°C. This trend was expected since DOM&sed polyesters are characterized by low Tg
values and PPF is characterized by a Tg value of 54 °C. As reported by \&tralitit PPF
is unable to crystallize during the cooling scan at 10 °C per mih it eventually can
crystallize by annealing.

The thermogravimetric curvesported inFigure 3.1.15, show that the initial degradation
occurs at temperaturesq(le) higher than 85 °C for all thecopolymers. DOMEDFDC 20/80
starts to degrde at 30 °C andDOMS/DFDC 40/60degrades at 36%C. All the copolymers

synthesized present outstanding stability that allewgecting them to processing methods.

Table 3.1.3: Molar fractions of DFDC units, gight average olecular weights, polydispersity indexes and glass transition

temperatures afopolymers DOMSDFDC.

sample Foroc? Mw x 10°° PDI ¢ Tg®
(g mor) (°C)

DOMS-DFDC20/80  0.81 33.3 2.0 8

DOMS-DFDC40/60  0.59 26.2 1.9 -19

2 determined byH-NMR analysisusing Equation 3.12.° determined by GPC analysfsdetermined as Mw/Mn.
9 determined by DS, second heating scan at 10rf@? after cooling from the melt at 10 °@in™.

The synthesizedtopolymers powders were therrpoessed between two Teflon sheets to
obtain films.The powderwasheated ail20 °C fo 4 minutesunder pressure and then the film
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was maintainedetween the Teflon sheets for a day before mgethem. Figure 3.1.16
showsDOMS-DFDC 40/60 copolymer filmThe DSC ' heating scan on copolynsilms
showed a broad endothermic peaidicaing that during the slow cooling the copolymers
read a certain state of order. Therefore, despite the Tg value of both copolymers is below
room temperature, the films were successfully obtaberhuse of that chameorganization

process
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Figure 3.1.14: Second heating cues ofcopolymers DOMSDFDC 20/80 anddOMS-DFDC 40/60at 10 °Cmin™. The

curves have been normalized by the weight of the samples.
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Figure 3.1.15: TGA curves ofcopolynmers DOMSDFDC 20/80 anddOMS-DFDC 40/60 at 10 °@nin™* under N

atmospherg¢A) andtheir derivatives B).
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Figure 3.1.16: DOMS-DFDC 40/60 copolymer film.

3.1.7 Antimicrobial test

In order to ascribe antimicrobial activity to the long lateral chain of theftimctionalized
polyesters, e antimicrobial tests were performed @oly(butylene succinate) (PBS)
pay(butylene 2methylsuccinate) (PBMS)and DOMSBD polyesters whose chemical
structures are reported Fgure 3.1.17. PBS and PBMS wersynthesizedising TBT aghe
catalyst, starting from dimethyl succinate and dimethyhe&hyl succinate monomers
respectively. Znmethyl succinate was obtained by hydrogenation of dimethyl itacoAate.
shownin Figure 3.1.17, the chemical structure of tleynthesizegolyesterdiffers only for

the lateral chain
a) b) C)

40Nom% *°10i°m"# 4*1*%#
~th

poly(butylene succinate) poly(butylene 2methylsuccinate)

PBS PBMS DOMS-BD
Figure 3.1.17: Chemical structure af) poly(butylene succinatePBS;, b) poly(butylene 2Zmethylsuccinate)PBMS- andc)
DOMS-BD.

The syntheses of the investigatgublyesterswere governed in order to obtain similar
molecular weight which rangearound 16000 g md| as shown inTable 3.1.4. Only for
DOMS-BD polyester,wo samples at different molecular weighteported as-M,, and kM,,
in Table 3.1.4 for the lower and higler molecular weight respectively, were tested. The
sample iM,, is comparable tdhe molecular weight oPBS and PBMSvhile the sample -h

My provides information about thenfluence of themolecular weigt on antimicrobial

activity.
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Table 3.1.4: Molecular weight oPBS, PBMS and DOMSD polyesters.

sample Mw x 1032 PDI®
(g mol?)

PBS 15.0 1.8

PBMS 20.0 2.2

DOMS-BD I-Mw 12.0 2.4

DOMS-BD h-Mw 87.0 2.5

2 determined by GPC analyshsdetermined as Mw/Mn

Staphylococcuaureus repesentinga Grampositive bacteriumwasused as target strain
To estimate the number of viable bactegalls that form the cell suspension added to the
samplesthe counting with colonyforming units was performed at timg The samples in
contact with the cell suspension were incubated for 24 hours before the evaluation of the
number of viable bacterialells via plate counts reported as Log(CFU/ml) at A control
sample containing just the cell suspension was submitted to the same expeGoratitain
to ensure the viability of bacterial cells during incubation. The control sample was assessed as
100% cells viability.

Table 3.1.5 and Figure 3.1.18 reportthe antimicrobial tests performeazh the samples
reported inTable 3.14 usingStaphyl@occusaureusas target strain.
Table 3.1. 5: Antimicrobial activity tests on PBS, PBMS, DOMBD I|-Mw, DOMS-BD h-Mw polyesters using

Staphylococcuaureusas target strain. The data are reported as Log of colony forming unit (CRu)dntihe?o of inhibition

is calculated as differenceith respect to control sample

Staphylococcuaureus

to to4

strain control PBS PBMS DOMSBD I-Mw  DOMS-BD h-Mw
Log (CFU/ml) 5.86+ 0.04 5.95+£0.04 5.52+0.07 5.36%0.05 4.79+ 0.09 5.34+ 0.06
inh % 7.3+x1.0 9.9+0.9 19.5+1.4 10.2+1.0

While PBS and PBMS exhilatla negligible inhibition agains. aireus(7.3% and 9.9%
i.e. bacterial cells reduction from %00 to 3.1x10° and 2.3x10° CFU/m| respectively
DOMS-BD I-Mw causeda cell inhibition of about 20%, i.e. reduction to 618" CFU/ml.
Although requiringfurther studies and optimization, these results undoubtedly demonstrate
that the lateral chain can providebiocidal activity to the final polyesteFotaro et al'®
reported that poly(ricinoleic acid) express strong antimicrobi@ligcagainstS. aireusdue

to the long lateral chain able to perforate the inner membrane of afgéstive bacteriumA
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similar mechanism of inhibition can be hypnotized for DOBIS due to thecomparable

chemical structure.

I control

[ | DOMS-BD I-Mw
I DOMS-BD h-Mw

-
=5

Log (CFU/mI)

Figure 3.1.18: Antimicrobial activity tess againss. aireuson PBS, PBMS, DOMSBD |-Mw and DOMS-BD h-Mw
reported as Logf colony forming unif{CFU)/ml.

Regarding the influence of the molecular weight, DOBI3 h-Mw exhibitedan inhibition
againstS. areusof 10.2%, i.e. bacterial cells reduction from»10° to 2,2x10°. This result
suggests thahe molecular weight of the polymer, which is strictly related to the viscosity,
greatly affect the microorganism inhibition capgg@f the polymer itself. The viscosity of the
polymer is probably related to the dispersion capacity in the cell suspension and hence it

results that the contact area is a critical parameter in antimicrobial test.

3.1.8 Conclusions

We successfully proved thdte functionalization of dimethyl itaconate allows obtaining a
thermaostable building blockhatcan undergo polycondensation under classical conditions of
reaction. The polycondensation optimization was studied usingutadediol as counterpart
and itaconatdased polyesterwithout crosslinkingwere obtained. GPC analysis revealed
polyesters with a molecular weight up 167500 gmol™* and homogeneousolydispersity
proving the linear structure and the absence of linégsy. The synthesized DOMBD
polyesters are completely amorphous and characterized by a Tg valé@ €. We also
demonstrated that kglyclohexanedimethanol, t@yclohexanedigland isosorbide can be
used as diols to obtain different polymeric staves at high molecular weight, high thermal

stability and Tg values that vary according to the rigidity of the chain. So, the Tg value of the
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dimethyl itaconatdased polyesters can be tuned in a wide range of tempsrdtane-60 to
8 °C. We also proed thatthe thio-functionalized itaconic based monontan be used as €0
unit in copolymers with dimethyl 2furandicarboxylateobtaining thermeprocessable
copolymers

Finally, we proved that thensertion of a long lateral chain on the polymer backbone
allows the polymer to express biocidal ity against Grampositive bacteria such as
Staphyococcusaureus.

Therefore, theapproach hereby developed will allave constitution ofa platform of
functional monomers based on itaconic acid that will beleyep for the fabrication of
thermosets anthernostable polymeric architectures suitaglds for examplein packaging

andantimicrobialapplications.

3.1.9 Experimental

3.1.9.1Materials

Dimethyl itaconatel-octanethiol and tbutanethiolwere purchased from Toky©@hemical
Industry Co. with purities of >9, >99% and >9% respectively and used as received.
K2COs (99% purity), 1,4butanediol (99%), 1:4yclohexanediol (99%, 56% trans), 41,4
cyclohexanedimethanol (99%, 66% trans), isosorbide (98%3;propanediol (98%
dimethyl succinate (98%), dibutyltifiV) oxide -DBTO- (98%)), titanium (IV) butoxide -
TBT- (97%), octanoic acid (>98%)tpluenesulfonic acid monohydrate (99%) and PC
wt% loading on dry basisyvere purchased from Sigr#ddrich and used without futher

purification treatmentsDimethyl 2,5furandicarboxylate wasupplied by Tetrapak.
3.1.9.2Synthesis of dimethyl 2((octylthio)methyl)succinate

Dimethyl itaconate (10.00 g, 63.31 mmol}odtanethiol (9.71 g, 66.48 mmol),,80O;
(3.00 g, 30wt% to dimethyl itmnate) and acetone (50 mL) were introduced in a round
bottom flask equipped with a magnetic stirrer. The mixture was stirred for 24 hours at room
temperature. After the reaction,®0O; was removed by filtration and acetone was removed
under reduced presguto dtain the product in 99% yield.

'H-NMR (400 MHz, CDC}, ) : 0. 82 ( tHg), 11AB5 (M310HHEH,), 3 H, C
1.47-1.55 (m, 2H, €H.), 2.45 (t, J=7.42 Hz, 2H,'B,), 2.61 (dd, $=8.01 Hz, 3=13.47 Hz,
1H, C°H), 2.66 (dd, ¢5.66 Hz, &Z16.79Hz, 1H, CH), 2.72 (dd, ¢8.20 Hz, &16.79 Hz,
1H, C°H), 2.83 (dd, =5.85 Hz, ¢=13.47 Hz ,1H, €H), 2.973.04 (m, 1H, ¢H), 3.63 (s, 3H,
CYHs), 3.66 (s, 3H, €Hy).
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3.1.9.3Stability tests

Dimethyl 2-((octylthio)methyl)succinate was introduced into a closetiagaipped with a

magnetic stirrer and heated at 200 °C for 5 hours. The same procedure was adopted in

presence of 7% mol to DOMS of titaniufty) butoxide, octanoic acid or-fpluenesulfonic

acid monohydrate.
3.1.9.4Synthesis of polyesters

Dimethyl 2-((octylthio)methyl)succinate, the different diol and TR/Ere introduced inta

500 miglassreactor bottleequipped with a mchanicstirrerand connected to nitrogen flow.

The mixture was heated under nitrogen atmosphere at 200 °C until the complete elimination

of methanol. After this first stage, the mixture was subjected to a high vammperature

ramp. During the second stage, the temperature was raised in a range28D021D and the

final pressure was 0.1 mbar.

DOMS-BD 'H-NMR (400 MHz, CDC}, @) : J=F.038H%, 3K, tHz), 1.221.41 (m,
10H, C'H,), 1.521.60 (m, 2H, €H,), 1.671.76 (m, 4H, ¢H.), 2.50 (t, J=7.42 Hz, 2H,'B,),
2.66 (dd, §=8.01 Hz, &13.47 Hz, 1H, €H), 2.70 (dd, 5.66 Hz, 3=16.79 Hz, 1H, €H),
2.77 (dd, §=8.20 Hz, &16.79 Hz, 1H C°H), 2.86 (dd, $=5.85 Hz, 3=13.47 Hz ,1H, €H),
3.01:3.08 (m, 1H, €H), 3.67 (s, 3H, COt3), 4.044.21 (m, 4H, €H,).

DOMS-CHDM 'H-NMR (400 MHz, CDC}, U) : 0. 88 ( t'Hs), 1J0% (M,
4H, C-""H,), 1.231.45 (m, 10H, €H, 8H, C-“H,), 1.501.59 (m, 2H, GH, 2H,
C-"4), 1.81 (m, 4H, €"¥"H,; 2H, G-°°H), 2.51 (t, J=7.42 Hz, 2H, 'B,), 2.67 (dd,
J3=8.01 Hz, =13.47 Hz, 1H, €H), 2.69 (dd, $5.66 Hz, &16.79 Hz, 1H, €H), 2.78 (dd,
J3=8.20 Hz, &16.79 Hz, 1H, €H), 2.87(dd, J=5.85 Hz, 3&13.47 Hz ,1H, €H), 3.0:3.08
(m, 1H, CH), 3.46, 3.54 (d, 2H, &,0H end group), 3.84.08 (m, 4H, E""H,; 4H,
CU-SH,).

DOMS-CHD 'H-NMR (400 MHz, CDC}, ) : 0. 88 ( tHg), 1.214.23 (9,3

10H, CH,), 1.561.60, 1.721.82, 1.95 (m, 2H, ®i,; 8H, C-""H,; 8H, C-°H,), 2.482.56

(M, 2H, CH,), 2.642.89 (m, 2H, CHy; 2H, CH,), 2.983.08 (m, 1H, ¢H), 3.69, 3.68, 3.71,

3.72, (s, 3H, CO®1s), 4.86 (m, 2H, €"*"H; 2H, C-H).

DOMS-ISO *H-NMR (400 MHz, CDCL U ) : 0. 88 ( t, 'Hs)] EZ&1.4B%m, Hz ,

10H, CH,), 1.531.58 (m, 2H, €H,), 2.562.55 (m, 2H, tH,), 2.552.95 (m, 2H, CH; 2H,
C®H,), 3.063.15 (m, 1H, H), 3.67%3.73 (m, 3H, COfHs), 3.753.96 (m, 2H, ¢H,; 2H,
C'H,), 4.434.53 (m, 1H, €R), 4.774.86 (m, 1H, ¢H), 5.165.29 (m, 1H, EH; 1H, C A).

51

03

Hz ,

3



3.1.9.5Synthesis of itaconic/furandicarboxylicbased copolymers

Dimethyl 2,5furandicarboxilate (15.0 g, 0.08146 moIpOMS (in different amount
depending of the desired composidioh,3propanediol (18.60 g, 0.2444 mol) and 175 ppm of
TBT were introduced inta 500 mlglassreactor bottleequipped with a mchanicstirrer and
connected to nitrogen flowlhe polycondensation was performed in two stages. In the first
stage, the mixter was heated under nitrogen atmosphere at 180 °C for 1 hour and il the 2
hour the temperature was increased until 200 °C. In the second stage, the pressure was slowly
reduced to 0.1 mbar while the temperature was gradually increased up to 230 °C during 3

hours.
3.1.9.6Synthesis of dimethyl 2methyl succinate

The reactionwas performed in 500mL, 3 necks roundottom flask equipped witla
magnetic stirrerhydrogen inlet, thermometer and reflux colurdmethyl itaconate (10.00 g,
63.31 mmol) cloridric acid(3 mL), methanol(100 mL) and Pd/C0.70 9 were introduced in
theflask under an inert atmosphetdydrogen was bubbled in the mixtueplacing the inert
atmosphereThe mixture was stirred fd hours at45 °C After the reactionthe catalyst was
filtered and recycled on a Celite pabllethanol was removed under reduced pressure; the
product was solubilized in 75 ml of ethyl acetate and washed twice with deionized water (100
ml). The organic phase was collected, anhydrified Mg80O, and filtered. Ethyl aetate was
removed under reduced pressure to olddight yellow dense liquid with aigld >80%.

'H-NMR (400 MHz, CDC4, @.21:(d, J=7.03, 3H, GHCH), 2.36(dd, J=6.05 Hz,
J=16.60Hz, 1H, H,), 2.70(dd, J=8.01Hz, }=16.60Hz, 1H, (H,), 286-2.95(m, 1H, CH
CHjy), 3.67(s, 3H, CHCOO), 3.76 (s, 3H, CHCOO).

3.1.9.7Synthesis of poly(butylene succinate) and poly(buthylerizmethylsuccinate)

The dimethyl ester (10.00 g), 1,4 butanediR equivalentand175 ppm of TBT were
introduced into a glass roundtbmm tube equipped with a magnetic stirrer and connected to
nitrogen flow. The mixture was heated under nitrogen atmosphere at 190 °C for 2 hours and
30 minutes. After this first stage, the mixture was subjected to a high vacuum ramp. During
the second stee, the temperature was maintained 190 °C and the final pressure was 0.1 mbar.
For dimethyl succinate the second stage lasted 1 hour while for dimatigth®| succinate 2

hours.Themolecular weight of the polyestetas monitored bysPCanalysis
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3.1.9.8Characterization

'H-NMR spectra were recorded at room temperature on samples dissolved inusDgl
a Varian Mercury 400 spectrometer operating
part per million with reference to chloroform solvent (CEJClI

Gel permeation chromatography (GPC) measurements were performed by a HP 1100
Series equipped with a PL gel 5 um Minimix€dcolumn. The instrument, provided with a
Refractive Index and UV detectors, worked using chloroform as eluent. Polymer samples
were disstved in chloroform (at a concentration of 0.10 %w/V) and a calibration plot was
constructed with polystyrene standards.

The thermal behavior of the samples was studied by means of a-Bbrian DSC7
equipped with a liquid submbient accessory, for expments at low temperature. The
instrument was calibrated using high purity standards and all the measurements were
performed under nitrogen flow using samples masses of approximately 5 mg. The samples
were heaté from 25 °C to 200 °C at 20 °@in™ and heldat high temperature for 2 min to
erase their previous thermal history. Then theyre cooled te150 °C at 10 °Gmin™ and
finally heated to 200 °C at 10 ¥@in™. The glass transition temperature (Tg) was taken at the
midpoint of the heat capacity incremt during the %' scan.

The thermogravimetric analyses (TGA) were performed using a PEikiar TGA4000
under nitogen atmosphere (gas flow 40 miin™) at 10°Cmin™ heating rate from 40 to 800
°C. For each sample, the onset degradation temperaturesefjonas calculated as the
intercept of the horizontal zedme of the curve with the tangent drawn at the inflection point
of the decomposition step.

Mass spectra were recorded on a Thermos DSQ GCMS.

Attenuated total reflection infrared (ATRR) spectravere recorded on a Di/ZnSe plate by

a PerkinEImer Spectrum One FIR spectrometer.
3.1.9.9Film preparation

The synthesizedOMS-DFDC copolymerswere grinded using an lka M20 Mill, Staufen,
Germany. Resulting powders were dried at 60 °C for 24 hdtesfilms were obtained using
a hydraulic thermipress Carver, Wabash, Indiana, USA. Dried powder was theroubded
between two Teflon sheets H20 °Cfor 2 min & 10 bar and 2 min at 100 bar. Thienfwas
maintained between the Teflon sheets for a day beforerapiaem.
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3.1.9.10 Antimicrobial test

Staphylococcusaureus was used as target strainghe microorganism was grown in
nutrient broth for 24 hours at 37 °C under stirring. The culture obtained was centrifuged at
6000 rpm for 10 minutes. The harvested cells were @gslith a saline buffer and suspended
in the same buffer. The suspension was diluted of 4 orders of magnitude in order to obtain a
cell suspension of about A0olony Forming Unit (CFU)/ml.

200 mg of each polymer sample were weighte
suspension previously prepared were added. Two replicates for each sample were prepared in
order to ensure reproducibility. The vials were placed in a lab shaker at 108t nmom
temperature. After 24 hours of incubation,
for the evaluation of the concentration of viable bacterial g@lplate counts. On agar plates
(Pl ate Count Agar) wer e gaionofd® 16 ri@pm 106f 10 ¢
The plates were maintained at 37 °C for 24 hours to promote cells growth and after incubation

the rumber of colonies was counted.
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3.2 Fullybio-based aromatic polyesters-deri v

pentadecalactone

3.2.1 Introduction

In polymer science,ramatic building blocksre particularly attractivesincethe insertion
of rigid units along the macromolecular chain can impaduliar featureto thematerial as
high thermal stability, good processability, good naesbal performanee and barrier
properties useful for applications in different éig] as it happens for PET.

In order to moveowardsa sustainable model of developmemyeralmoleculesextracted
from biomasshave been identified as potentgibstituteof terephthalic aciés for example
2,5furandicarboxylic acigFDCA). However, a crucial step to ensure sustainability requires a
careful evaluation of the availabilityof the target molecule in biomass, chemical
characteristics and compositigariability of the selected biomass, environmental impact and
costs of theextractiontechnology impact of the purifiation process necessary forther
steps of polymerization, et@he complexity of the problem has been addressedulngnt
Europearprojects,suchas NoAW'?” and AgriMax *?®, which aim at developing innovative
and sustainableoutes to select and extrattesemolecules from agricultural residues and
agraindustrial byproducts In NoAW project the attention has been focused/amillic acid
and itspossibleextractionfrom grapepomacs, which are residual of the wine production
Despite it has been demonstrated that in the residual of the winery inthesprnesece of
vanillic acid is low and its separation from a complex mixture of polyphenols was not
acheved, the efforts made at European lefielwith the scientific ferment around such
aromatic building blockvhich can be exploited in polymer science.

Literature reports that bibased vanillic acid can be obtained fromgetables, such as
basil, thyme ad oregano.Vanillic acid can also be obtained from ferulic acid, whose
extraction from ntural feedstocks (such as wheat, sugar beetriaadby-products) isunder
development as green, efficient and cheaynthetic way'****° and whoséioconversion to
vanillic acid appears industrially feasibt&:**> Moreover, vanillic acid can berepared from
vanillin, a biophenol relatively abundantVanilla planifoliaorchid green pods, even if today
the majority of the commercially avable vanillin is synthesized from petrolewdarived
precursors. However, it is expected that in a near future theirereasing demand for
natural products will move the production of vanillin towardstaimable pathways?

Vanillic acid can be exploited to obtain #&io-based aromatic polyester named

pay(ethylene vanillate) (PEVand teresearch groupo which | belongalready worked on
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the optimizéion of the synthetic procedut&’®® The great interest oREV is motivated by
its similarity to commercial pglethylene terephthalate) (PET)oth polyesters present a
para-substituted aromat ring and show similar thermal transitions. PEV is characterized by
a glass transition temperature (Tg) of 75 °C and melting temperature (Tm) of 264 °C
similarly to PET characterized by Tg = 78 °C and Tm = 252**EGlowever, PEV presents a
notable high crystallinity that makebket material very brittle andifficult to process The
copolymerization of vanillic acid with flexible counterparts is a smart approach to moderate
the brittleness of the material and to promote progletity. The present workeports the use
ofabichagd al i phati c c eentadecalacone (BDOL) dble to £nhance the
flexibility of PEV. PDL, although currently produced from petrochemical sources, can also be
extracted fromambrette seedil and roots ofAngelica archangelica n ds kinowrbespecially
by thefragrance industry®"**® Moreover macrayclic lactonesas PDLcan be gnthesized
from inexpensive and naturallgourced¥-hydroxy fatty acidsusing either chemical or
enzymatic route&?9140141142

As matter of factthe presencef vanillic acid in agrewaste orthe possibility of obtaining
it starting from biebased vanillin or ferulic acid can define a new ealhain that starts from
biomass residuals to produce new aromatic building blocks and new materials, in this case

aromatic PETlike polyesters.

3.2.2 Synthesis of poly(ethylene vanillate) p opemntagdecalactone)and

copolymers

The synthéc procedure here proposaedsadapted froma previous work®* and it results
fully sustainable Indeed, & produce poly(ethylene vanillatePEV), Gioia et al®®* first
developed an ecefriendly route in opposition to previous pathway which required
petrochemicateagents as chloroethol** or toxic compounds suchs ethyleneoxid&*

The polymerizationis a onepot procedure thatompletely relieon bio-basedchemicals,
e.g. methyl vanillate and ethylene carbonaaed avoids alvents and purification stepss
shown inScheme 3.21.

This onepot procedure features an iaitistep in which methyl vanillat reacts with
ethylene carbonate in the presence ofC®; providing methyl 4(2-hydroxyethoxyj3-
methox/benzoate The etherification reactioron phenoic functionality allows improving its
reactivity. Indeed, only when the intermediateis formed the polymerization begisi

transesterificatioroccursin the presence of DBT®atalyst and poly(ethylene vanikgtis

producedl t 6s worth noting that methyl vanill at e
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in the initial stepVA could react with EC to produce a hydroxyl ester grouprfering with
thesubsequent transesterification reaction.

@)

I
o)
\O)ﬁo Py K,CO3, DBTO o
* 070 o

Scheme 3.21: Synthesis of poly(ethylene vanillate) starting from methyl vanillate and ethylene carbonate proposed by
Gioiaet al™*

The reported synthetic pathwag addition to be safe and sustainable, turns out to be very
adaptable because it can be applied to prepezacopolymerswith different counits as U
caprolactonandricinoleic acid***!*® For this reasorthis procedurevasadaptedo produce
copolymerswv i t -pentadecalacone (PDL), a Hiased macractone bearing 14 methylenic
atomcarbons.

However, in the reported cdalitions the ring opening polymerization (ROP) af-
pentadecanolactonesults hard to proceeds: fact, poly( ¥pentadecanolactone) (PPDL) is
usually prepared by means of enzymatic rdti&*° with lipase catalystsAs a consequence
the copolymerization omethyl vanillatewith PDL appears as a more complex challenge,
because the combination of the two techniquesly¢ondensatiorand ROP) requires a
catalyst effective both in the Fisher esterificatamd inthe ROP Antimony (lll) oxide
provesto be able to satisfy this double damd, as alreadyeported*’ Copolymers based on
methyl vanillate andr-pentadecanolacton@amed P(EWco-PDL)) were synthesizedn the
presence oK,CO; and ShO;in different molar ratio of EV and PDL (EV/PDL 80:20, 60:40,
40:60,20:80) The schematic procedure is reportedStheme 3.22. For comparisonalso

poly(ethylene vanillate) (PEMyassynthesizedn the same reaction conditions.

(@] | o
~ o 0 o) 8,03, KCO:
CH3OH
OH \/ Co,

Scheme 3.22: Synthesis ofandom copolymersamed P(EVWco-PDL) containing repeating unit derived framethyl 4(2-
hydroxyethoxy)3-methoxybenzoatéEV) and¥-pentadecalactone (PDL).

Contrary, @ | ypentadecalactone) (PPDlwas obtained by enzymaticring-opening
polymerization ofy¥-pentadecalactone usir@andida antarctica lipase B according to the

study of Focaretet al*
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3.2.3 Molecular characterization

The structural identification of PEV, PPDL and P(E®PDL) copolymers was carried out
by 'H-NMR.

Figure 3.2.1 showsthe 'H-NMR spectrum of methyl vanillate whilgigure 3.2.2 shows
the *H-NMR spectrum of poly(ethylene vanillatéJhe reductionof the ®H proton signalat
3.99 ppm related to the metoxy grougnd at the same time the appearanc&Hoénd °H
proton signalsat 4.48and 4.76 ppnnelated to etherification reaction on phenolic functionality
areregistered provinghat polycondensation occurred.

'HNMR analysis also conf i r-pestadecalatorie)creporteds t r u c
in Figure 3.23.

o T’
a\O)UO
C
OH
d
a e
d
b
CDCl3
(o]
H,0 T™MS
o Jt

B L e e L A e ) B e
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0ppm

Figure 3.2.1: 'H-NMR spectrum of midayl varillate.
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Figure 3.2.2: *H-NMR spectrum of poly(ethylene nilate)PEV.

’J TMS

Figure 3.2.3: 'H-NMR spectrum of polyf-pentadecalactop®PDL
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Based on the'H-NMR spectra recorded on PEV and PPDL homopolymers, peaks
assignment otopolymers P(EMo-PDL) was carried oufFigure 3.2.4). Scheme 3.23
reportsall the four possible diads present in P(E£d-PDL) systems(1) EV-EV sequence,
obtained fromthe reaction between carboxykad hydroxylic graps of the EV units, (2)
PDL-PDL sequence, obtained from the reaction between the carboxylic and hydroxylic
groups of the PDL units, (3) EWDL sequence, obtained frorthe reaction between
hydroxylic groups of the EV units andarboxylic groups oPDL units, and (4) PDIEV
sequence, obtained from theaction between hydroxylic group§ PDL unitsand carboxylic

groups derived from EV units.

1) EV-EV 2) PDL-PDL
e
(@]
b (|) d o 9 o W
)‘\@E f c \f/\o/ )W/\/O\[WO/
c O/\/O o h J 10 | o i 10
d g b |
O e
3) EV-PDL 4) PDL-EV
e
(e} b | d g
o] o c O\/\O/
c O - - . e
, O ' : (0) h jho | b
d g I 10 e} |
(0] e

Scheme 3.23: Diads present in P(E¥¢o-PDL) random copolymers

For the aromati@H and®H protons the signals centred at 7.59 and 7.71 ppm change their
multiplicity with respect to the corresponding signal recorded for the homopolymer, thus
indicating a weak influence of the neighbouring PDL units in #IM._sequence (represented
as"H and® M in Scheme 3.23). The other aromatitH proton, instead, is strongly influenced
by the neighbouring unit (EV or PDL) and two multiplets are observed at 7.00 (Stéton
and 6.95 ppm (protofiR), correspondig to EV-EV and EVPDL sequences respectively.

The signal at 3.93 ppm &f protons remains a singlet.
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Figure 3.2.4: *H-NMR spectrum otopolymer P(EVco-PPDL) 80/20

The aliphati®H pr ot on (i n U to t'Hpeotoe @nkes tathecethgrgen a:
group) are also influenced by the neighbouring units, according to theVEahd EVVPDL
diads inScheme 3.23 (°H centered at 4.76 pprfifl at 4.55 ppm'H at 4.49 ppm andH at
about 4.36 ppm). Only the signal i protonis well resolved, while thé A, 'H and’
protonssignals partially overlap with other signals.

The'H (4.15 ppm)/H (2.42 ppm)*H, 'H (1.62 ppm) anéH (1.121.50 ppm) protons are
assigned to the PDL unit according to the signals recorded for the PPDL sampianiPDL
protons in U and b tH “H} &re strongyt iefluencedxby ¢the n  a't
neighbouring unit (PDL or EV) (see PERDL and PDLEV diads inScheme 3.23) and the
signals due toH (4.36 ppm) and & (1.81 ppm)protonsare also observed in the spectrum,
even if the' § protonsignal overlaps with that of tHé H. "M precn, in U to t h
carbonyl moiety in the PDL unit, appear to be weakly influenced by whether the neighbouring
group is a PDL or EMinit and only a change in the multiplicity of the signals is observed
represented 59 in Scheme 3.23. The'lH pr ot on (centred aythel. 26 p
neighbouring unit.

To determine the molar fractions of copolymer units, the sign@9appm (protonH of
EV-unit) and a2.39 ppm (protofiH of PDL-unit) were chosen, because independently of the

molar composition such signals maintain their chemical shifts and do not show any splitting,
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thus assuring a minimal error in the integration evaluation. Therefore, the molamaat
EV (Fev) and PDL (Bp.) units were calculated by means of the equations:

. ‘Ofo

. ‘Ol¢

where | is the integration intensity of signals.

Values of Ey are listed inTable 3.21.

Table 3.2.1 shows he molecular weiglstof all the synthesized sampldgtermined by
GPC analysis in a mixture of CH41,1,1,3,3,3nexafluore2-propanol (HFIP) (95/5 vol%).
Since PEV is insoluble in the GPC solvenits number average molecular weighias
determinedy *H-NMR.

Table 3.2.1: Molar fraction of EVunits and molecular weighof PEV, PPDL and P(EMo-PDL) copolymers.

sample Fey ® Mn x 10°° (g mol™) Mw x 10°° (g mol™)
PEV 1 11.0°

P(EV-co-PDL) 80/20  0.81 7.3 17.3

P(EV-coPDL) 60/40  0.61 8.5 20.5

P(EV-co-PDL) 40/60 037 7.2 13.9

P(EV-co-PDL) 20/80 0.19 10.0 23.8

PPDL - 37.5 63.7

2measured byH-NMR analysisby equatiorB.2. 1. measured bBPC analysi€ measured byH-NMR analysis

3.2.4 Thermal stability

The thermogravimetric curves reported-igure 3.25A show thathe degradation process
occursat temperatures (fse) highe than 370 °C for all thesynthesizedmaterials PEV
degrads first at 372°C while PPDLshows thermal resistance to 407 °C; the copolymers
exhibitin-betweernthermal stabilityup to386399 °C. Table 3.22 lists theinitial degradation
temperature$Tonse) and the temperatures which the decomposition ragemaxima(T)).

SincePEV thermal stability is lower than that of PET], = 440 °C)"*® despite their similar
chemical stucturesPEV thermal lability has to be ascribed mainlyetioer bonds, which are
generallyreferredas weak points as for DEG groups in PEIn random copolymerthe
reduction of ether linkagesecause of the inclusion of PDL unitssults in higher thermal
stability than PEVMoreover, loth for PEV and copolymerghermal stability is affected by
ther low molecular weightwhose influence on the final therntalsistances well known in

literature®®® As far as the PPDL sample is concerned, it presenttablgdigh Tnsetvalue, as
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confirmed by the literature where it is reported that PPDL has a higher thermal stability
compared to othepolylactones,such as poly(glycolic acid)poly(lactic acidjand pol y ( U
caprolactone)whose peak decomposition temperatu (T,) are 360, 295, 402 °C,
respectively>*

PEV and copolymersich in PEV show a single degradation steyhile PPDL and
copolymers rich in PPDIshowtwo degradation steps: a main omnbere about 90% of the
initial weight is lost, followed by a mindmal loss appearing as a shouldErgure 3.2.5B).
As reportedby Focareteet all*® in the first degradation step the main volatile product is
cabon dioxide whereas in the second step a cluster of higher mass pradaictgous to

those released by ledensity polyethylene!>

attributed to the degradation of the
hydrocarbon part of poly(PDL) chain is observ&PDL degradation process ends in a

complete weight loss.
A B
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Figure 3.2.5: Thermogravimetric arvesof PEV, PPDLand P(EVco-PDL) copolymersat 10 °Cmin™ under N atmosphere
(A) andtheir derivatives B).

3.2.5 Non-isothermal DSC analysisand WAXS analysis

Figure 3.2.6 shows DSC cooling and subsequent heating scans at 10 *ComiREV,
PPDL homopolymers and P(E&6-PDL) copolymers whileTable 3.2.2 reports the
corresponding calorimetric datBigure 3.2.7 shows WAXS diffractometer profiles at room
temperature of the samples obtained by melting and subsequent controlled abdn§C

mint,

63



Cooling (10 °C min'ﬂ) 2nd Heating (10 °C min™)

-—— Exo Heat Flow
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Figure 3.2.6: Nonrisothermal DSC analysis 8EV, PPDLand P(EVico-PDL) copolymes. Cooling scans from the melt
and 29 heating scans at 10 °C rifiriThe curves are normalized by the weight of the sample.

—PEV
—80/20
60/40
——40/60
20/80
—— PPDL

LT (=

1 L 1 " 1

10 20 30 40 50
20 (deg)

Figure 3.2.7: X-ray diffractometer profile of PEV, PPDdnd P(E\fco-PDL) copolymers

As reportedin Table 3.2.2 all the samples are setnystallineand theTg values vary as a
function of the composition, indicating a single homogeneous amorphous phase.

During coding scan, homopolymers and the copolymers rich in PEV or PPDL units (80/20
and 20/80 samples) show a single crystallization peak while the copolymers with intermediate
compositions (60/40 and 40/60 sampledthough present a maarystallizationpeak wich
can be related tthe crystalline phase of the major comonomshow more complicated

thermograms due toelpresence of the comonomeric units.
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PEV presents high values of crystallization terapge (173 °C) and enthalpy (6% %),
confirming the abity of the polymer to reach a state of high order when cooled from the
melt. WAXS analysison PEV sample at room temperatyfégure 3.2.7) validates this
consideratia: its patternis charaterized by thepresence of sixntensereflections & about
13.55°, 14.65°, 21.2522.25°, 24.25° and 27.05°.

As expected, also PPDL exhibitsry high value of crystallization enthalpy (124 J)at
lower temperature (79 °C). Its ability to crystallize is confirmed by WAXS analysis since
PPDL diffraction profile (Figure 3.2.7) showsintense reflectios at 21.3L° and 23.79°
Powderdiffraction pattern of PPDL is similar to that of PE proving similarity in crystal
structuresindeed as stated by Gazzamo al'*>* PPDLunit cell is pseud@rthorhombic with
the following lattice parameteess= 7.40 A b=4.93A, c=2534; and U .Fhe90. 06
polymer chainglisposed in a planar zigzagrdormationinsidethe crystal are parallel to the
c-axis of the unit cell.

P(EV-coPDL) 80/ 20 copolymer show a sing¥fe cry
48 J @ meaning that it crystallizes in the phase of PEV homopolyaseconfirmed by
WAXS measurement since 80/20 sample exhibits the typical reflections observed for PEV.
However the lower Tavith respect tothat of PEV indicateslower crystak perfectionas
expected for random copolymers

Similar behaviour is registered fdlne copolymer richn PPDL P(EV-co-PDL) 20/80
presents a single crystallization peak at lower temperature (6&8ntCyVithl o wer aHc ( 9 3
g™!) than PPDLand reflects the diffractometer pattern of PPDL

On the other handcopolymers with intermediate compositions, i.e. WP{&-PDL) 60/40
and 40/60presentmultiple exothermic processeB(EV-co-PDL) 60/40 shows sharp peak
at 105°C which can be referred to PEV crystalline phase and a lsoed peak at lower
temperature (6C) referableto PPDL crystalline phasdt probably presents two crystalline
phases even if WAXS analysis confirms that PEV crystalphase, which is the major
comonomer, prevail$?(EV-co-PDL) 40/@ showstwo peals at 37 and 53 C bothascribable
to PPDL crystalsWAXS analyss confirns thata sngle phase referable to PPDL crystalline
phase occurs iR(EV-co-PDL) 40/ copolymer.However, the double crystalline peak means
the formation of imperfect PPDL crystalhis different behaviour betwe&®/40 and 40/60
copolymers suggests that PDL coroorer is able to crystallize even when present in 40%

molar fraction unlike EV comonomer does.
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Table 3.2.2: Thermal properties oPEV, PPDL and P(EVco-PDL) copolymersobtained from TGA and DSC nen

isothermal analysis.

sample Tonset To Tc aHc m aHm Tg
C)*  (0* (o @@  O° @d)* (o

PEV 372 404 173 69 266 78 74
P(EV-co-PDL) 80/20 391 416 123 48 229 49 34
P(EV-co-PDL) 60/40 395 423 6-105 6-34 31-187 2-26 -2
P(EV-co-PDL) 40/60 386 420 37-53 63 66-71 61 -3
P(EV-co-PDL) 20/80 399 431 69 93 82 99 not detectable
PPDL 407 439 79 124 96 132 27

2 measured by TGA analysis in nitrogen at 10 °C hfrmeasured by neisothermal DSC analysis during the cooling scan
at 10 °C mift. © measured byonisothermal DSC analysis during th& Beating scan at 10 °C min® measured by nen
isothermal DSC analysis during th& Reating scan at 10 °C mirof theamorphous sample obtained after quenching from
the melt, using liquid nitrogefi measired ty DMTA analysis from ref*®

In the second heating scatgpending on the crystalline phases formed during cooling, one
or two melting peaks are recorded. PEV exhibits very high melting temperature (2&6d°C)
enthalpy (78] g%) in agreement with Gioiat al*** PEV is characterized by higharelting
enthalpythan PET (45 J &) demonstrang the attitude of PEV to crystallize and to reach a
state of high ader. Such behavior has beascibed to the higher mobility of theonstituent
units of PEV chain with respect to the terephthalic units of PEdeed, in terephthalic
units the sp hybridization of the carbon atoms of the two carboxylic groups induces
coplanarity between carboxyl and phenyl groups, restricting the rotational angles of €Ephenyl
COO to 0 and 180°. In PEV such rigidity is avoided becawse carboxylic group is
substituted by an ether unit, which can confer nilenability to the chain and can impart a
higher chain folding capability. This chain folding ability can probably overcome the
hindrance to crystallization due to the presendb®fide methoxy group.

PPDL showghe melting endotherm at 96 °C associated with a very high melting entlaphy
of 132J g*. Melting temperature of PPDL interpose between Tm of PCL (58 °C) and Tm of
PE HDPE 120 °C).

A single melting peak is also observed fgEW-co-PDL) 80/20 and 20/80 at 229 °C and
82 °C respectively.The lower Tm values with respect to the values dhe respective
homopolymerindicatelow crystal perfectiordue tothe canonomerinterferencepresentat
20%of molar compositionThe melting enthalpy is 49 g for P(EV-co-PDL) 80/20and 99J
g™ for P(EV-co-PDL) 20/80 provinghe enhanced abilitpf PPDL moietyto crystallize.

P(EV-co-PDL) 60/40 slow two broad melting peaks at 3@ and 187 °C related to the two
crystalline phasegine referable t&®DL units and the other &V units.
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P(EV-co-PDL) 40/60showsa broadmelting process that stads35 °C and ends at 76 °C
meaning the formation of imperfect crystals because ahttiesion of EV units.

3.2.6 Isothermal DSC analysis

The sothermal crystallization process of teynthesizednaterials was studied by means
of DSC in order to investigate the overall crystallization eaite¢ compare it with commercial
polymers such as PET apdly(buthylene terephthalatéyBT).

After a rapid quench (150 °C mth from the molten state, the samplas held at the
chosen temperature of crystallization (Tir the time long enough to compde the
crystallization process. Thealf-crystallizationtime (&) is the time necessary to reach the
50% of crystallinity measured as enthalpy of crystallization apetotis the difference
between the haifrystallization time and the time at which crystallization begins. The inverse
of ty-tp provides an experimental measuriethe overall crystallization ratelable 3.2.3
reports the valuesf crystallization temperatur@c) and the values df-to for PEV, P(EV
co-PDL) and PPDL samples.

Table 3.2.3: Isothermal crystallization temperatures (Tc) angts values for PEV, P(EMo-PDL) and PPDLlsamples

Isothermal crystallization

PEV 80/20 60/40 40/60 20/80 PPDL

Tc tyo-to Tc tyoto Tc t1o-1o Tc t1o-1o Tc tyoto Tc tioto
(°C)  (min) (°C) (min) | (°C) (min) (°C)  (min) (°C) (min) (°C)  (min)

240 1.63 172 1.47 138 2.10 63 2.82 76 2.16 84 131
242 2.39 176 2.09 142 2.67 64 3.57 77 3.79 85 3.17
244 3.19 180 2.66 144 3.13 64.5 4.93 78 6.65 85.5 5.74
246 4.86 182 3.12 146 3.33 65 5.82 79 15.31 86 7.54
248 6.84 184 3.47 148 4.06 66 7.52 80 33.01 87 16.99
186 4.07 150 4.35
188 4.81

As reprted inTable 3.23it 6 s worth noting that 1 sother ma
high Tc, near the melting poiand far from the crystallization peak registedening cooling
at 10 °C mift (Figure 3.2.6), for all the samples. Since the range of crystallization
temperatures of the two homopolymers amgnificantly different, in copolymers only the
crystallization of the major comonomer occurs, i.e. shpylase crystallization: for P(E¥o-
PDL) rich in PEV, the Tc is high enough that PDL moiety is in the molten state, while for
P(EV-co-PDL) richin PPDLPEV moi ety doesndt ircd40% ertliowdr| i z e
as shown by WAX@nalysis Figure 3.2.7).
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Figure 3.28 shows typical heating scans of the samples that isetieermallycrystallized

at different temperatures (Tc) and subsequently melted.
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Figure 3.2.8: Heating scanstd 0 °C min' of PEV, P(EVico-PDL) and PPDL samples after crystallization at the Tc

indicated on the curves.
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As shown, multiple and complex melting process are involved both in homopolymers and
copolymers. In order to better understawth behaviour, wérst focus our attention on
homopolymers curves. In PEV sample, two endotherms appear in the thermogram and are
labelled with Roman nuerals(ll andlll). Peakil can be ascribed to the fusion of the crystals
actually formed at Tc during primary crystalition while peakll can be associated to the
fusion of the crystalwith higher perfectiongrew during the heating scan as aseguence of
recrystallization. Recrystallization phenomena in PEV sample is confirmed by the small
exothermexhibited duringhe nonisothermal DSC ¥ heating scanRigure 3.26) just before
the single melting peak. PPDL showsiagle melting peak labelled with Arabic numerals (2)
which is associated to the fusion oie crystals formed at Tc. Already during primary
crystallization PPDL sample forms crystals with high perfection. In copolymers samples,
appear an extra endotherm peak labelledlagof copolymers reach in PEV and (1) for
copolymers reach in PPDL. The peak can be referred to the meltohefedtivecrystalsgrew
at Tc In P(EV-co-PDL) 80/20 all the peaks,(ll, 1ll) are registeredn P(EV-co-PDL) 60/40
peakl is more proounced while peak llis overlappedo peakll since a broad melting peak
is registered. As far &(EV-co-PDL) 20/80and P(EVfco-PDL) 40/60is concerned, peak 1 is
detected as expected because of the formation of imperfect ciisgais EV units presence

The equilibrium melting temperature (Tm°$ i crucial parameter to determine the
under cool i-ficy nedessdry-td ocofpare crystallization rates. Tm® is the melting
temperature of lamellar crystals with an infinite thickness and was determined by the
Hoffman and Weeks methd® That methodanalyses the dependence of the melting
temperaturesTim of peakll or 2) of crystals grown at the corresponding thimoughthe
relationship:

" . pY
YYe P oF

wher e o iependiag oh lansetlaothickrebss.

(32.3)

In thatmethod, theobservedmelting temperatures (Tnof the crystals formedt different
temperaturesf crystallizationare plotted against the crystallization temperature (Tc), and the
Tme® is estimated at the intersextipoint with the linear fiTm=Tc. Figure 3.2.9 presentshe
Hoffman and Weeks plstconstructedfor PEV, PPDL homopolymers and P(Ed-PDL)
copolymers whilethe calculated values after the extrapolation are reportddhe 3.2.4

together with the values of.r
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The \alue of Tm°for PPDL samplés the sameeported by Caét al**® Instead the value
of Tm® calculated for PEV sample is different from that reported by Zambetli.™’

(301.4 °C)because they plotted Tm® values of pdalagainst Tc.

In random copolymers the theoretical equilibrium meltiemperature (Tmg) can be

determinedby theories based on the comonomer exclusion model. The Baur edifaimn

particularly interesting as it takes into account the molar frackenof crystallizable

conmonomer as follows

where T mA

P
~-

and

p Y 4 &
"V W Gﬁ)
&HmMA ar e

CwpPp W

t he

corresponding homopolymer and R is the gas constant.

By setting homoplymers Tm° values determined in the present work and blgmers
@ H mvaluesdetermined in thetudy of Zambousi et al**” and of Caiet al!*for PEV (166 J

(32.4)

equilibrium

me |

g') and PPDL (227 J'Y respectively, theoretical equilibrium melting temperatures (Jm?°

very close to the experimentally estimated one were obtained arepareed inTable 3.24.

Such trend confirms the validity of the Bauer model and hence the occurrence of complete

rejection of minority comonomer by the crystals.

Figure 3.2.9: HoffmannWeeks plots for the determination of Tm° of PEV,
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Table 3.2.4: Equilibrium melting temperatusof PEV, PPDL andP(EV-co-PDL) copolymers

sample Tme® (°CY} r2 Tme (°C)°
PEV 290 0.998

P(EV-co-PDL) 80/20 258 0.997 251
P(EV-co-PDL) 60/40 224 0.961 223
P(EV-co-PDL) 40/60 98 0.994 82
P(EV-co-PDL) 20/80 95 0.954 91

PPDL 101 0.965

4 determinedexperimentally by Hoffmaniweeks plots® determined by the Baur model.

Figure 3.2.10 shows plots of the overall crystallization rate expressetl/(&s-to), as a
function of undercooling for all thesynthesizedamplesThe halfcrystallization time () is
the timenecesary to reach the 50% of crystallinity measured as enthallgyystallization
during isothermal DS@&xperimentsty is the time at which crystallization begiasid the
inverse ofty-to (1/t2-to) provides an experimental measofehe overall crystallization rate;
undercooling(adT) is the difference between theguilibrium melting temperature, Tm°, and
the isothermal crystallization temperatufie. As previously mentioned, the crystallization
experiments were performed®t nea the melting point for all the samples since at lower Tc
crystallization is too fast and the samples start to crystallize during rapid cobiegsolid
lines shown inFigure 3.2.10 correspond to arbitrary fits performed to guide the. &ET
(Mw = 68400 g mot) and PBT (Mw= 77400g mol™*) were used as reference materfadsn
the study of Chisholret al*** It is clearly shown that the aliphatic polyester PPDL crystallize
very fast while the aromatic polyesters (PEV, PBT and PE\¢ Bibower crystallization rate.
PEV is characterized by a crystallization rate similar to that of PBT, faster with respect to that
of PET. Copolymers showbehavioursimilar to that ofthe corresponding homopolymer
althoughcharacterized by a slower crystallizaticate, depending on the composition.

The crystallization procesnsists of two consecutive phenomemacleation and crystal
growth.Nucleation of a crystal starts with the formation of smsaled areas where a group of
molecular chains or their segnteccur alignedprimary nucleationyvhereascrystal growth
is achieved by further additiasf polymer chais which first diffuse taardsthe growth front
and then form an ordered surface

Polymer chain flexibility is a crucial parameter as it correlateshe diffusion in the
molten state and to thehain folding capability during the formation of the crystal. By
comparing the chemical structures of PPDL and aromatic polyester (PEV, PBT and PET), it is

71



evident that the long aliphatic sequence of-(@H,)- units of PPDL is very flexible thus
fitting easily in folded crystals: PPDL is the fastest crystallizing polyme&igare 3.210.

Inside the poly(alkyleneterephté)s, PBT is characterized by a sequence of four
methylene units while PET by twohence justifying the improved chain mobility and
crystallization of PBT From Figure 3.2.10, it results thatPEV has a crystallization rate
similar to that of PBT proving thecomparablechainflexibility. It can be deduced that) i
spite of the two methylene units as PIPEV chain has higher rotational freedom around the
aromatic ringthatimpars a chain folding capability during crystallizatisimilar to that of
PBT.

As far asrandomcopolymersis concerned, they retain the same chain flexibilitythof
respective homopolymelut the crystallization rates result slowed down because of the
presence of the cmonomer The minority comonomer is fully excluded from the crystalline

phase and constitutes detefor the crystals formation.

1.1 . , . , . , . ,
- PBT

08 L PPDL i

07 | T 80/20
PEV PET
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Figure 3.2.10: Crystallization rate (1{f>-ty) as a function of the undercooling for PEV, PPDL and RB\WPDL)
copolymers samples, PBT and PETreft **°.
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3.2.7 Processability

The synthesizedcopolymerspowderswere thermopressed between two Teflahmeets to
obtain films.Sinceall the @polymers are characterized by a lower degree of crystallinity with
respect to PEV homopolymelijms were successfully obtaingdr all the copolymersin
Figure 3.211is reported the film of P(EM¢o-PDL) 80/20 copolymer

As expected, @apolymerswith intermedia¢ compositions, i.e. 60/40 and 40/60, appear
more flexible thanthe copolymers 80/20 and 20/&@cause of theitower crystallization
ability. Therefore, the brittleness of PEV homopolymer can be overcome and the copolymers
appear as interestirigo-basedmnaterials for possible applications in flexible packaging.

Figure 3.2.11: P(EV-co-PDL) 80/20copolymer film.
3.2.8 Conclusions

Novel copolyesters, based on vanillic aaich dpentadecalactondave been successfully
synthesized and characterized. The synthesi®nepot procedure, no solvent involved, and
no purification steps required demonstrating to bsuitable for an industrial upscaling, even
if the availabilty of bio-based vanilt acid isstill a matter ofliscussion

The obtained random copolymersare characterized by good thermal stability, a
homogeneous amorphous phasseystal phases that depead the compositiorand a lower
ability to crystallize than the corresponding homlygmers PEV and PPDLAs a matter of
fact the cop ol y me r Hpentadedalactonpnoafst th be ¥arelevant strategy to
moderatethe brittleness of PEV homopolymefrue t o t he copol ymersaé
crystallinity. Randomcopolymersdemonstrate todyprocessable andrhable and hencthey
can be considered potential bbmsed substitutes of petderived aromatic polyests for
packaging applications.

The end of life of these materials was not studied yet, but it is expected that strategies of

recyding can be successfully applied.
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In conclusion, the vanillin platform for polymer synthesis is now enriched of new

copolymers withtuneableproperties.

3.2.9 Experimental
3.2.9.1Materials

Vanillic acid (VA) and ethylene carbonat@&C) with purities of 99% or more were
purchased from Zenteke-pentadecalacton@PDL) (>98%), sulfuric acid HSO, (>97.5%),
potassium carbonat&,CO; (99%), antimony (V) oxide SfDs; (99.99%) and LipaseB
Candida antartica (immobilized on Immobead 150, recombnt from yeastyvere purchased

from SigmaAldrich. Reagents weresedas received without further purification.
3.2.9.2Synthesis of methyl vanillate monomer

Vanillic acid (33.6 g, 0.200 mol), methanol (300 ml) and sulfuric acid (2 ml) were
introduced in a rountbottom flask equipped with a magnetic stirrer and a reflux column. The
mixture was heated at 80 °C for 24 hours until a clear solution was obtained. Methanol was
removed under reduced pressure; the product was solubilized in 75 ml of ethyl acetate and
washed twice withdeionizedwater (100 ml). The organic phase was collected, anhydrified
and ethyl acetate was removed under reduced pressure to obtain dense oil. Finally, the product
was crystallized in water to obtain pure methyl vanillate (yield 98%).

'H-NMR (400 MHz,CDCls, Ui )7:63(dd, %=1.95 3=8.2Hz, 1H, C°H), 7.55 (d J1.95 Hz,
1H, C°H), 6.94 (d, J=8.2 Hz, 1H;%H), 3.94(s, H, C?Hs), 3.88 6,3H, C°H3) ppm

3.2.9.3Synthesis of poly(ethylene vanillate) homopolymer (PEV)

Methyl vanillate (25.0 g, 0.13mol), ethylene carbonate (13.3 g, 0.151 mopCR;(0.142
g, 0.00103 mol), SiD; (1 wt% to the final product) were introducéato a 500ml glass
reactor bottleequipped with a mchanic stirrer and connected to nitrogen flowhe
polycondensation was performed in two stages. In the first stage, the mixture was heated
under nitrogen atmosphere at 180 °C for 1 hour and then the temperature was gradually
increased until 240 °C in the subsequent 2 hours. In the second stagestuegowas slowly
reduced from atmospheric to 0.3 mbar while the temperature was gradually increased up to
270 °C during 3 hours. Finally, the resulting material was collected from the reactor and
purified by dissolution in CHGlandCHCly/1,1,1,3,3,3hexafluoro-2-propanol (HFIP) (80/20
v/v) mixture, filtration of insoluble catalyst and finally precipitationcisid methanol(yield
85%).
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'H-NMR (400 MHz,CDCl/CFRCOOD, U )7:74(dd, 1H, C°H), 7.61 (d 1H, C°H), 6.99 (d,
1H, C%H), 4.76(t, 2H, C%H,), 4.48 {, 2H, CHy), 3.93 6,3H, C°H3) ppm

3.2.9.4Synthesis of poly(ethylene vanillateo-¥ -pentadecalatone) opolymers (REV-
co-PDL))

Methyl vanillate (25.0 g, 0.137 mol), ethylene carbonate (13.3 g, 0.151 mel),
pentadecalacton@n different amount depending of the desired compositiop; 3% (0.142
g, 0.00103 mol), SiO; (1 wt% to the final product) were introducatto a 500 ml glass
reactor bottleequipped with a mchanic stirrer and connected to nitrogen flowhe
polycondesation was performed in two stages. In the first stage, the mixture was heated
under nitrogen atmosphere at 180 °C for 1 hour and then the temperature was gradually
increased until 240 °C in the subsequent 2 hours. In the second stage, the pressuvdywas slo
reduced to 0.3 mbar while the temperature was gradually increased up to 270 °C during 3
hours. Finally, the resulting material was collected from the reactor pamdied by
dissolution in CHG or CHCWL/1,1,1,3,3,3nexafluore2-propanol (HFIP) (80/20/v) mixture,
filtration of insoluble catalyst and finally precipitationdold methanol

The copolymers are named P{wPDL) X/Y, where EV indicates the units derived from
methyl 4(2-hydroxyethoxy)3-methoxybenzoate and PDL indicates the unitsdedv f F om ¥
pentadecalactone. X/Y is the % molar ratio of EV units and PDL units.

3.2.9.5Synthesis of polyf -pentadecalactone) homopolymer (PPDL)

P o | ypdntadecalactone) was/nthesizedaccording the study of Focarete et“&lx-
pentadecalacton@DL) (30.0 g, 0.125 mol) and anhydroGandida antarticdipase BCalB
(10 wt% to PDL)were introduced under nitrogen atmosphara 500 ml rounébottom flask
equipped with a magnetic stirrer. Under a constant strain of nitrogen flow, 60 ml of toluene
were added and the flask was placed into a contanrgerature (70 °C) oil bath. The mixture
was heated for 4 hours under stirrifiche reaction was terminated with the addition of an
excess of cold chloroform and the removal of the enzymes by filtration on Buchner. Then the
solvent was removed under reduced pressure and the remaining concentrated polymer
solution was precipitated igold methanol. The white solid precipitate was isolated by
filtration and dried in a vacuum oven (yield 81%).

'H NMR (400 MHz,CDClL/CFRC OOD, 28(, 3=5.66 Hz, 2HC'H,0), 2.44 (tJ=7.02
Hz, 2H, CH,C=0), 1.69 (brs, 4HC*H,, CH,), 1.261.52 (brs20H, CH,) ppm
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3.2.9.6Chemical characterization

'H-NMR spectra were recorded at room temperature on samples dissolved igdEDCI
CDCI/CRHCOOD (80/20 v/v) mixture using a Varian Mercury 400 spectrometer, the proton
frequency being 400 MHz. The measurementsevparformed at 25°C Ch e mi ¢ a l shi
are reported in part per million with reference to chloroform solvent (gHCI

Gel permeation chromatograpf@PCO measurements were performed at’'@by a GPC
Knauer Azura equipped with a PL gel 5 pm Minimix@€dolumn. The instrument worked
using chloroform as eluent with a 0.3 mL/min flow; the Refractive Index detector was used
and a calibration plot was constructed with monodisperse polystyrene standards. The samples
were dissolved in CH@GIlor in a mixture ofCHCI3/1,1,1,3,3,3hexafluore2-propanol (HFIP)

(95/5 v/v) and filtered on Teflon syringe filter with pore size of 0.45 um Teflon sieve.
3.2.9.7Thermal analysis

The thermal stability of the samples was studied by thermogravimetric analysis (TGA)
using a PerkinElmr TGA 4000 thermobalance. All measurements were performed under
nitrogen atmosphere (gas flow 40 ml Mjrat 10 °C mifl heating rate from 40 °C to 800°C.

The thermal behaviour of the samples was studied by differential scanning calorimetry
(DSC) using aPerkinElmer DSC8000 calorimeter equipped with an IntraCooler 2 as
refrigerating system and calibrated with high purity standards. All measurements were
performed under nitrogen atmosphere and using samasses of approximately 5 mg.

In nonisothermalanalyses, the samples were initially heated at 10 °C" fnim 25 °C to
different temperatures, varying from 130 °C to 295 °C according to the sample characteristic,
and held at high temperature for 2 min to erase thermal history. Then they were ceded to
°C at 10 °C mift and finally heated at the same rate frefi°C to 136300 °C.During the
cooling scan the crystallization temperature (Tc) ared the nt hal py ofHc)cryst a
were measureduring the 3% heatingscan, the glass transition tperature (Tg), the melting
temperature (Tm) and the enthalpy of fusiedin) were determined.

For PEV sample, Tg wameasured during 2" heating scan after quenching the molten
sample in liquid nitrogen.

In isothermal analyses, the samples were initiadigtedat 20 °C mift from 25 °C to 130
300°C according to the sample characteristic, and held at this temperature for 2 min in order
to completely destroy any previous crystalline order. Then they were quickly cooled at 150 °C
min™ to different crystalkzation temperatures (Tc). The samples weekl at the chosen Tc

for the time long enough to comethe crystallization process befdreating at 10C min*
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to 136300°C in order to observe the melting procefke isothermal crystallization
temperatue range was determined by preliminary tests to ensure that no crystallization

occurred during the cooling step.
3.2.9.8Wide angle Xray scattering analysis

Powder Wde Angle Xray Scattering (WAXS)measurementsvere carried outwith a
X6PertPro diuifprpaectk ownettlera eagpper anode (KU
data were collectedt room temperatuien t he 2 ¢ OrAarbge mefans of a
detector. The measurements were performed on samples prepared in DSC with the following
thermal treatmen 1% heating scan at 10C min* from 25 °Cto 130:300 °C accordng to the
sample characteristic amdoling scan at 16C min™ to room temperature.

3.2.9.9Film preparation

The synthesizedmaterials were grinded using an lka M20 Mill, Staufen, Germany.
Resulting powders were dried at 60 °C for 24 hodise films were obtained using a
hydraulic thermepress Carver, Wabash, Indiana, USA. Dried powder was theromed
between two Teflon sheeat a temperature above 5 °C the end melting temperature for 2 min
at 10 bar and 2 min at 100 bar. Film was quickly cooled to room temperature between the

sheets under pressure by using running water.
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3.3 Water vapor barrier properties of bio-based poly(etlylene vanillate),

p o | ypdntadecalactone) and copolymers

3.3.1 Introduction

Investigating the sorption and transpdthaviourof water in polymeric materialis
crucial for packaging applicationsspecially in food packagingndeed, misture can have
detrimental effects on thermal, mechanical and barrier propeftipslymersthus affecting
the shellife of food.

1) In polymerswherethe amorphous phase is in the glassy séhteoom temperature
(Tg>Troom temperatuge Water is known to plasticizéhe amorphous phasat high water vapor
activity resulting in a reduction of glass transitimmperaturé® as well asn a degradation
of stiffness andtsength'® Two casesa) At high temperaturénearwater boiling point and
high water vapor activitywatercanhydrolyse polymers with COG)H, NH groups causing
the ruptureof the covalent bondalongthe polymer backbon&***% This leads to a reduction
of molecular weight which can be recorded as glass transition temperature decbgment.
low temperaturéclose to rf even at high water vapor activitgich chemical degradatiois
improbableaccording to literatur@and it is more likely thatplasticization resudt from the
rupture of the intermolecular weak hydrogen bondsnduced by swelling or water
clustering*®® Swelling is associated witithe creation of strong watemoleculespolymer
interactionsand a subsequent chain rearrangenvdmite water clustering results frorthe
selfhydrogen bonding of water molecules when absorbed in a polgmee water is a
condensable penetrant

2) In polymers where the amorphous phase is inrtidbery stateat room temperature
(Tg<Tn), water molecules can interact with macromolecular chaiashydrogerbonds
favouiing swelling orclusters formation. As opposed to glassy polymiargibbery polymers
swelling or clusteringnducedp | asti ci zati on doesnoét occur
aboveglass transition temperature.

The svelling of the matrix and water clusters cam turn, impact the diffusion of water
vapor through the polymer and increasedecrease, respectively, their diffusion pathways.
These effects are more pronouncedpolyesters since water shows great interaction with
esters groups.

The currentchapterprovides a detailed investigation of water vapor sorption kinetics in
PEV, PPDL and P(Exo-PDL) at 20 °C using a gravimetric methdgince at 20 °C PEV is
in a glassy state while PPDL and PEE®PDL) in a rubbery statand their behaviour result
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completely differentthe discussion of sorption and transpmdperties of thenvestigated
polyesters is split in two parts.

In the first part, he water vapor sorption kinetaf both amorphous and semicrystalline
PEV films wasstudied. EV sorption data were compared commercialamorphous PET
data from the study of Dubellegt d.** To understand the watsprption mechanispthe
isotherms were modeld using a new dual mode sorption model proposed by ¥2rthis
model, based on multilayer sorption theory and assuming the coexistence of dense polymer
matrix and unrelaxed microvoids, proves to successfully describe sorptioa imvestigated
glassy polymersTo understand the water transport mechanism,ntioelel poposed by
Barens and Hopfeber§® which is a combinatio of Fickian and nofrickian relaxations,
was applied.

In the second part, the water vapor sorption kinetic of PPDL, R{ERDL) 60/40 and
P(EV-co-PDL) 40/60 was studied. The sorption isotherms were modelled with then@dek
which is a combinationofangmui r mode sorpti on, Henryos |
waterclustering phenomenon was investigassb owing tahe ENSIC model.Thetransport

mechanisnwas describely means of Crank mod#l’ sinceall the samplesobdyi c k 6s | aw

3.3.2 Water vapor barrier properties of poly(ethylene vanillate)

3.3.2.1 Chemical stucture and thermal transitions

The chemical structure ofopy(ethylene vanillateYFigure 3.3.1a) is characterized bg
para-substitute aromatic ring bonded to a carboxylic group from one side and to an ether
group from the other. The benzoate structure presents also a methoxy GneupEVvV
chemical structure differs from that of PERidure 3.3.1b) in the substitution of a carboxyl

group with an ether one and in the presesfan additional methoxgroup.

a) o b) 0
(@] n ! n

Figure 3.3.1: Chemical structures @) poly(ethylene vanillate) (PEV) arg) poly(ethylene terephthalate) (PET).

As far as thermal behavior is concerned, PEV is characterized by a glass transition
temperaturgTg) of 75 °C and a melting temperatufem) of 266 °C, asobserved in chapter
3.2. The thermal transition values are close to those of PET (Tg = 76 °C andZAm °C
136168 ' hut PEV demonstrates to crystalliZiasterand to reach a state of high ordes
observedby isothermal crystallization iparagraph 3.2.6As stated by Gioiat al’** such
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behavior can be justified by considering a higher mobility of the constituets ofthe PEV

chain with respect to the terephthalic units of PET. Indeed, in terephthalic units’the sp
hybridization of the carbon atoms of the two carboxylic groups induces coplanarity between
carboxyl and phenyl groups, restricting the rotatiarales of CphenyCOO to 0 and 180°.

In PEV such rigidity is avoided because one carboxylic group is substitytaad éther unit,
resulting in enhanced chatlexibility and hencéigher chain folding capability.

3.3.2.2 Films crystallinity

The structural stateof amorphous and semicrystallipgly(ethylene vanillate) filrm was
determined byDifferential Scanning Calorimetr{yDSC) and Wide Angle Xray Sattering
(WAXS) analyss.

The 1% DSC heating scaaf the quenchedPEV film, obtained by meltuenching in ligid
nitrogen,is reportedn Figure 3.3.2. It is notable thathe enthalpy of cold crystallizaticat
104 °Cis quite identicalto the enthalpy of meltingt 271°C, indicating thatthe film is in a
completely amorphoustate gHcc = eeHme 75 J ). A secondfilm of PEV was not
quenchedafter compressiemolding and thel® DSC heatingscan is reporteth Figure 3.3.
2. The sampleresents a single melting peakt 269 AC wi t h 28y SEmM = 1 (
analysis, the degree of crystallinjthe filmis calculated as follows:
YO
yo
wh e r g is geHexperimental melting enthalpy measured during YHeeating ramp (J°9

w b pTT (3.3.1)

a nd ’ad theoretical melting enthalpy of a corresgimg 100% crystalline samplé
val ue & fl66 d&diwas used according to the study of Zamimet al'*’ Therefore,
from DSC analysis, the crystallinity turnedut to be 65% confirming the ability of PEV to
reach a high degreef order. The crystallinity ofthe film was also calculatedby WAXS

analysis whose spectrum iseported inFigure 3.3.3, together with the amorphous sample

scattering profileThe degree of crystallinity waketerminedaccording to the formula:
0
O 0

wherelc andla are the intensities of Xays scattered from the crystalline and the amorphous

®w P

p LT (3.3.2)

phases respectively. The intensity of -Kays scattered from the crystalline regions of a
specimen is proportional to the area under the sharp peaks of the spectrum, while the intensity
of radiation scattered from the amorphous regions is proportional to thgrback area

which underlines the crystalline peaks. The intensity of radiation scattered from the entire

sample [c + la) is proportional to the total area under the cdfVeAccording to WAXS
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analysis,the degree of crystallinitys 60%. The value is quite close to thee calculated by

DSC analysis.

DSC scan (10 °C min™)

-<—Exo Heat Flow

1Wig
—

amorphous

semicrystalline

50
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Temperature (°C)

Intensity (a.u.)
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L amorphous

10 15

20 25 30 35
26 (deg)

Figure 3.3.2: DSC1% heating scanat 10 °C mift for Figure 3.3.3: Wide angle Xray scattering pattern of

amorphous andemcrystallinePEV films. amorphous andemicrystallindPEV films.

3.3.2.3 Sorption measurements

The gavimetric water vapor sorption kinetic measurements oramorphous and
semicrystalline PEVilms were performedising a Dynamic Vapor Sorption (DVS) systen
20 °C over a wide range of relative humidity: from 0 to 95% in increments of 10%09@%40
and 5% for the last pointhenfollowed bydesorption measuremeritem 95 to 0% in same
increments Each RH6 step lasted 12 hours. Examples of raw kinetic measurements are
provided in Figure 3.3.4 and Figure 3.3.5 for amorphous and semicrystalline PEV

respectively
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Figure 3.3.4: Example of gravimetric water vapor sorptidesorption kinetic measurementfsamorphoudEV (all
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Figure 3.3.5: Example of gravimetric water vapor sorption/desorption kinetic measurements of semicrystalline PEV (all

measurements carried out at°2).

Figure 3.3.6 andFigure 3.3.7 showan excerpt okorptionkinetic at 10, 20 and 60% RH
for amorphous and semicrydtaé PEV, respectivelyAt RH 10% and 20% (curves A and B
in Figure 3.3.6 andFigure 3.3.7) the mass reaches the equilibrium after 12 hguidsoth
samples This behavior relateto the random motion of vapor molecules without interaction
with the polymer matrix: the water diffusion through the polymer is faster than-paltener
interactiors and relaxation of the matrix, as Fickian type sorption provideth®oontrary, at
RH 60%, the mass equilibrium is not reachedenafter 12 loursof exposition as showhy
curve Cin both figures.

In order to investigate timdependence at high water vapor activity, &an extra

experiment was conducted at constant temperature and RH [B0%ying the time step
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Both semicrystalline and amorploREYV films were exposed at 2C to the following RH6

profile: from 50% to 60% RH for 12 h and 24 h time duratiBigire 3.3.8). As shown, all

the curves exhibit a mass drift, and the mass equilibrium is not reached even after 24 hours of
exposition at RH = 60%. This behavior has been largely described for glassyep®lin

contact with condensed vapor and it was assigned tetéwngnonFickian relaxations of the
polymer matrix causing an extra water vapor uptake without ever reachingquélgsium.

For example, poly(ethylene terephthalate) shows dhif6 of sarption curve at high water
vapor activity(above g = 0.6) evenat low temperaturé>*° Several authors associated these
relaxatiors in glassypolymers to morphological changes swashplasticizatiod™*?and fre
volume increasé”’

Since atlow temperaturethe hydrolytic degradation of the covalent bonds is improbable,
the authors associatdtbe volume increasand plasticizationto swelling of the polymer

matrix.

T T T T T T T T T T T
0.020 | PEV amorphous
T=20°C

C (60% RH) |
o
0.015 - A

0010 P B (20% RH)
010 | " i
o A PANAFIAIISEDTS
v&;"’“ WWW |
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mass uptake, mg
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Figure 3.3.6: Water vapor sorption kinietof amorphous PEWt 20 °C andlifferent relative humidity (10, 20, 60%). The
time step is maintained constant at 12 hours.
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Figure 3.3.7: Water vapor sorption kinetiaf semicrystallindPEV at 20 °C and different relative humidity (20, 60%).
The time step is maintained constant at 12 hours.
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Figure 3.3.8: Water vapor sorption kinetic @morphous andemicrystalline PEV at 20 °C aiH 60% for increasinthe
time step 12 and 24hours.

3.3.24 Sorption isotherms

Water vapor sorption isotheeweredetermined from the water vapor psetatpilibrium
content at each RH% step. At each sorption measurement conducted by varying the RH%,
steady state must be reached for a correct interpretation of the sorption isotherm.
Nevertheless, as discussed in the previous paragraph, mass equilibrium couldaté\ed
at high relative humidity because of theresence ofnonFickian relaxatiors. For

semicrystalline PEYrelaxation is dominanfrom RH = 60% while for amorphous PEYV

sorption measurements have tiependencérom RH
|166

H%. As in the previous work of
Barenset a we considered that determination of the true equilibriunimpracticable

even increasing the step time duratiand that the differences between the pseudo
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equilibrium and the true equilibriumvere minor due to themall i e x t r &ickiamn o n

relaxatiors; thereforeall sorption measurements were stopped after 12 hours of exposition
Water vapor sorption isotheef amorphous andemicrystalline PEMilms in the water

activity range between 0 and 0.95 at 20&@ shownin Figure 3.3.9 (black and redfull

circlesrespectively. In the same Figure the sorption isotherntaimercialamorphous PET

from the study of Dubellegt al’®*is reported in the water activity range betw&esnd 0.90

at 23 °C (blue full circles). As shown, the sorption isotherms of PEV and PET amgexirin

the same concentratioange proving thesimilarity of the two polyestst

15 : . . . : . . . . r
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— new dual mode sorption model
L]
= 10 |- e
o »
a .
? p
£ -
o ~
o
= P
mm 5
- /
o =
- ”
g >
— o=
0 L " 1 L 1 1 1 " 1
0.0 0.2 04 0.6 08 1.0

Figure 3.3.9: Water vapossorptionisotherns of amorpohousd) andsemicnstalline(s) poly(ettylene vanillate) (PEV) at

20 °C(two replicates for each poinfjVater vaposorption isotherm of amorphous PE) at 23 °Cfrom the study of

Dubelleyet al*®* The solid lines represetite new dual modsorptionmodel fitting inthea,, range 60.9.

The isotherm curves of semicrystalline PEV and amorphous PET are rather lineargn the a
range between O and 0.6 with a slight upturn fpr>a0.6. At low activity (g < 0.2) a
concavity in tle curve ascribable to the Langmuir mode sorption is generally observed
glassy polymerswater molecules occupy specific sites (frozen microvoids) in the polymer
and watespolymer interactions would predominaté® However, this concavity is difficult to
observe in the case of semicrystalline PEV and amorphous PET. Between 0.2 and 0.6, a linear
relation ¢ = 0.999 for semicrystalline PEV? £ 0.998 for amorphous PET) between the
water concentration in the polymer and the water activity is noticed: the system
water/ pol ymer follows Henryds | aw. I n that

thematrix and polymepolymer interactions are favourét!” At high activity (g > 0.6) the
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curve registers an upturn: the wapslymer interactions become stronger, especially for
semicrystalline PEV, for which this upturn is much more pronedntan for amorphous
PET.Contraryto semicrystalline PEV and amorphous PET, the isotherm curve of amorphous
PEV is rather convex to the water activity axis on the entjreange indicating stronger
waterpolymer interactions. The upturn in the curvelso observed for,a 0.6.The upward

of the curves recorded at higly was already observed by some studies on PET and it has
been related to swelling. Therefore, it can be supposed that, for both amorphous and
semicrystalline PEV, noehickian relaxatios observed at high activity would result from
swellinginduced plasticization of the polymer matrix. This should be confirmed by a
deepened analysis of the diffusion phenomenon in the polymer.

To describe the sorption isotherm behavior and determine th&osoparameters thereea
several mathematical models.glassy polymerghe conventional dual mode sorption model
(CDMS),whi ch is a combination of L a n i targelyr mo d e
applied to describe sorption isotheratslow watervapor activityuntil the isothermexhibits
concavity to activity axisHowever, the CDMS cannatffectively describeconvex and
sigmoidal sorptiorisothermsand it is inconsistent with the aim of the present work. On the
other hand, Guggenheifindersonde Boer (GAB) model fits extremely well sigmoidal
isotherms but the assumption of this model that all the sorption sites are equivalent is
inconsistent with glesy polymers which are considered to have two species of sorption sites
as the CDMS assumes: ihe dense polymer matrix iithe nonequilibrium unrelaxed
microvads frozen in the glassy state.

Based ora multilayer sorption theory on which the GAB equatis based and assuming
the coexistence of two different sorption sites as the CDMS does, ' Pemmpposed a new
dual mode sorption model for water vapor sorption in glassy polybbr to decribe

165

concaveconvex andgigmoidal isothermsAccordingto Feng >, the sorbate concentiat in

the polymer is given as:

(€ 5 o p
P B P b p B

(33.3)

wherea is the water vapor activit, is the weighted mean value of the sorption capacity of a

pol ymer t o wadotokthe;partitian funcson of tvager vapor molecules sorbed in

the multilayer (watepolymer interaction) to that of mole&d in bulk liquid (watewater
interaction); AO6 is the ratio of the partit.i
on a microvoid to that of molecules sorbed beyond the first molecule in the multilayer.

According to the assumption of the mad#ie interaction of a microvoid and the water
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molecules sorbed beyond the first molecule are equal to those ofpeétarer. Therefore,
A0 is a measure of the interaction of t he
micovoidinteractior).

In the pesent work, the new dual mode sorption model is appliedntorphous and
semicrystalline PEV and amorphoRET *®* sorption isothermin the water activity range-0
0.90.Figure 3.39 shows the newuhl mode sorption model fitting afichble 3.3.1 lists the
three parameters,C k6 and A & veoyfgood fittiag ofeapedrenientalorption ded
was obtained foamorphousPET and senarystalline PEV with very lowoot mean square
error RMSE) value (less than 0.05 énSTP cm® poly) while a less good fitting but still
acceptable, was obtained for amorphous PEV (RMSE value of 0.2&Emcm? poly).
Therefore, the sorption curves of semicrystalline PEV and amorphous PET are well fitted by
the new dual mode sorption model confirming that, even if obviously almost linear, the curves

rather display a sigmoidal pattern

Table3.3.1:Sor ption parameters Cp, ko, A0 amdrphaudBlrppyestersat2@°Cd semi ¢

according to the new dual mode sorption model.

sample range Cp k 6 Ad RMSE
P av rang (cm® STPcmi® poly) (cm® STPcm® poly)
PEV amorph. 0-0.9 7.757 0.6 1.501 0.282
PEV cryst 0-0.9 6.661 0.5 3.087 0.029
PET Dubelley 0-0.9 10.161 0.496 3.217 0.049

The parametelC, (cm® STP cm™ poly) follows the orderamorphousPET > amorphous
PEV > semicrystalline PEVconfirming that PEThas highersorption capacitythan both
amorphous and semicrystallilEV sampleslt is well known that vater molecules interact
with carboxylic groups on the polyester backbona hydrogenbonding and the lower
sorption capacity of PEM an be related to the carboxyl:
polymer backbonevhich is lower for PEV than PEDecause of the substitution of one
carboxylic groupwith an ether group from one sid&he increased sorption capacity of
amorphous PEV than semnystallinePEV was expectedince crystallites act as impermeable
particles in the polymer matrix

The parametek despectghe trend amorphousPEV > semicrystallinePEV > amorphous
PET. The mathemati cal meaning of indardy of te t o d
isotherm curve. Greater the uptuant hi gh water activity, l ar g
stronger interactianwaterpolymer. As previously discussed, l@gh water vapor activity
swellinginduced plasticizatioof the polymer matrixs hypothesizedand according to the
new dual mode sorpton mog&l6 v al ue i s an i nswateranolecales of t |
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polymer which lead to such phenomendy comparing amorphous and semicrystalline PEV
sampl es, t he par amephas PEK,0meanisg thati ig beeicrystallme amc
PEV, the watepolymer interactions responsible for swelling are less important than in
amorphous PEVSince swelling occurs in the amorphous phase, this result was expected.
Moreover, PEV demonstrates to haveghh e r k @hanvP&ET memning that chain
rearrangemerns more pronounced in the new Hiasedaromatic polyester.

Finally, the parameterA 6  for all the samplesconfirming that thepolyesterscontain

microvoids and thus are in their glassy state

3.3.25 Hysteresis

Sorption hysteresis occurs when the penetrant sorption and the subsequent desorption
cycles do not superimpaseand can occur in a wide variety of penetraraterial
combinations. Very ofterhysteresis idinked to swelling of the polymer mattixvhere the
chains irreversibly relaxoecause of the rupture of intermolecular hydrogen bonds and
incorporate extra penetrant at high concentrati®H’ Figure 3.310 shows that water uptake
in amorphous and semicrystalline PEV exhibits hysteresis between sorption and subsequent
desorption cyclesThis behavior correlates with the upturn in concentrat®activity of the
sorption isotherm(Figure 3.3.9) and the presence ofnonFickian relaxatiors and
demonstratethe occurrencef morphological changds the polyme matrix because othe

swellinginduced plasticizatian

20 . , . . . . . , . :

—e— PEV amorph sorption

 —o— PEV amorph desorption
—e— PEV semicryst soprtion
15 . —o— PEV semicryst desoprtion -

C (cm’STP cm”poly)

Figure 3.3.10: Sorption hysteresis at 20 °C famorphous and semicrystallif€&EV (two replicates for each point)ines are
drawn to aid the eye and do not represemidel fits.
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Hysteresis is much more important for amorphous PEV than for semicrystalline PEV,
confirming the higher swelling of the polymer matrix in such a sample film. The present

observation will be deeply discussed in diffusivity chapter (3.3.2.6).

3.3.2.6 Diffusivity

Water vapor diffusivity values were estimated for each relative humidity step from
individual kinetic gravimetric water vapor uptakeeasurements

Since both Fickian diffusion and relaxation processes occur, the analytical solution
proposed by Brens and Hopfenbel§® (BH) was applied to experimental data éxtracting
diffusivity values.

The BH model is:

H
a. ., Ogt pco
— %o P - v —Qon S ,‘cp
O g0 s n CE pre 0

P % p 'Qd)r‘],r% (3.3.9

where mderotes the water uptake at timemp denoteshe water uptake after infinitéme
representedy equilibrium,D (m* s?) is theFickian diffusion coefficienti i s a wei ght
factor that ranges from 0 toahd specifies the relative Fickn n 1jandrelaat i or0) ( G =
contributions andlk (s)is thetime constant fothe nonFickian relaxatios.

Individual kinetic sorption/desorption uptake curves for each relative humidity step are
providedin Figure 3.3.11 for amorphous PEV and iRigure 3.3.12 for semicrystalline PEV
The red Il ines | abel | eBHnodelfifs froanlEquatiom3t3eddiie@ r epr e
the experimetal data are reported in bluéor amorphousPEV, the BH model fits well the
kinetic curves at low water vapor activity while at hightlee moded o e s nd6t descr i b
accurately the experimental datat still acceptabl¢averaged RMSE 1.08x10® mg over
the entire @ interval). For semicrystallia PEV, the BH model fits well all the kinetic curves
(RMSE = 0.79x10® mg). The kinetic curves for whose the fitting imacceptable have not
been considerefr diffusivity determinationThe parametersbtained from th&H model fit
to the kinetic sorption/desorptiaurves of amorphous and semicrystalline RE® plottedn
Figure 3.313, Figure 3.314 andFigure 3.315.
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Figure 3.3.11: Kinetic sorption/desorptiodata for watewapor onamorphous PEVAt 20 °C measured by DVS. Red lines
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Figure 3.3.12: Kinetic sorption/desorptiodata for water vaporrosemicrystalline PEVAt 20 °C measured by DVS. Red
lines represennodel fits from Equation 3.3.while experimental data are represented in blue. The sorption intervals are

labelled in each respective graph.

Since D is an overall mass transport phen
diffusion, but all the different water transport mechanistouaring in the material, D is
conceived as an apparent or effective diffusivity, noted asirDthe following. Des IS
considered constant for the RH step considered, therefgrevdlues are plotted at the
midpoint of the respective RH step intervals.

Effective diffusion coefficierd (Der) Obtained fromthe BH model fit (equation 3.3) 40
thekinetic sorption/desorptiorurvesfor amorphous PEV and semicrystalline P&\Figure
3.3.11andFigure 3.312respectivelyare plotted irFigure 3.313.

In spite offew variations, it maybe considered thadiffusivity remains constant ovéhe
entire water vapor activity rangenvestigated. In addition, the values for sorptiand
desorption are similar in magnitude. Therefae average diffusivity value was calculated
over the entire water par activity range investigated: 4@0'° m? s* for semicrystalline
PEV and 1.810* m? s for amorphous PEV.

Semicrystalline PEV siws a Qi value significantly higher than amorphous PEV and the
explication has to be found in the different degree of crystallinity. In semicrystalline
polymers,the crystalline regions act as impermeable barriers analogous of filler particles.
However, in highly crystalline materials the permeable amorphous phase is trapped in
between a crystal and the near one and thus, the interface amorphous/crystalline constitutes a
considerable fraction of theample. Bastioliet al!®* reportedhow water sorption in the
amorphous phaseof a semicrystalline polymer can producstress at the
amorphous/crystalline interface,fob wed by fAmi crovoi dso formati c

diffusion and this is the case of semicrystalline PEV (Xc = 60%).
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Figure 3.3.13: Effective water vapor diffusivityDeg) at 20 °C in amorphou®) and semicrystallingy) PEV determined
from BH model(two replicates for each pointporption and subsequent desorption values are plotted at the midpoint activity
of the respective sorption interval.

As concernsamorphous PEV, it exhits an average & value of1.0x10* m? s* across
the entire concentration rangehe D value of amorphous PEV is higher thag:Dalue of
amorphous PETeported in literatureDubelleyet al*** determined a value of & equal to
6.1x10*m? s for water diffusion 823 °C aftera correction of swellingon amorphous PET

117 observed an average.Dvalue of 1.%10%? m? s* at 35 °C by

by Rexor Burgesset a
using the BH model on amorphous PET supplied by @wla.

By comparing PEV and PET chemical structures, PEV aromatic ring is less sterically
hindered by the presence of an ether group from one side rather than two carboxylic groups as
for PET. As a consequence, the aromatic hing a greater range wjtationthatleads to a
enhancegegmental flexibility of the chaiwhich can result idiavoured chain rearrangement
when water molecules are absorbé&be greater diffusioncoefficient for PEV compared to
PET, originatesfrom theinherent diferences in segmentaiobility.

A pl ot of,wpichisawneeitgehrt iing f act or that dpeci fi
and r el aX)aontributionsisiivater activity is provided inFigure 3.3.14 for both

amorphous and semicrystalline PEV.
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Figure 3.3.14: Ploto f froth BH modelfor water vapor at 20 °C in amorpho@3 and semicrystalling) PEV for sorption
and desorptioftwo replicates for each point)

For semicrystalline PEV in sorption mode, the contribution ascribable to relaxation process
is evident for the entire,arange, even at low water vapor activity #lways < 1) and the
inversion from Fickiardominated to deaxationdominated process occurs at 0.55 of water
activity. However, after 0.55 of water activity, the contribution of the relaxat@mninated
process, even predominant, remains lGvaljout 0.4/0.5 except fo,& 0.85). The parameter
0 of amorphous PEVevelled off at 1 in sorption mode unti), & 0.35, then drops suddenly
below 0.2 and stays low up tq & 0.925. At g < 0.35, the diffusion in amorphous PEV is
clearly Fickian and quickly reversed to pure relaxation mechanism after 0.35. This trend is
close to thosef amorphous PET and PEF at 35 4s observed by Burgessal!’® However,
for both PET and PEF, the inversion from Fickian to relaxation occurs at 0.6 instead of 0.35
water activity, meaning that PEV would start relaxing at lowgr Ehe rotation of the
aromatic ring and the presence of the later@lhoxy group determine an enhanced segmental
mobility of the PEV polymer backbone, which results in faed chain rearrangement when
water molecules are absorbed. In semicrystalline PEV, the relaxation phenomenon is evident
even at low water vapor actiyi because the absorption of water occurs in the rigid
amorphous phase, which is the amorphous region trapped in between a crystal and the near
one'® As demonstrated by Liret al!’® this rigid amorphous fraction surrounding the
crystallites is less dense than the core of the amorphous phase, resulting in enhatioed sor
capability and the eased rupture of intermolecular hydrogen bonds. Nevertheless, above 0.55
activity, the(i value remains higher for semicrystalline than for amorphous PEV because the

volume fraction occupied by crystallites remains unaffected ddn@@ntire sorption process
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and the relaxation is ascribed only to the amorphous phase. The lower the volume fraction of

the amorphous phase, the lower the impact of plasticization over the sample. As concerns
desorption, for semicrystalline PEV, Fickidiffusion is dominant during the entire activity

range, sincdi O 0. 5, whil e for amor phous PEV, Ficki
activity; afterward, relaxatiordominated processepredominant. In desorption mode, the
protracted approach to equifium, recorded a§ | 1, can result from the collapse of extra
freevolume introduced during sorption, as observed by Bagers!® in the case of vinyl

chloride sorption in poly(vinyl chloride).
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Figure 3.3.15. P | o tgfromBH rdodelfor water vapor at 20 °C in amorpho(@$ and semicrystallings) PEV for sorption
and desorptioltwo replicates for each point)

The pl @vs actvity istbrovided in Figure 3.3.15 for both amgphous and
semicrystalline PEVT h e p a rrasmdeterngned atcurately for the kinetic uptake curves
for whose (Consequentyfiguré 3.3150 rll.y rregluesrintcanjunction
with the respective FigureB8X4ameters represented

Both amorphous and semicrystalline PEV samples exhibit similar relaxation rates despite
their differentdegree of crystallinityand the values are very close hode of PET and PEF at
35 °C as observed by Brgesset al'’® in their study of water vapor kinetic soigt.
Therefore, relaxationdominated processn both amorphous and semicrystalline PEV is
detected a$i | 1 ard times of relaxation of aboutx20* s. Compared to PET, PEXgither
amorphous or semicrystallinggxhibits slightly lower water uptake due to thlwer
concentration of carboxylic groups on the polyester backbidoeever thediffusivity value
of amorphous PEVesultsa 10x higher tharthat ofamorphousPET because of the inherent

differences in segmental mobilitiloreover, the high degree of stgllinity (Xc = 60%) of
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semicrystalline PEV film proves to fawothe diffusivity of water vapor molecules damaging
water vapor barrier properties of PE¥s a consequence, both amorphous and highly

crystalline PEV present worgtater vapor barrigperformances than PET.

3.3.3 Water vapor barrier properties of p o | ypéntadecahctone) and
P(EV-co-PDL) copolymers

3.3.3.1 Chemical structure and flms crystallinity

Chemical struct ur apentadecdlactongRDL) and polydthylgmed | vy ( ¥
vanillate co-pentalecalactone)P(EV-co-PDL)) random copolymerare provided inFigure
3.3. 16. In the current studyPPDL, P(EV-co-PDL) 60/40 and P(EV-co-PDL) 40/60
semicrystalline filmswere investigatedThe glass transition temperature (Tgjeasured by
differential scanning calorimetris below room temperature for all the samples meaning that
they are in a rubbery statd room temperature (Td«t) and hence r yst al | i zat i on
avoidedeven if a rapid cooling is applied during film preparation.

a) b) o |
o) o)

(e}
1%L O/\/ MO

O n

Figure 3.3.16: Chemical structures @) poly(¥-pentadecalacton€PPDL) andb) poly(ethylenevanillate.co-
pentadecalactopeopolymergP(EV-co-PDL)).

Table 3.3.2: Molar fraction of PDL units, molecular weighnhd degree of crystallinitygf P(EV-co-PDL) copolymers and
PPDL.

sample Fepl® Mn x 10%(g mol)®  Mw x 10% (g moi™)°  Tg (°CY  Xc (%)
P(EV-co-PDL) 60/40 0.44 7.4 12.7 -2 11
P(EV-co-PDL) 40/60 0.64 7.2 13.9 2 24
PPDL 1 37.5 63.7 -27 62

2 measured byH-NMR analysis.” measured byGPC analysis® measured by DSC"®heating scarat 10 °C mirt after
cooling at 10 °C mift. “ measured by WAXS analysis.

The degree of crystallinity of P(Evo-PDL) and PPDL films was evaluated by WAXS
analysis shown ifrigure 3.3.17 and calculated according to Equation 3.3.The values of
crystallinity degree are reported Table 3.3.2 together with the molar compositiothe

molecular weight and the glass transition temperattitiee investigated polyesters.
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Figure 3.3.17: WAXS pattern of P(EVco-PDL) copolymers and PPDéemicrystalline films.

3.3.3.2 Sorption measurements

Kinetics gravimetric sorption measuremeats20 °Cof P(EV-co-PDL) 60/40, P(EVco-
PDL) 40/60 and PPDL samples are depicteBigure 3.3.18, Figure 3.3.19 andFigure 3.3.
20, respectivelyAs shown, the sample was exposed to sorption/desorptibe from 0% RH
to 95% RHand return Each RH6 step lasted 5 hours and mass equilibrium was reached for

all the samples.
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Figure 3.3.18: Exampleof gravimetric water vapor sorption/desorption kinetic measuremer&f-co-PDL) 60/40

sample aR0°C.
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Figure 3.3.19: Example ofgravimetric water vapor sorption/desorption kinetic measuremem&dfco-PDL) 40/60
sample at 20 °C.

Figure 3.3.20: Example ofgravimetric water vapor sorption/desorption kinetic measureme®BDt. sample at 20 °C.

3.3.3.3 Sorption/desorptionisotherms

Water vapor sorptiomnd desorptionsothermsof semicrystallineP(EV-co-PDL) 60/40,
P(EV-co-PDL) 40/60 and®PDL films in the water actiity range between 0 and 0.95 at 20 °C
are shown irFigure 3.3.21. In the same graph the sorption isotherm of the amorphous PEV
film is reported for comparisolhe waer vaporsorption isotherms aramostlinearto the

activity axis up to @= 0.6 andweaklyconvexat high water vapor activity.
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