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Abstract

The limited fossil fuels reserves, as well as serious pollution problems, have led to a
continuously growing interest in the use of sustainable materials obtained from renewable
sources for many different applications. Among these materials, biopolymers, and in particular
the class of biopolyesterspuld potentially replace traditional plast Their versatility and

their ability to undergo degradation in the environment where they are disposed, is of particular
interest both for food packaging (when recycling is not possible due to organic matter
contamination as well as multiyered struttres) and for biomedicine, in case of temporary
applications, such as controlled drug release or tissue engineering. If these materials hydrolyse
in the human body, it is possible to avoid the removal of the implant through surgery.

In this framework, an of the present research project was the synthesis and characterization of
new bicbased and biodegradable polyesters and copolyesters, with tailored properties in
relation to the intended use, in the fields of food packaging, which is one of the mastiegn

in terms of plastic sources, and regenerative medicine, as it represents the new frontier of
biomedicine. The synthetic routes adopteel. fwo-step melt palcondensation, ring opening
polymerization and chain extensicare solvenfree, simple ad economic, and can be easily
used for industrial scatep. Monomers from renewable sources were preferred over the ones
obtained from fossil fuels.

Moreover, copolymerization turned out to be a winning strategy to modify the polymers of
interest. Startingrom polyesters, the aliphatic (i.e. polylactic acid, poly(butylene succinate),
polymers containing cyclohexane ring) and aromatic ones (i.e. polymers containing furan and
thiophene rings), all characterized by high stiffness and low degradation ratas,pbssible

to obtain more flexible materials with higher biodegradation rates, particularly suitable for soft
tissue engineering and for the realization of flexible food packaging films.

For all these materials, after the sedidte and mechanical chaterization, biodegradability

and biocompatibility was checked for the first kind of applications, while barrier properties and

compostability were evaluated in the latter case.
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1. Introduction

1.1 A brief history of plastics

The widespread use of plastic in everyday life matdeard to believe that it entered the scene
for the first timein 1856 when the English metallurgist Alexander Parikeented Parkesine,
the first manmade plasticgerivedfrom cellulcse[British Plastics Federatipn

The real success of plastics started in28€ century, when materials like Bakelite (1907),
Cellophanne (1908Polyethylene (1933nd Nylon (1935)vere inventedDuring the 1l World
War, large scalglasticproductionwas startedor military purposeslkegunner 6s encl o
cockpit windows, mortar fuses, helmet liners, goggles, raincoats, waterproof atahts
parachuteslt was aly after thell World War that the production potential exploded into
consumer markeblastics wee employed for textiles, packaging, tofirnitureand domestic
uses: Nylon stockings, PolyethylefiRE)bags, Polyethylene Tereplatate (PET) bottles, Lego
made of cellulos@acetate and Barbie dolls appeared for the first time on the mankesH
Plastics Federatign

Starting from this momensynthetic polymeric materials halecomeprogressively one of the
mostimportantdomains irthe field ofmaterials scienc&he®0s saw the definitive affirmation
of plastic as an irreplaceable instrumeheveryday life and as a "new frontigdlso in the
fields of fashion, design and aBuring the following decades, the désement of thehigh
performancelastics( such as pol ymethyl pentene, fdl yi mi
to ther progressive affirmation for increasingly sophisticated applicationthe fields of
informatics, electronics,biomedicineand nanotechnologied=or example, ars and aircrafts
engine component$ielmetsfor astronautsjtems for clinical laboratories, psthetic parts
music devicesbulletproof shieldssolar cells components and flexible screens,nowadays

commonly produced starting from polymers.

1.2Worldwide production of plastics

Synthetic polymerdhave become the key materiats every aspect otverydaylife and

industral production(i.e. packaging, building transportation, renewable energy, medical
device$, thanks tatheir low cost, reproducibility, versatility, and their resistance to physical
aging and biological attaskMoreover, they are lightweight, easily workable with low energy

consumptior(for example, a temperature of about 1000 ° C is needed to produce a glass bottle,
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while a temperature of 250 ° C is enough to produce a plastic bottle) and, last but nibegast,
can beguite easilycollected and recyclgd/ert et al, 2004 (Figure 1.1)

193% 19,3%

PP OTHERS

PE-HD

PE-MD ¥ “"s- d ' :
o e

74% 715%

Eyeglasses,  Bottles for Building Windows Toys (PEHD, Reusable Food Hub caps

framers, plastic water, soft insulation, frames, floor ~ PEMD), milk containers,  packaging, (ABS), touch
cups (PS); drinks, pillows and and wall bottles, agricultural snack screens
packaging, juices, mattresses, covering, shampoo film (PE-LD),  wrappers, (PMMA),
building cl eane! insulating cable bottles, pipes, food packaging  pipes, applications in
insulation 5 foams é i nsul at i honsewade films (PE automotive aerospace,
(PSE) , ¢ (PEHD) , LLD), «part s, biomedicine é

Figure 1.1 European plastics demand by polymer typ2016.
Source: Plastic Europe

It is therefore not surprising than 2016, around335 million tons of plastics have been
produced worldwideand 60 million tons only in Europ&hese values includeermoplastics
thermosetspolyurethanes, adhesivespatings and sealan{®ET, polyamidesPA, PP and
polyacryic fibersare not included)Plastics the Facts 2017 The main market sector irhich
plastics are used is packaging, followed by construction, automotive and electFigics
1.2).
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PACKAGING 39.9%

— . AGRICOLTURE

OTHERS
(engineering, f  urniture,
medical. etcé)

Figure 12. European plastics demand $ggmentn 2016.
Source: Plastic Europe

1.3 Environmental impact

Not all plasticproducts have the samieedf life: for someof themit is less than one yeadigr
some otherg is more than 15 yearand someersist in the environment f&80 years or even
more.

Only in 2016, 27.1 million tonnes of plastic waste weo#ectedin Europe, but for the first
time more plastic waste was recycled than landfilEdjure 1.3) Plasticsi the Facts 2017

The main source of plastic waste is represented by packawiting16.7 million of tonnes
(around 62%)an application whee growth was accelerated by a global shift from reusable to

singleuse containergjeyeret al.,2017.
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27.3%
Landfill

41.6 %
Energy
recovery

Figure 1.3 Treatment for postonsumer plastics waste in Europe.
Source: Plastic Europe

As regards plastic waste treatment, in ten ydaosy 2006 to 2016, recycling increased by
79%, energy recovery increased by 61% and landfill decreased by 43%hé&wegh these data

are very promising, it is also true that in many southern and eastern European countries landfill
is still the first solubn.

The extendednd intensiveise of plastichas caused environmental pollution problems due to
the dispersion olittering in both the land and thequaticenvironmentMoreover, he useful

plastic properties such as durability and low densitgpresent a big problemvhen plastic
wasteis inappropriately handledreatingelevantenvironmental threaPlasticsindeedpersist

in the environment for many yeaisecause of their durabilitywhile their low dengy
determinesthe eay dispersionby water and wind, sometimes travelling thousands of
kilometres from source arefisyan et al,2009. As aresult, plastic wastes are now ubiquitous
pollutants, even on the most remote areas of the plaih@ating macre and microplastics
islandscan be foundor examplein the Mediterragan Sea,n Southwest Englandn the
Atlantic, Pacificand IndianOcears, in the Southern Korean coggan the Black Seand near

the Arctic Circle (Figure 1.4)[loakeimidiset al., 201}. As an examplethe sec a | IGeea 1
Pacificgarbage patahwhichis the biggest accumulatiaf ocean plastic in the worltbcated
between California and Hawaii, has an extension of 1.6 million square kilometres and contains
about 80,000 metric tons of plastiezbreton et Al., 2018

Living organismsjn particular marine animals, can also be affedigeéntanglement, direct
ingestion of plastic waste, by exposure to chemicals within plastics that cause interruptions

in their biological functions.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ryan%20PG%5BAuthor%5D&cauthor=true&cauthor_uid=19528052
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Figure 1.4 Garbage islands world map
Source:National Geographic

Considering this alarming situatipthere are many actiormedto get the public opinion
more aware of this crucial problemoiFexamplejf we considemonly this year the EarthDay
was focused on plastic pollutiptihe organizatio Plastic Change has promoted the World Clean
Up Day [Plastic Change, 20)&gainst the accumulation of plastic bags in the environment,
and in July there was also the International Plastic Bag Fre¢/Dayastic Bag Free World,
2019. Moreover overthe last 30 yearshe EuropeanUnion has developedlangtermwaste
managemerpolicy consisting ofa series of legislatiathat aims to reduce environmental and
health impacts and createexycling andesourceefficient economyBeing wise withwaste:
the EUOs appr oac h201JoThe2608/98/&CDinectiveintraducedra mulii
step hierarchy which classiies the different waste treatment strateg{psevention, reuse,
recycling, other forms of recovery and landfdfjcording to thir ability topreservethe limited

fossil resources (Figure 1.5).
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Maximum
conservation
of resources

Figure 1.5European waste hierarchy

SourceBrochureBei ng wi se with waste: the EUOs appr

1.4 Bioplastics

One of the possible straiegthat can be adopted to limit pollution problemseserving in the
same time the limited amount of fossil fyeésthe use obioplastics as alternative to the petrol
based onesAccording to theEuropean Bioplastics Associatiothe word i Bi opl ast i C

includesa family of materialswhich can be divided in three different categoflegure 1.6)

A Bio-based but not degradable materials (i.e-Rfioand biePET) [Nakajima et al.,
2017;

A Biodegradable materials obtained from fenewable sawes (i.e.poly(butylene
adipate terephthalgt®BAT and polycaprolactone PEL

A Bio-based and biodegradable materials (polylactic Btiél, polyhydroxyakanohates
PHA, poly(butylene adipat) PBA, poly(butylene succina) PBS and poly(ethylene
furanoate) PEF
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BIODEGRADABLE

a PBAT,
§ PCL a
o <
o @
) @]
5 PE, PP Bio- PE, E
2 PET Bio-PET

NOT BIODEGRADABLE

Figure 1.6 Bioplastic categories.
Source: European Bioplastics

Another classificatiomonsiderghdr productive process:

A Replacement of traditional plastics with natural biopolymers such as stitih,
chitosan and their derivatives;

A Replacement of traditional plastics with polymers obtained by genetically modified
bacteria and microorganism&4dcillus Rhodococcusand Pseudomons), such as
polyhydroxyakanohates;

A Use of monomers obtained from renewable sourcepdiymersynthesis (this is the
case of poly(ethylene 2fbiranoate), PEF).

These materials show properties similathitose ofpetrochemicabased plastics and can also

be manufactured argocessedvith the same technologies. Nevertheless, they present many
advantagedike (a) a cleaner production chain, the loweringof waste management casts

(c) the raluction of dependenam fossil resources, whicre not limitless and whose price is
subjecedto continuous andncontrolled fluctuationgd) the decrease of greenhouse gases and
toxic fumes(in case of incineratignemissionsand (e) the increase of source efficiency, in
particular if bioplastics are recycled or used for energy recovery, in order to support the
development of a circular economy

Moreover, biodegradable polymeaisposed irthe environmentcan undergo degradatidoy

the action of microorganismer by hydrolysis. Thanks to these proces#iesy can be easily

converted taCO,, CHs4, water, biomass and other natwsabstanced-or this reasorthey can

-8-
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beburied in soil or incorporated into the organic waste straditogether with organic waste
unlike traditional plastic bags, which need to be separated from organictirastgh several
time consuming anexpensive processes.

In this way, biodegradable plastiepresent not only a cesftfective disposal solution, but can
also give annmportantcontribution to efficient management of organic wastee grincipal
applications for biodegradable plastics include packaging materials (trash, dagd
containers, film wrapping, laminated paper), hygiene products (diaper dhaeits, cotton
swabs), consumer goods (fdebd tableware, containers, egg cartons, toys), and agricultural
tools (mulch films, pots)[Grosset al., 2002;Siracusa et al., 200l80n the other hand, a
considerablenumberof bioplastics derives frorwheat, cornsugar cane and ricevhich are
first and foremost foodstuffsin addition, 1 has to be taken into consideration themass
based product@renotper seecologicallyor economicallynoreefficient than getrochemical
based oneor example, if processes that consume high quantities of energy are needed to refine
the biomassor the costs for refining biomass are higher than those obeihefis can easily
become issuesor these reasonkife Cycle Assessments (LCAs3tudiesmust beconducted
taken into consideratiomlsoethical and morahspects.

Anyway, athoughnowadayghe global production capacity biopolymers is only 2.05 million
tons per yearabout 1% of total productigntheir market is rapidlygrowing thanks to
European Union directiveand to agreaterawarenes®f public opinionand governmerg
towards environmental pservation

It is expected that production, which in 2017 was 2.05 million tonnes, will exceeahidlida

tonnes in 2022 (Figure 1.ffruropean Bioplastics, 20].7
3000
2500

2000
1354

1500 1974 1182 1192 1202 1215

1000

IN 1,000 TONNES

500 ggg 911 946 987 1033 1086

0
2017 2018 2019 2020 2021 2022

Biobased/non biodegradable = Biodegradable

Figure 1.7. Global production capacities of Bioplastics.
Source: European Bioplastics, noelrsstitute (2017)
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Among biodegradable polymers, PBS, PLA and PHA are the main drivitis gfowth, while
between biebased and not biodegradable polyméis-based PEbio-based PETand bio-
based PA currently make up for aroundoercent (1.2 million tonnes) of the global bioplastics
production capacitieg-igure 1.8)

[ mOther (biobased/non

biodegradable)
= PET

biodegradable (57.1%)

[

o

s PA

b 19%

2

= PE

2
= PBAT 2% Total:

2.05 million

= PBS 10% tonnes

PLA

PHA

‘ 12%
10%

Starch blends

Biodegradable (42.9%)

Other (biodegradable)

Figure 1.8 Global production capacities of Bioplastics in 2017 by material type.
Source: European Bioplastics, noelrsstitute(2017)

1.5 Polyesters

Polyesters ara class opolymerscontaining ester functional grougngthe main chain. They
are generally obtained from polycondensation betvegenor moraliacids (or diestes) and
one or mordliols.

It is a class ofextremely versatile materialsharacterized bynteresting propertiesThe
relatively eady accessible raw materiala great variety of compositiosimple synthetic
approachesprocessability and workability even inomplex shaps, the possibility to
chemically and/or physicallypnodify the surfaceand possibility to immobilize biomolecules
inside them make them very interesting candidatesspite some limitations given by the
presence oflow molecular weightsubstancesthat can be releaseith the environment

(monomers, catalysts, additives, et the eag absorption of water and biomolecules from

-10-
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the surrounding(even in applications where it is not require&ljustmentioned, it is possible
to easilyadapt their propertiesd hocdepending on the intended use

For these reasongolyesters are used for the largeale production of itembke bottles, bags,
films, packaging, insulating films and tapes, well as for more specific applications as parts

of electronic components, biomedical devjdeshnical clothing

1.5.1Aliphatic polyesters
Aliphatic polyesters are polymenshich contain the ester functional groafong the main
chain(Figurel.9).

H
\/
NN TN
AN
O (0]

Figurel.9. General structure of aliphatic polyesters

They were synthesized for the first tinm1928by the American chemist Wallace Carothers
and his research group at DuPont, who stdsteldling up polymers by reacting small organic
moleculeshroughwell-known reactiongfor example, by combining dicarboxylic acids with
diols or diaminesto form long macromolecular chaifi€arothers,1931]. From that time
onwards, systematic studieso understand the formation and the propertésaliphatic
polycondensate@olyestes were carried o These investigations led tietermination of the
fiCarothers equatian, w h i dhe converki@n degree foinctional groups with the average
degree of polymerization of the resulting polyeskenther studies conducted by the American
chemist PaulFlory improved the knowledge abotite kinetics ofpolyesterification and
polyester molar mass distributiofst the beginning, only low molecular weight materials (4000
g/mol), with poor thermal properties and high sensitivity to humidity wétained; his caused

a strongdelay inthe development of tis class of polyester®kecently,both academic and
industrial research has focused its attention on thkeamks to their very goothechanical
propertiespiodegradability and biocompatibilitfloreover,great importance is given by the

fact that some monomers, includinicarboxylic acids likeadipic, succinicsebaci¢ azelaic

-11-
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acid and fatty acids, and diols liké,3-propanediol,1,4-butanediol 1,3-butanediol,1,10
decanediotan be obtained from renewable soutmg$ermentation of vegetable o sugars
[Novamont, 2016Ma et al., 2012; Wu et al., 2014; Zhu et al., 2013; Gomes et al., P44,

et al., 2014

Nowadaysaliphatic polyesterareone of the most important classes of synthetic biodegradable
polymers: pharmaceusc medical and biomedical engineerirfoncluding drug delivery
systemsand functional materials in tissue engineeyisgft and degradable packaging are just
some of theiélds in which these materials are intensively used

Biodegradable aliphatic polyesters can be found in natyethesized byome typs of
microorganisms like polyhydroxyalkanoates (PHAs), or can be obtained by chemical
synthesis, likgoly(butylene succinate) (PBS)oly(lactic acid) (PLA)andPoly(alkylene 1,4
cyclohexanedicarboxilateJOkada,2007:

A polyhydroxyalkanoates (PHAs)ike poly(3-hydroxybutyraty (P(3HB)), poly(3-
hydroxyvalerate) (P3HV)) and their copolymerspoly(hydroxybutyratevalerate)
(PHBV), can be enzymatically produced from bacteria by feeding thigimsugar or
othernutrientssuch aslcohols, alkanesr alkenegFigure 1.10) P(3HB), for example,
shows properties comparable to thospalfethylene angolypropylene. Its brittleness
and stiffnessan be loweredhtough copolymerizatiomwith P(3HV), by choosing the
proper microorganismsSeveral companiegMeredian, Tianan Biologic Materials
Polyfo r m C a n aadeaprodu@npPHAs by microbial fermentationbut their
applications for instance in the fields dagriculture, food services, packagiagd
biomedicgne are still limited because of the high costs, related tdnite raw material
and processingosts difficult extracion and purifcation proceduressmall production
volumes. Morewer, production of PHAgenerates a large amount of biomass waste:
about 5kg of raw material is required to obtaonly 1 kg of final product.[Kootstra et
al., 2017.

HO 0 OMOH

Figurel.10 Chemical structure of PHAs

-12-
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A Poly(butylene succinate) (PBSyhich is one of the most importaaitphatic polyester
(Figure 1.11)obtained by melt polycondensation of succinic acid SA (or dimethyl

succinate DMS) and 1-Hutanediol, usingitanium (IV) butoxide as catalyst.

e e

Figurel.11 Chemical structure of PBS

This material was synthesized for the first time in 1863 byPtréuguese Agostinho
Vicente Lourencoche puren®, 1863. In the '30s, Carothers began to stsdgcinic
acid-basedyolyesters, obtaining PBS with a molecular weight significamtiperthan
that obtained up to then (around 5000ql), but still without the characteristics
requiredfor the market Carothers1929. Thanks to the use of new catalysts, together
with thegrowinginterest in biebasedolymerstheinterestor this material grew again

in the 1990swhen high molecular weighPBS was obtaed its good thermal and
mechanical properties, comparable to those of LDPE and PP, @gsackworkability
and processability.

In 1993, Showa Denk§Showa Denkp put on the market the first bisased PBS
(Bionolle™), with a molecular weight of 40'00000'000g/mb This material founch
wide range ofapplicationsincluding packaging andnulching films, envelopesand
bottles but also irelectrical and aerospace engineeriflganks to its biocompatibility,
PBS finds also potential applications in biomedical field as implants, scaffolds for tissue
engineering and drug delivery systems.

Nowadays, the principal producers of fiased PBS are MCPP (Mitsubishi Chemical)
[Mitsubishi Chemicdl Showa Denko, with brand names BioPBS, GS PLA and
Bionolle.

As regards monomerdhe conventional production of SA is basedpatrochemical
productslike n-butane or butadienefirst, butane is oxidized to produce maleic
anhydridethenmaleic anhydride undergoes catalytic hydrogenation to become succinic

anhydride, which is further hydrogenated to obtain SA.
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However, recent developments iglucose sourcdermentation and in purification
technologies have made Hiased SAso economically attractivethat bio-based
production has surpassed the conventionalamtithe US department of energy has
included SA among the &t 12 valueadded biebased chemical$\erpy et al. 2004;
the market obio-based SAs predicted to reacbver 699 million tongy 2020 Bio-
based succinic acid is produced through fermentation processes, by yeasts and bacteria
able to metabolizemany C5 and C6 sugaras well as theirderivatives, like
lignocellulose. Despite fermentation pro@ssequire large volumes, longer reaction
times, andnly low yields are achieved, @ecreasén production costs is expected in
the short termRegarding thigoint, BioAmber has already startékde production of
high-purity bio-SA from sugar beet and wheat, in Fraf@@10)and in North America
(2013) and new plants in Thailand, North America and Braail| be established
[Dominguez de Marja201§. Bio-based succinic acid is already produadsb by
Myriant [Myriant Corporatiof, from lignocellulosepy Revedia starting from starch,
through a fermentation proceiosuccinium), and by BASF, in a jdinenture with
Corbion by the action of micr@rganismBasfia succiniproducensising glycerol as
substratgSuccinity)

Also 1,4butanediol,which is conventionallypetrochemicallyobtained frommaleic
anhydride can be obtained from renewable sourdes example by catalytic
hydrogenation obio-based SARegarding this poinBioAmberis producingBDO and
THF green, while Novamont, in a joint venture with Genomatica, has created the first
industrial plant in the EU foBDO production through fermentatidmikiaris et al.,
2008(a); Howe-GrantM., 1991;Yield10 Biosciencelhn et al, 1995].

The success of PBS as thermoplastic material is strictly due to its progeBtess a
semicrystalline polymer (crystallinitydegree around 35-45%), with a melting
temperature of 13@30°C one of thehighest amongoly(alkylene dicarboxylate)s
[Yooet al, 1999 and a glass transition temperature betw@dnand-15°C [Zhihuaet
al., 200]; melt crystallization ipossible betweer0and95°C.High molecular weight
PBS synthesized without chagxtenders showslaittle behavour, moderate stiffness
(Young's modulus of about 3@D0 MPa) Ku et al, 2010 Gualandi et al.2012(a)],
with very short elongation at breakipli et al., 201Za)]. The incorporation of urethane

bonds througlhe use ofsocyanates improves its elongatiémmpbriet al., 2014, up to
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valuescomparable to those of polyolefiffsujimaki, 1994. Thanks to the possibility of
being attacked by microorganisms and to the susceptibility even to abiotic degradation,
bio-PBS has beerproved to be fully compostableccording tothe standard tests
EN13432, US, BPI and OKompost.

Poly(lactic acid) (PLA)is athermoplastic and biodegradable pedter (Figure 1.12)
which is obtained, mainly, throudgting Opening Polymezation (ROB, starting from
lactide ring, the cyclic ester of lactic acahd catalsed byheavymetatbased catalysts

(zinc andstannous oxides, zinc and tin chlorides or stannousnueats. Another
synthetic approacis Lactic acid condensatiom solution or in the meltyut this route

is usually not preferred because of low molecular weight and brittleness of the polymers
obtained Lasprilla et al., 2012

Thesynthesi®f polyestesfrom lactic acid wastartedoy Carothers in 1932 arfidrther
developed by DBont and EthiconGrosset al., 200},

0 X

Figure 1.12Chemical structure of PLA.

Thanks to its workabilitpy injectionmoulding, extrusion, blowing anthermoforming,
as well as itexcellent biodegradability and biocompatibilitywas studied for the first
time in 1971as a ptential material for controlleddrug releaseThe extremely high
productioncostslimited the applicéions of PLA only to biomedicineuntil the 1980s
Since thenthe developments process technologypgetherwith a decreasing in the
cost of biologically produced lactic acid, have led tgatealuctionof this kind ofplastic
alsofor otherapplications One of the principal fields is still biomedicine, as a material
for bioresorbablesutures orthopedic fixationdevices temporary porous suppsrtor
the regeneration of tissudige bones, cartilages, tendons and nerjeswar et al.,
2014. Thanks toits good barrier performanceBLA is widely used also in food
packaging to produdaiodegradable cups, bottles and filf@gher fields of application

are agriculturémulching and sawing films), gardening (ptitat can belirectly planed
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in soil), autanotive (light car parts)\lazollieret al., 2003Lammerset al., 200P and
buildings fonflammable insulation

Thanks to the growing interest on renewable sourttess microbial fermentative
production of lactic acid hasonsiderablyincreased Bio-based lactic acidcan be
obtained from the fermentation of sugédextrose, glucose and sucrogegsent in
maize flour, sugar beets, cellulose, ligmreat starclor potatoesin order tolimit the
cost of raw materia) foodandagraindustrialby-products or residues could be used as
cheaper alternativethanks tothe action ofselectedmicroorganisms adhavan
Nampoothiriet al., 201]) Currently the total production capacity of PLA in the world
is about 180,000 tonnes and the leading producers are the United States, Japan and
Germany. The American companyNat ur e Wor ks i s t he wor |
manufacturefingeo) with an annual capagiof 140,000 tonne®©therdistributors are
BASF, Corbion, SK Chemicalsuterro, Synbrajisun,andthe brand names aRrairac,
Ecovio,Luminy, EcoPlan, Futerro PLAndBioFoam respectively

PLA is alsobiodegradabldy hydrolysis recyclableandcompostabld EN13433 [EN
13.432, 200k In the human bodyat physiological temperatusround 37 °Cit may

be degraded in vivo ini3 years, while ircomposting conditionsvhere temperatuse
reached arep to70 °C,times are much shortey ¢rt, 2009. Its sustainability and eco
friendly characteristicdogether with the decreasingaroduction cos, will soonmake
PLA one of the most eyeatchingbiopolymerworldwide[Sangeethat al., 208].
Because oits chiral nature Lactic acid exists in three different forms, ELIA, D,D-

LA, and D,L-LA (mes9 as well as a 50/50 mixture of L-JLA and D,D-LA (racemic
lactide), reported in Figure 1.18io-based_A contains both D and L formbutthe L-
form is predominantHamad egl., 2015.

OTO - OTO:\[C}E OIOICHS
" :\K C\\\\\\“ 0 0O H;C (0) 0]
H,C 0 0 Hj 3

Figure 1.13. Chemical structuresldf-, mese and DD Lactides

PLA material properties deperah many factors likethe isomer type (B L-, DL-

lactide), processingmperaturand molecular weight. The stereochemical composition
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hasa strong effect upon the melting point and on the polymer crystallization ability
[Chen et al., 201} PLLA crystallinity index is around 37%, glass transition
temperaturdetween 50 and 80 °C and Ibhmeg temperature between 173 and 178 °C.
Theintroduction of mesdactide or Dlactide into PLLA reduceall these parameters
apart fromthe glass transition temperatuterimrightet al., 2001 As to mechanical
properties,commercial PLA(i.e. 92% L-lactide, 8% mesdactide), has &y oun g 0 s
modulus of 2.1 GPa and an elongation at break of 9%. After plasticizéteofgrmer
decreases to 0.7 MPa and thieerrises to 200%BY varying the crystallinity degree of

the polymer, it isalso possible to moduta its degradation ratethe higher the
crystallinity degreethe lower the biodegraldgity .

Poly(alkylenel,4-cyclohexanedicarboXgte)sare a very interesting class of aliphatic
polyesters, characterized by the presence of a cyclohexane ring along the
macromolecular chain. Thisng increass the rigidity of the chainsas well asthe
thermal stabilitywhich iseven higher thathat ofther aromatic counterpart&grti et

al., 2008(a); Bertiet al., 2008b); Genovese et al., 20}, fnaintaining at the same time

the biodegradabilityypical of aliphatic polyestergsigli et al., 2014 (a)]. Moreover,

their good resistance to heat, light, and humidity make them particularly promising for
packaging applications.

This kind of polymerswere studiedsince theearly 1980sby Eastman Chemical
Companythanks to their higlensile strength, stiffness amdpact properties.

Even thoughl,4-cyclohexane dicarboxylic acid is now obtained froonrenewable
sourcesjt can bepotentially obtainedrom bio-based terephthalic acid, starting from
limoneneand other terpengserti et al., 201} Bothtransandcis configurations of the
aliphatic ring are possibl@igure 1.14) andtereochemistry stronglffecs the final
properties of the materighetrans stereoisomer is less flexible and more symmetrical
than thecisone,favouring chain packing, and consequently the capacity of the polymer
to crystallize[Bertiet al., 200§a); Berti et al., 2008b)]. Onthe other hand, if thieans
content iglecreased, these properties are significarttlycedAccording to a stdy on

the influence of theis/transratio on solid state propertiesnly polymerscontaining

more than 70% ofranscycles are able to crystallizewhile polymers containing
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considerableamouns of cis- stereocisomers (580%) are unable to organitemselves

in an ordered state, remaining completely amorphiduset al, 1995].

H
H H o)
HO OH OH
HO
O o) i 0
Figure 1.14cis- andtrans configurations of 1,&£yclohexanedycarboxylic acid.

Even thoughpoly(alkylene 1,4cyclohexanedicarbgiate)}basedpolymershave not
beenyet explored for industrial applications, recent studiesidotti et al, 2018 (a);
Siracuseet al., 2018Gigli et al, 2013(a)] have showrnnterestingbarrier properties to
different gases and in some cases at different temperatures and huwthiditymake

them particularly promising for packaging applications.

1.52 Aromatic polyesters

Aromatic polyestes are characterized by the presencens or morédenzene rings along the
main chain.

As it is well known, the use of aromatic polyestesth in the forms of filmand fibres,s
preferred for those applications which require excellent physieghanical stability

Among these terephthalic polyestergFigure 1.15) are the most producedhe main
components of this family are:

A Poly(ethylene terephthalat¢PET), obtainedthroughtwo-step melt polycondensation
reactiors between terephthalic acid PA) and ethylene glycol (EGusingPb and Zn
acetatesor titanium alkoxidesas catalyst§Marsh et al., 20(07 Fibres for clothing,
bottles, containers, supports for electronics and many d#res are producedvith
PET. Crystalline PET isalso used as thermoplastic material for applicatiomghe
automotivein the electric and electronic fields.

A Poly(propylene terdpthalate)(PPT), obtainedby two-step melt polycondensation as
well, using propylene glycol (PG) instead of EG, ait@hium alkoxidesas catalysts

PPT filres have proven to be significantiyore performinghan PETones in terms of
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mechanicalproperties(i.e. fracture resistanceThe fields of application of PPT are
thereforedifferent as they include production of textile f#s, ropes for musical
instruments, umbrellas, clothing, food packagamgartificial leather

A Poly(utylene terephtalate)(PBT), obtained by polycondensation in the melt starting
from TPA and 1,4-butanediol (BD)and usingitanium alkoxidesas catalystsThanks
to its high resistance to chemical agents, good stability at high temperatures, good
hardness and surface shitlgs polymer has found its greatest application in the field
of precision materials for electrical and electronic parts, for household and automotive

parts.

During last years, aromatic polyesters based otfil@ahdicarboxylic acid (FDCA) have been
synthesized, alsio-basedcounterpas of terephthalic polymergSousa et al., 20]15The only
differencein their structuras the presence of furan ring instead of the benzene one (Figure
1.16).

FDCA has been polymerized with many different glyddtspageorgiou et al., 20JLtike
ethylene glyco[Gomeset al, 2011;Matoset al., 2014Codouet al.,2015 Avantium], 1,3
propanediol Gomeset al, 2011 and 1,4butanediol YVu et al., 2014Zhu et al., 2013Ma et

al., 2012;Gopalakrishnamet al., 2013;Soccio et a|2014.

HO Q)
Figurel.15. Chemical structure of terephthalic acid TFA

o A

0]

OH

O 0
Figurel.16. Chemical structure of 2furandicarboxylic acid FDCA

As regards the diacid part, FDCA can be obtained from renewable sources in many different
ways for examplestarting fromcellulose ormemicellulose through a multistage process that
includes bioconversion, dehydration and oxidation, in which a hexose %nd
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hydroxymetifurfural are important intermediated/|j et al., 201} In order b obtain 5
hydroxymethylfurfural, glucose or fructosencalso be dehydratedVlo et al., 201},
As regards the glycolic sulmits,ethanol from renewable souroeas introducedn the market
a few years agdor example Novepha Novephd producedrom renewable soursethylene
glycol, 2,3-butanediol and propanedidlloreover, he first plant foindustrial scalgproduction
of bio-butanediolwas started up in 2014 in Adria, by Novamohbjamont e Genomatica
alleati nel bioBDO, 2011
The most important furabased aromatic polyestenga
A Poly(ethylene furanoatPEP, obtinedby two-step melt polycondensation of 2,5
FDCA (or its dimethyl ester) and EGHigh molecular weight PEF is one of the most
interesting furarbased polymers, thanks to its properties, which aresieriiar oreven
better than those of PEFor this reasormany companies have focused their attention
on this material: for example, Avantiymvhichis cooperating witiCocaColaand other
compaires in order to replace PET bottles with bioplastic gnesble tosynthesize
PEF by reacting a silandicarboxylic acid obtained from carbohydra{#isat can be
extracted from a wide range of biomasses such as sugar cane, agricultural residues or
cereal} with bio-ethylene glycql according tahe patented "YXY" technologyThe
CocaCola Company has already presented, as a world premiere during MiRQ E
2015, the first 100% bi®EFbottle, entirely obtained from natural sugars contained in
pl ant s ( P llikesugad canetandéspyocessingste.
A Poly(propylene furanoat€PPB, obtained by polycondensation of EBCA (or its
dimethyl ester) and 1;Bropanediol (PD)
A Poly(butylene furanoate) PBBbtained using the same procedure of PEF and PPF, but
using BD as glycolic subunibMF is preferred to FDCA because of its higher purity,
in order to avoid the darkening of the final polymer. Many different polymerization
conditions and catalysts wersedo find the best way to increase the molecular weight:
through polycondensatiomolecular weights of about 46000 Da were reach&F
thermal and mechanical properties are very similar to PBT ones, while permeability
values are better, even than those of the most common packaging materials (i.e. Nylon
6 and PET).
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Another biebased asmatic diacid that could potentially replace the terephthalic one is the
2,5thiophene dicarboxylic acid (TFDCA). This monomer has a molecular struatich

is very similar to FDCA one: the only difference is the presence of a sulphur atom instead
of the oxygen one in the aromatic rirgigure 117).

o A

o 0

OH

Figurel.17. Chemical structure of TFDCA.

It is 100% biebased, as it can be obtainfEdm adipic acid throughhtorination with
thionyl chloride, as reported Figurel.18.

0
socl, / \ H,0 / \
OH |:> Cl Cl ::> HO OH
HO S S
) 0 ) 0 )

Figurel1.18. Synthetic procedure of TFDCA

Moreover, bythe resonancenergy valuesof the terephthalic, furan and thiophene rings,

which are reported iRigurel.19 starting from the less to the most electronegative, TFDCA
is likely to be more stable than FDCA.

O QO

Benzene Furan

E,.s = 36 Kcal/mol E.s =29 Kcal/mol  E, = 11 Kcal/mol

Figurel.19. Resonance energies of terephthalic, furan and thiopieyse
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1.5.3 Synthesis

Polyesters are synthesized by polycondensation of difunctional monohkerghe self
condensation of hydroxy acids, diacids with diotsacid chlorides withdiols or by
transesterificatiomeactiors of diesters and diols, or by rirgpeningpolymerization (ROP) of
lactones and lactidgslair et al., 2007.

The majority of biodegradablpolyesterghat are nowadays on the market produced blgoth
thesemethods.The firstcan beusedfor awide rangeof diols anddiacids, but it requires, in
general, high temperature, long reaction time and renmmvadaction byproducts to obtain
high molecular weight polymerénother drawback is that the materialstained do not have
controlled chain legths andpresentquite highpolydispersity index (PDI)On the contrary
ring-opening polymerizationdespite the limitation of monomers that can be used, allows the
synthesis of higher molecular weight polymers under milder conditions and in shorger time
Moreover, the growing interest on new enzymattalysed polymerizatioran ecefriendly
techniquewhich can realize high regiospecificity and stereospecifibig, led to the synthesis
of polymers with controlled chain lengthsder milderconditiong Okada 2002;Varmaet al.,
2005;Albertssoret al., 2008Grosset al., 201].

As an exampldjpasescan be used as catalystgiimg-openingpolymerization of lactones and

cyclic diestersand incondensation polymerization of hydroagids and diacids with diols

1.5.3.1 Polycondensation

Melt polycondensation is the most usgghthetic techniquéor both aliphatic ife. PBA and
PBS) andaromaticpolyestergpoly(alkylene terephthalafeMoreover polycondensation is an
alternative methotbr polylactic acid (PLA) industrial production.

There are two methods oblyesterification: homgolycondensation ohydroxycarboxylic
acids (Eqn. [1]) or hetergpolycondensation of a diol withdicarboxylic acid (Eqn[2]):

NHO-R-COOH 7 -(REOO)-H + (1) HO [1]
n HO-R-OH + n HOOGR:-C OO H 7 -(RHODORCOO)-H + (2n1) H,0 2]

where R, Rand R are alkylene groupsFor the synthesis dfigh molar mass polymsrthe
condensation equilibriunconstant (k) should be reasonaly high. Generally, in the
polycondensation of alcohols with carboxylic acids,is not highenough(usuallyO 1&hd |,
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in order to obtain suffiently high degrese of polymerization (DF) the condensation side
products like water or methanphave tdbe removed from the reactienvironmenfCarothers,
1934. The number average degree of polymerizaiiki?y can be obtained frodc according

to the following guation:
DP, = KC0'5+ 1 [3]

Since kk & 1 0 maihycondensatiorreactions betweesimple aliphatic alcoholsand

carboxylic acids, DPA 4  wesult In the equilibrium polymerizatiorlowever
DP, = 1/(1i p) [4]

where p ishe degree of conversion of the reactive grofparothers193¢. So, wherKc =
10, only 76% of hydroxyl and carboxylic group would react untiquilibrium is reachedn
order to obtairpolyesterswith therequired physical propertie®P, O 1 On@cessaythis
means that thdegree of conversioshould benot lesghan0.99 and kO  “ \@alues so high
of Kc are usually obtainedhen acidchlorides (SchotteBaumann reaction), acid anhydrides
or activated carboxylic acidse used.

As alreadymentionedby removing the low molar mass-pyoducs of esterificationfrom the
reaction mixture, it is possible to shift the equilibrium towards high molar mass polyesters
Eqn.[5], which is derived from Egn. [3] by assuming K> 1, provides a dependence of the

degree of polymerization on the extent of readaf theby-producs (q):
DP, = (KC / gqf*® [5]

where g = NNy, i.e., the ratio of the concentration of thegrpducs at a giverequilibrium to
its hypothetical concentration resulting from reactive groups convedgigree related to the
required DR. Forinstancein order to prepare polyessavith DP, = 1, the ratiokKC/q must
be higher thai 0. If Kc = 10, then g should Hdewer than103. This means that only 0.1% of
the byproducso f i t s A n or ro@adtentratiergan ierhainib the reacting mixture.
This isoneof the practical limitations in the synthesesnanypolyesterdy polycondendson.
Moreover when high degrees of conversion are reachedietmeval of low molar mass by

producs, like water, is limited due to théigh viscosity of the system.
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Another factorthat has to be taken into accoustthe stoichiometry of theubstrates.
Dependence othe number average degree of polymerization of the polyester formed in
heteropolycondensatiamn the stoichiometric imbalance parameter r is givethbyfollowing

equation
DPh=(Q+r1r)/(1+1 2p) [6]

wherer = Nor/NcooH for Non < Ncoon 0r NcooH/Nowr for Non > Ncoor, Non andNcoor are

the concentrations of hydroxyl and carboxylic groups, respectivalys, for example at p =
0.99, and DR= 100 for the exactly equimolar reacting mixtgre= 1), if only 1.0 mol% of
imbalancas introducedr = 0.99) DP, is reducedo the value of 67. Even if in the feed the 1:1
stoichiometry insuregdone of thecomponentganbe partially lost during polycondensation,
either becausef volatilization,due to thénigh reaction temperatureachedor reactant losses
by side reactins. In order tdimit this problem polycondensation based tnansesterification
was introduced this technique is usedor example,for the largescale production of
poly(ethylendgerephthalate)

The rate of polycondensatiogarely agrees with simple kinetic expressiahsing the entire
polycondensation process. Changes in the reaction mixtopertiedike viscosity or dielectric
constantan affecthe course of the reactiogven if the most fundamental assumption of equal
reactivity of functional groupss respectedit is almost truendeed becauseat high viscosities
the #fAdiff usi on butthisbehawoursdmpensatbd by equatly,slowing down
of t he Ad[R&bfhavisch 1®3]. out o

Expressions describing the molar mass distribution (or polymerization degree) of linear
polyestes obtained bypolycondensation have beemplainedfor the first timeby Flory in
1936 The number and weight fractiong &andwi, respectively) ofnacromoleculefaving a

degree of polymerization equalitat a given degree of conversipsis:

ni=pY1i p) [7]
n=ip (11 p)? [8]

The number and weight average polymerization degrB€s and DPw, respectively)can be

expressed according to tf@lowing equations

DP,=1/(1i p) [9]
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DPw=(1+p)/ (17 p) [10]
and the polydispersity indeas
DPy/DPn=1+p=2i DP,'! [11]

Thus for the conversionp= 1) DPw / DPn = 2. The value othis parameter iparticularly
different in case opolyesters prepared Ipplycondensation or by RO this lattercase as
thekinetic control of the entire polymerization proceshigher, thanolar mass distribution is
usuallynarrower and the ratidPy / DPy is not much higher than 1.

Another point that must beonsiderd is that mlycondensatiorreactions can lead to the
formationof a certain fraction afacrocyclic productsn polyesterification, two reactiotisat
can potentially giveeyclic moleculesarebackbiting and eneto-end condensatiotdowever
for processes conducted in bulk and under reversibility govenunditions cyclization can
be considered as a side reaction gkaondarymportancebecause critical concentrations of

macrocycles (in terms of repeating undsg wellbelow 1 g/l pudaet al., 200}.

1.5.3.2 Ring opening polymerization

High molecular weightaliphatic polyesterswith low polydispersity indexcan be easily
preparedundermild conditionsby ring-opening polymerization (ROR}artingfrom lactones
and lactides of different ringize, substituted or not by functional grofipsromeet al., 200&
ROPisa dl i vi n geowithput any @rsversibleitransfer andrmination reactions,
allowing a good control over the molecular parameterpa$meric chains (prentive
determination of the molecular weight by the monotodnitiator molar ratio and aight
molecular weight distribution) anaverthe topology of theynthesizednaterialg Albertsson
et al., 2002

Lactonespolymerization isusuallycarried out in bulk or in solution (THIgjoxane, toluene),
emulsion, or dispersion. The temperature of bulk polymerizaiona range betweeh00°C
and170 °C,while for solution polymerization loer temperatureare required, around-025
°C, in orderto minimize side reactionfike inter- and intramolecular transesterfication
[Albertssoret al., 200}

Mostlactonegolymerizethrough the actioof catalysts omitiators.Depending on the nature

of these lastROP can proceed through differem¢chanisms: cationic, anionic (nucleophilic),
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or coordinatiormechanisnjEndo,2009. Common initiators used for the ROP of lactones are
organometallic compounds, such as oxides, carboxylates, and atkokide use ofionic
initiators for the synthesis of polyesters cause unwanig@r- and intramolecular
transesterification reactionshich can lead to polymers witbw molecular weight and broad
molecular weight distributioMany organometallic derivatives of metals, such a<Cal,Sn,
Nd,Fe,Y, Yb, Sm,La, Ti, Zn, Zrand Mg,can effectivelycontrol the polymerization in contrast
to their anionic counterparfJéerome et al., 2008 Depending on thechoice of the
organometallicsROP reactions can be carried ota two main polymerization mechanisms
Some of thenwork as catalystand activate the monomer bgmplexation with thearbonyl
group in this casgpolymerization is initiated by anyucleophilemolecule (ater or alcohgl
present in the polymerization medium as impuribesdded on purpose. In the secaade

the organometallidtself is theinitiator and the polymerizatioaccus t hr ough i an
c o or di meahanissnnMetal alkoxides acemmoninitiators, which first coordinate the
monomercarbony| followed by the cleavage of the aibgkygen bond of the monomer atiek
insertion a the same timanto the metal alkoxide bonth Figure 120 an example oROPof

lactide is reported.

ok

o
\.\.‘-‘ j\

L-LA F-'R

L
E]IIIIIIIH \'\"'

0
nl-LA 0 . R
oR X ,-"'I\)l\ /\H/
_— o

il

PLA
Figure 1.20ROP of L-lactide.

For industrial applicationsalso in packagingSn(Oct) is preferreddue to the Food and Drug
Administrationapproval However, even if tolerated in foaelated applicationst has to be
avoided in materials used for biomedical applicagitma typicalpolymerization mechanism,
Sn(Oct} is converted into tin alkoxideyhich isthe actual initiator, by reactismith alcohols
or other protic impurities.
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Sn(Octy+ ROH ¥Sri OR + OctH [12]
OciSHFOR + R OHORY+ OctH [13]

Therefore the polymerization involves a coordinafiomsertion mechanism.

Thus a@ain, the addition of a predetermined amount of alcohol tpohgmerizationmedium
iIs an effective way to control the molecular weight by thenomefalcohol molar ratio.
Sn(Oct) is also efficient in copolymerization garious lactones.

As an example, industrial productiohPLA (Ingeo)is carried ouvia ROPby Natureworksn

North Americg with a capacityof 140000Tpa[Jéromeet al., 200R

1.5.3.3 Chain extension

Chain extension will be extensively described in paragiapi22.1.

1.5.4 Physical properties

The physical properties bbth aliphatic and aromatpolyesterslike crystallinitydegreeglass
transition temperaturand melting temperature, dependrany differentfactors such as the
flexibility of the macromoleculachain, presence of polar gqm molecular mass, degree of
branchingand theirorientation, at. Generally, Bort-chain branches reduce tladility of
crystallization of polymers while longchain ones lower the melt viscosity and impart
elongational viscosity with tensiestiffening kehaviar [Albertssonet al., 200P. Moreover,
physical and mechanicglroperties of these materials can be tailored by blending and
copolymerization or by changing the macromolecudachitecture (e.g. hypdaranched

polymers, stashaped or dendrimers, etc.).

1.5.4.1 Thermal properties

Polymeric materials can be dividedto thermoplastics and thermosegépendingon their
thermomechanical propertigshenget al., 200}
1 Thermoplastics: polymers with a linear or branched structbhes,can beepeagdly

softenedmouldedand hardened by heating and coolwvithout anynegativeeffect on
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t he materi al 0 s(i.epdiuyated polgektery polyamigles,tpolyeasbonates,
etc) This is possiblehanks to the presence arly secondary bonds with low thermal
resistance within their chainghich cansoftenin a complete reversible wawithout
undergoing chemical transformations.

1 Thermoset: polymers withigh crosslinked structurethatafter heatingand consequent
hardeing cannot be further processed or ulted (i.e. unsaturated polyesters,
polyurethanes, resins, etd)his behaviour iglue to the heat itself, which directly
responsible for the crodmking of the material

1.5.4.1.1 Thermal stability

Aromatic and aliphatic polyestersan undergo thermal degradation, especially at high
temperatures involved in polycondensation reactions iandhaterial processingHeat is
responsible fochemical modificationgn polymeric chainlbreakng of chemical bondsvith
the formation of volatile products) with consequent alteration of propeResthis reason,
thermal stability evaluain is of greatimportance, in ordeto investigatethe maximum
temperaturethat a material can reachefore it undergoes chemicdegradation Thermal
degradation of polymersonsists of two distinct reactions, whitdke placesimultaneously in
the reactor. One B randonbondingscissionwhich causeadecrease in thmolecular weight
of the raw polymer, and the other is a chaml scissiorof C-C bonds, generating volatile
products. The chaiendscissiongenerally occursvhen the backbone bonds are weaker than
thoseof the sidegroups It takes place at the gdiguid interface in the reactoS[nghet al,
2009, staring from the end of the chaimwith progressiveeleaseof monomeic units. This
mechanismis also known as depolymerization reaction, whghppositeto the prgagation
stepin addition polymerizatios

As to random bonding scissions, they no@gur at any point along thgolymer chaineven
without the presence of aractive site b-scission isone of the mosimportantexample of
randomdegradation irpolyestersoccurringw h e rhydifogen atoms are available in the diol
componenfSivasamyet al., 1992Singh et al., 2008 This bulk reaction[ Zimmermanret al.,
1973 Zimmermanret al.,1986; Chrissafiset al., 2005 consists in the extraction ohgdrogen
atombonded t o t h epositiemwithydspmect &0 the narbdnyl group, withe
consequent breaking of the@H, bond. Thisrandom cleavage of ester borldads to the
formation of terminal groug-COOH anda CH = CH- (Figurel.21):
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Figure 1.21. Polyestefsscission reaction.

The tendency for chain scission is higher in polyestdrgined starting frommonomers
containinga higher number of methylene grougshis is true both for aromatic and aliphatic
polyestergChrissafiset al., 200} for examplethedegradatiomates of PBT or PPT are higher
thanthat of PET, ashis lastcontains one or two methylene groups less and is more stable to
decompositionSimilarly, poly(ethylene succinaté& more thermally stable thaoly(butylene
succinate)

Thermal degradation of polyesters yields a variety of products like @@ HO but also
formaldehyde, acetaldehyde, formic and acetic ddiwe.presnceof acetaldehydean leado

the formation otoloured byproducts thatlarkenthefinal polymer.Moreover, for applications

in food packaging, @taldehydenustbe absent because of litigh toxicity.

Thermal degradation can be investigated by thermogravimetric analysis, a technique which
allows to determine mass loss during controlled heating. Btgpical polymeric thermogram
reported in Figure 1.22t is possible to see that main mass loss occume stageusually
above300°C. Sometimes it is possible to see also a small shoulder at lower temperatures,
related to the presence of residual monomers, cagalgat molecular weighbligomersthat
degrade at lower temperatures.

100

804

Weight (%)

100 200 300 400 500 600 700 800
Temperature (°C)
Figure 1.22Typical polymeric thermogram.
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Even though Hermogravimeic analysisis for sure necessarfor the study of chemical
degradation mechanismst must be combined with othetechniques such as mass
spectrometry or Fourier transform infrared spectrophotigmietorder to better understand the

complex reactions that take place during heating.

1.5.4.1.2 Glass transition temperatapd melting temperature

Polymers can be amorphous or segriystalline. In the first casé¢hey arecharacterized by
random and disordered spatial arrangement of the chaing/bedthe temperaturacreases
theyundergoa zereorder transition, calledlass transition: the temperaguat which it occurs
is called glass transition temperatureg. Drastic macroscopicchanges of many physical
propertiesare observedn particular polymers, fromrelatively fragile and rigid sol&l(below
Tg) becomerubbely or viscous liquid (above T). At molecular level, the glass transition is
associatetb cooperative motions involving long chain segmewntsich are due to th@tation

of the chains around the single beheétweeratoms.

Semicrystalline polymers are characterized by the presence afertain amount of -3
dimensionalordered structuresJnlike othermaterias, polymes arenever100%crystalline:
the crystallineregiors are in fact closely connectedto disordered amorphous areas.
Consequetty, crystallineregions present many defeasdtheir fusion does not take place at
awell-definedtemperature (), but inarange.ln semicrystallinepolymers is preseraisoa
glass transitionwhichis relatad to theamorphougortion In this case however, crystallites
behave as physical constrairtts amorphous segments, causing a shiftTgfto higher
temperaturethanthoseof the sam@olymers but in @ompletely amorphous stateomesemi
crystalline polymers can baought to aramorphais stateby rapidy coolingthemfrom the
melt; thistreatmentin fact prevents the chains tearrangan ordeeddomains The presence
of a certain degree of crystallinity involvesvary drastic chage in properties (density,
transparency, mechanical response, ewdth respectto the same material completely
amorphous

Chain symmetryand flexibility, as well adactiaty, are all factors thagignificantly influence
the values of JandTm. In particular, the higher the chain flexibility, the lower thgandTm
values. Chemical goupslike -O-, -COO, OCOQG and-(CHpy)- increasechainflexibility while

the presence gdolar groupswhich favour intermolecular bondgausesn increase dfoth Ty
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and Tn. It is possible to increase stiffness also by incorporating in the main chain aromatic rings
that prevent rotations around single bonds.

Thermoplastics polyesters have usually lower values than thermoset onesliphatic

pol yest er sFigwme 1.9 arexchayact&ized dyjuite high crystallinity degreglass
transition temperature between0 andi 30°C, melting temperature usually ranging between
40 and 90°C (in most cases below 1001@ually, with a lower ratio between methylene and
carboxylic groups in the polymer chain, higher melting temperstémesobserved: for example,

the Tm of poly(butylene adipate) is 47°C, whilg, ®f poly(butylene succinate) is 116°Edccio

et al., 2014a);, Gigli et al., 201

Aromatic polyesterpresent higher crystallinity degree and melting temperature than aliphatic
ones. For example, terephthalic ones are senystalline, with Tg usually above room
temperaturgwhichfall steadilyby increasingalkylene groupength.As to melting temperature,

in the majority of caseis is well above 100°@Gnddecreasgalternately passing fromn even
number ofalkyl unitsto an odd oneTmof PET is290 ° C,Tmof PPT is237 ° C and'mof PBT

is 236 ° C[Janget al., 1999Kricheldorfet al., 1995G a geaal., 2004.

1.5.42 Mechanical properties

Polymers are viscoelastic materials, showing both an elastic and a plastic behaviour, depending
on the kind and the intensity of thead applied. Elastic behaviour refers to materials that are
able to return to their original shape after the applicatiod the removal of a certain
mechanical stresghile plastic one indicates materials that remain irreversibly deformed after
stress removaMechanical properties of polymeric materials can be evaluated by analysing
their behaviour in response to differdmd of loads both static and dynam[candelet al.,
1993.
The most common are strestsain measurements, in which teeain of a material(i.e. the
change in sample length divided by the origilgagth in response to the application of a
normal stresgi.e. theforce applied to the system divided by ttr®sssectionalareg at a
constant rate is evaluated. Through this kincthehsurementt is possible to determine:
T Youngdés modul uscnodulug Bwhichai$ theesthpe efl stiesstain
curvein its initial linear part, corresponding to the elastic region
1 Stress and elongation at yieldjng. the point at which there is the passage from elastic
region to plastic one
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1 Stress an@longation at breakhat is the point at which macroscopic fracture occurs.

Mechanical properties of polyesters, as well as those of polymers in general, depend on many
factors like molecular weight, crystallinity degree thermal propertiesand molecula

architecture First, molecular weight must be sufficiently high in order to have acceptable
mechanical properties. In additioerystalline materials show a more rigid and brittle
behaviour, with very low elongation at bredlless than 10%)while, in c&e of lower
crystallinity, higher elongation at breéwven more than 500%nd lower elastic modulus can

be observed-or example, elastic modulus of aromatic polyesters can reach values in the order

of GPa, while for aliphatic polyesters this valkmuld be at least one but also twoder of

magnitude lowe( r ubber Youngos mo dAsltouhe elastc madulesdn d O . 1
the elongation at breathey arestrictly dependent on the temperature at which measurements

are performed, which is related to chain mobilglassy materialare characterized by higher
Youngdés modul us and | o-wessa forenaterialg ia & iulibery state b r e :
where @ains can movenore easilyfVVan Kreveleret al., 2009\Wardet al., 2013 Moreover,

unlike the majority of polymers, whicshow yielding at a certain point of the strestsain

curve, ®meof them like thermoplastic elastomers, do not shhis phenomenoduring stress

strain measurements: inigltase, cyclic measurements can be performed. They consist in the
application and the removal of a certain deformation for a determined number of thaeks T

to this kind of test the elastic return (which indicates the ability of a material to return to its

initial shape after the removal of the stress) and the hysteresis area (which is a measure of the

elastic energy lost after each cycle) can be detesthi

1.5.4.3 Barrier properties

The evaluation of barrier propertiesof primary importance for materials used in packaging
applications in particular when food is involvedPackage should be able ¢ontrol food
products respirationptsupplya selective barrier to gases and water vagounaintain as long

as possible a modified atmosphareen presentimiting, at the same timehe migration of
lipids, and the possible release dbod additiveslike flavour, colours, antioxidants and
antimicrobial agent§Tharanathan2003. In fact oxygeninflow into the package can cause
lipidic oxidation phenomenand changes in the colour of the food, while the variation of

humidity can affect food freshres
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The termfhigh barriedis usually applied in case of very low permeability of a material to low
molecular weight speciebke gasesr organic compoundg.agaronet al, 2004.

The transport ofow molecular weight moleculethrough polymeric films dependson two
differentcontributions, according to the solutidiffusion mechanism\{/ijmanset al., 199}

Asto this model, molecules passage can be divided into three phasesecularadsorption,
which consists inthe dissoltion of the penetrant ithe surfaceexposed to thgas(upstream
surface)2) moleculamiffusion, whichoccurs when the penetrant passes through the membrane
under a concentration gradierand 3) moleculardesorption, whichtakes placevhen the
penetranteturns in gas phase to the opposite side of the membrane (downstream. Juriece)
thesteady state permeability afcertainpenetran®; is given bythe following equation

J1,:5 !

P = L
- It:l']I M,

<S5 =<y = [14]
Where< S > and < [ >, are theaverage solubilityand diffusivity coefficiens, respectively
Jissis the steady state diffusive mass fluttedpenetrant, Mis the molecular massf the gas

| is the polymericmembrane thickness, whilé;@nd g representpstream and downstream
penetrant partial pressures, respectively

From the analysis of the transient permeation prqciéss also possible taletermire the
average diffusion coefficient through the diffusional time 16 (hethod according to the
following equation:

_r

6<Dy = [15]
The diffusion coefficient Depresentshe average ability of theermeanto move through the

T =

polymeic chairs and is determined from Fick's first law of diffusiofhis parameters
influenced by the size of the permméanoleculesand byfree volume crystallinity degreeand

stiffness of polymec chains Solubility coefficientSisd ef i ned, fr otheddtmnr y o s
betweerthe equilibrium concentration of the dissolved penetrant in the polgnugts partial

pressure in the gas phaskhis valuedepend on the interactions betweepolymer and

permeant on the condensability ofilatterand on the cohesive energy density of the potyme
[Minelli et al, 2019.

High barrierperformancesre alsothe result ofa very low fractional free volumand high
intermolecular cohesioccording to the free volume theowiffusing moleculescan cross

polymeic volumejumping between thermally generated nar&iricvoids irsidethe polymer
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matrix, calledfree volume elemnts (FVE). Due tothermally induced randommotions of the
polymer chainsi-VEscontinuously form and disappe&ermeanmolecules, if small enough,
can jump intathem wheretheywill remain until another chain motion occursarby Thetotal
amount ofvoids inthe amorphougportion of apolymer is called free volumgoudaet al.,
1999. In case of glasspolymers, the free volume can be modified by acting on the thermal
history. if the polymer is quicklyooled theformationof free volume is encouragedce-versa

in case of slow cooling. Wotherwayto change the amount bke volume is by acting on the
chemical structurethrough the addition or the remowail pending groupsn the main chain:

for examplethe presence gdolar groups with low specific volumes can red&tées. At the
same timechainpackingis favouredthanks to theénigherintermolecular interactiostrength
[Singhet al, 1999. Chemical structurealso defines the affinity between a potential permeant
and the polymer matridow solubility will also result in low permeabilityndependentlyf
whether thaliffusion kineticsis favourable to permeant transpfirbgaronet al., 2004t
Crystallinity is another important parameter, whiclfluences both solubtly and diffusion.
Crystalline regionsas theyare denser, more compact asrdleredthan the amorphous ones,
canpreclude thg@enetranadsorptiorby reducing its solubility. The presence of crystals in the
polymeic matrix acts as a barrier to diffusiomcreasing the length of the path that the
permeat mustfollow. In some cases|so chain orientation, which is obtained by mechanical
stretching at temperatures slightly lower thag §an affect permeability:gbymeric crystals
can be oriented ilmmellar structureduring deformationThis orientatioowersthe diffusivity

by increaing the path that the penetrant must perform. Furthermore, the stretching ef semi
crystalline polymers can improve barrier properties through sindssed crystaliiation and
orientation & the amorphous portigiweinkaufet al., 1990Michaelset al., 196§

In addition,transportphenomena&an bevery differentdepending on whether the permeation
process occurs belowr abovehe glass transition temperatufehe polymer investigatedhe
general trend indicates théiring the transition from a glasgya rubberystate, an increase in
free volume is recordedhis allows cooperative movements of large chain segments, thus
favouring the permeabilityHowever,correlations betweenglrelaxationsn therubberystate
andpermeantypeare allfactors thatmustbe taken into account in the prediction of the overall
effect.

Liquid crystalline polymersalso called mesomorphicecentlypecame very popular thanks to

their highly oriented morphology resulting in heghmechanicaktrength[Chiou et al., 198}
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andbarrier ability compared to those of seonystalline polymers. A possible explanation of
this behaviour could bthat the presence of a liquid crystalline order retards gas transport by
actinglike a threedimensional impermeable crystal structukeother hypothesisuggests that

the efficientchainpacking in the liquid crystalline phase is responsibléé&tterhindering gas

flow [Weinkaufet al., 1990

1.6 Strategies to improve material final properties

At the beginning of lastentury, the greahdustrialprogresded tothe development of a wide
range of different polymé& materials Since 1970s, on the contraryas most of the
economically convenient monomers had already been exploited, polymer industry moved
towards other directions new homopolymers and copolymers basedatready existing
monomers wersynthesied.As already said, copolymerization represents one of the best tools
to tailor and improve the final properties of materials. Howea@ing on molecular struate

is not always possiblé-or this reason, amost monomers cannot be easily copolymerized to

gain intermediate propertigbeir polymers could be economically blended.

1.6.1 Blending

A polymer blend iobtained by mixingwo or more polymersn order to create a new material
with different physical properties.

There ishighcommercial interest in polymer blends they canombirethe attractive features
of manymaterials into one, dmprove poor characteristics of pticular materiad, including
recycledones. Moreover, it is a simple and cestfective techniqugPaul, 1989. Polymer
blendscan beclassified into homogeneous or heterogengdegending on their miscibility on
a molecular levelMiscible blendsin whichthermodynamic solubilitpccursare characterized
by the presence ainly one phase andsngle glass transition temperature. Their properties
rangebetween those of the individual components and depend on ddemgbsition. On the
other hand, imnsicible blendsshow phase sepatian, exhibiting Tg and/or T, of each
component.

The behaviourof the final materialis strictly related tothe properties of the individual
components, buignificantly dependsalso on the morphology of the bleridelf andon the

interfacial propertiebetweerits phase§Georgeet al., 2013Jianget al., 199].
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It has to be noticed thanty few polymercouples form miscible blends, whil& mostcases
blends areammiscible with pooter physical propertieshanthose oftheir components. This
problem isdue tothe lack of favarable interactions between phasmsd leads to poor
interfacialadhesionalsoin the solid stateConsequentlyprematuremechanical failures the
macroscopic effectThe more effective solution to thissueis the control of morphology
through compatibilzing agents which can improveblend performance by making blend
components less immiscibl€Eompaitbilizers are molecels containing botthydrophobic and
hydrophilic partsthese partsan align along the interfaces between two phasdsgcingthear
interfacial tensiorand increasingher compatibility. Higher ompatibility results inbetter
phase dispersion andtability against coalescencdogether with improved mechanical

performancesChenet al., 199}

1.6.11 Reactive blending

Reactive blending is a particular blendiagproachin which compatibilization is giverby
chemical reactiosioccurringduring the mixingof the components iamolten state

This technique can be carried ontthe solid statein solutionor in the melt This last way
presentseveral advantage®mpared to the otherfirst, the absence of any solvent prevents
from ecommmic and environmental issues relatedstdvent removal, recovery, and losses.
Moreover melt processing reduces tipeobability of contamination ofthe final products.
Chemical reactionsvolved must be able to occur in the melt at high temperatEeghis
reasonthermal stability oboththe reacting groupandthe chemical bond®rmedis another
important limiting factor.As a consequence, only a few types of chemical reacaoms
commonly employed in reactive blendjiwghichcan begrouped into imidizatiorring opening
and amidation reactions, and interchange reactions betwelcondensatesThe most
occurring interchange reactionsnithe case of polyesters amgtermolecular alcoholysis,
intermolecular acidolysiandesterolysiswhich are of particular importance also at industrial
level: they are usedor examplefor the production of common plastics like PET.

Another important feature of reactive blendinghs progressive evolutioin the chemical
structure of theso-obtainedcopolymers from long block structureto randomones with the

increase of the reaction tinfEigure 1.23).
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Figure 1.23Evolution of polymer structurduringreactive blending.

1.6.2Copolymerization

The word Acopolymero indicates each macr omo
monomers. Copolymers can be divided in different categories, according to the relative
arrangement of the monomers in the main chain. Considering a copolymer obtaited by
combination of two differentomonomericsub-units, graphically represented l’and w4

categories can be distinguished:

i alternating copolymerswhere‘ and ™ unitsare regularly alternated
1 periodic copolymer,SNhereQ and®™ unitsarearranged in repeating sequesice

(- -0 EE N9

i statistical (or random copolymers in which thelistribution of comonomeric units

follows Bernoullian statistics:

2 2 1 e e raa

9 block copolymerswheretwo or more homopolynmr& subunitsarelinked by covalent

ERE OO ORREG6S

Copolymerscan also beclassified depending orthe preséce of branches in the structure.
Linear copolymersare formed bya single main chajnwhile branched copolymersre
characterized by the presenaieone or more polymeric side chailisked to theman one
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Graft copolymers aretgpe of branched copolymeia whichhomopolymericside chains are
structurally distinctfrom the mainone, which is generalljcomposed ofa different
homopolymer.The category of kanched copolymers incluglealsostar, brush and comb
copolymers.

In order to better understand both structure and physiehical properties of a copolymer, it

is important to take into account many different parameters, such as type and amount of
repeating units, comonomeric sequences gearent, molecular weight and its distribution,
propagation and termination rate constaptesence of ramifications, cyclizations or cross
links.

Copolymerization is known to be the most effective way to improve properties of materials
(like processabilit, mechanical performances, chemical resistahegegradability,etc)

without altering those already satisfying for the intended use

1.62.1 Random copolymers

For copolymers, as well as for homopolymers, thermal transition }jlkend T are of crucial
importance. However, copolymers, beafwracterized by the presence of two or nalifferent
repeating unitszan exhibit more crystalline and amorphous phasé&sted to differennelting
and glass transition processes

Ty of amorphous random copolymdassusually a monotonic function of compositiohhe
correlation between glass transition temperadncthe comonomercontentcan be expressed

by Fox equation:
1UTg=¥alTga+ ¥8/Tgp [16]

w h e raa n ssrepresentweight fractions of comonomeric units A and B, whilgsBnd Ty s

are the glass transition temperatuwéthe two parent homopolymers

As to the crystallization ability, random copolymers containangstallisable A and no
crystallisableB comonomeric units can crystallize in two opposite ways. The first one consists
in the formation of awo-phasesystem in which the crystalline phasemposed of A units is

in equilibrium with a amorphous phaseontaining bothA units and norcrystallizable
comonomer B units (comonomer exclusio@jherwise the copolymecanform atwo-phase
system in which the gstalline phase is a solid solution of A an@®units; thecomonomer B

units produce defects in the crystalline A lattice and both phases hasantieecomposition
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(comonomer inclusion). Real copolymsegenerally exhibit a crystalline morphology
intermedate to theetwo situationgSanchezt al., 197§

Comonomer exclusion in thermodynamic equilibrium was first describeBldry, in1947
[Flory, 1947. According to his modethe upper bound of the copolymer meltteghperature,
(i.e. theTm of crystalsmade ofi i n f i n i homdpyglymkiosaqggences A& units) can be
described as follows:

1/ Tm® i 1/ (Tw(X8)) = (R / Hn®) In(1i X&) [17]

where T’ andaHm® representhe equilibrium melting temperatuaad heat of fusionf 100%
crystallinehomopolymer Xg is the concentration of B units in the polynaerd R is the gas
constant.

The main drawback of tk model isthe unrealisticassumption that theseomopolymer
sequences onfinite length build up unfolded crystals of the length of A sequeridesissue
can beovercome consideringhat homopolymer sequences of lengtmay only be included
into crystals of lamellar thickness corresponding to kxagith. The melting point of infinitely

long homopolymer sequences is tlexpressedh y Baur 6:s equati on
1/ Tm° i 1/ (Tm(Xe)) = (R /aHm®)[IN(1 1 Xg) T (U [18]

w h e sie =0s(Ti Xs){ !is the average length of homopolymer sequences in the melt.
Baur model while incorporating finite crystal thickness and concomitdeyression irthe
melting pointfits experimental data much better than the Flamg[Baur, 1966 Helfland et
al., 1973;Sanchezt al., 1973Windle et al., 1985;Allegraet al., 1992)Yoshieet al., 1994,
Wendlinget al., 199§ even though it does nobnsiderthatthe homopolymesequences are
invariablyfixed in chains due to bond connectividjoreover, from gperimental datés clear
that comonomer exclusion aloria many casegannotsupportthe observed melting point
depression Therefore, comonomer inclusionrmust be considered in the melting point
prediction. The case of comonomers B that are incluaeddefectsinto crystas of A
comonomermwas investigate by Helfand and LauritzerHElfland et al., 1973 and later by
Sanchez and Ebyspnchezt al., 197R According to theimodel,Tm is then given by:

1/(Tm(Xe))T 1/ Tm°=(R/agHm®){( D(CB)/(RTm)+(1'I' Xca) IN[(1 7 Xce)/(11 XB)] + Xceln(Xce/XB)}
[19]
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where X is the concentration dB units in the cec r y s t athefreeamernyy ofldefects.
Starting from this equatiomvhich is valid for any concentrationcX, whenXcs = Xg, uniform

inclusion takes place and Eqd9[ reduces to:

Tm(Xg) = Tm° [1T Kp / adHm°] [20]
In the equilibrium state, the concentrati$es is given by:

Xce®= (Xg€ YRT) / (17 Xg + Xge YRT) [21]
and the equilibrium melting point is derived from Eff] as:

UTm® T 1(Tm(Xs)) = (RleHm°) In(L7 Xg + Xge Y RT) [22]

This equationdiffers from the Flory equation (Eqn[17]) only for the inclusion ofthe
equilibriumfraction Xge'Y RT of repeaihg units B that are able to crystalliza fact,in case of
high defect free energidsgn. [22] reduces to the Flory modeln addition, as this model
underestimates the defect free eneaggioverestimates the melting temperaturedfer0, Tm
derived by Eqn.42] can beconsideredas an upper bound of the meltitgmperature. The
behaviar whenU» 0 is themain limit of the SancheEby model: wherlJis too high to allow
co-crystallization, Eqn.22] reduces to the Floomodel (Eqn. 17]), butit should preferentially
converge to the Baur model, (Eqri8]). The modelproposed by Wendling and Suter
[Wendlinget al., 1998 converge tdqgn. R2] and Eqn. 18] in the limits of high and low defect
free energiegespectivelyAccording to this method, the melting temperatae be expressed
as

1(Tr(X))i L Tm°=(RlaeHm*){( K ca)/ (RTm)+(Li Xce)IN[(11 Xca)/(1i Xe)]+Xcaln(Xce/Xs) 8 [23
that, in case of comonomer inclusion, becomes:

UTw® T 1(Tm(Xs)) = RlaHm)}{In(L T X + Xee YRT) 7 (ail 1} [24]
wh e mil=2ei Xed YRT)(17 Xg + Xpe VR [25]

Both the inclusion and exclusion modetssidera depression of the crystalline meltipgint.

For the inclusion modethis depression is caused by a defective hafatusion during
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crystallization, whereas for the exclusion motéd caused by the fact thimr crystallization
preferential ordering of the copolymer chainsagquired which raises the entropy of fusion.
However, carefulcrystallinity studies combined with calorimetriests are needed to

understandvhich model is more appropriate focartainrandom copolymec system.

1.6.22 Block copolymers

Block copolymers containing two fterent monomers A and B can presentvarious
architectures

9 lineardi-block A-B;

1 lineartri-block A-B-A;

1 multiblock orsegmented (AB)

1 stardi-blocks (ABX.
Moreover, vhen a thirdcomponentis added, lineaiA-B-C, A-C-B, and BA-C triblock
copolymerscan be prepared, and thraemed stabnestoo[Lodgeet al 2003.
Crystallizationdevelopment in block copolymeisa complex mechanism, whidepends on
two competing selbrganizingorocesss: microphase separation asrgistallization. In general,
di-block copolymes are characterized by the presencamémorplous blocktogether with a
semicrystallineone, which both influencine Ty and Tn of thefinal material Otherwise, when
both blocks(or more than one within tslock polymer$ can crystallizethe situation is more
complicated For exampleywhenthesecopolymersarequenched from a microphaseparated
melt into various temperatures bel@w of the corresponding blocks, various situations can be
observed. When the melting temperaturesrgétallineblocks are close enougiyenching can
lead to acoincident crystallization of both block®therwise when the melting temperatsgre
arefar fromeachother, one blockancrystallizeearlierin aspecific morphologyThis last can
be affected bgrystallization of the other blockiepending on other parameters Blegregation
strength, crystallization temperature and molecular weight of thedjlbtikler et al.,2007.
The interest in this kind of materials is continuously growinghds structure can overcome
macroscopic phasgeparatioHillmyer et al., 201}, For example, tyrenic A-B-A triblock
copolymeris one of thanostproducedand least expensive class of block polyneerailable
so far They are characterizdaly glassy poly(styrene) end blocks (A) and rubloemnytralblocks
(B) like poly(butadiene) or poly(isoprenelhey show ahermoplastic elastomierbehaviour
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thanks tothe microphase separation of the styrene and isoprene segmahts than any
particulaty ordered structurgHoldenet al., 199%

1.62.2.1 Chain extension

There are different ways to synthesize blaogolymess. In the present researpnoject high
molecular weight block copolymeric systems were obtathezsligh chain extension reactsn
betweentwo hydroxytterminatedsubunits both hom@olymeric and copolymelic, usually
obtained by polycondensation reactions

As well known, polycondensates possess reactive end groups (OH,0NBOOH), anda
considerablenumber of fast reactionsan be carried outvith these groupsAs to chain
extenders the most usedare diphenyl carbonat aliphatic and aromatic bisoxazolines,
bisepoxides, diisocyanates, phosphites, caprolactam phosphite, bisketenimines, dianhydrides,
oxazolinones and dicyanateth particular, the use of diisocyanates has been deeply
investigated[Shirahamaet al., 2001 Cohnet al., 2006;Chenet al., 201]). Moreover, by
selecting number, chemical structed compositionand relative amount of the hydroxyl
terminatedcomonomes, it is possible to synthesize a widemberof new materials with
tailored properties, according to the final use.

Chain extension can be successfully used also to increase the molecular weight of aliphatic
polyesters,improving thar mechanical propertes maintaining in the same time their

biodegradability

1.62.3 Aliphatic/aromatic copolymers

As known, the use of aromatic polyesters is preferred for those applications which require
materials with excellent physicatechanical stabilitywhile biodegradabilitywhichis peculiar

of aliphatic polyesters, has fawed theuseof these lasts substitutes of traditional plastics,
even if th& mechanicaperformances argenerallynot particularly goodTserkiet al., 200§
Copolyesters containing their macromolecularhain both aliphatic and aromatwieiesare
characterized byoth excellent mechanical properties and good biodegradablliys, it is
possible tavercone the peculiar problems dhetwo classesproviding a possible solution to
pollution problemscaused by the accumulation of plastic waste in the environrméet
biodegradability of these polymers depends madmtheir chemical structure anehore in

details on theamount ofhydrolysable estebonds in the main chain, which isusceptible to
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microbial attack. Other factors such asolecular weight, degree of crystallinity,
stereoregularitand morphology also affect polymigiodegradatiomate

Many studies have beecarried outto verify the atual biodegradabilityof these materials
[Wenbiaoet al., 2014;Shahet al., 2013 and it emerged that some species of thermophilic
bacteria, (likeThermomonospora fuscen conditions of high temperatureal well aseveral
microorganisms present in the soil (sucliRadacteria. DepolimerarsndLeptothrix at room
temperature), are able to degrade these materials within a few weeks. As far as the degradation
mechanism is concerned, the bacteria initially attaclalip@atic portion, whiclact agrigger

for the degradation of the entire chain, until oligomers tah the starting monomerare
obtained

These aromatialiphatic copolyesters have bedgeply investigateduringthe last few years,
not onlyfrom theacademiqoint of viewbut also at industrial leveShahet al., 2013 For
example, introdudion of phenyl side chains tgooly(butylene succinate) (PBS) and
poly(ethyleneadipate) (PEA)was investigatedJin et al., 200 Many studies orpotential
degradable aliphatic/aromatic copolyesters and blpreggred by poly(butylene terephthalate)
(PBT) andaliphatic polyesters have been reportédif et al.,1995;Ki et al., 2000Nagata et

al., 2000; Witt et al.,, 1996;Kim et al., 1999;Lee et al., 1999;Kint et al., 2008
Copolymerization betweeB,5furandicarboxylic acid or 2;fiophenedicarboxylic acidnd
adipicacid was also investigated/gnbiaocet al., 2014 Soccioet al., 201k

The mosimportant example ddliphatic/aromaticopolyester isepresented bgoly(butylene
adipateco-terephhalate) (PBAT) based on adipic acid, gghthalic acidand 1,4butanediol,
whose structure is shown in Figure4..R is commercialized undelifferent trade nang such

as Ecoflex® by BASF [BASF], Easter Bio® from Eastman Chemicald Origo-Bi® from
Novamont.This interesting material has properties similar to those of LDPE and has obtained
both European (DIN EN 13432) and American (ASTM D o64G0fertifications of
biodegradability and compostabilifyitt et al., 1996acquekt al., 201h

O [0}
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Figure 1.24Chemical structure of poly(butylene adipateterephthalate)
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This material caralsobe mixed with other biodegradable polymers (such as starch products),
to produceagricultural films.According to BASF Technical Bulletints compatibility with

PLA, other polyesters and starch products is excelauflex'™ is used for compost baésr
organic wasteagricultural and householiims, coating materials for stardiased products
(e.g., platesgups) within the food indusst, when high resistance tmmidity and fat is needed.
Ecovio™ is another commercial example of aromatic/aliphatic copolymeade up partly of
renewable raw materials. It is BASF Ecofl¥xcombinedwith polylactic acid, which is
obtained from sugar®roducts made with Ecoviy showhigh performanceand durability,
comparableéo those of conventional plastiddoreover, they can findpplications as bags for
organicwaste films in agriculture compostable coffee capsules asdprotecting aromauter

package

1.7 Degradation processes

According to the standardequiremerg (ASTM D6400, ASTM D686, ASTMD 7081,
EN13432),the definition of biodegradability is the capability of a material smdergo
decomposition intowater, carbon dioxide, methane, inorganic compounds himnass,
whether byhydrolysisor by the enzymati@ction of microorganisms3gstioli, 2005.
Conventiondly, materials are considere@gradabler not in relatiorto effective degradation
time: degradablematerials are able to undergaegradtion during their application, or
immediately afteit, whereasnon-degradablenesneedlonger timeto degradeghan tlose of
their effectiveapplication [5™ pferich, 1994. Polymer degradationonsists in thescission of
the man or sidechains,caugd by thermal or mechanical activation, oxidatibgdrolysis
photolysis or radiolysis. As already mentionedhiodegradable polymers are also able to
undergo degradation in biological environmehisthe enzymaticaction ofliving cells or
microorganismgfungi, algae and bacterigoil, seas, rivers andkesbut alsathe human body
are some examples of these environmekggothe solidones, the o categorie®f polymers
principally investigatedn literature,and the only recognized lilge noms andthe marketas
biodegradablare:

1 compostable materiglthat degrade under composting conditions

1 materialghatdegrade irsoil.
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Biodegradation catabgd by microorganisms can occur in the presence (aemmbitc)absence
(anaerobic)of oxygen leadng to the formation of carbodioxide, water and new biomass
through a thresteps mechanismbio-deterioration (alteation of chemical and physical
properties of themateaial), bio-fragmentation (polymés chain breakng via enzymatic
cleavage) and assimilation (uptake wilecules by microorganismsnd, in the end,
mineralization (productioof oxidized metabolitesfter degradtion) [Pathaket al., 201F.
These processes can be described according to the following eqifatiaasobic (Eqn[26])

and anaerobic (EqR27]) processes, respectively

Cholymer+ Oz Y C20@ H20 + Gesiduet Chiomasst salts [26]
Cpolymer COz + CHy + H20 + Gesiduet Coiomasst Salts [27]

Where C represents Carbon atotfiexygen is present, aerobic biodegradatiakes placeand
carbon dioxide is produceevhereas if no oxygen is involvednaerobic degradatiactcurs
and methane is produced insteadafbon dioxiddLejaet al., 2010
Regardingpolymerswhich can degrade in the human body, tseguld bemore correctly
defined as absorbable, resorbable or bioabsorbable, regardigsstbérdegradation occurs
by enzymatior chemicalhydrolysis [kadaet al., 200]2 Materials undergo degradationvivo
through a twestep mechanism starting with chemical hydrolysis This processis often
considered autocatalytic, as chain scission leads to the formation of carbemnglgroups,
which increase the aciehvironment and therefoeecelerate thaydrolytic degradatiorate
The second phase involvesetabolicreactions monomer fragments are converted into non
toxic products(i.e., lactic aciyl which can besasily excretedrom metabolism Boland et al.,
2016].

Degradation is affected by several factors, like matrix morphology, chemical and
stereochemical structyrehain orientation, sequence mhsition, molecular weight ands
distribution,thermal propertiegventualpresence of residuationomers, oligomers and other
low molecularweight products, sizeshapeand porosityof the ample and degradation
environment i(e. humidity and oxygerf, presence ofmicroorganismsr enzymes, pHand
temperature) Hlakkarainen 2007. Crystallinity is the most important factor that affects
degradation ratef solid polymers. Both enzymatic and renzymatic degradations proceed

easierinsideamorphous regions, which allave diffusion ofwater and enzymes, thamside
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crystalline regias, althoughcrystalscan beeventually degradedtarting from the edges
inward

Polyestersare considered as biodegradable materials, thanks to the presessterdionds,
which can be either hydrgsed orcleaved by enzymebke lipases.

If this assumption isurelytrue for aliphatic polyesterthanksto their potentially hydrolysable
esterbonds and relatively short aliphatic chaipgre aromati@olyestes like PET or PBT are
quite insensitive to any hydrolytic degraida at mild conditionsand enzymatic degradation
is not particularly effectiveThis is probably due to less accessibility of ester bodds,to
steric hindrancef aromatic groupdor the lipaseswhich catalysehydrolytic cleavagéMuller

et al., 200f. On the other hand, preliminary studgswedthat somelow molecular weight
esterscontaining aromatiaings could behydrolysed by lipasedMarten et al., 2003 In
addition, recently commercialow crystalline PET used to producerink bottles could be
depdymerized by theaction ofThermobifidafuscaat avery promisingate(17 pm/week at a
temperature of 5%, so thata 100um film would totally dissolven 3 week$ [Muller et al.,
2009.

As already said, copolymers containing both aliphatic and aromaticirstsdbrepresent a
possible solution to biodegradability issues: the introduction of aliphatic moieties, in fact, can
enhance both water uptake and hydrolyi@in scissionAs an examie, for copolyesters
synthesizedrom adipic acid, terephthalic acid and -bdtanediol amounts oibout 5060%

of terephthalic acid was reported to betip@erlimit for biodegradability Muller et al., 200].
Moreover in the case ofcommercial copolyester Ecoflex@e absence of accumulation of
aromatic oligomers formed during depolymerizatigncomposting process has been proven,
and no ecotoxic effecesuledfrom these intermediat¢siuller et al., 200).

1.7.1 Hydrolytic degradation

Hydrolytic degradations defined as scission of chemical bondsidiethe polymerchain by
water uptake, to form oligomers atiten monomersDuring the first step, water attaskhe
waterlabile bonds eithdpy direct access to thraaterialsurface or by imbibition in thgolymer
matrix, followed by bondcleavaggAzevedoet al, 2004;Rydz et al, 2019. In addition to
neutralhydrolysis which is thenucleophilic attack by kD, hydrolysis can be also catalydeyl

acidor basc environment®r enzyms.
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Therefore, m order to undergo degradation by the action of wagelymes must contain
hydrolysable bondkke estersandorthoesters, anhydridesthers, amides, carbamidesester
amides[Lucaset al, 2009. This kind of materials are considered as hydrophilic, as they can
retain large amounts of water and can consequently degrade qujte fastrich, 1994. The
type of bondsnfluences alsadhe hydrolysisrate orthoestes and anhydride are the most
reactivebonds followed by amides andesters.Conversely hydrophobic polymerswhich
cannot take up large quantities of watee characterized by low degradation sate

In addition, all degradable polymers can undergo surfa@®mogeneous)or bulk
(heterogeneoyserosion the preferred wagepends on diffusivity of water inside the matrix,
on the degradation rate dfie functional groupsnside the macromolecular chaiasdon the
matix dimensiongFigure 1.25]Von Burkersrodat al., 200}.

Generally,bulk erosiontakes place whewater diffusion into the polymer is faster than the
degradation opolymer bondswhereas surface erosi@tcurswhen thedegradation of the
polymer bonds is faster thavaterdiffusion [Von Burkersrodat al., 200].

Crystallinity degrege as well as hydrophilicityplay a relevantrole in determiningpolymers
degradability,as they significantly affect the surface accessibilityln fact, tie crystalline
regionshamperthe accessibility of water arlanit the degradatiorto the amorphous phase
[Van der Zeel997.

Degradation time

Surface erosion Bulk erosion

Figure 1.25. Changes of polymeric matrix during surface and bulk erosion
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The hydrolytic degradation of aliphatic polyesters occurs in bthk intrusion of waterin
polymeric bulktriggers the chemical degradation, leading toftrenation of oligomersand
monomersFrom a macroscopic point of view, it is possibleistinguish wo different phases.
The firstone consistsn random cleavage of polymer chaiwith a concomitantlecrease in
molecular weightwhile gravimetricweight losses araegligible, leading to a decrease in
mechanical propertie®uring the lastsecondstage of degradatiothe molecular fragments

are solubilized, disappanag with consequenipss in gravimetric weighiGrimaet al., 200}.

1.7.2 Biodegradation in compost
Compostabilityis the abilityof a materialto undergo degradation whénmried in a compost
medium where moisturaerobic environmergndtemperaturare controlledNowadays there
are many standard associatiowich have defined worldwide standardized tests, aiming to
assess 0bilabdsdilp iSO dral BSTMIBOr instanceASTM D 6400 and ASTM D
600296 standard describe the requirements that a material should satisfy in order to be
ficompostable inmunicipal and industrial composting facilities According to them,
composting is defined @& managed process that controls the biological decomposition and
transformation obiodegradable materials into a husylike substance called compo3ihe
aerobic mesophilic and thermophilic degradation of organic matter makepasin the
transformation of biologically decomposable material through a controlled process of
biooxidation that proceeds through mesophilic and thermophilic phases result® in
production of carbon dioxide, water, minerals and stabilized organic n{atterpost or
h u mu Fherefore, inorder to be compostable, a material should be not only biodegradable
but has also to satisfy additional requiremesniish agRudnik 2009:
- conversiorof the material (in powder, film or granular formjarcarbon dioxideywater
andbiomassunder micrebacterial action;
- 90% of conversioninto carbon dioxide and less than 10%redidualmaterial with a
size of 2 mm,;
- same rate of biodegradationaber known compostabiraterials (leavegjrasspaper,
et );
- time of biodegradation less than 180 days;

- absence of negative effects on the composting process;
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- no-toxicity of the resulting compost.

In order tohave the optimum biological activity in each stage of the procesgyost must be
of high quality More in details six parameters must be ni€ompost Council of Canalt
- balanced ratio of nutrients, consisting arfy carbonaceous materials, together with
humidnitrogenousones;
- adequate humidit$, coming fromboth nitrogenous materialsvatersupplied during
the procesandrainfall;
- porosity of the substrate, which mad#iow adequate air circulatipn
- presence of air (at least -12%) necessaryo microorganisms for the oxidation and
metabolization of organic mattand supplied by both the porosity of the substrate and
holes due to the presence of structuring materials like hood;
- propertemperature, which allows the development of mmrganisms as well as the
elimination ofthoseharmful for humans
- variable pH, épending on the phage whichthe process is locateduring theinitial
oxidation process ishould be aroun@, reacling values of 77.5 at the end of the

maturation phase

According to ASTM standard, degradation of the waste in congposéeds in threghases
[Compost Council of CanagTuomela 2003:

1. Mesophilic phasea the beginning, mesophilic bacteria and fudgigrade soluble

organic mattecompounddike monosaccharidedipids andstarch. Bacteria produce
organic acids, antpH decreases toi5.5. Temperature risespontaneously as
exothermic degradation reactionslease heatConversely, proteinslegradationis
relatedto the release of ammonidor this reasonpH rises rapidly to 8. Thisphase
canlast from a few hours tsomedays.

2. Thermophilic phaseghermophilic phasstartswhen the temperature reaches 40Pe

presence ofhermophilic bacteria and fungs observed and the degradation rate
increasesHowever, f temperature exceeds IHH°C, microbial activity and diversity
rapidly decreas. After this heating, pHeaches neutral levednd then remains stable

The thermophiligghase can last frospmedays to several months.
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3. Cooling and maturation phasefter the consumption ofeasily degradable carbon
sources, compost stasoling down, and then becomes stalMiesophilic bacteria and
fungi appearagain (&tinomycetes some protists and many maaimganisms) even
though most of the species are different fromséhof the mesophilic phase. From this
point onwards,maturationstars. Ths phase is characterized Isyow biological
processesCompost igshenhumified and becomeasature.

The duration of thelifferent stes depends on the composition of tirganic matter and the
efficiency of the process, which can dfgecked througbxygen consumptiorqudnik 2009.
Polymer degradation in compost can bealuaed by meas@mentsof the molecular weight

which changeslue to bond cleavage, thre gravimetrioveight losswhich isdue to depletion

of low molecular weighspeciesOther parameterthatcan be useful to evaluatiegradation

are mechanical strength, degradation into mononag@ monomes release As to thislast

point, the Sturm Test can be particularly helpful to assess the ready biodegradability of
materialg Sturm, 197}

1.8 Fields of application

As already said, thanks to the abundance of monomers employed in polyester sitnthesis
possible toprepae a wide rangeof materials possessing specific characteristicsnfany
different applications. Moreoverpolyesterscan beprocessed bynost conentional plastic
processing techniques, like film extrusion, injection moulding, blow mouldingand
thermoforming. Wo of themain sectors whetbese materiaffind application ardiomedicine
and packaging[Vroman et al., 200}. In fact, hanks totheir mechanical performance,
biodegradabilityand biocompatibility, aliphatic polyesters are used, for example, for the
fabrication ofboth medical(prostheis, artificial skin, dental implants, vascular grafts, stents,
bonescrews and plates feemporary fracture fixatigrporous structuigfor tissue engineering
[Diazet al, 2014;SokolskyPapkov et al., 20Q7andpharmacological devicdgtke controlled
drug releasesystemdor birth control and cancer thergpyCatroet al., 200. Among other
biomedicalapplications thaare still at research levglolymerbased functiontike targeting

of receptors, promoting intracellular penetratiorredalcitrant drugsnd transfectng genes

should be mentioned
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Apart from biomedicingpolyestersboth aromatic and aliphatitnd many applications in the
environmental field:packaging, mulchingnd agriculturafilms, coatingsfor seeds, cigarette
filters, cartridgeand cartridge wa®re only some example of this kind of applicasipviert,
20013. In this field too, thaise of biodegradableaterialsshould be preferred, in order to avoid
plasticaccumulationssues

Given the comlexity and the range of applicatioms which polymeric biomaterials are
currentlyused, there is not one polymeric system that could be consitheréttal ongNair

et al., 2007. This underlines the nedd dispose ofr widerange ofbiodegradable materials

that can match the specific requirements of each application.

1.8.1 Biomedical applications
Biomedicine is one of the most important fiedél application ofpolyesters Among these
materials bioresorbableones are ofutmost interestas their chains can d®oken downin
biological environmentand excreted or resorbed withoahty surgicalremoval. Natural
polymerslike collagen elastin,alginates, hyaluronic acgiélbumin, chitinand fibrinwere the
first employed in this field, thanks ttheir intrinsic advantage of containing biological
recognition sites As natural polyesters are concerned with problems of purification,
immunogenicity and contaminatidm.utolf et al., 200}, from the 1960sresearchstarted
focusing in synthetic biomimetic and bidegradable polymerssuch aspoly(lactic acid),
poly(glycolic acid), poly(lactic-co-glicolic acid), poly( -Gaprolactongand their copolymers
and polyhydroxyalkanoate#n the last years, asentionedearlier, researchers focusedithe
attentionalsoon othemateriak, such as PBS and its copolymers
For this kind of applicationsbiocompatibility represerg a primary issueThere are many
standardized tests developdry the U.S. Food and Drug AdministratiogFDA), the
International Organization for Standardization (I2@Y the Japanese Ministry idéalth and
Welfare (JMHW),which assess all the requirements that a material should satisfy in order to
be usedn biomedicalfield.
Biocompatibility is tested both in vitro and in vivo. As to the first kind of tests, the most
important argElisseeffet al.,2007:

1 cytotoxicity: cells are exposed directly to a polymeric surface (directtayiaty), or

indirectly by contact withpolymeric byproducts(indirect cytotoxicity) according to
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the 1ISO10993. [UNI EN ISO 109935; Harmand 1999. After that, cell viability,
proliferation and functionality must heerified;

1 Cell viability: it is usually investigated by vital stairige neutral red and tripan blue
dyes. In partialar, alive cells stain red, and the dead ©bleie;

1 Cell proliferaton: it is usually checked by-B-5-dimethylthiazol2-yl]-2-5-diphenyl
bromide tetrazolium bromide (MTT) and alamar blue methods. MTT is reduced to blue
formazan crystals by the action of mitochondria, and then measured by
spectrophotometric analysiSinith et al., 199]. Alamar is a nfluorescent blue which
is reduced to fluorescent pink in viable cells. This method does not require cell
destruction for the evaluation of proliferation.

In vivo compatibility evaluation is the following step determine the compatibility of a
material [SO 1997. According to ISO standards, shéetm and longerm evaluatioa must

be performed, and both local and systemic reactions should be investifja¢sé reactions
include irritation, sensitization, hemocompatibility, carcinogenicity and genotoxicity.-Short
term evaluatiosinclude subcutaneous implantation in ratdose inflammatory response is
evaluated at different time points (from 3 to 14 dayeghile potential systemic effects are
analysed through blood, white cells and urine amalyand by determining the eventual
presence of any polymeric {products inside tissues or orgatiss important to say that all
these in vivo experiments showdcomplish ethical and legal rules, like the European Directive
86/6091 Protection of Experimental Animalsecently replaced by the Directive 2010/63
[Louhimies 2003.

Biocompatibility, as well as mechanical properties (which have to be compatible to the implant
site), hydrophilicity and biodegradation rate, can be tailored by acting on polymer chemistry,
molecular weighthydrophobicityhydrophilicity ratio, surface charge, water adsorptiand

degradation mechanism

1.8.1.1 Controlled drug release

One of the biggest challenges in the field of pharmacokinetics is to provide the therapeutic level
of drug in a specific tissue during the entire length of treatni@aditional delivery systems
present an immediate release kinetics, without any control of the delivery prAsedsig
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adsorption is controlled only by the ability of human body to absorb these molecules, drug
concentration in different tissues isachcterized by an initial peak, sometimes almost reaching

a toxic threshold, followed by a fast decrease to levels even below the effective therapeutic ones
[Grassiet al,2005;Langeret al, 1984.

In this framework, controlled drug delivery (CDD) isvadely investigated fieldwhich aims

to obtainconstant concentration of therapeutic compounds in blood with minimum fluctyations
apredictable and reproducible release over a long period ofdjptienized therajgsand better
patient compliangeprotedion of bioactive compoundaith a short halflife, limiting in the

same time sideffects waste of drug and frequent dosifigangeret al., 1998Bajpaiet al.,

2009.

For all these reasons, it is not surprising that the mafloeintrolleddrug release has registered

a continuous growth during the last few yedrem studies carried out by Controlled Drug
Release SocietjControlled Release Socigjythis marketwas aboutl71.8 billion of dollars
2016and is predicted to reaetmost 25.8 billion dollarsby 202 (Figure 1.26)
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Figure 1.26. Globainarketof drug delivery system20152020).
(Source: Controlled Release Society 2018)

Modified drug delivery systentsan cover many different release profiles (Figure 1.27):
1. delayed, but not constant release;
2. del ayed f or afolldwedby a constanttargleasel hesesgstemanay

beuseful for the delivery of active agentsrohg the night
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3. constant(or zero order releag: dugs are releasedat aconstant rate so thaheir
concentration in the blood streaemains constarat an optimalevel of effectiveness

4. delayed releaséollowed by a tight pulse of drud@ hese systems may be useful both for
nocturnaldelivery and for the delivery of hormors which usually requires pulsed
rather than constaatiministrations

5. multiple pulseseleaseat specift timepoints.

A

RATE

TIME

Figure 1.2Z. Different drug release profiles.

Drug delivery systems can be also classifiedording to theeleasemechanism

1 diffusion controlled systemsdrugs diffuse throughhe polymer, which may then
undergobiodegradatiorafter exhaustion of the drug.here arewo kinds of diffusion-
controlled systems:reservoir(membrane) or matti (monolithic) ones. The first are
hollow devicesin which a drug coreis encapsulated arglirrounded by a polymier
membrane. Drug diffusion through tmeembrane is rate limiting and controls the
overall release rate. The drug transport through nieenbrane usuallyollows a
solutiondiffusion mechanismat a constant rate, ensured by a saturated concentration of
the dug inside the reservoitn matrix systems, the drug is uniformtifspersed or

dissolved. These devicesare easer to formulate but present afirst-order and
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continuously decreasingleaseate Thisbehaviouts due to thénigherdiffusion path
length and theeduction of thesurfacearea as the matrix releagees on.

1 chemically controlled systesnin this casedrug releaseusually takes place in the
aqueous environmebty either gadual biodegradation of a dregntaining polyneric
system biodegradation of unstable bonttsoughwhich the drug is coupled to the
polymer, or both In the former casehe polymer erodethanks tothe presence of
hydrolytically orenzymatically labile bonds. As eros, either in bulk or at theurface
occurs the drug is releaseth the latter approackyug releaseas controlled by the rate
of hydrolysis which is responsible for the cleavage of chemical bonds between the drug
and the polymer backbone

1 swelling controlled systemsthis is the case of hydrogelswhich consist of
macromolecular chains crebsked in a mesh structure, providing a matrix for drugs
entrapmentWhenthesehydroges are placed at a temperature above thgan@are in
contact with a thermodynamically compatible solvent, polyongrains relafShukla
et al., 200B. Swelling is the macroscopic result of this transitibinus,external medium
can enter inside the mesh and in the samettmnédissolved drug diffuselroughthe
swollen polymeric layeinto the externa¢nvironment

1 modulated release systenis this case drug release is controlled by extersamuli
such as temperature, pH, electircelectromagnetiield, ionic strength, UV light, etc

Aliphatic polymers, both natural and synthetare the most used materiéds the fabrication
of carriers with controlled druglelivery propertieso far. Moreover, bioresorlahility is a
primary requirement that has to be satisfied, in ordemauoid surgicalremoval after
implantationJalil et al., 199]. As to the synthetipolyestes, blends and copolymeads PLLA
have been investigated, like poly(BDliactic acid) and poly(lactico-glycolic acid). The slow
biodegradation rate of PLLA Bdimited the research airug deliverysystems based on this
polyesteralone[Zielhuis et al.,2007; Lensenet al., 201]. For example PDLLA has been
commonly used as a drug delivery film for inorganic impl@btsry et al., 201}, while PLGA
has been used to deliver chemotherapeutics, protamisinflammatory drugs vaccines,
antibiotics, analgesiand siRNA[Ulery et al., 201). A commerciallyavailabledrug delivery
systembased onnjectable PLGA microsphereds Lupron Depot®, which isisedfor the

treatment oendometriosis and prosi@atancerfLofgrenet al, 1999.
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Also poly(caprolactone), due to itgery low in vivo degrad&n rate and high drug
permeability, hasound applicationsas a longierm implant delivery deviceCapronor® is a
commerciacontraceptive PCL produavhichis able taeleasdevonorgestrel in vivo fomore
thanayear[Darneyet al., 198).

The shape of the drug carriaage usuallynanaespheres, microspheres, beads, cylinders, and
discs Among thesemicro- and nanesphers, whichare able toncorporateand releaserugs
through physical diffusionfollowed by resorption of th@olymeric material are themost
widely used Such microspheres can be prepared witBimaple and quite fassolvent

evaporatiormethod[Ikadaet al., 2000.

1.8.1.2 Tissue engineering

Disease, injury and trauma can cause damage and degeneratiomaofissues Conventional
treatments are limitetb transplanting tissue from one site to anoihés the samepatientor

from other individuals. Thessolutiors, even thouglare clearly revolutionary, are related to
several problems in terms of costBscomfort forthe patient anatomical limits, eventual
infections or rejections, addi mi t e davadabilityo An slfiernative can be represented by
tissue engineering, whiaims to regenerate damaged tissues, instead of replacing them

Just to give an idea about how regenerative medicine represents an important and continuously
growing field, recent studies evidenced tat global markeof tissue engineering was valued

at 27 hllion dollarsin 2015 and is expected to increase from b in 2018 to 135 #lion

in 2024(Figure 1.8) [BCC Researdh
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Figure 1.8. Global tissue engineering and regenerative medicine marketZ243
(Source: BCC Research, 2016)

Thet e r tissuefiengineeringwas officially definedin 1988, during theNational Science
Foundation workshgas amultidisciplinaryand innovativdield in which polymer chemistry,
chemical engineering, materials science and biology principles are apptistemtodevelop
biological substitutes able to maintain, restore or imptmgeie or orgafunction [Langeret
al., 1993. The secalled tissue engineering trifidigure 1.3), on which regenerative processes
are basedconsists of:
- Cells which canbe obtained from the same patient (autologous), other patients
(allogeneic) or other species (heterologpus)
- Tissue inducing substances, like growth factors or genes involved in tissue formation;
- Threedimensional matrices, called scaffglavhose functions to provide a functional
substrate for cell attachment, proliferation and even migration. Scaffolds should also
support tissue developmead mainin tissue shape, assuring in the same time both
the diffusion of nutrients oxygenand signal moleculesnd theremovalof metabolic

waste[Owenet al., 2010
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TISSUE
ENGINEERING

Cells . Growth factors

Figure 1.3. Tissue engineering triad.

From a practical point of view, scaffold implantation can occur in two westular and
acellular methodsdn the first, cells are seeded grdliferate on the scaffold outside the human
body, in order to produce a tisswénich can béhenimplanted in the injured site. In the second
case, scaffold is implanted directly on human body without any previous cell seeding; cells

around the implargtart entering the scaffold directly in vivo.

Regardless of the tissue tys, the ability of cells to recognize and react to changes in their
environment is of primary importance in the development of physiological function in vitro as
well as in vivo, it is necessary that materials used in tissue engineering should mimic the
charcteristics of extracellular matrix (ECNtaturally produced by cells. In additiomany
requirementave to be considerelike:

- biocompatibility: cells should be ableto adhere,grow, migrate and proliferate.
Moreover, after implantatiorthe scaffold mushot elicit anyimmure reaction,severe
inflammatoryresponser rejection

- biodegradability:scaffoldsmustbe biodegradablallowing cells to produce their own
extracellular matri{Babenseet al., 1998 In addition the degradatiorby-products

should be ndoxic andmetabolizedy body withoutanyinterference
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- mechanical propertiesideally, the scaffold should have mechanical properties
comparable tahose of themplant site from the time ofimplantation to thendof the
remodeling procesgHutmachey200(;

- scaffold architectureas already mentionednanterconnected pore structure and high
porosityare necessaty ensure cellular penetratipanadequate diffusion of nutrients
to cellsand theirextracellular matrix and diffusion of waste products out of the
scaffold Moreover, pores shoulde largeenoughto allow cellsmigration into the
structure, but not too much in ordergermit efficient binding of a critical numbeaf
cells to the scaffolflYannaset al. 19890 0 B ret a., 200},

- manufacturing technologyo become clinically and commercially available, sdafo
must be fabricated througilosteffectivetechniques, whiclallow an easy scalep at

industrial level

Various approaches have bedevelopd to obtain biomimetidhreedimensionalscaffolds

like rapid prototyping, phase separatiatereolithography, selective laser sintering, fused
deposition modelling, 3D printingnd electrospinningAmong thesgelectrospinning is one of

the most used to obtagontinuousmicro- andnanofiberdJianget al., 200%, with diameters
ranging fromtens of nanometers smmemicrons comparable to those of fibrous components
of ECM. According to thisesasyprocedurea polymeric solution is subjected to a high voltage,
which can create a fine charged jet. The so chargbangr is then ejected onto an opposite
charged collector, where it dries, forming thinréb after solvent evaporation. Properties like
fiber diameter, porosity and morphology can be controlled by acting on many different
parameterssuch as voltage, aation viscosity and conductivity amgtocesgsemperatureFor
example, slution viscosityhas been found to influence fiber diametke higher the viscosity

the larger the diamete[&enekeret al., 200]. In addition, norphologicalchanges canccur
aftervariations inthe distance between the syringe andcthiector: ncreasing tis distance or
decreasing the electrical fietdakethe beadlensitydecreas[Renekeret al., 2000

As to the polymeric materials used for applications in soft tissue engineering, idb&en
extensively used for the fabrication of scaffolds for bone, cartilage, tendon, neural, and vascular
regeneration[Ulery et al., 201], alone or copolymerizeavith PDLLA, poly(lactideco-
glycolide) (PLGA), polylcaprolactone), poly(ethylene glycol) (PEG), collagen, @ritbsan
[Uleryet al., 201]). For examplePLGA showsgreat cell adhesion and proliferation propmst
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Another interesting material is PHByhose biocompatibility, good processbility and
degradability make it an excellent candidde applicationsin long-term tissue engineering
[Uleryet al., 201].

PCL too, thanks to its good processability and mechanical flexibilgy beenusedfor the
fabrication of scaffolddor the regeneration of bone, ligamgntartilage, skinnerves and
vascular tissuedJlery et al., 201].

1.8.2 Food packaging applications

Packaging represents the largiesitd of application ofplastics, coveringalonealmost 40%of
the European demang|psticsi the Facts 2017 In addition,more thar80% of all packaging
consumptionis related to foodSmart Packaging Market Size & Share, Industry R¢pda
date petrochemicabased plastics, such as PET, polyethyl@) polypropylene (PPand
polystyrene (PS) have beertensivey used as packaging materials because of their relatively
low cost good mechanical performance, good batvenaviourto oxygen, cdson dioxide and
aromacompound, and so on$iracuseet al., 200R In recent yearssevere pollutioproblems
related to theinot complete recyclality andtheir accumulation in the environment have led
to the design ofiew bio-based materials fdood packagingto replacdgheir nonbiodegradable
counterpart§De Azeredp2009.

Among theapplicatiors of biodegradable polymers this field, disposable cutlery, drinking
and salaatups, plates, straws, stirrers, lids and cups, overamdf@amination filrrs, plates and
containers for foodlispensed at fagbods should be mentioned

Food, cotraryto inanimate substances dalimited sheHlife and specific propertie®uring

its conservation, itanbe subjected talterations caused by zymatic, chemical, and physical
reactions, and can be attacked by microorganisms such as bacteria andFongis reason,
packaging plays a key role in food conservation and preserationmicrobiological and
chemical contamination, ensuring laétsame time the maintenance of structural, organoleptic
and nutritional properties

In order tosatisfy alltheserequiremerg, food packages should have tailonedchanical,
optical, and barrieproperties, whichdepend on the structure tfe polymeric packaging

material. Materials must be tough and flexible enougimsureheir manipulation without any
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food damageand they should be able to control gas exchanges between food and environment
[Siracusa2013.

Package should be designed also in relation to the specificftogotoducts whose physical
and chemical deteriorations ardated to moisture content is necessary to limit as much as
possible water vapo diffusion. As to freslvegetables anfiluits, the man limitsto their shelf

life are highrespiration rategcidification, loss irconsistencyanddiscoloration, high ethylene
production,unpleasanflavours productionand microbialattacks[Amanatidouet al., 2000;
Barry-Ryanet al, 2000 (a); Barry-Ryanet al., 2000(b); Sandhya 201Q. In this caseit is
necessary to reducke rate of respiration by limitingpassage, which is responsible the
oxidative breakdown of the complex substrateside the product.In addition, oxygen
concentration below 8% necessary teeduce the production of ethylefieussoet al., 200%
Modern technologies includihe secalled modified atmosphere packaging (MAR)Gtive
packaging, and smart packaging, designeonjorove quality and safety[Hotchkiss,19913.
Under controlled conditions, trmosphere is modifieth a way as natural as possible, and
maintainedduring storage Pasheet al, 2014. MAP hindersdeterioration processgeduces
food respiration, delaysipening, lowers ethylene production, retard@ensistency loss and
reduces chlorophyll degradationby varying oxygen, nitrogen and carbon dioxide
concentrationshlssoret al, 2002;Farberet al., 2003Xing et al., 201

In addition,it is appropriate to take into accouhe changgthat the characteristics pfastics
can undergavhen in contactith food [Scott,2000 andaftertemperature variations during
storagd Connet al., 199} (usuallyranging from-30 °C to 60 °Q.

For allthese reasons, onlyimmited numberof biodegradable polymers have suitable properties
for food packaging applicati@so far Among these, the most important @res, 2009:

1 starchbased polgsters they currently dominate the market for biodegradable
materials Their applications include both film and rigid containers such as bowils,
glasses plates, etc. These polymers shemy low permeabilityto oxygen, but due to
thar hydrophilicity they cannot be usedparticularlyhumid environmets;

1 cellulosebased polyestersan this case, research focused on the development of
cellulose derivativg because afhe poormechanical propertiesf the cellulose itself.
Celluloseacetatas one of the most promising andused as a film fobothfresh and

cooked producpackaging However, these films have poor barrier propetiegases
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andin humid environmentshey hydrolyse with the consequent formation of acetic
acid. For these reasons, their diffusion umdgta significant slowdown;

1 poly(lactic acid):it presents good barriend mechanicaproperties, comparable to
those of PET and can be processed by injeatioblow moulding. 70% of PLA
producedis used both for tableware and flmod packaging.lt is also suitable for
applications in contact with greases and oils, since it is not affected by them

1 polyhydroxyalkanoatesamong this family of materials, the most used is PHB, thanks
to its thermal properties and mechanical behayiavhich are similar to those of
polypropytene (PP)even thought is more rigid and fragileThe low affirmation of
PHBas packaging material is due told® impact resistance and high production costs;
however, thanks tds biodegradability, the development of PHsed materialfor
fabricaion of bottles, envelopes and filmssiieadof PPwill be surely considerenh the

nextfuture.

1.8.2.1. Flexible food packaging

Flexible packaging representscanstantly growingsector which is attracting increasing
interestevenat industrial level: according to the latest statistics, it is estimated that flexible
packaging market, which in 2017 was 237 billdwilars will reach values of more than 290
billion of dollars in 2023Mordor Intelligence2019.

Only last year, theotal volume of packaging market amounted to about 3500 billion units sold
(Figure 130), 67% of which consised of plastics, both rigid (28%), but for the most part
flexible (39%). Furthermore, this volume is expected to increase by 11% by 2021.
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Figure 130. Global volume share of pack typ@8§17.

(Source: Euromonitor Internationpl

These numbers are not surprisiAgcording to recent studiearried ouby Flexible Packaging
Europethe substitution oéll the packaginglisposablen the marketvith flexible packaging
characterized by a lower densignd consequently lighter th#éme rigid onewould bringto a
reduction of about 26 million tons of wasteay year, as well as a reduction of 77% of the
totalamountrecycled or landfikd In addition, production costs and transport efficienoyh
bepositively affectedmaintaining the same functionality as rigid packagindact,thin plastic
films of only few micrors of thicknesscan increase the shelf life of produatsgducingat the
same timeenergy consumption and greenhouse gas emiss$idasible Packaging: state of the
industry report, 201,ZCooper, 201

Among the sectors in whidtexible packaging is used, food markets registered the higher
amounts with over 20000 Kon everyyear (almost 80% of the total), followed by drinkst
food, cosmeticspharmaceuticgbroductsand tobaccoThesevaluesareexpected to increase
in theupcoming yeargSmithersPira 2017

As regards thecompositionof flexible packaging, Figure 31 shows that films represent a
predominant slice with 46%, followed by synthetic resins (23%), and other minor components
such as ing paper, adhesives afwil. Morein details the principal plasticsused to produce
films are polyethylene (41%), polypropylene (28%plyester (16%), Nylon (13%) and
polystyrene (<1%).
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Polyethylene 41%;

Polypropylene 28%;
Polystyrene <1%;
Polyester 16%;
Nylon 13%

4%
Coatings &
Adhesives

RN

8%
Other

46%

4% Film

Foil
Figure 131. Composition of flexible packaging.

(Source: FPA 2016)

These materials can be recycled in many ways, inclwdasgeto-energy, wasteo-fuel, waste
to-chemical and wast®-monomer methods. However, he main drawback is the high
recycling costtaking also into accourthat recycling is not always possilte case offood
packaging: iimaterialsare contaminated by organic rea{grease, food residuestc) the only
viable solutionsareconversionwhich is particularlyexpensiveandlandfill.

For all thesereasonsthe use of biodegradable materjaigch as bioplasticshould be favored
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Biodegradable polyestease attracting considerald¢tention for a wide range of applications
with a marketontinuously growingAmong the possiblapplicationsflexible food packaging
representone ofthe most important fiekl It is worth noticingthat the 80% of the entire
flexible packaging production is used contact withfood. In this scenariobiodegradable
polyestercanrepresent a validolution toissues related to accumulation of plastic waste in the
environment, which isesponsible for severe pollution problems, in the earth as well as in the
oceans. Aother alternativgossibleway to limit plastic accumulatiortould be recycling
through whichplastics can be converted into eneriygls, otherchemicalsor monomersin
2016, for the first time,more plastic waste was recycled than landfilBthsticsi the Facts
2017. However, ithas tobe taken into account that recycling is not always possible, for
example when packaging is contaminated by organic matter. In awlditherecycling costs
are generally highecause othe presencdor examplepf multilayer structures necessary to
ensure high food safety, but also complicateleteeparagd, landfill is, unfortunatelymostof

the time theoreferred choice-or all these reasons, the usémfdegradable and compostable
materials should be dexred over conventional ones.

Another growing market of great importance in everyday life is thaeafth, in particulam
fields such agegenerative medicine aptharmacologywith the fabrication of controlled drug
delivery systemdn theformer casgthe correspondinmarket is predicted to reach 135 billion
dollars by 2024The use oB-dimensonal polymeric supports order to favour cell and tissue
regeneration can represent a valid alternative to conventional drug therapies oanignspl
overcoming their cawbacks in terms of rejection and neffectiveness supporting at the same
time the correct cell growthThis is of particular importance in cardiac tissue engineering,
whosemain problem is the irreversible loss of cardiac tissue toheart failuresor chronic
diseasesln addition, f the materialaused are able tbydrolyse in the human bodyithout
producing toxic productst is possible to avoid the removal of the implant through surgery.
As to controlled drugrelease it aims to avoid the sideeffects related to conventional
administration ensuring a drug level in between the toxic and the effective dunésg the
entire therapyThe market of controlled drug delivery systems is predicted to edacist 25
billion dollarsby 202.

Bioplastics and in particular bipolyesterscan represent a valid alternative for all these fields

of applications, as they can satisdy the same time the requirements of biodegradability,
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biocompatibility with the environment where they are disposed and release abxion
degradation productavoiding,in addition,the dependence on noenewable sources

To date, many aliphatic pagters are already widely used for biomedical applications, while
in the field of flexible food packaging also aromatic ones play a key role. More in details,
Polylactic Acid (PLA)is alreadyindustrially produced andsed for the fabrication of scaffolds
as well agproducts forfood-packaging Pankajet al., 2014. This FDA approved material is
characterized by high workability, biocompatibility and biodegradability, althahgtigh
rigidity does not make it suitable for applications in soft tissue engineerifigxible food
packaging filmsAnother interesting aliphatic polyester, already used for packaging purposes
thanks toits good mechanical properties and thermal stigbitlespite itshigh crystallinity
degreewhich isresponsible foslow biodegradation raind quite high rigidityfPapageorgiou

et al., 2007, is poly(butylene succinate) (PBS). This material, recently FDA approved, turned
out to be a potential candigaalso in biomedicine, agidely describedn literature [5igli et

al., 2016; Fabbri et al., 20I.LBAmong the aromatic polyesters, poly(ethylene furanoate),
obtained from2,5-furandicarboxylic acid, a fully bivased building block, hasgecently
attractedconsiderable attention as potential substitute of fdmsked PET. As to this point,
Avantium, thanks to a close contagtith CocaCola, is already planning the industrial
production of PEottles, withthermal, mechanical and barrigropertiesevenbetter than
those of PETAIthough notyet on the market, @y(butylene 1,4cyclohexanedicarboxylate)
(PBCE) isanother interestingpio-basedaliphatic polyester, which is characterized by good
thermal stability, interesting mechanical properties andastegradability Berti et al., 2008

(b); Bertiet al., 2010Gigli et al., 2013 (d)

Anyway, & already mentionethesematerialsdo not fufil all therequirementsieededdr the
applicationsof interest in the present Thedis this view,as it is well knowngopolymerization
representa veryefficient andusefultool tomodify materialproperties,in order togetthe most
suitable onegor the specificapplicatiors. In this contexf the present Thesis work aimed to
demonstratéhe high versatility of polyestaiass. In fact, through the researches carried out,
we intended to show how, liging only one class of materialswidspossible to taiload hoc
functional properties in relatiaio the intended us®©n one side, the attention was focused on
flexible food packagingyhich is one of the most demanding in terms of plastic souwsndbge
other onsoft tissue engineering and controlled drug releasthey represent the new frontier

of biomedicine.
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The research activity has been developed according to two different approaches. In one case,
the chemical modification of polymers already available on the market was carried out with the
aim of improving performances not optimal for @iygplications of interest, without detriment

to those already satisfactory. In particulagrtks to copolymerizatigit was possibléo obtain

highly biodegradable,more flexible and compostable materialswith good barrier
performancesacing on the chemical structure and on the molecular architecture. As to the
former, the effect of the length of glycolic subunit, of the presence and the length of ramification
and of different heteroatoms (oxygen vs. sulfwgs investigated. On the other hand, the effect

of molecular architecturei.e. block vs. random distribution of comonomeric units, was
evaluatedThe molecular architecture will be controlled throwlifierentsyntheticstrategies
polycondensation allovee the synthesis of random copolymevehereasthrough reactive
blending it was possible to synthesize copolymers with different block lehgitly,
multiblock as well as triblock copolymetan be realizethrough chain extensigsatarting from
prepolymes obtained by polycondensation, reactive blendingngr opening polymerization

of L-lactide.lIt is worth noticinghat all these techniques are solvae,simple and economic,

and can be easilysed for industrial scatep.

The second research linétbe present Thesis focusedthie synthesiand characterizatioof

new bio-basedhomopolymers and copolymers, dbtain newmaterialswith awide range of
properties depending on the kiadd therelative amount of theomonomeric units along the
polymer chairmas well as on the molecular architecturethe following, a diagram reporting

the different research activities carried out during the PhD is shown.
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tissue engineering and controlled drug release, starting froivelsied

Novel biobased polyesters for applications in flexible food packaging, |soft
building blocks and through edoendly techniques

Modification of already existing | | New biobased homopolyesters and\
| polyesters (PBS, PLA, furdpased copolyesters (cyclohexanedicarboxyli
ones) ‘ acid and thiophenedicarboxylic aeid
based ones)
" Modification of the | | Effect of the
chemical structure: molecular i R
‘ effect of different architecture: random Er]:?gtn?;mg%f Effect of
glycolic length, of |*| vs. block copolymers PNS———_1 molecular
short/long | — — ‘ units | architecture
ramifications and \ )\

’l\ different heteroatoms

ThewholeResearch activity consisted of the following steps:
- detailedbibliographic research to get the state of the art on the subject;
- synthesis of thenew polyestes, through previousoptimization of the reaction
conditions;
- molecular, thermal, structuraland mechanical characterization of the synthesized
polymers;
- evaludion of the biodegradabilityunderdifferentenvironments and conditions.
In addition,in the case oflexible food packagin@pplications, barrier properties different
temperature and humidity conditions were chectkéule for biomedime, in case ooft tissue
engineeringthe fabrication of polymeric scaffoldgas performedandtheir biocompatibility
tesed. For controlled drug delivery applicatiorrgleaseprofile studiesof a modeldrug have
beencarried out
The properties of the materials undgéndyhave been correlated the chemical structurgo
establish structurproperty correlations, whickre fundamentafor an ad-hoc design of

materiat for specific applicatioa
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3 Materials and Methods

3.1 Materials

1,3-propanediol (1,3°D), 1,4butanediol (1,4BD), 1,5pentanediol (1,4°eD),1,6-hexanediol
(1,6HD), dimethylsuccinate (DMS), dimethyladipate (DMA), titanium tetrabutoxide
(Ti(OBu)4), titanium(lV) isopropoxide (TTIP), Sn(H2 ethylhexanoate (Sn(Ogf) and
hexamethylene diisocyanate (HDI) were purchased from Sigma Aldviitdn( Italy). Trans
1,4-cyclohexanedicarboxylic acidT(ansCHDA) containing 99% oftrans isomer, 1,4
cyclohexanedicarboxylic acid (CHDA) containing a mixture ai- and trans isomers,
triethylene glycol (TEG), neopentyl glycol (NPG)patyl-2-ethyl piopanediol (BEPD), 2;5
furandicarboxylic acid (FDCA) 2,5thiophene dicarboxylic acid (TFDCA)and
Dexamethasone (DXMyere purchased by TCI Europ@&wijndrecht, Belgiuny. L-lactide (L-
LAC, Chiral purity >99%) has bedandly provided by Purac (Amsterdam, & Netherlands)
whereasPripol 1009has been kindly purchased by CRODA (Snaith, UKl the used
chemicals were reagent grade products and used without any further purificakaure 3.1
the chemical structures of the reagents employed in the systreseportedwhile in Figure

3.2 those of catalysts atite chain extendeare shown
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Figure 3.1 Chemical structures of the reagents.
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Figure 3.2 Chemical structures of tlwatalysts and the chain extender.
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3.2 Synthdic strategies
In order to obtain the designed polymers, different synthetic strategies have been used
U Two-step melt polycondensation this approachhas been employed to prepare
homopolymers andrandom copolymers with both low (hydroxgterminated

prepolymers) and high molecular weigRtgure 3.3)

HO —.— OH
+ HOOGC ‘ COOH HOOC ‘ COOH
oo +

HOOC ‘ COOH

Diols Dicarboxylic acid Diol Dicarboxylic acids

~ B¢ @ O ne
~B¢neOnPnenm

Figure 3.3 Schematic representation of polycondensation reactions.

OR

Random copolyesters

U Reactive blending this approach has been used to synthesize copolymers with different
molecular structure. Starting from two molten parent homopolymers, just by varying

the reaction timét was possible to obtain both block and random copolyiftégsire

3.4).
o R0V | i R R R one
Homopolyester A
Blend = block copolymers = Block copolyester
_|_ = random copolymers
just increasing the reaction fime
S8 _ o8 5 R R . B

H lyester B
omopolyesier Random copolyester

_

Figure 3.4 Schematic representation of reactive blending.

U Ring opening polymerization (ROP)of L-lactide: starting from hydroxyerminated
prepolymers, used as initiators, and Sr?Hthylhexanoate as catalyst (100ppm/g
polymer) it was possible to aoh Poly(lactic acid) based triblock copolyméFsgure
3.5). After ROP, these materials can also be chain extended, in order to obtain high

molecular weight copolymers.
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Figure 3.5 Schematic representation of ring opening polymerizagantions.

0 Chain extension this technique has been used to obtain triblock or rbldtk
copolyesters starting from Otérminated prepolymers and hexamethylene
diisocyanate (HDI) as chain extender (Figure 3.6).

no—Jl . . . o+ + HO— —OH

OH-terminated copolyester OH-terminated hompolymer
or =— + ocn—4@@mp—nco

H Chain extender
WYY Y Y eececsen A AN

Triblock OH-terminated copolyester ] '

~B-@ e reon-e 10O eOnene e ene fow

OR Multiblock copolyester

Mrom...w“"""...w

Triblock copolyester

Figure 3.6 Schematic representation dfagn extension reactions.

3.2.1Polymers obtained by twestep melt polycondensation

3.2.1.1Dimethyl estesynthess

Prior to polycondensation reactions of some aromatic homopolymers, esterification of the
diacids was carried outto aroundbottom flaskcontaining the diacid armhhydrousnethanol

in large molar excess (1:30)h@ mixture was heated to 70°C under reflux up to complete
dissolution. After cooling to room temperature, thionyl chloride (in the same molar amount as
the hydrayl end groups of the diacid) was added dropwise. Then, thbtamed mixture was
heated to 70°C and let to react for other 3 hours under reflux. During cooling, the dimethyl ester
precipitated was filtered and washed with anhydrousthanol. The productwas then

recrystallized by dissolution in methanol at 60°C and after that quenched in ice bath.
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3.2.12 Homopolymer synthes

Homopolymers syntheses have been carried out in bulk, starting from the right monomers
(diacids/dimethyl esters and diols) aradalysts (about 200 ppm of Ti/g of theoretical polymer),

in a 250mL stirred glass reactor put in a termostatted bath. A 20% molar excess of diol with
respect to the acid counterpart for high molecular weight aliphatic polyesters, 40% for
hydroxykterminaed prepolymers and 80% for aromatic polyesters was used. In this latter case,
the high excess of diol was due to its role also as solvent, to favour the melting of the aromatic
acid.

In the first stage, under pure nitrogen flow, the temperature was taidd@-190°C (ower
temperatures were uséar aromatic polyestersyhile for aliphatic ones higher temperatures
were employepand maintained there until the 90% of the theoretical amount of methanol was
distilled off (about 2 hours for aliphatic polyesteand four for aromatic ones)ufously, in

the case of aromatic polyesters milder process conditions were employed. This was due to the
necessity to avoid the degradation of the aromatic ring and unwanted side reactions. During the
second stage, theemperature was raised up to ZZBO°C (for aromatic and aliphatic
polyesters, respectively) and in the same time a gradual vacuum was applied (until about
0,1mbar), in order to facilitate the removal of glycol in excess and to promote the
transesterificabn reactions. In case of high molecular weight polymers, the synthesis was
carried out until a constant torque was measured. For the hydesryhated prepolymers, the
reaction was stopped when the polymeric fluid reached a quite high viscosity, dadjtre
values were about-2 N * cm. Reagents and operating conditions employed for the syntheses
of high molecular weight homopolymers are reported in Table 3.1, while their chemical

structures are collected in Figure 3.7.
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Table 3.1 Reagents and operating conditions employed for high molecular weight

homopolymer syntheses.

: : Tast Tond
Polymer cha.lrboxyllc Glycol stage stage
acid/ester

C)  (°O)

Poly(butylene succinate) (PBS) DMS 14BD 180 230
Poly(butylene adipate) (PBA) DMA 14BD 170 210
Poly(butylene cyclohexanedicarboxylate) (PBCE) 1,4CHDA 1,4BD 180 220
Poly(propylene 2,5furanoate) (PPF) 2,5FDCA 1,3PD 180 220
Poly(butylene 2,5furanoate) (PBF) 2,5FDCA 14BD 170 220
Poly(pentamethylene2,5furanoate) (PPeF) 2,5FDCA 15PeD 170 220
Poly(hexamethylene 2 8uranoate) (PHF) 2,5FDCA 16HD 170 220
Poly(propylene 2,5thiophenate) (PPTF) 2,5TFDCA 1,3PD 170 200
Poly(butylene 2,5thiophenate) (PBTF) 2,5TFDCA 1,4BD 140 200

-77-



3 Materials and Methods

RN P © o >N
Mg SN NN,
SONNTN,
NN,
M NN ° N
\ /
ad O\/\/\O \ © / ow
RN P ° o >N
\ /
od o\/\/\/\o ° Ow
\ /
e NP ° N
\ /
~ O\/\/\O \ s / ow

PBS

PBA

PBCE

PPF

PBF

PPeF

PHF

PPTF

PBTF

Figure 3.7 Chemical structure of the synthesised homopolymers.
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Reagents and operating conditions employed for djetheses of hydroxykrminated

homopolymers are reported in Table 3.2, while their chemical structures are reported in Figure
3.8.

Table 3.2 Reagents and operating conditions employed for hyditexglinated homopolymer
syntheses.

_ _ Tt T2
Dicarboxylic
Polymer _ Glycol stage stage
acid/ester . .
cC)  (°C)
Poly(butylene succinate) (PBSOH) DMS 1,4BD 190 230
Poly(triethylene glycol succinate) (PTESOH) DMS TEG 190 230

Poly(hexamethylene 2 8uranoate) (PHF-OH) 2,5FDCA 1,6HD 180 220

Poly(triethylene glycol 2,5furanoate) (PTEF-OH) 2,5FDCA TEG 180 220

H /\/\/O /\/\/OH
© ¢ PBSOH

H O\/\ /\/O\/\ wow /\/O\/\OH
PTES-OH
N P N et
! PHF-OH

| O\/\O/\/O\/\O © O/\/O\/\O/\/OH
\ / PTEROH

X

Figure 3.8 Chemical structure of the synthesised hydrdgyminated homopolymers.

3.2.13 Copolymer synthés

Random copolymers syntheses have been carried out in bulk, according to the procedure above

mentioned for the homopolymers. Depending on the copolymeric system, and in order to obtain
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copolymers with different compositions, differentioa of the two diols or dicarboxylic
acids/dimethyl esters have been used.
Sevendifferent classes of random high molecular weight copolymers have been synthesized:

A Poly(butylene/triethylene glycol succinate), P(BES);

A Poly(butylene adipate/2#Hiopheate), P(BABTF);

A Poly(butylene/2butyl-2ethyl propanediol succinate), P(BEPS);

A Poly(butylene/neopentyl glycol succinate), P{RS,);

A Poly(butylene/zbutyl-2ethyl propanediol cyclohexanedicarboxylate),
P(BC&BEPCE);
Poly(butylene/neopentyl glycol cighexanedicarboxylate), P(BQECE);

\ >\

A Poly(butylene succinate/Pripol), P(Eripol);
In all cases, x and y represent the mol% of the two comonomeric units. In Table 3.3 the reagents
and the conditions used for the syntheses are reported, whi&ubture of the so obtained

copolymers are reported in Figure 3.9.

Table 3.3 Reagents and operating conditions employeddpolymer syntheses.

Polymeric DicaTrboxyIic Glycol T 15t tage T 2ndstage
acid/ester ) )

LS 1/2 1/2 (C) ()
P(BSTESy) DMS 1,4BDI/TEG 180 230
P(BAxBTFy) DMA/2,5-TFDCA 1,4BD 170 210
P(BSBEPS) DMS 1,4BD/BEPD 180 230
P(BSINS)) DMS 1,4BD/NG 180 230
P(BCExBEPCEy) 1,4CHDA 1,4BD/BEPD 180 220
P(BCExNCEy) 1,4CHDA 1,4BD/ING 180 220
P(BSBPripoly)  SA/Pripol 1009 1,4BD 190 230
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Figure 3.9 Chemical structure of the higholecular weight random copolymers.
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Two different classes of random hydrotgrminated copolymers have been synthesized,
according to the procedure above described for the homopolymers:

A Poly(butylene/neopentyl glycol succinate), P{RS,)-OH;

A Poly(butylene succinate/Pripol), P(Eripol)-OH;

In Table 3.4 the reagents and the conditions used for the syntheses are listedewhaenical

structure of the tydroxyl-terminated copolymers are reported in Figure 3.10.

Table 3.4 Reagents and operating conditions employed for hydvixghinated random

copolymers syntheses.

Dicarboxylic Glycol e
S acid/ester 1Slstage T2nd stage
1/2 1/2 C) C)
P(BSNS,)-OH DMS 1,4BD/NG 190 230
P(BSBPripoly)-OH  DMS/Pripol009 1,4BD 190 230

] (0]
H O/\/\/OM{O%OWO\/\/\OH P(BSNSy)_OH
(0] (0]
X y
o . (,0),4 (CHa)y
H O/\/\/O O/\/\/OW‘(\R O\/\/\OH :Q/
(H,C)g
(6] (6] (6]

y P(BSBPripol)-OH (C‘Hz)s

CH;

Figure 3.10Chemical structure of the hydroxtgrminated random copolymers.

3.22 Polymers obtained by reactive blending

Different multiblock copolyesters P(BIES,)-OH, characterized by different block length,
were obtained through reactive blending, starting from hydr@tyghinated poly(butylene
succinate) (PB®H) and poly(triethylene glycol succinate) (PFE&). These parent

homaolymers were melt mixed for different times in an equimolar ratio, in a 250 mL glass
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reactor under pure nitrogen flow. The temperature was kept at 240°C and the stirring rate was
about 100rpm. Copolymer formation was catalysed by the residual cata(@3Bu, present
in the two parent homopolymers; m and n represent the block length. In Figure 3.11 the

chemical structure of the so obtained copolymers is reported.

(6] (0]
H O/\/\/Oﬁ‘/\/gH\o/\/O\/\o/\/OM\O/\/\/OH
(6] (6]

P(BSnTES,)-OH

Figure 3.11 Chemicalstructure of the copolymers obtained by reactive blending.

3.23 Block copolymers by ROP

Ring opening polymerization (ROP) was employed in order to obtain triblock copolyesters
ABA, where L:lactide represents theard blockA, and B is usually a centrabft block Two
different copolymeric P(BSTES,)-OH A blocks have been considered (m and n indicate the
block length): P(B&TES2)-OH and P(BSTES)-OH, previously obtained by reactive
blending. Purified P(BSTES,)-OH prepolymer was charged irc&0ml glass reactor, heated

at 170°C and held in pure nitrogen atmosphere until it was completely molten. After that, the
desired amount of dLactide was added, together with the catalyst S&2(Bjhylhexanoate
(100ppm/g of polymer). During this phase, i@l lasts about 3 hours, the ring opening
polymerization (ROP) of iLactide by OH terminal groups of the A block takes place, with the
formation of the triblock copolymers PLLAP(BSES:2) and PLLAP(BSTES). In order to
increase their molecular weight,ege were then chain extended, using hexamethylene
diisocyanate (HDI) as chain extender. An equimolar amount of HDI with respect to OH groups
(determined byH-NMR) was used. Isocyanate groups of HDI react with the hydroxyl terminals
of PLLA, thus leadingd a sudden increase in torque value. After the addiction of HDI, the
reaction has been carried dat about 2hours until a constant torque value was registered.
Chain extension of PLLA was also considered for sake of comparison. The chemical structures

of the so obtained high molecular weight triblock copolymers are reported in Figure 3.12.
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Figure 3.12 Chemical structure of the high molecular weight triblock copolymletained by
ROP and chain extension.

3.2.4 Multiblock homo- and copolymers by chain extension

Multiblock copolymers were obtained by chain extending hydroxyl terminated prepolymers in
different amounts. The prepolymers were put in a 250 ml glass reactor under constant stirring
of 100 rpm and heated &70°C under puraiitrogen flow.When the mixtue was completely
molten, HDI was added, in equimolar amount with respect to the OH groups of the two
prepolymers. The reaction was carried out until a constant torque was meahoetB(

minuteg. Thechemical structure of multiblock copolymers obtaliereported in Figure 3.13.
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Figure 3.13Chemical structure of the multiblock copolymers obtained by chain extension.
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3.3 Molecular characterization

3.3.1 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonanspectroscopis one of the principal techniques used to investigate

the chemical structure of moleculd®lymer structureand actual copolymer compositions

were determinetly means ofH-NMR, while *C-NMR was used to evaluate the distribution

of comonomeric units along the polymeric chain (molecular architecture).

Aliphatic polyesterswere dissolved n deuterated chloroform, containing 0.03 vol.%
tetramethylsilane (TMS) as an internal standard, whereas aromatic ones were dissolved in a
mixture of 70% v/v deuterated chloroform and deuterated trifluoroacetic acid. A Varian Inova
400 MHz instrument was gutoyed for the measurementsl-NMR spectra were recorded at

room temperatureand the polymer concentration of the solutions was 0.5 (rdéxation

delay of 1 s, acquisition time of 1 s and up to 64 repetitid?S)NMR spectra were obtained

using 5 wt%solutions and a full decoupling mode with a NOE effect (relaxation delay of 2 s,
acquisition time of 1 s and up to 512 repetitions).

The arrangement of the comonomeric units in the copolymeric chain may be deduced by the
degree of randomness, which has been determined by mean$-bNMR and'*C-NMR. In
particular, for physical blends the valuetads close to 0, for random copolynses equal to 1,

for block copolymers is comprised between 0 and 1, while in case of copolymers with an
alternate structure the valoébis equal to 2.

The value of b was calculated taking into account the resonance peaks of the carbon atoms of

the comma subunits between the comonomeric units (X and Y), and it can be expressed as:
b =PR.v+ Prx [28]

where R.y is the probability of finding a X unit next to an Y one andk#s the probattity of

finding a Y unit next to a X one, respectively. Those probabilities can be expressed as follows:

Px-y = (Ix-y + Iyx)/2 [ ((Ix-y + Iv-x)/2 + Ixx) [29]
Pyx= (Ivyx+ Ixy)/2 ] (Iv-x + Ix-y)/2 + Iv.y) [30]

where k.v, lyx, Ix-x, ly-y represent the integrated intensities of the resonance signaly pof X
Y-X, X-X, Y-Y sequences, respectively. Moreover, the average length of the sequences of the

two different comonomeric units can be defined as:
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Lx = 1/Px.y [31]
Ly = 1/P/x [32]

In the case of block copolymerdhet degree of polymerizationf hydroxyktterminated
prepolymers(DP), which isthe number of repeatingnits present in each chaihas been
calculated from th@ormalizedareas of protons of centrgllycol (Iin) and protons of terminal

glycol (lext) as follows:

DP=[lnt/ lex] *2+ 1 [33]
The polymer molecular weight (Ywasthen calculatedccording to the followingquation
Mn = DP * W + Wyycol [34]

Where Wy and Wiycor are the molecular weights of the repeating unit and the glycol,

respectively.

3.3.2 Gel Permeation Chromatography (GPC)

The molecular weights of the polymers under investigation were obtained by means of gel
permeation chromatography (GP&)30°C using 4100 HPLC system (Agilent Technologies)
equipped with PLgel¥nm MiniMIX-C column.In case of aliphatic polyestenesfractive index

was employed agetectorand chloroform was used as eluent, while for aromatic polyesters UV
index was use@s detector and a chloroform/hexaflu@gropanol (95:5 v/v) was used as
eluent In all cases, 0.3 nimin flow and sample concentrations of about 2/mig were
adopted. Calibration curve was obtained using polystyrene standards in the range bf 800
100000g/mol.

3.3.3 Intrinsic viscosity measurements

I ntrinsic viscosity (E) measur emen thdetypeer e
viscasimeter 31 13/Ic (diameter 0.84 mm) at 30 °C in a mixture phenol/1;1,2,2
tetrachloroethane (60/40 w/w). The flawme measurements were made with an equipped
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stopwatch. The solutions of the samples were prepared starting from precise amounts of
polymers (0.16 g) and adding the volume opaspared miture ofsolvens so that the final

solution concentration was 0.8 g/dl. The samples were maintained at 90 °C until their complete
dissolution thencooled to room temperature and filtered. The measurements were repeated
five times to make sure the accuracy of therestiis.e i ntri nsi c viscosit
according to the following equation:

whereto is the efflux time of the solvent (d)is the efflux time of thenixture polymert solvent

andc is the polymer concentration (g/dl).

3.4 Sample processing
3.4.1 Film by compression moulding

Thin polymeric films ofabout 100um thickness were obtained by compression moulding, using

a Carver laboratory press. The materials were put between two Teflon sheets, heated at a
temperature 40°C higher than their melting temperature and kept for two minutes at a pressure
of 5 tons/nf. Then the films were cooled to room temperature in press using tap Rradeto

further testsfilms werestored at room temperature for at least two wekekerder toreach

equilibriumcrystallinity.

3.4.2 Scaffold fabrication

Some of the synthesized polymers were subjected to electrospinning in order to realize scaffolds
for applications in tissue engineeringlectrospun mats were fabricated in laboratories of
Consiglio Nazionale delle Ricerche (CNR) oblBgna, thanks to thscientific collaboration
with Dr. Annalisa Aluigi. Four copolymers have been taken into account:

- P(BSoNSsg) random copolymer;

- P(BSBPripol) random copolymer;

-  PBSP(BSNS) block copolymer;

- PBSP(BSBPripol) block copolymer.
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All copolymerswere dissolved iexafluore2-propanolat a concentration of5%o (w/v). 3D-
scaffolds were produced by means of a handmade electrospinning apparatus, comprised of a
high-voltage power supplySVH150, Alintel Power Electronics, Itajiaa syringe pump
(KDS200, KD Scientific Inc., USHA a glass syringea stainless steel bluenhded needle (inner
diameter = 0.84 mm) connected with the power supply electrode and a groundedimlumin
platetype collector Polymer solution was dispensed to the needhich was placed
horizonglly on the collecting plat&lectrospun scaffolds were produced atdidl a relative
humidity of 40% + 5%. More in detailthe polymericsolutiors weredispensed at a constant
rate of 0.6 mL/min, the distance between the needle amrdcibilector was 15 cymand the
voltage applied was+20 kV. After 45 minutes, 7 cm x 7 cm random nanofibeats were
obtained Electrospun matrialswere kept under vacuum ovei@? at RT overnight in order to

remove residual solvent.

3.5 Thermal characterization

3.5.1 Differential Scanning Calorimetry (DSC)

Calorimetric measurements were carried out usihgréin EImer DSC6 (Waltham, MA, USA)
calibrated with high puritystandards (indium and cyclohexané&) the typical setup, the
external blockemperature contrds s et  aWeighed €ample€f about 10 mgvere
encapsulated in aluminum pans and heated to about 40 °C above fusion temperature at a rate of
20 °C/min (first scan), held there fomin, and themapidly guenched100 °C/min}t 070 7C.
Finally, they were reheated to a temperature well above #ittng at a heating rate of 20
°C/min (second scan)}or some sampleghermal annealing was performed different
temperatures: this proceducensiss in holding each sample for 10 min at the indicated
temperature, followed by quenching andeaperatue scan (20 °C/min). Foother specific
thermal treatmentslescribed afterwards in the tegifferent heating rates were also used

The glasdransitiontemperatureTg) was taken as the midpoint of the heat capacity increment
gxp associatedo the glasgo-rubber transition. The crystallization temperat(ife) and the
melting temperaturgTm) were determined as the peak valugf the exothermal and
endothermal phenomena in the DSC curve, respectively. The specific heat incgagent
associaté with the glass transition of the amorphous phase, was calculated from the vertical

distance between the two extrapolated baselines at the glass transition temperature. The heat of
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crystallization(qHc) and the heat of fusiofgHm) were calculated¢onsideringhe total areas
of the DSC exotherrm and endotherm peaks respectively.In order to determine the
crystallization rate under nasothermalkonditions, somesamples were heated at 20°C/min to
about 40°C above fusidemperatire,kept there for 3ninutesand then cooled at 5°C/min. The
temperatureorresponding to the peafluein the DSC coolingcurve (Teo) is relatedto the

crystallization rate.

3.5.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analys (TGA) wascarried out undenitrogen atmosphere using a Perkin
Elmer (Waltham, MA, USA) TGA7 apparatus (gas flow: 40 mL/mWMeighed samples of
about 5 mg were loaded on a sample pan and hati€d®C/minfrom 40°Cup to800 °C.Tse
was determined as the temgkire corresponding to the 5% of mass |0Bsget as the
temperature at which degradation stastsile the temperature of maximum weight lossdJ

has been calculated as the minimum value of the thermogram derivative.

3.6 Wide-angle X-Ray diffraction (WAXS)

X-ray diffraction patterns (XRD) of polymeric powders, films and scaffolds were performed in

the wide angles region by meansad® ANal yt i c al Xo0PertPro diffra
fast sol i d deteetd(Amek dhe &léddands)t The radiation was supplieday

copper targets(= 0.1548 A)anddata were acquired in the@®° X interval, bycollecting 100

s at each 0.10° stebor some samples) situ XRD analysis was performed by using an Anton

Paar TTk450 (Graz Austria) sample stagat different temperatures, which will be described

more in details below in the texthe index of crystallinity (X;) wascalculated from the Xay

diffraction profiles by the ratio between the crystalline diffraction éepand tle entirearea

of the diffraction profilg(Ay):

Xe = AdA [36]

The crystalline diffraction area was obtained by subtracting the amorphous halo from the total

area of the diffraction profile. The incoherent scattering alsstaken intoaccount For some
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copolymeric systems, thenit cell parameters were calculatedvelyole pattern fitting using
Powder Cell 2.3 for Windows

3.7 Surface wettability

Static contact angle measurements were performed on polymer films by KSMgGAM101
instrument (Helsinki, Finlandjt ambient conditions by recording the spdefiles of deionized
water drops for image analysist least eight dropsvere observed odifferent areas for each
film and contact angles were reported as the average vataedard deviation. Each drop was
deposited on the films by placing it in caat withthe polymeric surface using the syringe
needle and then withdrawing this last. The datxe recorded after 5 second from the
deposition of the dropnthe surfaceFor some block copolymers the data were recorded also
after 1 minute from the depibion, in order to check any variations in the drop shape and in the

contact angle value.

3.8 Mechanical characterization: tensile test

The tensile testing ahepolymers was performed usingzavick Roell Texture machine (Ulm,
Germany), equipped with rubber grip and a 500 N load cell, controlled by computan and
Instron 4465 tensile testing machiméofwood, MA, USA), equipped with a rubber grip and a
100 N load cellA pre-load of 1 MPa witra 5 mm/min speed was us&¥Ectangularifms and
scaffolds(5 mm wide and about 0.1 mm thicwith a gauge lengtlof 20 mm were employed
and differentcrosshead spesdwere adopted (10, 20 andna®/min). Load-displacement
curves were obtained amtbnverted to stresstrain curves. Tensile elastic modulus was
determined from the initial linear slope of the-obtainedstressstrain curve. At leastive
replicatespecimens wertestedfor each sample and the results were provided as the average
value + standard deviatianCyclic loading was performed under the same experimental
conditions.More in details, film and scaffold samples were strained up 1088 and then

25 cycles were carried out.
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3.9 Hydrolytic degradation tests

Hydrolytic degradation studies were carried outiplicateon rectangular polymerfilms and
scaffolds(5 x 35 mm, about 0.2mm thick).First, all the samplesveredried overP.Os under
vacuum at room temperature to constaeight, therweighed to obtain the sample initial mass
After that, theywere immersed in phosphdieffered solution (0.1 M, pH = 7.4) and incubated
in a SW22 Julabo shaking water batt87°C and 50 rpm. The buffer solution was periodically
changed tdkeep the pH constamturing the entire experimenét different time intervals,
triplicate sacrificial specimens of each sample wexpeatedlywashed with deionizedater
and dried over s undervacuum for 2 days to constant weight. The masstassdetermined
gravimetrically by comparing the residual weight witie initial value, while the residual
molecular weight was determindny GPC analysisMoreover, for block copolymers the
chemical composition after degradation was evaluated by me&tdRfspectroscopy, while

the residual crystallinity degree was calculated by means of DSC analysis.

3.10 Micro and nanopatrticles preparation

Both empty and Bxamethasone (DXM) containimgicro (MPs) anchanoparticles (NPs) have

been prepared byil-in-water miniemulsion process. The organic phase formesbyg and

100 mg (in case of nano and microparticles respectivefypolymer dissolved in 5mL of
chloroform has been added to 10 mL of SDS 0.3 wt% aqueous solltidme case of DXM
containing particles, 1,25 mg of drug was put in addition to the so obtained mikh&e
emulsion of the organic phase in the aqueous one has been obtamedhanical stirringt

room temperature for 30 min. Afterwardb)oroformwasevaporated keeping the system under
stirring for 50 mirutes The final dispersion has been centrifuged (1000, min, 0 °C) and

in case of nanoparticlethe precipitated material has been regmtoguarantee a loweédPs

size polydispersityFor the same reason, in case of microparticles the supernatant has been

removed, and the precipitated material kept.
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3.11 Particles characterization

The determination of the MP hydrodynamic diameter was carried out by means of optical
microscopy employing a Carl Zeiss Axioskop 2 optical polarizing microscope equipped with a
video camera and connected to a computer. 10 pl drops containing microparticdgsiaced
between a coverslip and a slide and then observed at room temperature. The software allowed
images acquisition and determination of hydrodynamic diameter of the microparTictes.
determination oNP hydrodynamic diameter distributionss caried outby means oflynamic

light scattering (DLSjneasurements employing a Malvern Nano ZS instrument vé88am

laser diode. Samples wepatin disposable polystyrensuvettes of 1 cm optical path length
using water as solverithe width of DLS hydodynamic diameter distribution is indicatey

PDI (polydispersion index). In the case of a monomodal distrib({tBaussian) calculated by
cumulant analysis,[P! can be expressed as follows:

PDI = ((/Zavg)? [37]

where 0 is the widt hyisothe atetage didnetert of theb pattidleo n
population, respectively.

The so obtained particles were also thermally characterized by DSC measurements.

3.12 Drug release experiments

DXM-loadedmicro andnanoparticlesvere suspended in deionized water ghaced in a
dialysiscellulose membrane bag, with a molecular weightotLof 12400 The membrane was
thenimmersed in phosphate buffersalution (0.1M, pH= 7.4)and incubated in a SW22 Julabo
shaking water bath at 3T and50 rpm. At predetermined time intervajgjosphate buffer
aliquots (1.5 ml) were collected, repldeeith thesame amount of fresh buffered solution, and
DXM release vasmonitored by measuring UV absorbance at 235 nm with a Cafydran)
spectrophotometer. The values were then converte®XM™ concentrations through a
calibration curve obtained ithe same buffer. Entrapmeafficiency can becalculatedas

follows:

wei ght of drug pai
Entrapment effiei-en 100 [ g

weight of dr
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The drug amount side theparticles was determined by preparihgm as described above,
solving them inchloroform and by measuring UV absorbance at 235nm o$dhebtained

solution.

3.13 Biocompatibility studies

3.13.1 Biocompatibility studies on P(BXTESYy) copolymeric system

The following biocompatibility studies were performed in the laboratori¢¢eafth Sciences
and Technologies Interdepartmental Center for Industrial Research (H3R) of the
University of Bolognathanks to the scientific cooperation wirof. Emanuele Domenico

Giordano and Dr. Marco Govoni.

3.13.1.1 Indirectcytotoxicity

Indirect cytotoxicity evaluations of PBS homopolymer and R{BSS,) copolymers were
performed in accordance with the ISO10%Mternational standard for biological evaluation
of medicaldeviced Gualandiet al., 2012 () Embryonic rat cardiac H9c2 cellsbtained from
theEuropean Collection of Cell Cultures (ECACCHdvoniet al., 201Pwere seeded in B2-
well culture plate (2.5 104 cells/well) in standard Dulbeccatsodified Eagle's medium
(DMEM) supplemented with 10%eatinactivated fetal bovine serum (FBS), 2mM of L
glutamine, and 10@/mL of penicillin/streptomycin, at 37C in a humidified atmosphere
containing 5% C®@ to allow their attachment and wemuantified by resazurin (i.e.
PrestoBlue®) fluorescence asddyfe Technologies, Monza, ltaly). After 24 h, the culture
medium wadgliscarded andeplaced byolymerextract media. Theells werethenincubated
for 48 h and after thaPrestoBlue® assay was performed again for cytotoxicity screening.

The PrestoBlue®fluorescence (HEm = 540/590 nm) was read in a Tecan Infinite 200
multilabel multiplate reader (Tecan Italiar.l.). Three separate experiments3)) two
replicates each, weperformed. The signal obtained from cells cultured in DMEM ussed
asnegative control, while a cytotoxic respongsed apositivecontrol was obtained by adualg

1 mM H20:> for 120 min to celland readings 48 h after cell seeding.
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Fluorescence values wecalculatedand reported as the average vatustandarddeviation
and the onavay ANOVA with Tukey's as pogest wasised to evaluate statistical differences

between samples.

3.13.1.2 Cell adhesion and proliferation

Cell adhesion and proliferation were assessed in accordathcks0109935 [Gualandiet al.,
2012 (c). Cell viability wasquantified at day 1, 3 and 7 with the PrestoBlue® fluorescence
assayControl signal was acquired from H9c2 cells cultured on stanmdydtyrene substrates
(Sarstedt, Numbrecht, Germany)hree separate experimentsyo replicates each, were
performed. Fluorescence values were expressedvasmge valuet standarddeviation
Comparison between groups was performgidg the onavay ANOVA with Tukey's as post

test andlifferences were considered significant for B.€5.

3.13.1.3 RNA isolation and gene expression profile

Total RNA was extracted from H9c2 seeded on polymers, using TRIzol® reagent (Life
Technologies, Monza, Italy) and chloroforfdsiniet al., 201R For each sample, 400 ng of
total RNA was reversetranscribed using thiScript® cDNA synthesis kit (BidRkad, Milan,
Italy). Gene expression analysis was performed in a CFX ConnectTM-Res PCR
Detection System (BiRad), using the SsoAdvancedTM UniverSMBR® Green Supermix
(Bio-Rad). Myosin heavy chain(MHC) sense and antisense primers, used for DNA
amplification by RT-quantitative polymerase chain reaction (qPCR) were- 50
TGGCACCGTGGACTACAATA30 and 50TACAGGTGCATCAGCTCCAG30,
respectively (TIB MOLBIO CBA, Genua, ltaly); glyceraldehy8gphogphate dehydrogenase
(GAPDH) sense and antisense primeese 5S0CCTCCTCATTGACCTCAACTAG30 and
50-CATGGTGGTGAAGACGCCAGSO0, respectively (TIB MOLBIO CBA, Genua, Italy).
Amplification was performed in a 20mL final volume, including 5mL of complementary DNA
astemplate PeWinter,2013. Specificity of theobtainal products was addressed, performing
a melting curve analysis. Two separate experiméntsreplicates each, were performed and
data were normalized to GAPDH expression (reference gene) since the tréisévipt for
this gene was equivalently expressed among the sampleshariges in gene expression were

determined by the-BDCq method and are presented relative to levels in H9c2 cultured on
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PBS homopolymer. Comparison between groups was perfornmggurgpaired Student'sest
and differences were considered significant at P < @@&¢niet al., 201F.

3.13.2 Biocompatibility studies orblock/random PBSbasedcopolymeric system

The following biocompatibility studies were performed in #ranslational Cardiomyology
Laboratory, Department of Development and Regeneration of the Katholieke Universiteit
Leuven (KUL) thanks to the scientific cooperation with Piof. Maurilio Sampaolesi and Dr.

Robin Duelen.

3.13.2.1Human Induced Pluripotent Stamells (PSCs) cultur®n scaffolds

Commercially available integratieinee human iPSC line (Thermo Fisher Scientific),
generated using cord bloatrived CD34 progenitors with seven episomally expressed factors
(OCT4, SOX2KLF4, c-MYC, NANOG, LIN28 and SV40 Tywere cultured and maintained
feederfree (GeltreXM LDEV-Free, hES&ualified, Reduced Growth Factor Basement
Membrane Matrix) in Essential™ medium (both from Thermo Fisher Scientific) under
normoxic conditions(37°C, 5% CQ) in a 6-well culture plate Every 4 to 6 days of
proliferation cells were passaged nrenzymatically in colonies using EDTA (Thermo Fisher
Scientific) (1:15 split ratio) In parallel,iPSCswere alsoseededn nanofibrous copolymeric
scaffolds, which were previously cut and mounted on CellCrown inserts (Merek)L2well
culture plate irEssential 8" medium. Two different culturing conditions were adopted: in the
first case iPSCs were seeded directly onfetidd, while in the latter a thin coating layer was
applied before the seedings a control, iPSCs were cultured without scaffolds on a thin coating
layer. After 6 days,total RNA from cellsseededn scaffolds was collecte@ells were also

fixed for immunostainindor proteinanalysis.

3.13.2.2Human Induced Pluripotent Stem celB$Cs) ardiac differentiationon scaffolds

Human iPSCs were differentiated irftonctional cardiomyocytesaccordingto amonolayer
based protocol (Figure3.14), taken from Life Technologies [PSC Cardiomyocyte
Differentiation Kit Prototypg Before inducing cardiac differentiatipiPSGCs were cultured
using a thin coating layeGGFR Matrige) in Essential 8! medium (both from Thermo Fisher
Scientific) undemypaxic conditions(37°C,5% CQ, 5% ) in a 6-well culture plate(split
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ratio of 1:15) for 34 days, until they reachealconfluence between 65 to 85 a Gwell
culture plate (favoured by the presemddhe coating) At day Oof differentiation, cells were
placed under normoxic conditions adifferentiated towards the mesodermal lineage, using
chemically defined medium consisting of RPMI 1640 (Thermo Fisher Scigntific
supplemented with 5 to €M CHIR99021 (GSK® inhibitor; Axon Medchem) for 48 h
(Cardiomyocyte Differentiation Medium A). At day 2, the mesodermal cells were fed with basal
medium containing 4eM IWR-1 (Wnt inhibitor; Merck) for 48 h (Cardiomyocyte
Differentiation Medium B. Fromday 4 onwardsmedium was changed evemo days with

CardiomyocyteMaintenancéedium.

L » » » ’ 0

hPSCs Mesoderm Cardiac Cardiac CMs
Mesoderm Progenitors
SPLIT CHIR Wnt-C59
-4
RPI\.III +.Wnt RPI\.nI.-l: Wnt RPMI
Activation Inhibition

Figure 3.14Schematic representation of the monoldyased cardiac differentiation protocol.

The same cardiac differentiation method was applied for iPSCs seeded on scaffolds in a 12
well culture plate; in this case the initial seeding density was lower (1Gfljtracting
cardiomyocyts appearedtday 8or 9. At different timepoints (day 0, 24, 8, 15) RNAsamples

from cells grown on scaffolds ave collected, together with RNA froroells under normal
culturing conditions Moreover, after 6 days of differentiation, cells were fixed for

immunostaining analysis.

3.13.2.30uantitativeRealTime PCRgRT-PCR)

TotalRNA from human iPSCs seeded on scaffolds, as well as from cells under ooltonahg

conditions was extracted using the PureLink RNA Mini Kit (Thermo Fisher Scientific) and
treated with the DNAFree Kit (Thermo Fisher Scisfic) to obtainhighly pure RNA.250-500

ng RNA was reverse transcribed into cDNA with Superscript 1ll Reverse Transcriptase First
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Strand Synthesis SuperMix (Thermo Fisher Scientific). Quantitativetireal PCR was
performed with the Platinum SYBR Gre@®®PCR SuperMixUDG (Thermo Fisher Scientific)
using ViiA7 Real-Time PCR instrument (Applied Biosysteyln3he oligonucleotide primer
sequences areportel in Table 3.5from IDT). A 10-fold dilution series ranging from 19to

108 of 50 ngtL human genomic DNA was used to evaluate the primer efficiency. Relative
expression values were obtained by normalizing Ct valtiéise analysé genes to Ct values

of the housekeeping gené®\PDH,RPL13aandHPRT.

All datawere collected from three independent experimemte analged using GraphPad
Prismand wergeported as mearalue tstandardieviation.Differences between groups were
examined for statistical significance usidiOVA test. Significance of the differemsversus

controlwas indicated as follows: P < 0.05:F < 0.01: **and P < 0.001; ***

Table 3.5Primer sequences usedRealTime QPCR analysis.

Gene Primer Primer sequences 5>3'
ANKRD Forward GTGTAGCACCAGATCCATCG
Reverse TCAACGCCAAAGACAGAGAAG
BRACH Forward ACCCAGTTCATAGCGGTGAC
Reverse AAGCTTTTGCAAATGGATTG
c-MYC Forward TCCTCGGATTCTCTGCTCTCCT
Reverse AGAAGGTGATCCAGACTCTGACCT
cMyHC (MYH6) Forward GCCCTTTGACATTCGCACTG
Reverse CGGGACAAAATCTTGGCTTTGA
CTGE Forward GCTCGGTATGTCTTCATGCTG
Reverse GAAGCTGACCTGGAAGAGAAC
CYR61 Forward GGGATTTCTTGGTCTTGCTG
Reverse CCAATGACAACCCTGAGTGC
GAPDH Forward TCAAGAAGGTGGTGAAGCAGG
Reverse ACCAGGAAATGAGCTTGACAAA
GATA4 Forward CGACACCCCAATCTCGATATG
Reverse GTTGCACAGATAGTGACCCGT
GDE-3 Forward ACACCTGTGCCAGACTAAGATGCT
Reverse TGACGGTGGCAGAGGTTCTTACAA
HPRT Forward TGACACTGGCAAAACAATGCA
Reverse GGTCCTTTTCACCAGCAAGCT
hTERT Forward GAACATGCGTCGCAAACTCTTTGG
Reverse CAGCACACATGCGTGAAACCTGTA
KLE4 Forward CGGACATCAACGACGTGAG
Reverse GACGCCTTCAGCACGAACT
LATS2 Forward CCCATCTTGCTGATGTACTCC
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Reverse AGCTGCAGAAGTGAACCG
NANOG Forward TGGCCGAAGAATAGCAATGGTGTG
Reverse TTCCAGGTCTGGTTGCTCCACATT
NKX2.5 Forward ACCTCAACAGCTCCCTGACTCT
Reverse ATAATCGCCGCCACAAACTCTCC
OCT4 Forward CGAGCAATTTGCCAAGCTCCTGAA
Reverse GCCGCAGCTTACACATGTTCTTGA
REX1 Forward TGGAGGAATACCTGGCATTGACCT
Reverse AGCGATTGCGCTCAGACTGTCATA
RPL13a Forward CCTGGAGGAGAAGAGGAAAGAGA
Reverse TTGAGGACCTCTGTGTATTTGTCAA
SOX2 Forward GAGAGACAAGTAGAGGAGCAGTT
Reverse TGGCGAACCATCTCTGTGGT
STK3 Forward GTTCTGGCTTTCTGAATGTTGG
Reverse GACCTCTGGATTGTTATGGAGT
STK4 Forward TCTTGCCAAAGCTGTTGATCT
Reverse CAATGCAGAGGATGAGGAAGAG
TAZ Forward ATTCATCGCCTTCCTAGGGT
Reverse GGCTGGGAGATGACCTTCAC
TNNT2 Forward ACAGAGCGGAAAAGTGGGAAG
Reverse TCGTTGATCCTGTTTCGGAGA
YAP Forward ACGTTCATCTGGGACAGCAT
Reverse GTTGGGAGATGGCAAAGACA
U3 Forward TGTGGCTTGGAGTGACTGTG
Reverse TCATTGCCTCGCACGTAGC
U6 Forward ATGCACGCGGATCGAGTTT
Reverse TTCCTGCTTCGTATTAACATGCT
07 Forward CAGCGAGTGGACCAGATCC
Reverse CCAAAGAGGAGGTAGTGGCTATC
b 3 Forward GTGACCTGAAGGAGAATCTGC
Reverse CCGGAGTGCAATCCTCTGG
b 4 Forward GCTTCACACCTATTTCCCTGTC
Reverse GACCCAGTCCTCGTCTTCTG

3.13.2.4mmunofluorescence staining

Human PSGseededopolymericscaffolds were prepared for immunofluorescence to evaluate
cell morphology proliferationand pluripotencyBriefly, the samples were washed with PBS
then fixed with 4% paraformaldehyde (PFA2olysciences) for20 minutes at 4°C and
permeabilized in PBS (Thermo Fisher Scientific) contairir®9o Triton %100 (Merck) and

1% bovine serum albumin (BSA; Merck) for &tinutes. Bbcking was performed with 10%
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donkey serum (Merck) for 30 minuté&3ells were incubated overnight at 4°C with the primary
antibodies, followed bytheir Alexa Fluor 488, and 594conjugated secondary antibesl
(Thermo Fisher Scientific; dg/mL). The primay antibodies used to see pluripotency proteins
were goat OCT4Santa Cruz S@626 5eg/mL) and rabbit NANOG (Thermo Scientific PAL
097X; 10eg/mL), while those used to stain cardiomyocytes waoeise ACTN2 (Abcam EA

53; 5eg/mL) and goat X-2.5 (Santa Cruz Biotechnology-¥6; 5eg/mL). Nucleiwere
stained with Hoechst (33342, Thermo Fisher Scientific; 1:10000) for 1 minadyses were
performed using a ZEISS LSM800 confocal microscope (from ZEISS) and an Eclipse Ti
Microscope and NIgElements AR 4.11 Software (from Nikon).

3.13.3 Biocompatibility studies on ALLAP (BSTES) copolymeric system

The following biocompatibility studies were performed in the laboratoriéBiaian Anatomy
of theDepartment of Health Scienddniversity ofPiemonte Orientaléhanks to the scientific
cooperation withProf. Francesca Boccafoschi

3.13.3.1Humanendothelialcells culture
Human endothelial cells, EAy926 (ATCC® CRE2 922 E) wer e ocglutoseur ed i
Dul beccodés modi fied Eagledéds medium (DMEM) ad

and penicillin (100U/ml), streptomycin (100mg/ml), and ghitae (2mM; all from Euroclone,
ltaly) at 37°C in humid 5% Cgatmosphere. Cells (2*$#0 cn?) were cultured on controls
(polystyrene wells for MTS assay or glass coverslip for phalloidin stainingdmR&LA and

PLLAP(BSTES)2 films for 1, 3 and 7 days of culture. Tests were performed in triplicate.

3.13.3.2 Viability assay (MTS)

Cell viability has been measured using a colorimetric method (CellTiter 96® Aqueouds Non

Radioactive Cell Proliferation Assd@y Promega, Italy). The CellTiter 96® AQueous Assay is
composed of solutions of a novel tetrazolium compoun[3dimethylthiazol2-yl)-5-(3-
catboxymethoxyphenytp-(4- sulfophenyly2H-tetrazolium, inner salt; MTS] and an electron
coupling reagent phenazine methosulphate (PMS). MTS is bioreduced by cells into a formazan
product that is soluble in culture medium. The absorbance of the formazamctpsod90 nm

can be measured directly in-9&ll assay plates. The conversion of MTS into the aqueous
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soluble formazan product is accomplished by dehydrogenase enzymes found in metabolically
active cells. The quantity of formazan product as measuree layrtbunt of 490 nm absorbance

is directly proportional to the number of living cells. Briefly, at each time point (1, 3 and 7 days
of culture) cell culture medium was removed, and MTS solution was added into each assay
plate; after 4h incubation of cellsttv MTS solution, the UVvis absorbance of the solution at

490 nm was measured. Polystyrene wells were used as control.

3.13.3.3 Cell morphology: phalloidin staining

Cell morphology on the control as well as on PLLA and PLLAP(BSTES)?2 films was observed
through fluorescent microscopy (Leica Microsystems DM2500) Atrh@gnification. At 1, 3

and 6 days, cells were fixed in formaldehyde 4% for 60 min at room temperature. After rinsing,
phalloidini tetramethylrhodamine (TRITC) conjugated (Sigma, Italy) wasibated for 45

min at 37 AC in the diamidno2-pghenylindalei(DAPBwasusedt ai ni

3.14 Composting studies

Thebiodegradation experimentsm some copolymeric systerhave been carried out at 58.0 +
0.1°C. Compost was supplied by HerAmbiente S.p.A. (Bologna, Italy) and had the following
composition (as declared by HerAmbiente): organic carbon: 22.08% of the dry solid, humic
and fulvic carbon: 13.44% of the dry sol@N ratio: 12.97, pH: 8.15 and salinity: 2.88 dS/m.
Film specimens of abo®t0 x 20 mmwere employedEach sample waglaced in a 100 mL
bottle in between two layers of compost (20 g each). On top dfigperlayer, 10 mL of

deionized water were added.

3.14.1 Weight loss analyses

Prior to degradation experimentsgch sample wasgveighed to obtain the initial masst A
determined timpointstriplicate ecimens wereollected gently washedinder stirringwith

an ethanol aqueous solution (70% vol) and then with a SDS aqueous solution (2&hdol),
finally dried over POs under vacuum for 2 days to constant weight priorfugher

characterizationThe weight loss was then calculated using the following equation
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((miT my) / m) * 100 [39]

where naand m are the final and the initial sample weight, respectively.

3.14.2 Sanning electron microscopy (SEM)
Surface microstructuref the degraded sampless analysed by scanning electron microscopy
(SEM) on gold sputtered films glued with carbon tape on alumistaivs on a desktop Phenom

microscope (Amsterdam, The Netherlands).

3.15 Gas permeability studies

Barrier properties evaluation of the polymergestigated has bearonducted in the labs of
Agri-food Science and Technology Department, Universialdgna, thanks to the scientific

cooperation with Prof. Valentina Siracusa.

Permeability tests were performeddoypanometric method using a Permeance Testing Device,
type GDRC (Brugger Feinmechanik GmbH), in accordance to ASTM 48BDIN 53 536 in
compliance with ISO/DIS 15 105 and to Gas Permeability Testing Manofthe instrument

The equipment consists oftvchambers between which the film is placgfier a preliminary
high vacuum desorption of the system, tipperchamber was filled with the gased for the
test (COp, Oz or N2) at ambient pressure. A pressure transducer, set itowes chamber,
recordel the increasing of gas pressure as a function of time. The gas transmission rate (GTR,
expressed as chem mi? d? bar') defined aghe value of the film permeability tgas,was
determined considering the pressure increase in relation to timelkmde of the device.

All the measurements have been carriedusinigfood grade @ CQO, and N at 23°C, with a
relative humidity (RH) 00%, and agas stream of 100 cimin. The area of the film samples
was 78.5 cn? (standard measurement arda)some cases, permeability was checked also at
different temperature$( 10, 1535, 38,40, 45 and 50C) and different RH (85% at 23 °C and
95% at 38 °C).
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Experiments were performed at least in triplicate and resultpraxeded as the average +
standard deviation. Sample temperature was set by an external thermostat oA&Hlator
DC10K15 type (Thermo Fisher Scientific, Waltham, MA, USA).
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4 Results and Discussion

4.1Bio-based aromatic polyesters containing different glycolic lengtBubunit as potential
candidates for food packaging

Thechallengesurrounding plastic waste treatment are complex as well as urgent: these issues
are particularly serious in the case of plastic waste from food packaging. In fact, in this case
recycling is particularly limited, due to the mtiltiyered structures, and because of the organic
contamination with food. Therefore, viable and ldagn soltions are necessary to address

this growing environmental concern. In this framework, taking also into account that petroleum
is a noArenewable source, whose reserves are constantly decreasing, the major issue of
packaging research is the developmenttaride pr omofpil ast ot sbBbi i t hin
class of materials, polyesters from-2Bandicarboxylic acid (FDCA) represent an interesting
family: in particular, poly(ethylene 2firanoate) (PEF) represents a valid -based
alternative to traditioal PET with its considerably enhanced barrier performance as well as
attractive thermal and mechanical properties. The aim of the present study is to devote attention
to a family of fully bicbased polyesters obtained by combining FDCA with diols chaizete

by di e r e n €H2 groupd Bhe sobtdined materials have been characterized from

the molecular, thermal and mechanical point of view and compared with PEF. Barrier properties
to O and CQ gases have been also investigated for potentidicapgpns in food packaging.
Specifically, objective of this research is to evaluate the effect of glycol subunit length to
address the impact on material final properties.

4.1.1 Synthesis and molecular characterization

All the polymers under investigation were successfidiynthesized by twstep melt
polycondensation technique, according to the procedure reportatagraph 3.2.1.2 using
Ti(OBu)s andTTIP as catalysts and starting from the dimethyl ester. This last was prepared and
purified according to the procedure describeBaragraph 3.2.1.1. The molecular weights)M

and the polydispersity indexes (D) are lisiedrable 4.1 As it can be seen, athe materials

show a reasonably high molecular weight and quite low polydispersity, thus confirming the
good control over the polymerization process. The materials were also characterized from the
molecular point of view by means#i-NMR. All the spectravere consistent with the expected
structure, as no other additional peaks were preddote in detail, in case of PBF, the

met hyl ene protons of the glycolic subunit (4
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4.5 ppm, respectively, while thesingt of the diacid subunit was
PPeF spectrum, the methylene protons of the glycolic suf@ihitm), (4H, m) and (4H, t) were

|l ocated at 0 1.55 ppm, U0 1.82 ppm and U 4. 35
subunitwas | ocated at O 7.2 p,seeFiguk4g.16A and Pidule an d
4.22A respectively.

Table4.1.Molecular characterizatiotataof the homopolymers under study obtained by GPC analysis.

Polymer M (g/mol) D
PPF 30000 2.3
PBF 27300 2.3
PPeF 29600 2.4
PHF 28900 2.3

4.1.2 Thermal characterization

The thermal stability was evaluated by thermogravimetric analysis ysufernitrogen
atmosphereln Table 4.2 the temperatures corresponding to initial decompositi@h &hd to
maximum degradation rate{dy are listed. From the analysis of these data, it is possible to see
thatall the polyesterander investigation are highermally stablewith Tiq above 80 °C, apart

from PPF, which is characterized by lower thermal stability £T360 °C).As known, in
polymers containing 1;8 r o p a n-saiksion fteactiabarefavored[Soccio et al., 2009 (h)
Moreover,PBF, PPeF and PHF are characterized by the presence of lower amount of both furan
rings and ester groups for cha@mgthunit with respect to PPF.

As to the calorimetric analyses, yheere carried out on compression molded films, after three
weeks of strage at room temperature, in order to uniform the thermal history of the samples.
According to the data listed able 4.2for the homopolymersontainingglycols with an even
number of CH groups,the typical behavior of semicrystalline materials hasrbfound, with

a glass transition phenomenon followed by an endothermic melting peak at higher temperature
On the other hand, homopolymers containing glycols with an odd numbergirQkbs turned

out to be amorphousnore in detailsPPF ischaracterized by the presencdter the

endothermic stemf an exothermic peak followed by an endothermic one at higher temperature,
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with eHc = @ Wvhile PPeFshows only the endothermic baseline deviation related to-glass
to-rubber transition.

As it can be seen from Table 4.1 values regularly decrease as the glycolsuoib length is
increased, as a consequence of the higher mobility given by longer flexiblelmiatidition,

in case of polyester containing longer glycolic subunits, the nuoftstiff aromaticrings for
each chain unit is lower.

The nrelting phenomenon follows theell-knownodd/even trend, showing highes @ndadHm
values for the polyesters containing an even number of methylene gidup&ffect can be
ascribed to the redtion of symmetry that leads to less perfect crystals (lowgaiid hinders

the crystallization capability (lowexHm). This last feature is suppressed in PRe&t shows

just the  phenomenon.

Table4.2. Thermalcharacterizatiomlataof the homopolymers under study obtained by T&@ DSC

analyses.
| scan Il scan
Tid Tmax
Polymer e e Tg aCp Te aHe Tm aHm Tg aCp Te aHc Tm &aHm

°C Jig°C °C Jig °C Jg °C Jlg°C °C Jg °C Jlg
PEF* 391 404 82 - - - 219 48 83 0.395 185 1 214 1
PPF 360 387 52 0361 119 7 169 7 52 0.359 -
PBF 382 404 n.d. 170 41 39 0366 109 33 169 33
PPeF 392 414 17 0.221 15 0.350 -
PHF 384 404 nd. 145 43 9 0359 56 33 143 39

*[Burgess et al., 2015

In Figure 4.1Tgand Ty are plotted as a function of the glycolic subunit length for the materials
under investigation and for terephthalic counterparts, added for sake of comparison. By
comparing the different glass transition temperaturegardless the different crystallipit
degreeijt is possible to notice that both the systems present the same behavigregeldrly
decreasgas the glycol suoinit length is increased. In addition, at the same length of the glycol
subunit, Tg benzene< Tg,furan, because of the diffent ring aromaticity/polarity ratio, although the
differences aréess pronounced as the glycol length is incredsepharticular, he higher § of
furanbased materials can be ascribed to the snaligles between the furan ring and the ester
group,which hinderring flipping. Another reason could be found in the higher polarity of this

kind of ring, which favourster-chain interactionsAs to the melting temperaturdaran-based
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samples preseribwer values than thosef their terephthalic counterpartbeing however
characterized by the same trer different balance of the main structural parameters
(symmetry, ring aromaticity/polarity ratio, intehain interactions and chain flexibility) inegh

two families has to be the reason of a less effective crystal packing irbfasad polyesters.

X —=— Furan
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m O --0-- Benzens

B RN
o ol o
.. .29

Temperature (°C)

)
Q@

01
1 2 3 4 5 6 7

Figure4.1l. Tgand T trendsas a function of glycolic subunit length fibre materials under
investigation compared to those of terephthalic §r€&F T.. powder from solvent casting)

4.1.3 Mechanical characterization

Determination ofmechanical properties of matesa of crucial importancéo evaluate their

suitability for specific applicatiom To evaluatethe mechanical response of the polymers
synthesized, tensileestswere carried outStressstrain measurements were performed on
rectangular samples@ x 5 x 0.3 mmpy measuring the variation of stressa function of the

strain appliedThe tensile testindata( e |l ast i ¢ modul wandBErainabreake ss at
(), are summarized ifiable 4.3and shown irFigure 4.2

Many factors affect the mechanical behavior of polymers. In partictiam dexibility (i.e. Tg

value)and ¢ yst al | i nin play d keg roke én the gtermination of mechanical
response.

As a general trend, elastic modulisandstress at brealt, decreas, whereaslongation at
breakUincreass with the glycol sukunit length

More in detail, PBF shosvsimilar values of elastic modulus and stress at braadthigher
elongation at break with respect to PPF. This behavior can be considered as the result of two

opposite factorsPPF is amorphous with higheg than BF which, in turn, is semicrystalline.
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As to PHF, is lower values o andis and highei with respect to PPF and PBF, can be
explained taking into account that although semicrystalline, it is in itserylstate at room
temperature. Among thimily of materials, PPeF is the most performing, with the lowest
values of E (almost 2.5 orders of ma@bitude
orders of magnitude | ower ), togegtdimorethan t h an
1700% This interesting behavior can be explained on the basis of its amorphoues stesi

asits Tg below room temperature. Surprisingly, it has to be noticed that it was possible to obtain

a freestanding PPeF film by compression molding, although thigmnaht as already said, is
completely amorphous and at room temperature is in the rubbery state, beyuf t$ TC.

Lastly, it has to be emphasized that liquid crystal polymers represent the most performant
barrier materials nowadays, demonstratinat tthe 2Dordered phase is the one that mostly

determines the exceptional barrier properties, even more thany3ialline phase.

Table 43. Mechanical characterization dathtained by stresstrain measurements.

Polymer E(MPa)  Cp(MPa) U% ( MP
PPF 1363+158 31+3 3+1
PBF 1131+160 37+3 3.6£0.3
PPeF 2.30+0.4  0.6+0.1 1762+203
PHF 906+34 22+1 42+4

~—~

??? Q%Q ¥ & ?‘3‘?

B E (MPa) M < (%) ® s, (MPa)
Figure 4.2 Mechanical characterization values for the materials investigated obtained bsaiEss

measurements.
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4.1.4 Gas permeability studies

Gas barriebehaviour of furarbased polymers was investigated23 °Cusingdry O, and

COzx gases to check the performance of the materials for potential applications in food
packaging.The Gas Transmission Rate (GT#lues which are an index of permeability
through the polymeric matriarelistedin Table4.4and shown irFigure4.3. In Table4.4the

GTR values to oxygen and carbon dioxide of PET and its foesed counterpart PEF are also
reported for comparison purposes, as well as Bibgaalues.

As it can be clearly seerll the polymers synthesized in the present sshiyw excellent
barrier ability, everbetter tharthat of PEF[Burgess et al., 2014; Burgess ef 2019, both to

O and CQ. As one can se&TR valuedollow an even/odd trendbeing the odd CkHnumber
containingpolymers more performing than the even@dmbercontainingones. As concerns
PEF, PBF and PHF, GTR increases witaglycol subunit length for both gaseshereagor

PPF and PPeF ampposite trend was evidenced: Gb< GTRepr

An opposite trend was also registered @i,/O. permselectivity ratio: it increases with the
glycol length for PPF and PPeF, whergésreducedor PHF with respect td®BF. Considering

all the samples, however, @Q> permselectivity ratio increases with glycol subunit length,
due to a reduced macromolecular polar character, with consequent decremessafiBiity

in the polymer matrix.

As these materials show outstarglrarrier performancetje presence of a 2Brdered phase

can be hypothesize@his assumption is supported by previous studiesdess et al., 2014

(b); Guidotti et al., 2018 (b); (c); Araujo et al., 2Q,l&hich already showed sonexamples
includingfuranmoieties as mesogenic growgpaonghe widefamily of main chain mesogenic
containing polymer liquid crystals (PLEs

In this view, in addition to disordered amorphous region, two kinds of ordered phases (2D and
3D ones) have to be considd. It is reasonable that, the development of one of them occurs at
the expense of the other, i.e., the lesscBZtalline samples could contain higher amount of
2D-ordered phase. As a matter of fattlte most performing®PF and PPeFwhich are
amorphous could be able to rearrange in mesophase regimamsthan PBF and PHF, which

are semicrystallineSyndroton measurements have beenentlycarried out to corroborate
this hypothesis in collaboration with a group of physic of matter of CSIC of Madrid. The data

acquired are going to be analysed and will be object of a future paper.
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Table 4.4.Gas transmission rate (GTRhd BIFdata forthe pdyesters under stughat 23 °C,using
0O and CQ asdry gas test.compared to those of PET and PEF.

Polymer GTRO2 GTRCO2 BIFO2 BIFCO:

PET ** 0.3630 1.37 1 1

PEF* 0.0702 0.171 5 8
PPF 0.0224 0.0288 16 48
PBF 0.10 0.19 4 7
PPeF 0.0013 0.0015 279 913
PHF 0.19 0.5 2 3

**[Hu et al., 200p
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Figure4.3. GTR valuesof O, and CQthroughpolymericfilms (T=23 °C) compared to those of PEF.

4.1.5 Conclusions
Novel fully bio-based polyesters containing furan ring and glycotwsub of different length
have been successfully prepar&tter the synthesis, a simple tvabep melt polycondensation,
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4 Results and Discussion

the obtained materials were characterizeth the molecular, thermal and meetical point of
view. In addition, gas barrier tests were carried out to check their potential application in the
field of sustainable food packagiag a valicdbio-basedalternative tdraditionalPET.

From the results obtained is clear thathe polyner final properties can @mply tunedby
playing on glycol sulunit length.

From the calorimetric dat# can be seen thatyValues decrease as the glycol subunit length
is increasedOn the other handma n d m\epldes show an even/odd tremsimilarly to their
terephthalic counterpart

From studies on mechanical properties, it emerges that simply by changing glyeslitsub
length is possible to get rigid as well as very flexible materials, all characterizewéroly
very good thermal stability, crucial characteristic during material processing.

Interestingly these materialare characterized bxcellent barrier performanggreserving at
the same time good mechanical properties. The reason of this behashalr,is typical of
polymer liquid crystals (PLCs) can be found in the presence afrdBred domains, the so
called mesophase, whose formation seems favweredin the lessrystallinesamples

In conclusion, bk the polymersunder investigatiortan be considered smart bioplastics for

sustainable and greéwod packaging applicatns which range from flexible togid packages
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4 Results and Discussion

4.2 Novel 2,5thiophenedycarboxylic acidbased material: ordered structures andtheir

impact on functional properties.

In response to urgent issues related to the research of newdrighmance bioplastics to
replace the traditional ones, based on fossil andremewable sources, a new {iased
aromatic polyester, poly(butylene 52hiophenedicarboxylate), PBTF was successfully
synthesized. PBTF was obtained starting fromtRiéphene dicarboxylic acid as well as its
dimethyl ester, and then the two samples were characterized from the molecular, thermal,
structural and mechanicagloint of view. PBTF gas permeability was also investigated to
different gases and at different temperatures, below and above its glass transition temperature.
Its gas barrier behavior was then compared with that of other already widely used polyesters,
like PET and PEF.

From the results obtained from calorimetric and diffractometric studies, it was possible to
hypothesize the presence of ainduced 2Dordered phase, calledesephase, responsible for

its outstanding barrier performances. From the compaws$ the two PBTF samples, the one
obtained by the diacid, the other starting from the dimethyl ester, it was evicted that different
ordered structures developed. Such ordered structures had a strong impact on the functional
properties (mechanical and bar ones). The observed different functional properties are the
result of a different crystallinity degree and amount of mesophasedition, he absence of

any crystallinityin PBTF sample obtained from dimethyl estallpwed for a significant
improvement of barrier behavidbecause o& reducec@mountof dislocationsthusleadingto

a more tortuous patthrough the polymeric matri¥-urthermore, PBTF polymorphismas
unveiled

The simple synthetic strategyombined withthe exceptionalunctionalpropertiesppennew

scenariogvithin the world of sustainable packagipglyesters

4.2.1 Synthesis and molecular characterization

PBTF was successfullynthesized by twstep melt polycondensation technique, according to
theprocedure reported iRaragraph 3.2.1.2 using(OBu); andTTIP as catalysts and starting
from 2,5thiophenedicarboxylic acid (TFDCA) (PB%&éu), or from its dimethyl ester, dimethyl
thiophenedicarboxylate (DMTFDC) (h_PBTH)MTFDC was previously synthesized and

purified, according to the procedure describeBaragraph 3.2.1.1. In this latter case, in order
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4 Results and Discussion

to check the effect of molecular whaigon functional properties, also a low molecular weight
PBTF was synthesized (I_PBTF), simply by stopping polycondensation reaction earlier during
the second polymerization stage. The addained PBTFs appeared as lightyellow solid
materials, while the pified samples looked like white flocculeBhe chemicaktructurewas
checkedoy H-NMR. The spectréFigure 4.4 did not reveal any impurities and confirmed the
expected structurevhich is the same for all PBTF sampl€kse molecular weights Mand the
polydispersity indexes D, obtained by GPC analysis, are list€dbte 4.5 As it can be seen,
PBTFacia and h_PBTF showed reasonably high and comparable molecular weights and narrow
polydispersity, thus confirminthat the synthetistrategyadogedallowed a good control over

the polymerizationFurthermore|_PBTF was characterized by a molecular wetgh¢etime

lower with respect tdh_PBTF(Table 4.5.
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Figure 4.4H-NMR spectrum of PBTF obtained Bij-NMR.

4.2.2 Thermal characterization

The thermal stabilitywas investigated by TGA undguure nitrogen flux. The temperatures
correspondingo thebeginningof degradation (dhse) and to the maximum weight loss rate
(Tmay are collected inTable 4.5 Both hgh molecular weight PBTBamplesdisplay high

thermal stabilityasthe degradation process ssabove 30°C. Weight loss occurs in one step
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4 Results and Discussion

and no residual mass was detected at 750 °C. In addition, no effect of the monomer used, diacid
or dimethyl estewas observe(lable 4.5. On the other hand, low MPBTF (I_PBTF) showed
a slightly lower thermal resistance, confirming the influence of molecular weight on thermal

degradatiorof polyesters Chrissafiset al., 200

Table 4.5Molecular weight anthermogravimetric data obtained by GPC and TGA, respectively.

Sample M n D Tonset T max

(g/mol) (¢ (O
|_PBTF 1400 1.7 367 391
h_PBTF 30600 1.6 391 410
PBTFacid 41400 16 391 411

The main thermal transition of polymeric powdersd®d of films (F) obtained by compression
molding, are shown ifigure 4.5 and listed in Table 4 ©®nly high molecular weight samples
were studied in form of powdand film, as the film obtained byiv molecular weight PBTF

was toabrittle for furtherfunctional properties evaluation.

Thefirst DSCscanturned out to belependent on molecular weight, starting raw materials and
polymer processingAs to powder samples, both appeared to be semicrystalline, probably
because of solvennduced crystallizationlue to purification process tti et al, 2014, with

a melting endothermic peak at about 150F@re 4.5A. Looking into more detail the DSC
traces, one can see that the endothermRBTF_P is located at higher temperature and is

narrowerjn agreement with the formation aimore perfect and uniform crystalline phase.
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4 Results and Discussion

Table 4.6 Calorimetric datdl and Il scanpbtained by DSC analysis

| scan Il scan

Sample T Phy Tee PHe Tm b Ty PG Tee PH: Tm kL
°C Jlg °C Jg °C Jlg °C J°Cg °C Jg °C Jg

|_PBTF_P - - - - 152 27 24 0.320 83 7 125 23
14
h_PBTF_P - - - - 147 33 25 0.320 93 23 7 23
14
h_PBTF_F - - 87 28 148 28 24 0.291 88 27 3 27
15
PBTFacia_F 51 4 - - 150 30 25 0.287 89 28 0 28

On the contraryabroader melting peak can be noticed for the high molecular weghg,
thusindicating a wider distribution of crystal size and perfection.

Acid— ’

--- | PBTF_P ; --- LPBTFP 3
—— h_PBTF_P i ——h_PBTF_P "B
——h _PBTF_F N ——h_PBTF_F V
— - 1
——— PBTF F ! 1 Acid—
|

——PBTF,__F "

Endo up
Endo up

30 0 30 60 90 120150180  -30 O 30 60 90 120150180
Temperature (°C) Temperature (°C)
Figure 4.5. DSGracesof |_PBTF_P, h_PBTF_/_PBTF_F andPBTFacia_F: A) | scan and) Il

scan aftemeltquending.

Focusing the attention on the films, it can be seen that the compression molding process
completely depressed the crystallization of h_PBTF_F, since its DSC trace shows an
exothermic crystallization peak during heating, whose intenstiyngoarable to that of melting

one at higher temperaturgH..= gHm). Conversely, the film of PBTF prepared from TFDCA

(PBTFacia_F) displays a semicrystalline nature, with the presence of a low endothermic peak
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4 Results and Discussion

(around 50°C), followed by an intense meltplgenomenon at higher temperature. In this case,
the filming procedure did not significantly affect the crystallization capability of REdTfF.

This evidence can be ascribed to the different raw materials employed in the synthesis: it is
presumable, indml, that TFDCA esterification helped removing impurities that act as
nucleating agents, thus favoring PBik-_F crystallization after molding.

Although not visible in the first calorimetric scan, the presence of the low endothermic peak at
around 50°C irthe h_PBTF_F sample cannot be excludedhe crystallization phenomenon
might have hidden thless pronouncettansition.

As to the llcalorimetricscan Figure 4.5B, carried out after rapid cooling from the molten
state,all the samplesunder investigation show comparable behavioMore in details, a
endothermal baselirghift, relatedto the glas$o rubbertransition can be noticed, followed by

a cold crystallizabn peak and a melting endotheatthighertemperaturedn all cases, except

for |_PBTF_P, the enthalpy of crystallization is comparable to that of métiHg: = gHm),

proving that the quenching procedure was effective ablé tosuppress the crystalktion

ability of the samples. On the other hand, | PBTF displayed a patrtially crystalline astare,
result of afaster crystallization rate. Thisehavioris due tothe easier folding of shorter
macromolecular chains present in this sample duringaihie cooling from the melt.

In order to better understand the nature of the low temperature endothermiurgsait in
PBTFacia_F sampleannealing treatmentgereperformed(at 65 °C, 100 °C, 130 °C and 145

°C, respectively)and thecorresponding traces are shownFigure 4.6A It is interesting to

notice that after annealing, this peak shifts to higher temperature, while the position of the
melting peak at highetemperature was not affected by thermal treatment. In addition, the
higher the annealing temperature, the sharper the peak and the more pronounced its temperature
shift: from 51°C to 78 °C, 109 °C and 140°C, respectively, suggesting an improvement of its
associated phase. Moreover, after annealing, the baseline deviation associated to glass transition
became fully visibleKigure 4.6A, thus allowing for the detection of, Twhich is around 30

°C. The calorimetric trace related to the highest annealinggetyse (145 °C) is characterized

by the presence of only one endothermic phenomenon at higher temperdtuespect to the

most intense peak of the other annealed samples.eVidence can beue towhetheran
improvement of therystallinephase coesponding to the endothermic peak located at 150°C

or to the development of a new ordered phase.
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The effect of the heating rate on the two endothermic pealss alsoevaluated,and the
correspondindSCtraces arshownin Figure 4.6B As it can be seethe position othe first
endothermic peak is deeply affected by the scanning rate, whereas the peak at higher
temperature is not influenced. As it is well known, melting phenomena are first order
transitions, which do not depend on theating rate. Conversely, the dependence on the
scanning rate indicates a second order transition, such as glass to rubber transition or
isotropization of 2Bordered phases, i.e. megbase. The presence of mgdwase has been
already evidenced for othpolyesters, such as PHRanet al, 2002;Keumet al, 2003 and
polylactide[Stoclé et al., 2010,Lv et al., 201}, although in these cases it devel@ter
straining and/or thermal treatment.

In addition the reversibility of this transitiowasalso verified by subjectind®BTFacid film to

the following thermal treatment: heating step 65, 100, and 130°C, each followed by
qguenching to-40°C and heating to the subsequent temperature of 100, 130, and 180°C,
respectively Figure 4.6Q0. Accordingto this kind oftreatment, the low endothermic peak
should disappear if associated to a first order transition. Conversely, it is still evident, with
progressive shift towards higher temperatures &eh cycle, thusonfirming the reversible

natureof this transition.

A)

145°C

RT ! !
L L L B L L L B BN L L L L L B B B LB L L T L B L B R B
0 20 40 60 80 100 120 140 160 180 20 0 20 40 60 80 100120140160180 -20 0 20 40 60 80 100120140160180
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 4.6DSC curves of PBTkis_F: (A) untreated and annealed (10 min at the indicated
temperatures) filmB) different heating rates (20 and 60°C/min, dotted lines represent eye gaides);

consecutive heating steps to 65, 100, 130 and 180°C.
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4 Results and Discussion

4.2.3Structural characterization

To shed light on the complex thermal behaviAX S analysiswas carried oubn the PBF
samples under studyny possible influence of molecular weight, starting raw materials and
processing on the development of ordered phasssalso evaluated

The X-ray diffraction (XRD) patterns of |_ PBTF_P, h_PBTF_P, h_PBTF_F and RBTF

are shown irFigure 4.7 together with the profile of a fully develop&dPBTF phasgwhich

will be described more in details later.

Apart fromh_PBTF_Fwhich shows @attern typical of a fully amorphous matesjaccording

to DSC trace Figure 4.5A, all other samples display some peaks ascribable to crystalline
domains.

As to PBTFacia_F, XRD patterndisplaysfew, broad peaks of low intensity overlappeith a
belshape intense background. The =R2@@nd®7st i nt
(d= 3.88, 3.60 A)while otherless intensp e a ks ar e =18d,dak Ed° (¢&=t10.12 d
5.8, 5.1 A)To improve this not cleatiffractometric pattern, PBTFIfn was subjected to tensile
tests (hereinafter referred to as fiheg it is known thattgetching is an efficient tool to induce
crystallization and, consequently, abtain a more perfedrystalline phase. XRD pattern of
PBTFacia fiber (Figure 4.7Aa) did not look like that of aypical 3D crystalline phaseyeing
characterized bywo partially overlapped broad reflectiohnscated at 16.7 and 24.2° (d= 5.3,
3.7 A). This kind of profile is typical of a roughly 2Brdered phasehereafter calledneso
PBTF. By comparingfilm and fiber diffraction profiles Kigure 4.7A it is possible to
hypothesizeghe simultaneous presence of a mpbaseand a crystalline one PBTFacia_F,

the formerbeing themajority fraction. Inaddition it seems thahemechanical treatmefavors

the formation of the mesphase over the crystalline one.
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Figure4.7. XRD patterns of PBTkis: (A) from bottom to top, fiber (a), film (b), well crystallized
sample (c) obtained by slow coolifrpm themelt; XRD scans performed at RT on untreated and
annealed (10 min at the indicated temperatures) film (B) and fiber (C).

The presence of meRRBTF in the film is supportealsoby DSC measurements carriedtaan

the fiber.This last has been subjectedhe same thermal treatmemeviously described for
the film: PBTFacia fiber shows indeedan analogous thermal behavior with respect to film
[Guidotti et al., 2018 (¢)

This evidence seems to prove ttie second order lotemperature endothermic pepkesent

in both PBTF fiber and film, islueto the mesghaseshowed inWAXS analysis. To verify
this hypothesisannealed PBT4iq films and fibersveresubjected to Xay diffraction analysis
and he orresponding XRD patterns asbownin Figure 4.7B and Figure 4.7@espectively.
As to XRD profiles of PBTFacia annealed film theyshowa progressive improvement of the
ordered phasehe higher the annealing temperature, the higher the sharpness, the definition
and the intensitpf the peaks located atd 23=1 and 26.9° (¢ 3.84 and 3.31 AMoreover,
several additional reflections atd 8.4, 18.2, 20.2, 22.2 and 24.8°%d.0.5,4.87, 4.39, 3.99,
3.60 A)become evidertFigure 4.7B.

The XRD profiles of annealed PBAdw fibersshow a similar tren@Figure 4.7Q. In this case
mesephasebecomes morperfect as thannealingemperatures increasedqup to 100 °C)as

the two peaka t =26d7 and 24.2° becamsharper and more intense.
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On the other hand, a decrease of the signal&t16.7°,relatedto the mesghaseas well as
the appearance of a shouldeRatf 26.6°,ascribableo the crystal phasean be seewhen
the annealing temperaturie of 130°C. Finally,at the last annealing temperatifet5 °C)
PBTFacid fiber shows a typicalsemicrystalline polymeprofile, with the two main sharp peaks
at2 ¢ 23.1 and 26.7°. These two peaks\asible alsan the XRD patten of a well crystallized
sample of PBTF, obtained by slow cooliingm the melt(Figure 4.7Ac). The XRD profile of
such sample isharacterized by twmainpeaks aR & 23.1 and 26.8° (¢ 3.84 and 3.32 A)
and severdkess intenseeflections a2 ¢ 8.4, 18.2, 20.2, 22.2 and 24.8°d.0.5, 4.87, 4.39,
3.99, 3.60 A). Hereinafter this phasél be referred to ag-PBTF.

As it can be seen frorhRigure 4.8 |_PBTF_P and h_PBTF_RRD profiles are completely
different from that ofPBTF. More in detailsthe profile of |_ PBTF_Rs characterized by
mainpeaks at @ = 15.6°, 21.1° and 24.9° (@ 5.7, 4.2 and 3.6 Apgether withsome others
less intense atoR= 9.25°, 19.2°, and 31.3° &9.5, 46, and 2.9 A, respectively).

This phasewas defined asb-PBTF. On the other hand, the XRD pattern of h_PBTF_P is
characterized by three peaks dt=213.9°, 16.2° and 24.8° (d 6.3, 5.4 and 3.6 Ajpgether
with othertwo less intense a2 8.2° and 21.2° (¢ 10.8 and 4.2 A).

Since this profiles notoverlagping with the above reported ones, the presence fafther

crystal form, hereaftaeferred to as-PBTF, can béypothesized

Intensity (a.u.)

\
\__ h_PBTF_P

@) N ]
Q —TN h PBTF F
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Figure 48XRDpatterns of PBTF pol y-PBIF) PBSR B YX) fully d
| PBTF. PO-PBTF), d) JBTP)BAdRE)hPPBTFOF.
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The thermal stability oftPBTF, b-P B T F -®BT&was checkedby subjecting the samples

to a thermal treatment resembling | and || DSC s¢kitaire 4.9.

As to UPBTF (Figure 4.9A), a significant enhancement of peak intensities ccas
temperatures increased, up to melting. Sinttas possible to sean evoltdion of the patterns
towards the profilgypicalof U cr yst al phase, it is possi bl
broad reflections present in the untreated PRi§Flm can be ascribed to this phase. After

melt quenching, during the Il scan, the sample, initially amorphous, starts crystallizing and
arrangi AP@TFilatticet he U

As tob-PBTF phase, it maintains its stability up to 120F@y(re 4.98. When furthe heated

to a temperature close to meltingpartial transformation ia-PBTF can beseen Thefurther

heating of the melt quenched sample indube crystallization o&-PBTF phase.

A similar behaviorwasd et e c t -@RITF Figure 4.9Q, sinceduring the first scan, the

typical peaksof gPBTFremainstable up to 120°C, and then decrease in intensity when higher
temperatures are reached. At 140°C, two peaks locat@ddat23:1° and 26.9° appear,
confirming the complete shift ta-PBTF phaseln this case too Il scafavorsthe partial
crystallizationof a-PBTF. According to alltheseresults it is clearthata-PBTF is themore
thermodynamically stablemong all PBTFerystalline phase

The sametemperature scans have been carried out also on PBTF Fitmen he results
obtained, it is possible to say that up to 100R@Qyre 4.10) mesephase peaks become sharper

and more intense as the temperature is increased, then from 140°C a small worsemieg.

At 145°C, which is very close to the melting point, a significant change in the XRD pattern
occurs, with a shift toward a pr eBTFl e whi ch
UPBTF is also the profile obtained subjecting amorphous h_PBT& the same thermal
treatment. Furthermore, its mechanical elongation reveals the presence of mesophase, as well
as in PBThkcd_F.

According to these result®BTF represents elear &«kample of how macromolecular chains
canarrangdn the solid state tproducemany differenfpolymorphscharacterized byglifferent
properties. The profiles of teethree different PBTF crystalline phases are very diffeael

easily detectable

However, although the shape of an XRD patisrstrictly related to the solidtate structure,

the profile deconvolution necessary for thdentification of parameters likeunit cell
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dimensions, symmetry and atom positions is quite difficult, especfalfsiin this caseahe

fiber diagram is not available.
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Figure4.9. In situXRD for A) PBTFaciq_F,B) |_PBTF_P b-PBTF)andQ h _ PBIPBTFRI ( o
scan and Il scan after quenching from the melt)

Intensity (a.u.)
15t scan

Figure 4.10In situXRD for PBTFRiq fiber (I scan and Il scan after quenching from the ynelt
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A possible strategy to solve this problenthe search of somanalogieswith patterns of other
polymers characterized by anparable chemical backbone. In tlsisenarip -PBTF was
compared withpoly(butylene furanoatelpBF and poly(butylene terephthalateBT (Figure
4.11).

A good match betweelrPBTFanda-PBT wasfound, sincethree couple of peaks present in

a-PBT profile can banerged in single peakgthi n  tPBTd- mfiern

| PBF
. I\ -
= [V e
< Il
N’ A |
>
S
B a-PBT
5}
—
=
| PBTF_P
B-PBTF

20
Figure4.11. XRD patterns of PBR}PBT, b-PBTF (I_PBTF_P sample) afidPBT (calculated).

A Rietveld refinementvas performed bysing a disordered chain where the sulfur atoms of
the thiophene rings statisticaldssumene of the two possiblerientatioxs Of course, it was
assumed thd#-PBTF crystal fractiorcould be structurally isomorphous &8PBT and it was
taken into accaut the intrinsic lower symmetry of PBTBgcause ofthe presence of a sulfur
atom irside the aromaticring, with respect to PBTConsidered all this, a good agreement
between observed and calculated data was fouredreBultobtainedareshownin Figure4.12
with refined unit cella = 4.56A,b = 6.59A,c=11.21A,a = 98.5°,b = 111.6°,g= 116.0°.
However the same approach could notuse d  f-PoB' T FU #RBTH, bexause ofack of
similarities withknown profiles of other polymers.
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20

Figure 4.12St r uct ur aPBTFsA) comparisanfbetvieen the XRD pattern of PBTF powder
sample (black) and calculated (red) from crystal data obtained by structure refirB)yreesketch of

the structure (atom codes: C=grey, S=yellow, O=red).

4.2.4Mechanical characterization
The influence of the different monomefdiacid vs. dimethyl esteemployed fothe synthesis
of PBTF on mechanical properti@gs investigatethy comparing h_PBTF_F performances

with those of PBTkid_F, measuredinder the same conditions.

25{ — PBTF, _F
——h PBTF F

gls- /
° 10- /

0 T T T T T T
0 100 200 300 400 500 600

g (%)
Figure 4.13Stressstrain curve of h-PBTF and PBTF films.

The resultobtainedare reported ifrigure 4.13Thetwo samples h_ PBTF_F and PBitk_F
show a similareongat i on, being58b+ 60 akd 535 + 50espectively On the
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contrary, areduction of50% of the elastic modulusandof2 0 % of t he gofr ess
h_PBTF_Fwith respecto PBTFcidq_F can be observe@7 + 3vs 89 £+ 7 MPa and 19.4 + 2.0

vs 24.5 £ 0.5 MParespectively. This behavior aa be explainedas due to the different
crystallinity degree of the two sample§able 4.9, being PBTkeq_F characterized by a
significant presence of crystalline domains, while in h_PBTF_F no crystallinity was detected.
In addition, both the mesophasealdhe temperature at which tensile tests were carried out can
be responsible for the high elongation at break as well as their good stress at break. In particular,
the measurements were performed at room temperature, which is agumelhing thathe
samples are not in a fully glassy state.

In addition,sinceno yieldwasrecordedijt is possible to say that PBTF shoth&rmoplastic
elastomeric behavipmakingthis polyesteparticularlyinteresting forapplications irflexible
packaging. Tl mechanicalresponseof PBTFis quite peculiarjn particularif compared to

that ofsomefuran-basedmaterials likePEF and PBAndeed PBF showdothyield and higler

elastic modulus, above 800 MPaoccio et al., 2016 M.; Zhou et al., 2014; Wu et al.,2201

Zhu et al., 201B Very high elastic modulysogether withbrittle fracture were evidenceébr

PEF, todJianget al, 2012;Siracusaz2017.

4.2.5 Gas permeability studies

According toliterature[Robertson2013, gas permeabilitys affected bymany factors, like

the molecular structure and symmetry, chain stiffness, degree of order, crystallinity and glass
transition temperature. Gas transmission through a polymer matrix is also dependent on the
tortuosity of the path, which imin is related to the amount of impermeatsiestallinedomains.

Taking into account all these factorbetinfluence of the different monomefdiacid vs.
dimethyl esteremployed foithe synthesis dPBTF ongas barriepropertiesvas investigated

by conparing h_PBTF_F performances with those of PRli_F under the same conditions.
From he GTR values, it was possible to saesignificant reduction oboth O, and CQ
permeability for h_PBTF_fith respecto PBTFciq_F. The performance improvemesiimore
pronouncedor CO, gas with about 7x lowering (0.0042 vs. 0.032)while O GTR was
reduced from 0.019 to 0.0030hn PBTF_Fwith respecto PBTFcia_F (about6.3x lowering)

Again, these resultsan be explained taking into accouhé presencein these samplesf

mesophase. In facas it is wellknown ordered structuredike crystalline or mesophasmes,
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are impenetrable to mogasesthanks to theihigh chain packing, while amorphous regions
areconsiderablynore permeable{edenqvist, 2012

Consequentlythe improvement of the barriperformances observed for h_PBTF_F compared
to those PBTkid_F can be explained with the presence of mesophase in h_PBTF_F too

In addition it can bealsohypothesized that the presencenfstalline domains in PBT&ia_F
limits the mesophase formation, as alreadportedin the literature for propene/ethylene
copolymergCavalloet al., 201} The complete absence of crystallinity in h_PBTHakor

the development of igheramount ofhighly packed 2Bordered structureshus leading to a
lower gas permeabilityfHedenqvist, 201]2 More in details, &r PBTFcid_F thenumberof
domain boundariess high because othe simultaneous presence labth crystalline and
mesophase domains, while a lower content of disclinations can be hypothesized for h_PBTF_F
in which crystalline phase/asnot detectedThe lower amount of disclinations lissponsible

for a more tortuous crossing path for both gases.

The effect of temperature on the gas transmission rate values was inve$tig®®dFaciq_F

sample. More in details, GTR measurements were carried oubf@@ and N gases at 5,

10, 15,23, 35, 40 and 45 °C, respectively. All the values obtained are listeabie 4.7and

shown inFigure 4.14A As expected, GTR is affected by temperature, increasing as the
temperature is risen. In particulatarting from23 °C, which is also near thg &f PBTFacid

(i.,e. 25°C), a sudden and considerable increase of the permeability was recorded for the
temperatures above; TConversely, a lower dependence on the temperature was observed in
the ranges-A5°C and 3%5°C. The lower GTR values in the rarg&5°C can be explained
considering that below g the chain segments have a limited mobility, with a reduced free
volume. Consequently, gas molecules must pass through a more tortuous path to diffuse through
the polymeric membrane.

However, it must be riwed that PBTF gas barrier performances are very goditeiantire

range of temperaturgboth below and aboveyTThis interestingresult can bascribed again

to the presence, together with the crystalphase of the mesgphasewhichis responsibléor

a denser packingf the macromolecular chairend acts as an additional obstadt® gas

moleculediffusion.
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Table 4.7.GTR valueof N2, O, and CQ in the range %5°C and pernrselectivity ratios for PBTkid
film (film thickness= 166 pum)

Temperature GTR (cm®*cm m?2d? bar?) Perm-selectivity
(°C) O N> CO; CO./02 CO2N2 N2/O-
5 0.016 + 13 0.016 + 8® 0.023 + 8P 1.4 1.4 1.0
10 0.017 +8E® 0.017 £+ 8F 0.024 + 13P 1.4 1.4 1.0
15 0.018+ 2P 0.018+2F 0.024 +3P 13 13 1.0
23 0.025+ 10B 0.023 + 3P 0.032 + 10P 1.3 14 1.0
35 0.035+ 13F 0.028+ 7 0.036 + 13 1.0 1.3 0.8
40 0.036 £+ 55 0.029 + 7B 0.036 +18E° 1.0 1.2 0.8
45 0.036 + 13B 0.029+ 7B 0.037 + 13 1.0 1.3 0.8

As to permselectivity ratios Table 4.7, they turned out to be dependent on the measuring
temperature, thus confirming the dependence of this parameter not only on the chemical
structure of the material, but also on the temperature at which the measurement is carried out.
[Siracuseet al, 2017.

In addition, by comparing PBThEd barrier properties with those ofherbio-basedolyesters

and traditional polyesters already widely used for packaging applicatimngossible to notice

that permeabilitiesto oxygen and carbon dioxidere well below those of PLA, PEF and

amorphous PET and comparable to those of PPF.
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Figure4.14 Gas transmission rate (A) and Arrhenius plot of GTR (B) in the rad@aG for CQ,
0O,, and N.

For temperaturesat whichno thermaltransitions inpolymers (.e. glassto rubbertransition)or
in the permeantsife. boiling point)occur, the dependencaf permeatioron the temperature
can be describeldy the Arrhenius moddiKomatsukaet al, 2009. More in detailsa linear
dependence ofhe logarithm of a transport parameter the reciprocal of the absolute

temperaturd/T can be expressed as follows:

P= Fb-Ep/RT [40]
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where P is the gas peeability (GTR), B a preexponential factor of permeation, Ehe
activation energy for permeation and R the gas constant.

Sincegas permeability changes acr®8BTFacia Tg, it can be supposed thaiwill behigher at
temperatureabove T than below | [Komatsukeet al, 2009. Therefore Ep, was calculated in
both the temperatures rangés15°C (below T) and 3545°C (above §), and the relative
Arrhenius plot is shown iRkigure 4.14BThe activation eneggvalueswerecalculatedhrough
alinear fitting of the experimental data (dashed lines)lmstedin Table 4.8As it can be seen,
the experimental data well fit the theoretical behavmrall the gases analyzeithusprovinga

good correlation between permeability and temperature

Table4.8. Activation energy of the gas transmission rate processfdiLand CQ, with the relative
R? coefficient(in brackets)

Temperature Ep (KJ/mol)
range (°C) Oz N2 CO:2
5-15 8.91(0.98) 10.65 (0.98) 3.73(0.99)
35-45 2.68(0.89) 4.21(0.93) 2.25(0.99)

For all the gases consideré&g},valueschangewith the temperature range considered, below or
above T, according to different trends. More in detailstiends for @Qand N are quite similar,
since a higher f&is recorded below g whereas in the range -3%°C a lower dependence of
GTR on the temperature can be seen (i.e. lower&nversely, in case of GOE, appeared

to be independent on being ab@rébelow T,.

Moreover, E value is deeply affectdoly the permeargize increasingwith the decrease of the
permeant sizeaccording tahe orderalready observed in literatur€, < O, < N2 [Fu et al.,
2019. Anyway, aboveTyg, the effect ofpermeant size on the activation enefgythe three
gasess less remarkabjeprobably because of the enhanced mobility of the macromolecular

chainswhich favorsgas flow
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4.2.6 Conclusions

Both low and high molecular weight bimsed ply(butylene 2,5&hiophene dicarboxylate)
PBTFwassuccessfully synthesized through melt polycondensasi@amting from diacid or its
dimethyl ester.

Molecular weight,kind of starting raw materials and processif@urified powder or
compressiommoldedfilm) were found taleeply affecthe structural behavian terms ofature

and amount of crystalline domainsw molecular weight macromolecules easily folded, while
esterification of TFDCA, by removing the impurities that can act as nucleating agents dur
crystallization, prevents crystallization process. In addition, the presence of three different
pol ymor ph sPBTF/b®®Bd IFy ®BTE, incaddition to the presence of-2iered
domains were det e cRBFRisthemosttheangdamicalystabte crystalat U
phase. Thanks t o-PBThiewaspogsibléd ta nefing theerystamsiructire of
b-PBTF.

More interestingly, PBTF shows peculiar mechanical properties, with its high elongation at
break and complete absence of gjgbgether with outstanding barrier properties, even better
than those of PEF, which is considered one of the most successful biopolyesters.

As to the exceptional barrier performances, these have been explained on the basis of the
peculiarstructural PBTF arrangement that allows the formation of th@2iered phase, i.e.
mesephase, and of 3@rystalline domains. Both together cause a dense chains packing, thus
hindering gas flow.

Most importantly, itwas demonstrated that by selecting dfefient starting material, i.e.
TFDCA or DMTFDC, itwaspossible tadeeplychange the mechanical and gas permeability
behaviorof PBTF,playing on the different amount of crystalline domains. These last not only

i nfl uen gealues bt hade aldo akeole in determining the content of mesophase
that, as already said, is responsible for the outstanding gas barrier performance of this polyester.
Indeed, the absence of any crystallinity maximize the amount of mesophase, leading to a
considerable reduan of both oxygen and carbon dioxide transmission.

In conclusion, the winning combination of excellent tensile and gas barrier properties make

PBTF avery promising candidate for sustainable flexible packaging applications.
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4.3 Effect of different aromatic ring on gas barrier behaviour: Poly(propylene 2,5
thiophenedicarboxylate)vs. Poly(propylene 2,5furandicarboxylate)

Recently, both academic and industrial interest is focused on the development of high gas
barrier bioplastic$o substitute the traditional fossihsed ones. In this view, a new{based
aromatic polyester, poly(propylene Zf5ophenedicarboxylate) (PPTF), has been prepared and
compared to its furabased counterpart (PPF). Both the materials were synthebizedih
two-step melt polycondensation, and were characterized from the molecular, thermal,
mechanical and structural points of view. Gas permeability behaviour to oxygen, carbon
dioxide and nitrogen at 23°C was evaluated, to check the potential appbcatithese bio

based plastics in the field of packagingoth the polyesters under investigation are
characterized bguperior gas barrier performandaesespect to PEF and PET. As to 3§as

test, gas transmission rate was measured also at different temperatures. In addition, the
permeability at different relative humidity was checked for both biopolyesters, the thiephene
containing one showing better performances than its fowatainirg counterpartMore in

details, the permeability #fPFsamplegot worsewith respect to PPTF one with the increasing

of humidity, because of the more polar nature of furan tmg@ddition, the different polarity

of the aromatic ring had an impact on ttrgstallizationcapability, which in turn affects
mechanical and barrier performances.

The simple synthetic strategy adoptas well aghe exceptional barrier propertissmkethese

new biobasednaterias potentialalternatives in thevorld of sustainale packaging materials.

4.3.1 Synthesis, molecular and surface characterization

Poly(propylene 2 hiophenedicarboxylat®PTF andPoly(propylene 2 Surandicarboxylat)
PPFwere successfullgynthesized through twstep melt polycondensation, according to the
procedure reported in Paragraph 3.2.1.2, ugi(l@Bu)s andTTIP as catalysts.

The asprepared samplesppeared abght yellow hard solid material]svhereaghe purified
ones weravhite floccules

The new polymers are characterized by the same glycolic subunit, differing hdmeties
diacid one which contairs furan ring in the case of PPF, thiophene one in PHREse two
aromatic fivemembered rings show different resonancergies, being of 6.2 Kcal/mol for

furan and 29.1 Kcal/mol for thiophene, respectively. Resonance stabilization of heteroaromatic
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rings depends in turns on several factors, and results in different molecular properties. As to the
ability of one of the hetera t o m éasnding @lactron pairs to participate in the aromatic
system, oxygen, which is highly electronegative, more difficulty shares itsbaaing
electron pair than sulfuConsequentlybecause ahe highe electronegativity of oxygen, the

furan ring is the Issaromatic. In addition, electronegativity of the heteroatoms is responsible
for a dipolar moment on the ring, directly proportional to the heteroatom electronegativity

(Figure 4.15.
SIe)

0.7D 051D

Figure4.15 Dipole moment vector of furan and thiophene rings

The molecular weights (M and the polydispersity indexes (D) of PPTF and PPF, obtained by
GPC analysis, are listed rable 4.9 As it can be seen, both the materials show a reasonably
high molecular weight and quite narrow polydispersity, thus confirming the good control over
the polymerization process. The homopolymers were also characterized by mi-4uiR
spectroscopy. Both the spectra, shownFigure 4.16 were consistent with the expected

structure, as no other additional peak can be detected.

R (I )
O/\/\O

9 o

a a
a

b

CDCl
| P

80 75 7.0 65 6.0 55 50 45 40 35 30 25 20
ppm

-132



4 Results and Discussion
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Figure4.16 *H-NMR spectrum afa) PPF; b) PPT®ith resonancassignments

According to WCA data listed iffable 4.9 PPF film is more hydrophilic than PPTF, as

expected on the basis of its higher dipole moment

4.3.2. Thermalcharacterization

The thermalstability of the polymers under study, as previously done for other materials
investigated in the present Thesis, was evaluated by thermogravimetric analysis (TGA). The
temperatures corresponding to the beginning of degradagiesand to the maximum wvight

loss rate Tax are listed inTable 4.9 while thermograms together with their corresponding
derivatives are shown iRigure 4.17 both the materials show good thermal stability, as the
degradation process occurs at 800 °C. The degradation procesaédppone step, and at the

end a residual weight of 6% was observed. By comparing the two samples, PPTF turned out to
be more thermally stable than PPF. The reason of this evidence can be found whether in the
higher resonance energy, in p to-dackbonding or in the lack of ring strain due to the longer

C-S bond in case of PPTF.
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Figure 417. Thermogravimetric curve (solid line) and corresponding derivative (dashed line) under
nitrogen flow for PPF and PPTF.

Calorimetric analysis wasarried it on PPF and PPTF samples, in the forms of powders
(PPF_P and PPTF_P) and films (PPF_F and PPTF_F). The relative thermal transition
temperatures are collectedTiable 4.9 while DSC curves are shownkigure 4.18

According to the data reported the Table 4.9, it can be seen that the two powders show
identical phase behaviour, being both samples semicrystalline, although PPF is able to
crystallize during heatingoncgimT s e x ¢ ece<deéhjl PR(TRasicharacterized byhagher
crystallinity degee thus indicatinga higher crystallizing ability with respect to PPF.

As to the glasgo rubbertransition, both § values arelocatedabove room temperature.
Moreover, T, of PPFis higher than that dPTF, despitethis latter ischaracterized by ligher
crystallinity degreeThis evidence can kaue to stronger interchain interactionghin PPF
macromolecular chains, as a consequence dfifer electronegativity of oxygen aton/
comparing powders to films, it can be notidbat he Tgs of the powders are higher thizose

of the corresponding filmsyhich is reasonableonsidering their higher crystallinity, due to
solventinduced crystallization.

By comparingte melting temperatuseof the two samples, the highey af PPTFwith respect

to PPFcan be acribedto a more perfectcrystalline phase, due to the higher mobility of
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polymeric chainsas well asthe higher aromaticity of thiophene ring, whiehhancechain

folding.

After quenchingrom the melt the two polyestersegardles®f whether they are ithe form

of film or powder,showeda different phase behavino PPF isindeed completely amorphous,

being the corresponding DSC trace characterized only by the baseline deviation related to the
glasstransition phenomenon, while PPTF is semicrystalline, as the corresponding DSC trace
shows the glass transition phenomenon followed by a cold crystallization exothermic peak and
an endothermic melting peak at higher temperature. As the heat of crystalligdbwer than

the heat of fusion, PPTF cannot be quenched in a completely amorphous state by rapid cooling,
under the experimental conditions adopted. This behaviour can be considered as a proof of the
higher crystallizing capability of PPTF with regpeto PPF. As to theglass transition
temperature of Il calorimetric scan, thase in line withthose ofthe Iscan(Tqof PPTF lower

than that of PPF

————— PPF_P A) PPTE P B)
PPF_F PPTF F

IT scan
IIscan -

Endo up
Endo up

| | I I |' |
0 40 80 120 160 200 0 40 80 120 160 200
Temperature (°C) Temperature (°C)

Figure4.18 Calorimetric traces ofA) PPF and3) PPTF powder and film (20 °C/min)$t&canand 2

scan after melt quenching.
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Table4.9. Molecular, thermal and mechanical characterizadimtaof PPFand PPTF.

PPF PPTF
MOLECULAR CHARACTERIZATION
Mn (g/mol) 30000 26300
D 2.3 2.3
WCA (°) 90+ 3 94+ 3
THERMAL CHARACTERIZATION
Thermogravimetric analysis
Tonset(°C) 360 373
T max (°C) 387 396
Differential scanning calorimetry
1stscan

powder film powder film
Tm(°C) 165 169 183 184
g Hh (J/9) 26 7 39 37
Tq(°C) 56 52 45 40
PG (J/g°C) 0.278 0.361 0,128 0.229
Tc(°C) 119 138 - 161
g Hc(J/9) 7 7 - 3
2nd scan

powder film powder film
Tm(°C) - - 183 183
g Hh (J/9) - - 34 36
T4 (°C) 52 52 39 38
PG (J/g°C) 0,361 0,359 0.315 0.227
Tc(°C) - - 104 101
P Hc(J/g) - - 30 31
MECHANICAL CHARACTERIZATION
E (MPa) 1363 +158 1419165
Us (MPa) 31+3 12+4
Ch (o) 3+1 2+0.5
GAS PERMEABILITY CHARACTERIZATION AT 23°C RH 0%
02-GTR 0.02248E?® 0.020214E°
CO2-GTR 0.02888E® 0.024F13E°
N2-GTR 0.01576E° 0.0120RE®
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4.3.3.Structural characterization

The crystal phaseof PPF and PPTF samples were analysed by meaKsray diffraction

(XRD) techniqueThe diffractometric ptterns arshownin Figure 4.19PPTF powder showed
mostevidentpeaks a2d = 9.2°, 16.3°, 17.9°, 22.5°, 24.1°, 26.6=(9.6, 5.4, 4.9, 3.9, 3.7, 3.3

A, respectivelyand crystallinity index Xof 46 (+3) %. PPTF filmshowed the maireflections

at2d =9.3°, 16.3°, 23.3°, 25.6%( 9.5, 5.4, 3.8, 3.5 A) ancrystallinity indexXcof 43 (£3)

%. The position and shape of the reflections of the two samples in form of powder and film are
so different to suggest the presence of two different crystalline phases. For this reason,
hereinater the crystalline phase of the powder will be indicated-8PTF, whereas that of

f i | mPPRAB. Adto PPF polymer, the film immediately after moulding shows a very poor
crystallinity (Xc= 3(£2) %). After an annealing treatment (45 minutelsl@rC), a considerable
increase in crystallinity (2= 31(x3) %) can be noticed. Moreover, the WAXS pattern becomes
very similar to that of PPF powder{X37(x3) %). PPF powder and PPF film therefore develop
the same crystalline phase, characterized &y meflections located @i = 10.2°, 16.4°, 19.1°,
22.6°,25.0°, 28.6° (correspondingde 8.7, 5.4, 4.6, 3.9, 3.6, 3.1 A, respectively).

From the comparison between PPF and PPTF, it can be evicted that the former sample is

characterized by a lower ctgdlinity degree, in agreement with calorimetric data.

PPF_Fann. |

PPF_P

Arbitrary units / counts

Pt
10 20 30 40 50 60
2 theta/°

Figure4.19 X-ray diffraction profiles of PPTF and PPF in form of both powder and film, and PPF

film after annealing for 45 min. at 110°C.
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Figure4.20 XRD patterns collected in situ at the indicated temperatures for iPRAE form of A)
film and B) powder.

In order to investigate the thermal stability of the two different crystal phases of PPTF present

in the powder and in the filnm situ XRD measurements were performed. As it can be seen in

Figure 4.20 during F' scan both samples show their own crystal phase up to melting point,
without any phase transformation by segiolid transition. Conversely, during®scan, after

quenching fromthe molten state, the powder samptégqre 4.208 shows the crystalline
profile char-aotmri shus etiggbetbng that b cry

stable.

4.3.4. Mechanicakharacterization
Tensile measurements have been perforameldoth PPF and PPTF films test the suitability

of thesematerials for the intendagse Thevalues ofelastic modulug, stress at brealk, and
elongation at breal¢ are collected iTable4.9.

As it can be seen, PPTF is characterized Bijghtly higher elastic modulusith respect to
PPF (419+165MPa vs.1363 £158MPa). This evidence cape explainectonsidering the
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crystalline phaseresent in this sampl®n the contrarythe stress at break of PPF is 2.5 times
higher than that of PPTEB1 + 3MPa vs.12+4MPa), as a consequenceitsfhigher T value.

As to the elongation at breakt turned out to be very simildor the two sampke under
investigation No significant effect of kind of ring on the mechanical properties has been thus
evidenced. Lastly, PPF and PPTF showed similar characteristics, in terms of elastic modulus
and brittle fracture, to those of PEF.

4.3.5. Gagpermeability studies

Gas barrier performanced PPF and PPTF were evaluat@d23 °Cusingdry N., O, and
COz gases to check the performance of the materials for potential applications in food
packaging.The GTR values normalized for the sample thickresslisted in Table 4.9
According to the values obtained, it is clear thath the polymers undeinvestigationare
characterized by outstanding barrier performanbetier than those of PEBrgesset al,
2014 Burgesset al, 2019 andcomparable to thseof PBTF[Guidotti et al., 2018 (¢,

The excellentbarrier properties ahe family offuranbased polgstes are supported hyoth
structural and dynamical studjeghich show that the furan moiety is capable to hinderitige
flipping [Burges=t al, 2014 (b] as well as to limit the suglass local dynamicsienoveset

al., 2019. The gasflow is limited alsobecauseof the establishment of €@ AAAO i nt er ac
amongadjacent segments of tpelymeic chain.As described in literature for PERraujo et
al., 201§, the intensity of these interactions is higher when FDCA subunits are isythe
conformation. It is plausible that the glycol methylene groups number can affesyintaeti
conformation ratio: in particulathe presence of an additional £group in the PPF glycol
subunit with respect to PEfhe, couldoromotethesynconformationof FDCA, thus increasing
the amount o€C-H A A A O i randanpraving thedoarrser properties of PPF.
Moreover,according tdhe experimental data, for bd#PF and PPTF samp]&30; turned out

to bemore permeable tharp@nd N, asalreadyobserved for other similanaterialgpreviously
investigated[Genovese et al., 2014; Guidotti et al., Z)1as a consequence of the lower
diffusivity andhighersolubility as thepermeant sizés decrease@CO, molecular diameter =
3.4 A, O, molecular diameter 3.1 A andN. molecubr diameter= 2.0 A, respectively)
[Robertson, 2013 Neverthelessthe GTR valuesto oxygen and carbon dioxide were not so

different,similarly to PEF[Burgess et al., 20],5since he polamatureof furan and thiophene
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unitsis responsible foa high affinity {.e. solubility) betweenCO, moleculesand polymeic

matrix.

As to the differences in barrier performances between PPF and Bi@§E can be explained
taking into account that PPTF film s&micrystalline whereas PPF one is amorphAast is

well known [Jamshidian et al., 20],2crystallinity, chain polarity and flexibility, molecular
weight and its distribution are all factors that can affect barrier behaviour. In this casgidhe

of crystallinity is particularly important, since it limits chain mobility, thus hampering gas
diffusion and permeation. Generally, as polymeric crystals are impenetrable to gas molecules,

high-crystalline polymers are high barrier materials.

4.3.51 Activation energy

As it is well knownfrom literature permeabilityis influenced bytemperature according to an
Arrheniustype equation[Siracusa 2012; Schmid et al, 2015, which shows howGTR
exponentially increases # temperatures increased. gtivation energy (B is a measure of
the energyamountneede to start the permeation process. By plotting th&IiR as a function

of the reciprocal temperature 1(ih K), a lineartrendcan beobtained. The activation ergy

can be calculated fromhme value of the slopeE#/R) of the Arrheniudine, where R is the gas
constant.

In the present studyh¢ activation energy for G@as testvas evaluated, beirg2 KJ/mol and

20 KJ/mol for PPF and PPTF, respectively 9.9, for both samplesThe higher activation
energyof PPF can bascribedo the higher polarity of furan ring compared to thiophene one,
whichis responsible foa higher affinity ofCO, molecule

Lastly, it is worth noticing that the values calculated for the polymers under study are of the
same order of magnitude as PEF value (23.7 K)/fBolrgess et al., 2015

4.3.5.2 Influence of relative humidity on the gas transmission rate

The effect ofbothRH and temperature on the gas transmisgaues was evaluated, in order

to explore the possible application of these new materials in different environmental conditions
(i.e. temperate and tropical climatds)Figure 4.21the GTR valueswith RH of 85% at 23 °C

and of 90% at 38°Crespectively are shown These conditions were chosennamic the
standard anthetropical ambient, respectivelyy agreement with th&as Permeability Testing

Manual[Gas Permeability Testing Manual04q.
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The results obtained evidendadure 4.2) that the GTR values of both PPTF and PPF films
increase as RH is increased, as already reported in literature for other polyofensd et al.,

2015; Vandewijngaarden et al., 2014; Hedenqvist, pOke water vapor molecules that cross

the polymer matrix can acts as plasticizer, leading to an increase of polymer free volume and,
consequently, to an increment of permeabilityfidewijngaarden et al., 201 A his behaviour

is more evident in case of2Mnd Q. The less pronounced effect for ¢ @ probably due to

the higher affinity (solubility) of this gas with both polymeric membranes. It must be noticed
that both furan and thiophene rings are polar moieties andr@{@cules are characterized by

an nduced dipole moment.

In Table 4.1@he GTR increment, expressed as percent watdpect to the value determined at
23°C and 38C and 0% RH, is shown for both polymers. At 23°C, the major increments of
GTR is recorded for PPF, probably becaus¢hefhigher plasticizer effect of water. Indeed,

PPF chains are characterized by higher polarity, with respect to those of PPTF, as evidenced by
the higher dipole moment of the furan ring. Conversely, PPTF film shows excellent resistance
to humidity.

An opposite trend was registered at 38°C since this temperature is very close to PPTF glass
transition temperature. At this temperature, indeed, macromolecular cooperative motions occur,

with aconsiderableaise of free volume, arttiereforeof frequency of gadiffusive jumps.

Table4.10 GTR increment, expressed as percentage, at 23°C and 85% of RH and at 38°C and 90% of
RH.

PPF PPTF
Gas 23°C, 38°C, 23°C,  38°C,
85%RH 90% RH  85%RH 90% RH
N2 +123  +75 +109  +167
02  +77 +60 +3 +96
CO: +23  +15 +17  +30
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Figure4.21 GTRvaluesat 23 and 38 °C 0% RH, at 23°C and 8B¥, at 38°C and 95% Rfdr A)
PPF and B) PPTF

4.3.6 Conclusions

Two 100% biebased aromatic polyesters were synthesized bgtgmmelt polycondensation,

a solventfreeand simplesynthetictechnique which can be eassigaled up at industrial level.
Thetwo materials under investigation present the same glycolic subunit, buditfezyn the
diacid one: PPFis characterized by the presence fofan ring, whereasPPTF contains
thiophene oneMore in details, tiophene ring is characterized by higher resonance energy, and
lower dipole momentvith respecto furan ring These feates are responsible for different
solid-state propertiedeingPPTF more thermally stableharacterized by a lowdiy and by
highercrystallizing abilitywith respect to PPF. The differemttercaromatic five membered
rings affect alsothe barriebehavour, although both samples turned out to be outstanding in
terms of permeability performances (being eweiperior tothose of PEF. However the
measurementsarried outat different RHhighlightedthat the gas transmission incresasRH

is increagd, with a more pronounced increment in case of RPE3°C, due t@ stronger
plasticizer effect of water because of tiighe polarity of furanring compared tahiophene

one. An opposite result was obtained at 38i¢his caseRPTF turned out to be leggerformant

than PPFas he temperature of 38°C, whisimulatedropicalatmospherd, s ¢l ose t o
Tg, andconsequentlya considerabléncrement of free volume oars.

In conclusion, boththe biopolyesters hene presented PPF and PPTIEan be considered
excellent candidates f@pplications insustainable packaging, PPF being preferable in areas

with a ropicalclimate, PHF intemperatagegions.
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4.4 New multi -block 2,5furandicarboxylic acid-based copolymercontaining PEG-like
sequences fosustainableflexible packaging

A novel bio-based multi-block poly(ester urethaneP(HFTEF}CE containing 2,5
furandicarboxylic acidalong its macromolecular chain was synthesized through chain
extension of two hydroxyerminated prepolymers, poly(hexamethylene furanoate)®BF

and poly(tryethylene furanoate) PTHI, for possible applications in the fiedéflexible food
packagingHomopolymer PEFCE was also synthesized for sake of comparison. Molecular,
thermal and structural analyses evidenced that copolymerization had a strong impact on solid
state as well as on functional properties. In particular, the molecular architeciygea May

role in determining a faster degradation rate, an improvement in flexibility and gas
permeability. Indeed, the alternation of the two different prepolymeric units, one "hard" (PEF
OH), the other "soft" (PTEP®H), permitted to obtain a tenaciouaterial with a high melting
temperature (due to the high crystallinity degree of the hard segment), characterized by a low
elastic modulus and an improved elongation at break (thanks to the presence of the soft
segment).

In order to evaluate the potenttgliof these new materials for applicatioimsthe field of
sustainable flexible packagingas permeability behavim to oxygen, carbon dioxide and
nitrogen at 23°Gvas evaluatedBoth the polyesters undenvestigationare characterized by

gas barrier performancesmparable to those of PEF and PET.

4.4.1 Synthesis, molecular and surface characterization

OH-terminated Poly(hexamethylene furanoate) FBHF and poly(triethylene furanoate)
PTEFROH were synthesized by twsiep melt polycondensation, according to the procedure
described in paragraph 3.2.1.2, usinfPBu)4 as catalystThe chemical structura@s well as

the actual composition and the average molecular weight of the hydeswyhated
prepolymersywere determined b¥H-NMR spectroscopy.

In Figure 4.22A and Figure 4.22Be'H-NMR spectra of PHFOH and PTEFOH are reported,
respectively, together with thpeaks attributionBoth the spectravere consistent to the
expected structuréhus allowing the exclusion of any side reactions during the polymerization.
At lower fields, the peaks related to the aromatic furan ring can be detected fiftzgons ati

7.20 ppmof PHFOH and thea itonsatti 7.24 ppmof PTEROH. In the region in between
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01.48 andi4.35 ppm, the signaktributable to the glycol subunit can be observed. At higher
tivalues, the peaks of the methylene grougdposition to the ester oxygen can be found: b at

14.33 ppm in case of PHBH and e ati4.50 ppm for PTEFOH, respectively. The remaining

protons related to glycol subunit are located at higher fields. Maletails the ¢ and girotons

of the hexanediol moietyan be detecteat i 1.78 andi 1.48 ppm, while the f and g protoak

triethylene subunitire locatedht U 3.70 andli 3.80 ppm.In addition,the less intense signals
ascribable to the methylene protonsUrposition to the terminal hydroxyl groups are also

present buB . &6t8 p p mu3dbppm, BrAPHEOH andPTEFROH, respectively.

From the'H-NMR spectra, it was possibédsoto calculate thelegree of polymerization (DP)

and the average molecular weight,jNMor both the prepolymer#\s to DR it was calculated

from the relative areas of b protons of centrekanediol(l) and bdéd protons of
hexanedio(l, yfor PHFOH, whereas the relative areas of e protons of cetniethylene glycol

(lkand ed protons of (l&wemeiused for PTEDH,capplyiggEgnn e gl vy
[33].
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Figure 4.22H-NMR spectrum ofA) PHROH andB) PTEROH prepolymers witlpeaksassignment.
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The sc-obtainedDP (23.3 for PHFOH and 17.4 for PTE®H), was used tocalculatethe
average molecular weight ¢Maccording to Eqn. [34]The M, values calculated byH-NMR
analysis wer®&668g/mol and4860 g/mol for PHFOH and PTEFOH, respectively

In the*H-NMR spectrum of P(HFTEFEE copolymeythe presence of three less intense peaks
ascritableto the chain extender HDI, can heticed, besde the resonance peaks of both the
hydroxytterminated prepolymers. The signal of the z methylene groupgasition to the
nitrogen atom ail 3.10 ppm (4H, t) and the peaks of the w and y protofisl&20 ppm (8H,
m) were evidenced.

In addition,actual composition oP(HFTEF}CE multiblock copolymemwas calculated from
the relative areas dhe b and e peaksorrespondingo the hexamethylene and triethylene
subunits, respectivelyT@ble 4.1). The actualveightcomposition was very close to tfeed
one(HF: 54.4wt%; TEF: 45.5wt%).

The amount othain extendeHDI insidethe polymer chaimwas estimated from the peak
intensity with respect to b signal integral for RBE, while to the sum of b and e peaks
intensites, for P(HFTEF)}CE. For both the chain extendbeajh molecular weighpolymers

the HDlamount wasbout3%.

Table 4.11Molecular, structural and surface characterization data.

~

e — HF HF H Xe WCA
(mol %) (Wi%) (di/g) (%) )
PHF-CE 100 100 1.43 502 109+1
P(HFTEF)-CE 57.5 54.4 1.52 21+3 1002

Intrinsic viscosity measurements were carried out on th@hmultiblock polymers, PHEE
and P(HFTERCE, according to the procedure reportedPeragraph 3.3.3As reported in
Table 4.11thed values are high and comparaltleisprovingthe optimization of the synttie
process

Water contact angle measurements were performed in order to chegakyimerwettability.
The WCA valuesare listed inTable 4.11, while in Figure 4.28ages of two drops on the
polymeric films are shownTheseresultshighlight thatthe introduction otwo ether oxygen
atomsalongthe glycol subuniis responsible foa reduction of WCA oflaout10°,thus proving
thehigher hydrophilicity and wettabilitgf P(HFTEF}CE copolymerwith respect to PHEE
homopolymer
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Figure 4.23WCA images for A) PHFCE and B) P(HFTEFLE.

4.4.2 Thermal and structural characterization

Thermogravimetric analysis (TGA) undqmure nitrogen atmospheravas performed to
determire thethermaldecomposition temperature of the materials under studye Matetails,

the temperatures corresponding to the 5% of weight lasg @hd to the highest degradation

rate (Tmay are listed inTable 4.12 These data are of particular importance since their
knowledge allows material processing, avoidipgtential problems related to thermal
degradation processes.

TGA curves are shown iRigure 4.24 From the results obtained, it is possible to say that both
the materials are characterized by an excellent thermal stability, beiapdve 300 °C for
boththe polyesters. In addition, according to the Values, the introduction of the triethylene
subunit inside the macromolecular chain makes the thermal degradation starting at lower
temperature. This result suggests that at the first stage the degradatiess mainly involves

ether oxygen atoms, which are not present in HF segments. Conversely, at higher temperatures,
particularly around fhax, no significant differences between the two samples can be detected,
being Tmaxthe same for both PHEE and P(HFEF)-CE (407 °C). This result indicates that at

this stage degradation involves subunits which egegnt in both the repeating units, probably

the ester groupsCOOR-. Last for boththe materiala 100% weight lostakes placeven in

nitrogen inert atrasphere.
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Figure4.24.TGA curves of PHFCE and P(HFTEFLCE obtained undeN, atmosphere.

Calorimetric analysis on compressionoulded films vas carried outafter 30 days of
permanence at room temperature. Thige is necessary to standardize the thermal history of
the materials undeinvestigation as their glass transition temperaturise below room
temperatureln Table 4.12the calorimetric data of | aritiscans for all the samples are listed,
while Figure 4.25 shows the calorimetric traces of | and Il etahe chain extended films,
PHFRCE and P(HFTEFLCE, together with the | scanurve of the same films subjected to
mechanical stretching.

As it can ke seerfrom thedata listedin Table 4.12 both hydroxylterminated prepolymers
PHFROH and PTEFOH are semicrystalline in the first scan, wiin endothermic baseline
deviation related t@¢ (equal to 20 and 11 °@gspectivelyandan endothermic peak at higher
temperature due to the melting of the crystalline phaseTthalues arel47 °C ¢Hm = 51
J/g) and 76 °CoHm= 35 J/g), for PHFOH and PTEFOH, respectivelyThe introduction of
two ether oxygen atomaithin the glycolic sbunitis responsible foa decreasén the chain
stiffness (.e. Tg decreases)sawell as inthe crystallization abilitybeing bothTm, and gHm
reduced. This lagtendis also confirmed by the tdalorimetricscan sincePHFOH cannot be
blocked intheamorphous state bgquenching from the meglbeing characterized by the presence
of both the glasgo rubbertransition and the melting phenomena), while PTEHF was

successfully quenchdd shows only the step of the glass transition).
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Table4.12 Thermal characterization datataimed by TGA and DSC analyses.

| SCAN Il SCAN
TS% Tmax

Polymer o oc Tg Pe Tm oH  Tg me Te @H Tm kL
°C Jig*°C °C Jlg °C Jg*C °C Jg °C Jig
54 5
PHF-OH 20 0.165 147 51 18 0.122 - - 145 40
PTEF-OH 11 0.243 76 35 9 0.550 - - - -
PHF-CE 360 407 19 0.084 o5 3 18 0.155 - - 141 38
' 140 44 '
54 3
P(HFTEF)-CE 330 407 7 0.364 135 20 13 0416 63 7 136 17
PHF-CE* 20 0.127 48 3 18 0.198 - - 140 35
' 141 49 '
P(HFTEF)-CE* 8 0.267 47 2 13 0.318 - - 136 16
' 138 30 '

*film after mechanicastretching

Astothe multiblockcopolymers, also in this case, tihecan calorimetricurves(Figure 4.25B
are typical of semicrystalline materialshowingin addition to the endothermibaseline
deviationrelatedto the glass transition, two melting endotherms at higéemperatureln
addition,the chain extended homopolynf@d~CE doesnat present remarkablehanges with
respect tdts relative prepolymePHFOH. Conversely, opolymerizationdeeply affectdhe
crystallization ability of the TEF segmentghich is suppressed in the multiblock copolymer
in fact, the | scan DSC curve of P(HFTEEE copolymedoes noshow anyendothermic peak
due to the meing of the PTEF crystal®eing,on the contrary, very similar to that of PHIE.
Moreover, it must be highlightetiat the T, values ofbooththe chain extendegolyestes, for
thetwo melting phenomena at 55 and 140 &€ very similar, thusonfirming he multiblock

natureof the copolymer.
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Figure4.25.Calorimetric curves o) PHRCE andB) P(HFTEF)YCE multiblock polymers: 1 and 1l

scan of the as moulded film (f) and the | scan of the film after mechanical stretching (s).

However,the copolymerizatioreffectis clearif the associated heatln) is consideredin
particularin the case ahe endotherie phenomenoat higher temperature, whiechdecreased
from 44 J/g inPHRCE to 20 J/g inP(HFTEF)}CE. This drop can be ascribed tmth the
reduction of the crystallisable Hfoieties and to the presence of the TEFurits which
hamperthe folding of the HF segments artdereforelimit the formation of crystaldt is also
interesting to notice thahe value ofgHm related tothe endotherm phenomenomt 55 °C
does notchangeby copolymerizationbeing3 J/g for boththe materialsAccording to his
result it seems thathis peakis not dependenon thekind of glycolic subunit(hexamethylene
vstriethyleneglycol).

In order to study the thermal transitsmof the samples in a complete amorphous state, a second
calorimetric scan was performed after quenching from the melt. In fact, as it is well kanown,
semcrystalline material generally shows a different behawath respect téhe same material
but in a complet@morphousstake. Although conflicting resultare reported in the literature
[Minakov et al, 2004, it is commonly acceptethat crystallinity acts as physical cradgss,
causing an increase iny Values.

For this purposd] calorimetric scans on the samptasencledfrom the meltwere performed,

the corresponding tracéging shown irFigure 4.25As expectedyhile the Il scan curve of
PHFCE homopolymer isquite similar to the | scanong Il scan traceof P(HFTEF)}CE
multiblock copolymer considerabthangesfter melt quenchingMore in details in addition
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to the step of the glass transition at 13 °C and the melting peak at 136 °C, P(HFH BERQws

a crystallization exotherralfway between § and Tn (Tc = 63 °C). Ths peak indicates that

after Ty the polymer chains amapble to organize themselvesarderedcrystallinestructures,

which melt a@ higher temperature. HoweveinceqHm> qHc, it can beassessethat not even
P(HFTEF}CE could betotaly quenched under the experimental conditigndiad.

Although both the chain extended materials shaseraicrystallinebehaviouy by comparing

their different st is possible to notice thahe introduction of triethylene subumiiows for
anincreag inchain mobility.Indeed the Tg of the copolymeis comprised betweethose of

the two prepolymersTg preron < Ty pHFTERCE < Tg PHROH).

As to the film subjected to mechanical stretching, from the data colleciedbia 4.12and the

DSC curves shown irfrigure 4.25 it can benoticed that mechanical treatment does not
substantially affect the thermal transitions in the case of homopolymer, while it is responsible
for a slight increase in melting enthalpyHm) for the copolymer, thus indicating a further
crystallization of thgolymeric chains, due to stretching.

In order tobetterunderstandhe nature of therystalline phasen the multiblock materialand

to investigatethe origin of endotherms evidenced B$C, diffractometric wideangle Xxray
scattering analysi@VAXS) wasperformed.

The diffractionprofiles of boththe filmsandthe stretched fibers of PHEE and P(HFTEF)

CE block polyestersare shown inFigure 4.26 The film profiles are characteristicsof
semicrystalline materialscontainingsome weHldefined refledbns, typical of the ordered
portion of the materialpverlapped witha beltshaped baselingglatedto the fraction of
amorphous materialAs it can be noticedthe patternsof the two filmsshowa very similar
profile, thus indicating thepresence of #1same type of crystalline structure in bdtie
materialsi.e.the crystalline lattice of PHReverthelesghe ratio betweenrystalline portion

and the bellrelated tothe amorphous fraction considerabthangesin the multiblock
copolymerwith respet to the homopolymerMore in details as t can be seery the
crystallinity degree Xc) valuescalculated from the WAX@nalysisandlisted in Table 4.11
Xcremarkably decreases after copolymerization. This behaviour agrees with the decrease of the
melting enthalpydH») r el ated to the peak at the highes
DSC analysis. In this framework, the lowest endothermic peakiothé or i met ri c tr a
°C) could be due to the melting of crystals with the same lattice, but Wdtveat degree of

perfection althoughthis hypothesis does nexplainthe reason why the enthalmiated to this
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process isiot affected byopolymeriation (Table 4.12. In order to clarify this point, WAXS
analysis was also carried out on the films previously subjected to mechanical stretching.
According to the profiles shown Figure 4.26 both WAXS spectra of theomopolymer and

the copolymessubjeded to stretchingignificantly change with respect to the initishmples,
showing two well defined anguitelarge peaks at®= 16° and 24 ; respectively Thisresult
suggests the presence of-BRlered regions, generally referred taresophase. As shown in

the present Thesis and in some recently published papers, the presence of mesogenic aliphatic
(cyclohexane) and aromatic (furan and thiophene) rings can give rise to this kind of ordered
structuregGuidotti et al., 2018 (a); (bj¢); (d)]. The presence of these domains, wtuah be
detectedn the DSC traceas a smalendothermic pealn thetemperaturgangebetween §

and Tm, are responsible foWAXS spectra similar to those obtained by stretching the multi
block polymersinderinvestigation It has to be underlindtiat the formation of thiaD-ordered

phase is not induced by stretching: the D®&esof the samplesdoth before and after
mechanical stretching show tlsame endothermic pealaround 50 °C ascribedto the
isotropization of the mesophase. Tti&erentdiffractometric profile of the film after stretching

can bedue, on the contraryo the orientation of the mesopkasgionsalready present in the

film obtained by compression moulding.

PHF-CE_f

P(HFTEF)-CE_f

Arbitrary units / counts

. P(HFTEF)-CE_s

-

1 1 11
10 20 30 40 50 60
2 theta / °
Figure4.26 WAXS patterns of PHICE and P(HFTERCE: compression moulded films (f) and

stretched filns (s).

-152



4 Results and Discussion

4.4.3 Mechanicalcharacterization

The mechanical propertiesf the materials under investigatiomere measured on thin
rectangular films (5 X 50 mpwith useful section lengtbf 20 mm and thickness of about 100
em. Stressstraintests were carried out at constant speed by measurinvgiiagon ofstress
as a function of the deformati@pplied

The values of elastic modulus (E), strasbreal((is) andelongation () at brealare listed in
Table 4.13while the relaive stressstrain curves arghownin Figure 4.27

Both the samples under investigaticsre characterized by Ty value lower than room
temperature, whichiveselasticity to the polymée chairs, and acertain amount ofrystalline
phasealthoughin very different percentages, whichnfersstiffnessto the material.

Table 4.13. Mechanical characterization data: elastic modulus (E), tensile stisand percentage
elongation at break’).

Polymer E (MPa) s (MPa) Gk (%)
PHF-CE 73834 32+3 180+41
P(HFTEF)-CE 215+12 26+2 704+65

It is well knownthatthe mechanicgberformances are strictly related to mdagtors, like the
amount of crystalline phase and chain flexibility, which differently affect the final properties.
The former factor is rg@nsible for anncreasing of the elastic modulus aamdecreasing of
the elongation at brealyhile the latter is directlproportional to the elongation at break and
inverselyproportionalto the elastic modulus.

Copolymerization witllexible PEGIlike co-unitsis responsible for a remarkahtariation of
the mechanical propertiedore in details the elongation at break is significantiyproved
reachingvalues of700% in the case &f(HFTEF)}CE with respect t200%in thecase of PHF
CE. It has to be noticed that the elongation at bredd#CE is anywayquite high,dueto the
presence of the chain extend#Dl, which acts as a jointAs to theelastic modulusit is
considerably reduceth the case of the copolymarth respect to the homopolymdreing
almost four times lowerOn the contraryno signifiant differencesan be detecteth the
tensile stressalues

It has to be noticetthat in both casea certain yield is present, astress of 30 MPa in the case

of the homopolyme andof 8 MPa forthe copolymer
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Figure 4.27 Stressstrain curves of the multiblock polymers PIEE and P(HFTEFLE. In the

insertion: magnification of low stress$rain region.

4.4.4 Gas permeability studies
Gaspermeability test®n polymeric filmswere carried out at 23 °C to punérogen, oxygen

and carbon dioxideThe permeability values, expressed as Gas Transmission Rate (GTR), are
listedin Table 4.14and shown irFigure 4.28

In Figure 4.28theGTR valuego O, and CQ of commercial polymeralreadyusedasflexible
food packaging ntarials are reportedor sake of comparison, together with othegh

performance bidasedoolyestes.

Table 4.14Gas transmission rates (GTR) of RBE and P(HTEFRLCE to different gases.

GTR CO2 GTR O2 GTR N2
Poymer
cmicm m? day?!atm? cmicm m?day!atm? cm’cm m?day?atm?
PHF-CE 0.889 0.237 0.023
P(HFTEF)-CE 0.510 0.190 0.008
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From he results obtained is clearthat copolymerizatiommproves barrier performances for
all the three gases tested. This result is particulambgrestingtaking into accounthat
copolymerfilm is much less crystalline thamomopolymer onéTable 4.1). Therefore, ts
low permeability cannot be ascribedto the higher crystahity degree. In additionthe
improvement of barriepropertiescannot be even correlated to a more rigid amorphous phase
(i.e. lower free volumg since the copolymer shows a lovigrvalue due tothe higher chain
mobility given by the PEGike triethylene subunits. Aalready reporteth the literature, the
excdlent barrier properties ofuran-basedpolymerscan be ascribetb the hindering of ring
flipping [Burges=t al, 2014 (b}, as well as to thiemited local movementbelowT4[Genovese
et al, 2019 andto the establishment of-8---O interactions between adjacent polyioehain
segment$Araujoet al, 201g. In additionto the abovanentioned reasons, the resultgained
can beascribed to the presence tbe mesophase. Thikind of 2D-ordered structure, which
determines a verlgigh chainpackingthathampergasflow, givesto the material ®ehaviour
similar to that of liquidcrystalline polymerscharacterized bgputstanding barrier properties.
The presence of mesophasédhe polymers under stushyas demonstrated lpoth calorimetric
and diffractometric analyseEifure 4.25 and Figure 4.2an this framework,the lower GTR
valuesof the copolymershowsthat in this samplesince the amount afrystalline phase is
lower, the polymeic chainscangive rise to ahigher fractionof mesophase, which is more
performingin terms ofgasbarrierability with respect t@D crystalline phasén addition ether
oxygen atoms in the TEF segmearg responsible foan increase in €---O interactions
between adjacent polymerchain segments.

Moreover, as can be evicted from the experimental data, for l#athples under study, €O
is more permeable than.Cand N2, as observed for other similar polymers previously
investigated Genoveset al, 2014;Guidottiet al, 2017, due to diffusivity drop and solubility
increment withthe decreasingf permeant size (carbon dioxideolecular diameter 3.4 A,
oxygen molecular diameter 3.1 A and nitrogen molecail diameter= 2.0 A, respectively)
[Robertson, 2073
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Figure4.28.GTR valuego O; and CQ of PHRCE and P(HTEFCE and other commercial and lab

synthesized polymers.

It is interesting to note that tf&TRco,/GTRo, ratio is lower in the case of the copolymer: the

result can be explained on the basis ofgiteater polarity of P(HFTEFEE polymer chains, as
a consequence of the introduction of ether oxygen sitatnich favour the solubility of the

carbon dioxide molecules in tip@lymermatrix.

In Figure 4.285TR valuesto O, and CQ for PHRCE and P(HFTEFCE, together with those
of commercial polymeralreadywidely usedasflexible food packagingnaterialsand othes
lab-synthesized considereggotential candidates for this applicatiprare reportedBarrier
properties oboth PHFCE and P(HFTEFRCE are comparable or even better than thogbef
commercial materialsonsideredAs to the comparisoto the othefuranbasedoolyesterdike
PEF and PBRhe materials object of this study turned out to be slightly wiarsems of GTR
This result can be ascribad the decrease of the furan ringsntentby volume units, and
consequenthof the mesogenic groups in PHFE and in P(HFTEFLE, thus reducinghe
mesophase portioleverthelesgaking into accounthe mechanical improvemg especially
theincreasing oflexibility obtained in the case tife multiblock copolymer, this lattean still

be considered amn excellentandidatdor the production of flexible food packaging.
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4.4.5 Composting studies

To check whether the materials under study can be considered good candidates for
biodegradable and sustainable packagibgdegradabilityin compost of PHFCE and
P(HTEF)CEwas evaluatedyccording to the conditions describedP@ragraph 3.14n Figure
4.29the percentage weight loss of the samphdsulated adifferent incubation timeg30, 75

and 105 daysis shown, together with residuadmposition and degree of crystalliny the
partially degradedlock copolymer As it can be seerirom the datacollected while the
gravimetric weight loss is negligible for the homopolymer (3% after 105 days of incubation),
on the contraryit progressively increases reaching 40% after 105 fitmythe copolymer

This result confirmshat copolymerization dPHF tomopolymer, through the introduction of
PEGlIlike segmentsimproves its functional propertiedso in terms of compaability. As to

the composition variationFgure 4.29, the amount of TEF counits which are entirely
contained in the amorphoaseas of the copolymeric material, progressiwdgreaseshus
causingalso an increase in the crystalline/amorphous phase rasca matter ofact, X
increases with the incubation tim@&n explanation of this behaviour can be the lower
crystallinity and hydrophobicity of P(HFTEFCE with respectto PHRCE, which favour
microbial attack.

80 50 70
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5 0 P(HFTEF)-CE " L60
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ie = o | s
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Figure4.29.Percentage weight loss (left axis), molar percentage of TEMit® and degree of

crystallinity (right axes) as a function of incubation time.
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Composing effectivenessvasalso evaluatetioth at macroscopic and at microscopic level by
surface analysis. In the first case, as it can be seerFigame 4.30homopolymer films do not
present significant changes after 105 days of incubation, wheopasymeric samples are
characterized by many differences, in terms of both consistency and colour. These last become

indeeddarker and more fragile wittheincubation time.

30d 75d 105d

PHF-CE

P(HFTEF)-CE

Figure 4.30lmages of PHFCE and P(HFTEFLE films at different incubation times

At microscopic levelscanning electron microscopy (SElbhalysis was performeds it can
be observedrom Figure 4.31 despite thalmost negligiblenveight loss, the surface of PHF
CE film presers different points of attack by microorganisitiisindicating that, evethough
at slower ratgthe degradation procegscurs also ithe homopolymern the case of P(HTEF)
CE, in agreement withboth weight loss resultand macroscopic analysia conglerable loss
of materialcan bedetected as a consequence of the microbial atteltich isextended to the

entiresurface.
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PHF-CE

P(HFTEF)-CE

Figure4.31.SEM images of PHEE and P(HFTEFLE: as moulded films (left panels) and films
incubated in compost for 105 days (right panels).

4.4.6 Conclusions

A new biobased multblock copolyesterurethane P(HFTEFEE wasobtained bychain
extension of a crystatle hardblock, such as poliexamethylene furanoattHFOH), and a
flexible softblock, like polytriethylene furanad) (PTEFROH). The block homopolymer PHF
CE was alssuccessfullysynthesizd for sake of comparison.

Thanks tacopolymerizationt waspassible toobtaina material with elastomerproperties (.e.
low elastic modulus and high elongation at breakpracterized at the same time d¥igh
melting temperature and good thermal stability.

This new materialturned ot to be compostablethanks tothe introductian, along its
macromolecular chajrof ether oxygematoms, which are responsible fardecrease in the

crystallinityand an increase in thgydrophiliaty.
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As to gas barrier ability, the polymers under investogashowed bettdoarrierperformances
thanthose ofmost of thepolymers on the markéte. polyolefins, PET, Nylon, PLAndPBS)

being less performaranly with respect to PEF which, however, is not suitable for flexible
packaging application due tsihigh rigidity.

To conclude, it is possible to say that the aim of this research was completely addressed: both
the mechanical properties and the biodegradattewere significantly improved compared

to those of PEF, maintainirag the same timexcellent barrier properties.

In addition, he copolymerizatiorstrategy usetb obtain P(HFTEFRCE, which is simple and
solventfree,allowed toimprovethe unsatisfactorgroperties of thparenthomopolymePHF

CE, withoutnegatively affectinghe already good ones.
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4.5 Novel bio-based aliphatic/aromatic random copolymers of poly(butylene 2;5
thiophenedicarboxylate) for food packagingapplications

A new class of bidased aromatic/aliphatic copolyesters of poly(butylene- 2,5
thiophenedicarboxylate) (PBTF) was successfully synthesized through the introduction in the
main PBTF chain of aliphatic eanits based on adipic acid. Random cgpwrs with different

molar composition of aromatic and aliphatic-wats were obtained by two step melt
polycondensation and characterized from the molecular, structural, thermal and mechanical
point of view. DSC and WAXS analysis clearly showed the pieseanside these copolymers,

of a peculiar microstructure with a bidimensional order, called mesophase, which significantly
affect also mechanical properties of the obtained materials.

As the aim of this study was to enhance the biodegradability of PRTént homopolymer,
compostability studies were carried out. The results obtained showed that biodegradation rate
increased with the increase of aliphatiewsot amounts, which are responsible for an easier
access tdhe ester bonds for the enzymes inealvin chain depolymerization. Lastly, gas
permeability tests were performed. The values measured showed that barrier behavior was
strictly dependent on copolymer composition. More in details, copolymears BTF co-units

showed permeability valués oxygen and carbon dioxidemparable tthoseof poly(ethylene
furanoate) By increasing the BA canits amount, an increase in permeability value was

registeredremaining however competitive with respect to polyolefines and polylactic acid.

4.5.1 Syithesis and molecular characterization

PBTF homopolymer and®(BAxBTFy) random copolymers have been synthetimdldwing

the procedure described Raragraphs 3.2.1.2 and 3.2.1.3, respectively. At room temperature,
and after the purificatioprocess, all thesynthesized polyesters appeared as semicrystalline
light yellow powders The samples are listed Trable 4.15which also collects the molecular
characterization data obtained by mean$bNMR (actual chemical composition, degree of
rancdomness, length of both BTF and BA segments) and GPC analysis (molecular weight and

polydispersity index)
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Table 4.15Molecular characterization datdtained by'H-NMR analysis and GPC

Polymer Mn D %BA b Lea LetF
PBA 32600 2.4 100 - - -
P(BA90BTF10) 28300 2.7 8 101 69 1.2
P(BA70BTF30) 27700 2.6 67 1.04 25 1.6
P(BA50BTF50) 24600 25 48 101 21 1.9
P(BA30BTF70) 21300 25 26 098 14 38
P(BA10BTF90) 23900 26 11 104 11 91
PBTF * 26500 25 O - - -

*[Guidotti et al.,2018 (c]

The two homopolymem®BBTF and PBAand the FBAXBTFy) copolymershowrelatively high

and comparablemolecular weigtg In addition from the 'H-NMR analysis the awaited
structureswere confirmed, thus excluding the occurrence of any-r@detion during
polymerization. As an example, iRigure 4.32A,'H-NMR spectrum of P(BAOBTF3(Q
copolymer with resonance assignmeasteported. In particular, aromatic protons of thiophene
subunit(a signal) can be seentaf.73 ppm, while d methylene protons related to the aliphatic
adipic subunit are located &t2.32 ppm. From the relativareas of a and d signals actual
copolymeic composition can be calculated, which turned out to be very close to the feed one,
thus indicating a similar reactivity of the two diacids.

Because oto the high temperatures involved polycondensatiomeactions and the use of
Ti(OBu)s as @atalyst,copolymers characterized layrandom distribution of the comonomeric
units can be expectedlfen et al, 1989 Soccioet al, 201(4.
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Figure 4.32.A) H-NMR spectrum of P(BA70BTF30) copolymer with resonance assignmBits;
magnificationof theti 3.9 ppmi U 4.5 ppm region.

Also the molecular architecture of the P(BAXBTFy) copolymeas checked b{H-NMR. In
Figure 4.32Ba magnification of the chemical shift region betw&eh9 ppmi 4.5 ppmis
reported It is possible to notice thatvo additionalpeaks are present, which can be attributed
totheb” and f methylene protons of butanediol subumitbetween BABTF hetersequences
These peakare shifted with respect to thosefgérotons and protonsrelatedto butanediol
subunits in betweeBA-BA andBTF-BTF homasequencg, respectivelyThe arrangement of
the comonomeric units was then deduced by the degree of randdmness

For the calculation of b Eqn. [28] has been used, whgeke(Psa-s1F) andPy.x (Petr-Ba) are

the probabiliies of finding a BA unit next to a BTBneand the probability of finding a BTF
unit next to a BAone respectivelyln turn, he two probabilities can bmalculated according

to Eqgn. [29] and Eqn. [30fyherelx-y (Isa-8TF), lv-x (IsTF-BA), Ix-x (IBA-BA) @NdIY-v (IBTF-BTF) are
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the integrated intensities of the resonance signals eBBA, BTFBA, BA-BA and BTFBTF
sequences, respectively.

According to the values listed Trable 4.15bturned out to belose to 1 in all cases, confirming
the random structuref the synthesized materials

In addition in Table 4.15the average lengthaluesof the BA and BTF sequencesgd.and
LeTr, respectively, are also reported. These lengths have been calculatethgdooEqgn. [31]

and Eqn. [32]As expected, the higher the mol % of BTFut, the longer the BTF sequences

4.5.2. Thermal and structural characterization

Thermogravimetric analysis (TGAyas carried out on all the synthesized mater@ats/aluate
thar thermal stability More in details,lie temperature corresponding to the onset of the weight
loss [Tonse) @andthat correspondingp the maximum weight loss raten() are listedn Table
4.16, while in Figure 4.3Bhermogravimetric curves are shown.

As it can be seen, thermal decompositiakes place in one stepAll the samples are
characterized by a good thermal stabilityeing Tonset above 325°C,even thoughsome
differenceselated to chemical compositi@an be highlightedMore in detailsPBTF shows
thehighestthermal stability, probablthanks tats aromatic structurevhile PBA thelowest
The thermal stability of the copolymers asfunction ofthe nolar composition, regularly
increagng with the increase of BTEo-unitamour. Thechar residag, i.e.the residue at the end
of TGA analysis changes according to tl®mposition too PBTF is characterized by the
highest residual char, PBBy the lowestwhile also in this casthe copolymers are placéu
between the twparenthomopolymersas theresidual char increasascording to the presence

of higher amounts dTF co-units.
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Figure 4.33TGA curves of PBA, PBTF and P(BAXBTFgppolymergNz, 10 °C/min)

Table4.16 Calorimetric data obtained from TGA and DSC (I saadcrystallization temperature upon
cooling from the mejtof PBA, PBTF, and P(BAxBTFy) copolymers.

T T | Scan Il Scan
Polymer :&set ongx Tg PCpPp  Tmi P Hhi Tmi Ok Tec
°C J/g °C °C J/g °C J/g °C
PBA 327 350 -57 0.04 / / 60 65 31
P(BA90BTF10) 348 368 -48 0.12 / / 52 54 21
P(BA70BTF30) 361 395 -39 0.37 50 3 40 11 -
P(BASOBTF50) 366 396 -23 0.34 52 24 96 1 -
P(BA30BTF70) 372 398 -5 0.17 52 8 115 20 51
P(BA10BTF90) 373 395 14 0.19 54 141 29 85
PBTF * 391 411 nd. nd. 52 4 150 30 113

Prior to further characterizatiopplymeric films obtained bgompression moldg werestored
at room temperature for two months, to uniformirtieermal history and reach equilibrium

crystallinity.
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TheDSCcurves ofall the samples under investigatiareshownin Figure 4.34A while their

relative data of | scan are listed in Tabl&6.

A) B) o)

P(BA70BTF30)

P(BA5S0BTE50)

Endo up

P(BA70BTTF30)

(BASOBTF50)

P(BA10BTF90)
P(BA 10BTF90) P(BA 10BTF90)
PBTF

— T T T — T T T T T
-50 0 50 100 150 -50 O 50 100 150 -50 0 50 100 150
T (°C) T (°0O) T (°C)
Figure 4.34 DSCcurves of PBA, PBTF and P(BAXBTFy) copolymefg.l scan;B) Il scan aftemelt

guenchingC) cooling from the melt at 5 °C/min.

During thefirst scan all the polymersinder investigatioshow the same phase behawvion
fact,they are all semicrystallingyith an endotherinc baselinevariation associatet the glass

to rubbertransition followed by an endothermic peak at higher temperature related to the
melting of the crystalline padn. As regards the temperatures at which these transitions occur,
they are significantly different for the two homopolymers, as aromatic PBTF is characterized
by Ty and T significantly higher than those of aliphatic PBAaple 4.16. The effect of
copolymerization is evident both oy dnd T values. More in details, a progressive lowering

of T4 can be observed with the increase of the amount of BAnds, which are responsible

for a higher mobility of the macromolecular chains (lowgvdlues).

On the other hand, the melting behavior seems to be less clear. As a matter of fact, PBA,
P(BA90BTF10) and P(BA70BTF30) shaavsingle melting endotherm which shifts to lower
temperatures as the BTF-oait amount increases. Conversely, PBTF and the comobmith

a molar BTF fractionhigher than0.5 are characterized by theresewe of two different
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endothermic peakshe first one compositiedependent, the second one located at about 52 °C
independently of copolymer compositidfigure 4.34A. This inteesting trend is reported also
in Figure 4.35in which the endothermic peak temperature is plated function of the molar

composition.

160
| .
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Figure4.35 Temperature of endothermic peaks as a function of the wmpatymercomposition.

The behaviar of the compositiordependent peak is typical of random copolymerghich

both comonomee units cancrystallize, regardleswhetherthe comonomeric unit present in

lower amounts rejected or includeinh the crystaihe phase of the otheo-unit (red and black
diamonds inFigure 4.3%. Moreover,the peakintensity isdependent othe amount of the
crystallisable ceunit, regul arl y dec rmg asstheocogtent(of the otherl ower
comonomer added to PBA or PBTF chamsicreased(Table 4.16.

In orderto investigate the nature of the crystalline phase presaiitthre samples under study

andto understand better the origin of the low constant temperatdagherm X-ray diffraction

analysis (WAXS) was carried outThediffraction patternsof both the homopolymers and the

copolymersare shown irFigure 4.36
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Figure4.36. A) WAXS profiles of PBA, PBTF and P(BAxXBTFy) copolymers recorded at BJ'

patternsof annealed samples.

Intensity (a. u.)

All the profiles are typical of semicrystalline materials, containing some-deéted
reflections, corresponding to ordered portion of the material,abeftshape baskne, due to
the presence of amorphoegjions As to PBA homopolymerits profile shows thresharp and
intense peakat 21.59°, 22.27° and 23.96°dj2 which correspond to d 4.10 A, 3.99 A and
3.71 A, respectivelyThis kind of pattern istypical of the 110, 020, 021 reflections of PRA
phase Yanget al, 2010Q.

ConverselyPBTF diffraction pattern is less definezbntaininglow andbroad peak®sveran
intense belshape bseline, corresponding to-PBTF crystalline phase already reported
[Guidotti et al, 2018 (c]. More in details, e twopeakslocated at & 22.9 and 24.7° (&=
3.88, 3.60 Ajare themost intense, hereaghoseat 8.7, 15.1, 17.1¢d = 10.1, 5.8, 5.1 Apre
lessintense. The introduction of BTF cainits along the PBA main chais responsible of a
progressive lowering of crystallinity degree MBA90BTF10Q and P(BA70BTF30) sampke
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Endo up

(Figure 4.36A. Anyway, in both cases, only tHe-PBA phasevasdetectedThe diffraction
profile significantly changes withfarther increase of BTF m#, being characterized lonly
broad reflections of low intensit{f.o betterevidence the presence GPBTF phasén PBTF
richer copolymers, annealing treatmsiitave beercarried out and the relative patterns are
shown inFigure 4.36B As it can be seen, onlwb main peaks arelearlyvisible, probably
due tothe development of a crystalline phase isomorphic WEBTF.

As from WAXS analysis it was not possible to clearly understand the kind of crystallyne phase
developed inP(BAXBTFy) copolymeric systemP(BA30BTF70) which can be considered
representative of he r i chest HaénlyFwas sulgectédytdeeper saborimetric
studies(Figure 4.37.

It should be nated that both th@arenthomopolymers are characterized by polymorphism and

copolymerization can induce the formation of a further polymorphic phase.

A B C
103°C | | 67°C
R60 90°C
90°C
67°C
R20 , | 103°C
RT ‘ |
-50 0 50 100 150 -50 0 50 100 150 -50 0 50 100 150
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 4.37 DSC studies on P(BA30BTF70)) curves (20°C/min) after annealing at 67, 90, and
103°C for 10 minutes and of untreated filB);curves at different heating rates (280°C/min); C)

traces of consecutive heating steps to 67, 90, and 1@8°C/min).

After ainealing treatments at different temperaturegure 4.37A, a shift of the low
temperature endothermpeak 1l to higher temperature registeredwhereaspeak Iwas not
affected by the thermal treatmektore indetail, by increasing thennealing temperature, the
peak becomes sharper and the temperature shift is more evident, itgp clamplete
disappearance, when the anmggatemperature is af03°C.This behaviourcan be due tan

improvement of its associated phase. The effect ohéla¢ing rate on the position of the two
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endotherm wasalsoinvestigatedFigure 4.37B. Peak | remains unchangedhereageak Il

is significanty displacel to higher temperatusastheheatingrate is increasedhussuggesng

that only peak is relatedo a first order transitio(i.e. melting of crystalline domainsOn the
other hand, as already sdenPBTFhomopolymeff Guidottiet al, 2018 (c], the reversibility

of peakll canbeascribedo the presence of uninduced mgdmase. To comfm thishypothesis
also for PBTHich copolymersP(BA30BTF70) samplerassubjected tdhe following thermal
treatment(Figure 4.37Q. heating scan to 67, 90 and 103°C, each followed by quenching to
60°C and subsequent heating to the next higher temperature (i.e. 90 and 103°C, respectively).
After thesesequential calorimetric studies, peak Il is dfio higher temperaturdsut isstill
present, unlike what isupposed to bir al order transition.

After annealingreatmentat 67, 90 and 103°C for 10 miteson P(BA30BTF70)copolymer,
also WAXS patterns wenmecorded Figure 4.33. A considerable improvement of the pattern
can beobserved as the annealing temperature is increased. As previously reported in the present
Thesis, mes@hase can be induced also by stretchitanet al, 2002 Lv et al, 2013. In this
view, X-ray patternof P(BA30OBTF70) aftermechanicalelongation tests wascquired.
Interestingly the seobtainedprofile is typical ofamesephasethussuggesting thattretching
favour the formation ofa 2D-ordered phase overcrystalline one Kigure 4.38A. The same
behaviour had been alreadlgservedor PBTFhomopolymefGuidottiet al, 2018 (c].

In addition, from he comparisobetween théiffraction profiles obtained from the films before
and after tensile stretchingigure 4.384, the simultaneous presence of both crystalline and
mesephase can be evicted. Anywaie heat of fusion value associated with mpkase
indicates that this phase is very small as comptrdchditional 3Done due to thepeculiar
featuresf these domains.
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Figure4.38 WAXS patterns of P(BA30BTF70R) from bottom to topa) film after tensile testd)
untreated filmc) crystallized sample after annealji®) XRD patternperformed at RT on samples

annealed in DSC for 10 min at the indicated temperatures.

Moreover,the mesephase conterthanges as fainction of the copolymer composition. More

in detail, according to the data collectedTiable 4.16 PBTF contains the lovet content of
mesephase,P(BA10BTF90) and P(BA30OBTF70) a higher and comparah®uni while
P(BAS0BTF50)shows the highstcontent.

Asit is well known the halftime of primary crystallization in isothermal experimesteelated

to the temperature of the maximum of the crystation peaks in neisothermalconditiors

(Te) [Legraset al, 1986;Fabbriet al., 201% For this reason, all the samples under investigation
have been subjected to nmothermal treatment by cooling from the melt at a controlled rate,
to verify that in the copolymers the crystallizat ability decreases as the-oaits amountis
increased

In Figure 4.34C the exothermic crystallization peaks are shown, while the correspdatding
are collected in Table 4.18s expectedfor BA-rich samples] . decreases as the BTFuoits
content is increased. Similarly, for B¥l€h ones, this value decreases as the BAirgb
amount increases. Moreover, both P(BA70BTF30) and P(BAS50BTF50) cannot crystallize
under the experimental conditions adopted and vert at slower cooling rate (1°C/mif)he
results obtained confirm that the regularity of the polymeric chain, which is reduced in
P(BAXBTFy) copolymers by the introduction of comonomeric units, strongly affects the

perfection of the final crystalline phass well as the crystallization rate.
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The effect of copolymerization on the amorphous pheas more deeplynvestigated by
subjectingthe samples$o arapid cooling from the melt (quenchingds known, if the cooling
rate is faster than crystallizatiome, it is possible to prevent this latter, thus allowing for a
better detection of glags-rubber transition

FromDSC curves after melt quenching showrfFigure 4.34Bit is possible to discriminate
three different behavios. PBA and P(BA90BTF10) do nshow anysignificant diffeence
from thel scanpeingcharacterized by a glass transition step followed by a melting endatherm
peak, whileP(BA30BTF70) and P(BAS0BTF5@amplesare completely amorphous, as they
show only a broad baselingleviation associated to the glass transition. La®Iy-rich
copolymersP(BA30BTF70), P(BA10OBTF90Q)as well aBTF homopolymerdisplaya glass
transition stefollowed byan exothermic crystallization peak and, at higher tempegatare
melting endothermin this latter casegnce Ty is exceededhe macromolecular chains acquire
sufficient energy and mobilitgnd are abléo crystallize during heating. MoreoversgH. =
gHm, also these samples are completely amorphftesmelt quenting.

As to glasgo-rubber transition in thd DSC scan, §is influencedby the molar composition,
as it increasewhenthe BTF ceunit content is increased. Moreovaeil the copolymershow

a single glass transition temperatunéhose values arecated in between tseof the two
parent homopolymerg-{gure 4.34B).

Among the several equations reported in the literature used to describe the effect of random
copolymerization on theglof thefinal materials, the Fox equation is the most usesdgnberg,
1984. In Figure 4.39htell scan § valuesas a function of the BTF eonit weight fraction

(WeTr) arerepored. Thegreencurve indicates the trend of &iccording tdhe Fox equation:
1/Tg = WA/TgA + WB/TgB [41]

where Ta and Tgs arethe glass transition temperatures of the pure homopolymers PBA and
PBTF, while Wa and W& representhe corresponding weight fractions.

As it can be seen, evathoughac cor di ng t o (tThveluesinorgaddas direciyu at i o n
proportional tothe BTF co-unit amount,the experimental databtainedare lower than the
theoretical ones. Thisehaviouris not surprising since Fox equatidaes not consider neither

the chemical structumeor the polymeic chain mobility [Vanniniet al, 2005;Berti et al, 2004

Soccioet al, 2009. In this frameworkGor don T ay | can [@euseetq avartom® n

these limitations
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Tg= (Tga* Wat+ Tge * Wg) / (Wa+ k * Wg) [42]

As it can be seen, this equatioontains a additionalcorrectionparametek with respect to
t he Fox 06 dn thesqasatheivalue of k =2 allows fora good interpolation of the
experimental data. The trend of Values accordingtotht@or don Tay | oshddvs equ a-

by theredcurve Figure 4.39.

3001 @ Experimental data
Foxeq.
7285 Gordon-Tavlor eq.

Tg (K)

0 20 40 60 80 100
WgTF (Wt %)

Figure4.39 T, valuesfor P(BAXBTFy) copolymeras a function of weight BTF composition, with
theoretical trends predicted by bé&dordonTaylor eq. (redline) andby Fox eq. (greenline).

4.5.3 Mechanical characterization

Mechanicaproperties oP(BAXBTFy) copolymeic system were investigated through tensile
tests. InTable 4.1he corresponding mechanical data reportedelastic modulus (E), stress
and deformation at yields( andey, respectively) and stress and deformation at breakr{d

&, respectively).

Accordingto the data reported ifiable 4.17the mechanical behaviour is quite complex, as it
depends both ochain flexibility (givenby the BA aliphatiaco-units), and on the presence of
three different ordered phases, nam&-PBA, which is evident inPBA and PR\-rich
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copolymersJPBTF and mesphase whose presence was detecte®BITF and PBTFHich
copolymersrespectively

As a gneraltrend elastic modulus€ is directly proportional tarystallinity degree.This
behaviouris clear ifthe elastianodulus of the two homopolymeiscomparedEprga is about

3 times higher thandetr, because ofhe higher amount of crystal phadable 4.14, whose
effect is predominant with respect to tigherrigidity of the PBTF repeating unit.

In addition the pesence of mesphase significanthaffects the mechanical response of the
samplescausingan increase oflastic modulusn the materialsvith comparable crystallinity
amoun, as it can be seen in the cas®BfTF and P(BA10BTF90). When mepbasecontent

is comparableas the case ®?(BA10BTF9(Q andP(BA30BTF7Q, thencrystallinity degree

playsagaina predominantole.

Table4.17. Mechanical characterization dégdastic modulus E, stress and deformation at yield
sy andey, respectivelyand stress and deformation at brealande,, respectively, obtained

by tensile tests.

Polymer EMPa) GOy(MPa) (%) O (MPa) G (%)
PBA 287 +20 18.2+0.8 12.2+0.7 43.7+3.6 1190+ 62
P(BA90OBTF10) 186+10 12.7+0.2 14.0+0.8 12.0+25 1352+ 153
P(BA70BTF30) 176+4 / / 12+04 271+15
P(BASOBTF50) 53.3+3 / / 54+11 727

P(BA30BTF70) 181 +12 14.7+04 23.0+x11 78+05 122+20
P(BA1OBTF90) 543+24 254+04 175+06 140+x15 207*14
PBTF * 89+7 / / 245+05 555+50

Stress at breaky is related to the amount of crydiaé phasetoo, as it decreases with the
increase of the canit amourt for both PBA and PBTFrich copolymes.

As regardsthe elongation at bready values they decrease dbke presence ad 2D-ordered
phasencreasesprobably because these domdmnsderthe stretchng of the macromolecular

chains.

-174



4 Results and Discussion

4.5.4 Composting studies

Thecompostabilly of PBA, PBTF and P(BAXBTFy) copolymers was monitored by incubation
studiesin compost in order to check if these materials can represaht alternativesas
biodegradable packaging flmSpecimensvere collected at specific timepoirfiis7, 33, 54, 73
days), andheir gravimetric weight losgvas calculated. Ifigure 4.40Athe weight Ies % as a
function of incubation time is shown

As it can be seenhé degradation rate is strictiglated tothe molar compositiarPBTF and
P(BA10BTF90)weight loss isnegligible, wlereas allthe othersamples show an opposite
behavior, bein@ppreciably degradeth addition as it can be seen frokigure 4.40Ball the
materialsunderwent significant fragmentatioapart from PBTF homopolymein particular,
PBA and P(BA90BTF10¥%ample totally disappearedfter 73 days of incubation, showim
weight loss 0f100%. As to the other copolyme®(BA70BTF30), P(BAS0BTF50) and
P(BA30BTF/0), weight losdgs directly proportional to the BA eonits amount

This behavior can be attributedttee different chain mobility, which i®lated tahe difference
between thd, of the polyners under studyand thecompostingemperatur€58 °C) In turn,

the Tm significanty affectsthe amount of crystalline domainfr example,the operating
temperature is within the melting endothémpeakof PBA-rich samplesConsequently, both
high chain mobility andow crystallinity, with respect to those presattroom temperature
shouldbe expected. Both these factattow a higheraccessibility of the ester bonds to the
depolymerizing enzymeshusincreasng the degradation rate. lias also to be considered that
amorphous regions are magasily degradethan moe packed crystalline oness[gli et al,
2012(3)].

SEM analysis was carried out on samples after 73 days of incubation to lebec&roscopic
morphology ofthefilms after degradatiorNot degraded samples were also observed for sake
of comparisonAs an example, the micrographs of PBTF, P(BA30BTF70), P(BA50BTF50)
and P(BA70BTF30xopolymersbefore and after incubaticare shownin Figure 4.41 Non-
incubated filmspresenta homogeneouand quite smooth surface, wa after 73 days the
surfaces considerabthangé: on one hand?BTFsurface can be considered as unalteoed
the other hantholes, channels and crackan be clearly s&@eon copolymeric surfacemore

intense as thBA co-unitamourt increasesaccording tahe weight loss resul{gigure 4.40A.
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Figure 4.40A) gravimetric weight lossis a function of composting timB) visual
observations gpartially degradedilms at three differentomposting timg0, 33 and 73
days).

-176




4 Results and Discussion

P(BA70BTF30) | P(BASOBTF50) | P(BA30BTF70) PBTF

73

Incubation time (Days)

Figure4.41 SEM micrographs (2000x magnification) of degraded films as a function of composting

time.

4.5.5 Gas permeability studies

0. and CQ gas permeabilitfexpressed as GTR valudsy the P(BAXBTFy)copolymeric

system isshownin Figure 4.42 As already reported in the present Thesis and in the literature,
PBTF is characterized by excellent gas barrier properties, even bettdrabaf PEF, thanks

to the presence of meghase (Guidotti et al., 2018 (c]. As to the copolymers, their
performances are strictly related to the amount of BA comonomeric units: the higher the BA
mol%, the higher the gas permeability.

It is well known that permeability is a very complex phenomenon, affected by both gas
parameters, such as size and polarity, and by material features, like glass transition temperature,
crystallinity degree, presence of crésking and chain stiffnessjobertson, @13. Intuitively,

the more tortuous the path through the macromolecular chains, the lower the GTR values.
Even though higher amounts of mgsitase are supposed to lead to an improvement of barrier
performances, other parameters move in the oppositdidireenhancing the GTR. More in
detail, both glass transition temperature and content of crystalline domains decrease with the
increase of the BA canit amount At 23°C,the temperature at which the permeability tests
were carried ouRPBTF is in the glesy statewhereasll copolymers are in the rubbesyge(i.e.
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higher chain flexibility and except for P(BA90OBTF10), they all displaygahh related tathe

melting of the 3D crystallwer than that othar parent homopolymers. kaddition, the long
aliphatic sequencgwesent in the copolymensaynegatively affecthe high packing ability of
PBTF, causing higher interplanar distances and thus facilitating thdlayasthrough the

polymeic matrix.
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Figure4.42 O, and CQ GTR valuesof PBTF and P(BAXBTFy) copolymers comparedttose of
other fossibased plastics and biopolymefsyidotti et al., 2018 (b), (c); Mensitieri et al., 2011,
Siracusa et al., 2015; Burgestsal., 2014Burgesst al., 201%

The results obtained loa) particular interest if compared the values of other fosdilased
plastics and biopolymenwidely used for packaging applicationBigure 4.42. Gasbarrier
ability of P(BA1OBTF90) is comparableto that of PEF, while P(BA30BT/®) and
P(BA50BTF50) shovwpermeabilityvalues similato those ofpolyolefines and poly(lactic acid).
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4.5.6 Conclusions

Novel high molecular weight bibased ply(butylene adipate/2;thiophene dicarboxylate)
P(BAXBTFy) random copolymerswere successfully synthesizedhrough 2step melt
polycondensatiotechnique

In particular, thanks to calorimetric and WAXS analyses, it was possible to demonstrate for the
first time the presence of uninduced meéase in random cofyesters, thanks to the particular
ability of BTF sequences capable of organizing themselves both in 2D as well as in 3D ordered
domains.

Mesaophase was found to positively affect the barrier properties, as it hinders the gas molecules
flow, and the elagt modulus, since an increase of chain stiffness took place. Conversely, a
worsening effect on the elongation at break was observed as thephaeso content is
increased, because of the limited stretching ability of these domains.

In addition, by acting o the content of flexible aliphatic sequences inside the copolymers, it
was possible to modulate both sedithte properties and biodegradation rate. Therefore,
copolymerization with adipic acid turned out to be a simple and effective strategy to enhance
PBTF homopolymer compostability, as well as to tailor its performances, based on the intended

application.
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4.6 Novel Poly(butylene 1,4cyclohexane dicarboxylate) random copolymers containing
aliphatic side chains for flexible food packaging applications.

Novel biobased poly(butylene l-@yclohexane dicarboxylate) random copolymers with
different composition werdesigned for sustainable and flexible packaging applications. On
one side, the linear butylene moiety has been substituted by glycol subunits with alkyl pendant
groups of different length: neopentyl glycol (NG) in one casbut®l-2-ethyl propanediol
(BEPD) in the other case. On the other side, copolymers with different cis/trans isomer ratio of
cyclohexane rings were obtained. All the samples were characterized from the molecular,
thermal, diffractometric and mechanical point of view. Barrier performaesesto gases like

02, CO,, and N were also carried out. Even though the presence of side alkyl groups did not
alter thermal stability, it deeply influenced the formation of ordered phases, which affect
functional properties like mechanical response bawdier performance. More in details, the
copolymers are characterized by improved flexibility and barrier properties with respect to both
the homopolymer and other polymers already employed for flexible packaging applications.
The most pronounced imprawents were obtained in the case of copolymers containing higher

co-unit amounts and with cyclohexane ringdrams configuration.

4.6.1 Synthesis and molecular characterization

PBCE homopolymer?(BCEXBEPCEY)P(BCEsBEPCEs)-ct, and P(BCENCEzg) random
copolymers have been synthetized following the procedure descriBadhigraphs 3.2.1.2 and
3.2.1.3 respectively. At room temperature, all the synthesized polyesters appeared as
semicrystalline light yellow solid3:he samples are listéa Table4.18, which also collects the
molecular characterization data obtained by meahs-0fMR and**C-NMR spectroscopy and

by GPC analysis
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Table 4.18. Molecular characterization data of PBCE, P(RBEPCE) and P(BCEINCEzy) random
copolymers.

BCE BCE BCE cis b Mn
0, 0, 0, 0,

PBCE 100 100 100 2 - 44300 2.3
P(BCEssBEPCE:s) 85 85 81 2 1.01 45700 2.3
P(BCEssBEPCEszs) 65 65 59 3 1.01 45900 2.5
P(BCEsoBEPCEs0) 50 51 45 3 0.98 46600 2.2
P(BCEsoNCE-2o) 80 80 79 2 0.99 46300 2.2
P(BCEssBEPCEss)-ct 70 69 63 30 0.98 49300 2.2

According to the data collected Trable4.18, all the samples are characterized by high and
comparable molecular weights, thus proving thasigaificant thermal degradation reactions
occurred during the synthesis.

As to'H-NMR and**C-NMR analyses, they were carried out to confirm the chemical structure,
calculate the actual composition and the degree of randomnesSipuia4.43 theH-NMR

spectrum of P(BC&BEPCEs) with the resonance assignments is shown as an example.

T™MS

CHCls h+i
c b gk
b f
Arans l _
X J
L \ Sis X b

70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 0.5 0.0
ppm
Figure4.43. '"H-NMR spectrum of P(BCE&BEPCEs) with resonance assignments.
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Since no additional peaks are present in the spectrum, the chemical structure of the copolymeric
material is confirmed. For P(BGBEPCE) random copolymers the composition was
determined taking into account the relative area of rdsonance peak of tligrotons
corresponding to the butylene subunit, locatat4al 1l ppm, and the area of the signal at90
ppm of thee protons of the butyéthyl propylene moietyHigure4.43). For P(BCEINCE),

to calculate the actual composition the signal of neopentyl subun® 8% ppm was used. For
all the copolymers under investigation the actual composition is close to the feethblee (
4.18), confirming the good cordl obtained during the synthest§C-NMR spectroscopy was
used to evaluate the degree of randomness Biglme 4.44, for example, thé’C-NMR
spectrum of P(BCE&BEPCEs) is shown, together with the peaks attribution and the
magnification of the region betweéri76.50 andi 174 ppm, where the signals due to the ester
group carbons are located. In this region, the signals related to the dsbeiscai 175.38 and
0175.13 ppm, corresponding to the(H-B (w carbony and BEPCE-BEP ¢ carbonytriads,

can be noticed, together with two additional peaks. These last correspond {GEBE and

BEP-CE-B (x andy carbons) triads, consequent tagasterification reactions.
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Figure 4.44. A) C-NMR spectrum of P(BC&BEPCEs) with resonance assignmen);
magnification of>*C-NMR spectrum in the region betwe&d 76.50 ppm and 174 ppm, together
with the schematic representation 6{0E-B, B-CE-BEP, and BERCE-BEP triads.

As to the degree of randomness b, in the present work it was calculated from the intensities of
thew, z, X, andy peaks, according to Eqn. [28], whereyP(Ps-sep) and R.x (Psers) are the
probability of finding a B unit close to a BEP one and the probability of finding a BEP unit next
to a B one, respectively. These two parameters can be obtained from Egn. [29] and Eqn. [30],
where k-v, Iy-x, Ix-x andly.y representy, ly, lw andlz, respectivelykigure4.44B).

As expecteddue to the high reaction temperature and catalyst employed, all the copolymers

resulted characterized by a random distribution of comonomeric units (b calculated equal to 1).

4.6.2 Thermal characterization

The thermal stability of all the samples was analysed by thermogravimetric analysis under
nitrogen flow. Thermogravimetric curves are showikigure4.45, while the temperatures of

5% weight lossTs%) and maximum weight ks rate Tmax) are listed inTable4.19. For all the
copolymers under investigation, the weight loss is 100% and takes place in one step. All the
samples analysed show very good thermal stability, as weight loss starts above 380 °C. In

addition, in the copolymers boify, and Tmaxincrease with respect to those of PBCE, proving
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