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1. Introduction



1 INTRODUCTION

Even if we are led to think that the plastic is ad@rn invention, natural polymers like wool,
cotton, wood have always existed and they have bsed by man since ancient times; it is
not easy to identify when the age of macromolecblegan, but surely at the beginning of
1900s a strong development of researches for neastipl materials started, greatly
contributing to economic and social developmengvahg a better quality of life in most of
the world population, especially since the ‘50s¢an stated that we currently live in what
may be called “the age of plastic”.

The study and development in the field of plastsisce their invention to the present day,
have always been designed to improve mechanicas@ndtural properties such as strength,
hardness, workability, transparency, in order ttawbmaterials with better performance and
with properties similar to wood, glass, and metabrder to have polymers that could replace
these materials in their applications.

The importance acquired over the years by plastterals is confirmed by the continuous
increase in production volumes, which have grownrdach 275 million tons in 2008.
Analyzing the quantity of the main classes of ptasproduced in the period 2003-2010, as
shown in picture 1, an average increase of 5% par for all polymers considered can be
observed as a further demonstration of a growintketathe only moments of decline can be
traced to the oil crises recorded in the mid 70'gdrly 80's and , less markedly, in 2008-
2009, that led to a decrease in production voluases result of declining request.
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Figure 1: World plastics consumption 2003-2010



It can also be interesting to observe how the wprtiuction of plastics shows a almost six-
fold increase in the period 1970-2004, growing mitran twice than aluminum and even
more than six times compared to steel (Figurel3;ttend confirms that polymers could be a
more economically and advantageous solution an& lrayproved performance to replace

traditional materials.
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Figure 2: World production: plastics growth Vs othe materials

Nowadays the synthetic polymers can be classifiachrious ways, for example according to
their future applications or the mechanism of pdyiration, but the more general
classification divides polymeric materials into teategories: thermoplastics and thermosets.
In the group of thermoplastic polymers, which acdsumore or less 80% of global
production, nearly twenty types of polymers arduded. PE, PP, PVC, PS and PET alone
represent more than 75% of the volume of thermdéipkasin particular, polyolefins (LDPE,
LLDPE, HDPE, PP) have the largest market share,chwirepresents 50% of global
production.

The main thermoset materials are polyurethane, @aral phenolic resins.
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Tables 1 and 2 show the consumption of thermoplastd thermosetting materials recorded
in Europe in 2003, compared to the world consunmptieuropean values account for about
25% market share.

For thermoplastic polymers (Table 1) the value & ®Ras set as 100 while for the

thermosetting polymers (Table 2) the referencepsasented by polyurethane resin.

LDPE+LLDPE+HDPE 13482 100
LDPE+LLDPE 8062 59.8
HDPE 5420 40.2
PP 7879 58.4
PVC 5832 43.3
PET 3802 28.2
PS/HPS 3136 28

PA 1328 9.9
OTHERS 2678 JiS89

Table 1: Consumption of thermoplastics in Europe

POLYURETHANE 2672 100
AMINO 2630 98.4
PHENOLIC 980 36.7
POLYESTER 490 18.3
EPOXIDIC 398 14.9
ALKYDIC 370 13.8
OTHERS 3100 116

Table 2: Consumption of thermosets in Europe
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The application of polymeric materials on the Ewap market is divided into different areas
of application and use, with a prevalence of thekpging industry, which alone accounts for
40.1% of total demand in particular for polymergrsas polyolefins and PET (Figure 4).

This sector is followed by construction (20.4%)tcemiotive (7%) and materials for electrical

and electronic equipment (5.6%).

The remaining 26% of plastics is intended for useai smaller market sectors such as
agriculture, furniture, transport and sports equeph{Figure 3).
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Figure 3: Fields of application of polymeric materals in Europe
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1.1 BIOPLASTICS

In the last decade the attention in plastic sduésrbeen facing an issue that was initially non
considered, or however underestimated: the envieotah impact of plastics derived from
petroleum.

The non-degradation of petroleum based polymeteassource of many problems that can
greatly influence the future development; the némda lot of space for collection and
disposal, the risk of soil pollution and the deysi®nt of gas pollutants during the
incineration process are factors that must be takeraccount, considering the increasing use
of plastics. It is true that only 1% each year (@ilion tons!) of the total waste produced in
Europe is represented by plastic, but the needhtb dolutions or alternatives reducing the
environmental impact is pressing since plasticsaianm the environment for a very long
time. It is necessary to use the principle of 4Rdike, Reuse, Recover, Recycle) to try to
transform plastic waste in a resource, but thiaas enough to address in a valid way the
problem of disposal.

The best solution in the long term is therefore ititeoduction of biodegradable polymers,
whose use must still be synergistic with recoverg secycling to be truly effective; although
studied and tested for decades, the use of biagdagas limited to the medical field as carrier
of drugs, support for surgery, tissue engineet@gause of their high cost requiring an use in
areas that can generate high added values.

In recent years, these biodegradable materialgareng more and more importance in the
market as possible substitutes for conventionaktigl due to the possibility to have
biodegradables products (degradation either naturgromoted by bacteria) at the end of
their life resulting in byproducts that are unhanhdr even useful for the environment.

In the next future, bioplastics may also offer emoic advantages: the rising price of oil also
affects all products connected to it, includingidatives used for the production of traditional
plastics so greatly affected by the constant flattus in the cost of crude oil recorded

because of the many international events in regeamts.
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The possible applications of bioplastics are mamy affect different sectors, both for mass
markets (such as packaging or fibers for the &xtidustry) and niche (such as medical
products and engineering applications of speci@hamwhere they are already widely used
for).

The research, both academic and industrial, isntatk in this direction, but a long and
intensive work of research and development is séltessary, considering both the need to
verify all structural and environmental conditionthat allow the relatively rapid
biodegradation of a this plastics and the neednsure all the physical and mechanical
properties essential for the practical use of byodéable materials in all applications where
conventional petroleum based polymers should blaceg.

A material can be defined “bio” if its carbon atocharive, at least partially, from biological
source; the “bio” carbon content is defined as #meount of bio-carbon in bio-plastics,
expressed as a fraction or percentage weight bghweif the total amount of carbon present
in the plastic material (ASTM D6866).

The concept of biodegradability and organic makeaige often used incorrectly: it is
important to underline that a bioplastic is notessarily a biodegradable material, as well as
a biodegradable polymer is not necessarily a biopet. To better understand what is meant

by biodegradable material it can be useful to oles#re diagram in Figure 5.

Environment - soil,

compost, marine, ecc L_QF_)
Hydrolytic ()& Cﬁ

Oxidative STEP1

Enzymatic Oligomers and polymerfragments

Polymerchains with susceptible linkage

Defined time frame,
COMPLETE NO RESIDUES
Microbial assimilitation

STEP2

CO,+ H,0 + Cell biomass

Figure 5: Biodegradation process
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The biodegradation process is divided into two phashe first one is the fragmentation of
polymer chains in specific disposal environmentptigh mechanisms that do not necessarily
require the action of enzymes (hydrolytic, oxidajivin the second step the oligomers and
low molecular species are converted into watehaadioxide and food for microorganisms,

without leaving any residue.

It is therefore essential, in order to define asfitaas biodegradable, that the process of
biodegradation leads to disappearancalbffragments in grecise timeand in aspecific
disposal environment

International organizations such as ASTM, ISR, ISONI are actively involved in the
definitions and tests to evaluate the biodegraipbéind compostability of a polymeric
material in different environments.

Currently there is still no comprehensive defimtidut all existing classifications correlate
biodegradability for a specific environment andatdefinite test to simulate that environment.
The European standard EN 13432 (ASTM D6400) of 2@0sb adopted in Italy under the
name of UNI EN 13432, is a rule relating to therelteristics that a material must have to be

classified as a biodegradable or compostable:

« Biodegradability; determined by measuring the dctuatabolic conversion of the
compostable material into carbon dioxide. This propis quantitatively measured
using test method EN 14046, the level of acceptan®8% to be reached in less than
6 months.

« Fragmentation; fragmentation and loss of visiilit the final compost (absence of
visual contamination). Measured with a pilot-scale real composting test (EN
14045). The test material must be degraded, togetitte organic waste within twelve
weeks (3 months). At the end the compost is sievigda sieve of 2 mmlhe residues
of test material larger than 2 mm are consideredashaving disintegrated. This
fraction must be less than 10% of the initial mass.

« No adverse effects on the composting process.

+ Low levels of contamination by heavy metals andchdweerse effects on the quality of
compost.

« Other chemical and physical parameters should iffet d/om standard compost after

the degradation: pH, salinity, volatile solids,N,Mg, K.

15



The biopolymers can be divided into three main gsodepending on the production method
with which they can be obtained from figure 6:

« polymers from natural sources, used as such or fredd{for example, starch or
cellulose polymers);

« polymers synthesized from monomers obtained by datation (eg PLA, PHA,
PHB);

« polymers obtained from fossil monomers that magémolished by microorganisms.

BIOPOLYMERS

5

Natural sources Fermentation Fossil sources
Plants Animals
Starch Chitin PLA Aliphatic polyesters
Cellulose Proteins PHA Polycaprolactone
Lignin Collagen PHB Polyglycolide
Glucose Casein Polyesters-urethane

Figure 6: Biopolymers classification

This last category includes biodegradable polynfign® non-renewable sources, a series of
synthetic materials derived from petroleum suchalgshatic polyesters, aliphatic-aromatic
copolyesters, polyester-amides and polyester-unethaFor most of these materials the
primary attack in the mechanism of degradation psaaess of hydrolysis, which cleaves the
ester bonds, amide or urethane of the polymer wittiee involvement of enzymes (Figure 5).
The aliphatic polyesters are certainly the mostelyidused class of polymers, easy to
synthesize, stable in many environments, but higidgegradable. Within this class we find
a series of condensation polymers derived fronsymhesis of diols (ethylene glycol, butane
diol, etc..) and acid (adipic acid, succinic a@tt,..).

It is important to note that only some of petrolebased polymers are biodegradable, and that
the use of degradable additives does not confesdégradability” to non-biodegradable

materials because the polymer can’t be consumedidryporganisms.
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Similarly not all biopolymers are biodegradabler éxample, polyester made from soybean
oil is not biodegradable because it is not destitdyemicroorganisms even if it comes from a

natural source (figure 7).

Renewable )
Raw Materials Are (bio-) degradable

and based on renewable
Raw Materials

Biopolymers

Not

Degradable Degradable
Conventional Biopolymers
Polymers
Are (bio-)
degradable

Petrochemical
Raw Materials

Figure 7: material coordinate system for bioplastis
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1.2 POLYLACTICACID (PLA)

In this scenario, studies (both academic and imidlishave been focused on one polymer in
particular: polylactic acid (PLA), that was discos@ for the first time in 1932 by Carothers
(DuPont) which obtained low molecular weight spedg heating lactic acid under vacuum.
PLA belongs to the family ad-hydroxy acids, is considered biodegradable andpostable
and can be obtained from renewable natural sources.

The monomer unit of the PLA is lactic acid (2-hyxlyopropionic acid); its carbon atom
between the carboxyl group and the hydroxyl functechiral and therefore allows to obtain
different stereoisomeric structures (isotactic pwy chains, syndiotactic or atactic)
depending on the configuration of the methyl durthg propagation of the polymer chain
(figure 8).

N
/2 ¢ @ 9 o o o o
\ \ \\ \ \
KO\’%X\O\R(U\O\R(\\OW Isotactic #OfﬁOﬁ(’LO%OS‘J\f
\ Y
n n

L3 35 j&\\ o o 9o o
'.\O\R(LO\S%O\R(“\O S /b Syndiotactic {O\S/\\\O\i)\kof(\Lo\s_)Qf\
)

> Heterotactic

n

Figure 8: Microstructure of PLA

The microstructure also strongly affects the progerof the material: it is possible to obtain
completely amorphous polymer with a Tg between 80ahd 60 °C, as well as semi-
crystalline polymers with melting points betweer® € and 180 °C.

Initially the use of PLA were confined to the biodial field (suturd drug delivery
system§, tissue engineering, orthopedics): this was dueonty to the high biocompatibility
of this polymer with the organism and the ease witich it is absorbed by human organism,
but also to the high cost and poor availabilitytbe market, factors that made him a material
for applications with high added value.

The cost of PLA is lower than other biopolymerse ihcrease in interest around the PLA
improves the technology of productfdhand this fact, with some interesting mechanical
properties, makes this polymer attractive as aiplessubstitute for traditional materials in
applications such as food packaging, packagingldsotfibers™®. Increasing the production

volumes also costs decreases.
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PLA is certainly the most promising and interestlvigdegradable polymer for large scale
applications for which could be assumed a gradodl@ogressive replacement of traditional
materials coming from hydrocarbon. But there areynaspects such as thermal resistance,
impact resistance, gas barrier properties that nedae improved because, at present, are

lower than those of traditional polymers.
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1.3 GOALS OF THE RESEARCH

The objective of this research is the synthesis el study of the properties of new
biocompatible polymeric materials based on PLA,uBieg the attention on to two main

aspects that may have an effect on the final ptigseof the polymer:

I. The control of the molecular architecture throdlyl use of appropriate chain regulators

able to modify the macromolecular structure.

II. The use of nanoparticles used as such or modifirethe surface, added to the polymer

matrix.

l.

The importance of changing the molecular architectf a polymer through the synthesis of
complex structures (tree, star, tree-star) is cord@d by the large number of studies in recent
years both in academic and industrial field. Compteacromolecular architectures gives to
the materials properties (for example low melt ogty, shear sensitivity) that allows to
increase the fields of applications of traditiopalymers without changing the transformation
processes and without increasing the cost of th@ foroduct. Through the modulation of
feed, varying the type of regulator chain usedherratio between two different regulators, it
is possible to change the amount and the type afon@lecular species and consequently
modulate the properties of the final material.

Star and tree structures of polyamide 6 are an pkayncase, having been the subject of

patents and industrial processes used for advamsitations’.

.

The use of micrometer-sized mineral fillers added¢ompounding or, less frequently, in situ
polymerization is a very common practice in theypmr industry because it allows to obtain
materials with improved properties and lower cost.

The use of traditional micrometric fillers, howeybas some disadvantages, such as the lack
of dispersion in the polymer having the non homeggnof the material together with low
surface area which requires the use of large armsaitiiller in order to have improvements

of mechanical properties (i.e. tensile moduls, jzid).
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In the last years the interest in the field ofefi for polymeric materials has progressively
shifted towards the study of systems having vew particle sizes (less than one hundred
nanometers) that, given their dimensions, are @aléoparticles.

Among the many features that make this type of mainfllers interesting as additives for
polymeric materials there is certainly their higiesific surface area (which can exceed 700
m?/g), which results in excellent interfacial intetian between polymer and nanoparticles,
and consequently, considerable variation in physiegchanical properties of materials
containing them; for this reason even small amoahtenoparticles dispersed in the polymer
matrix can interact giving to the material propestidifferent from the ones of the neat
polymer, thus opening the field to new possiblaustdal applications.

It is therefore clear that the use of nanopartidesdditives in polymer materials is a topic
extremely attractive for the features that the esyst formed by polymeric matrix and
nanofillers could potentially acquire.

The possibility to obtain very interesting variaisoin the properties of the material even with
low percentages of nanofillers allows the preparatf products (such as packaging films or

fibers) that cannot be obtained using the tradaionicrometer-sized fillers.

For this work have been used a natural nano-sizedyanic clays (montomorillonite) and
nanosilica.

A system of surface modification of nanoparticless tbeen also developed by using the
organosilanes as coupling agents in order to maddiyinteraction between polymer matrix
and mineral filler; the use of surface modified eral fillers can solve, or reduce the problem
of the repulsion between the organic phase (polyaret the mineral phase (nanoparticle) but
can also lead to a variation of material properttepending on the surface modification of
the particles is made using silane presenting bfurxtional reactive groups that are able to

react with the polymer matrix or with the monomaridg the polymerization reaction.
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2 RAW MATERIALS, SYNTHESIS AND GENARAL ASPECTS ABOUT
PLA

21LACTICACID

The monomer of PLA is lactic acid, isolated for thist time in 1780 by the swedish chemist
Scheele from sour milk, and commercially produced.88Z. It is present in many living
beings in which it is the end product in the demmnii of pyruvic acid under anaerobic
conditions playing a basic role related to the gnesupply to muscle tissues after an effort.
Lactic acid, 2-hydroxy propionic acid §8s03), is the simplest of hydroxy acids, soluble in
water and highly hygroscopic, it has a chiral cemaed exists in two enantiomeric forms L
(+) and D (-); most of lactic acid is a naturallgcarring dextrorotatory, while the D-
enantiomer is very rare.

It can be produced industrially on a large scaleough two different processes: a
petrochemical one or a biotechnological one.

The petrochemical synthesis of lactic acid (2)tst&niom the acid hydrolysis of lactonitrile
(1), a waste product which is obtained by the mea# synthesis of acrylonitrile, according

to the reactions shown in Scheme 1.

o) OH

oL r
H + HCN ———> CN

OH OH
)].\CN +2H,0 +HCl ———» )\COOH + NH,CI

OH OH
)\COOH + MeOH—— )\COOMH H,O

OH OH

)\coowm HO ———> )2\COOH

Scheme 1: The synthetic route to lactic acid monoen through lactonitrile
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The chemical synthesis of lactic acid leads tocemac mixture (50% L and 50% D); the two
isomers can be separated only by the interactidh avithird optically active molecule: this
process involves a significant increase in the petidn cost of enantiomerically pure
monomer.

The biotechnological method uses the bacterial éatation of carbohydrates involving
homolactic microorganisms (LAB), such as those hgilog to the strain of Lactobacillus, that
are able to produce only lactic acid in enantiooaty pure form (LJ; the possibility to
obtain the monomer in enantiomerically pure forns kary important consequences on the
properties of the final material. The most widelsed microorganisms are Lactobacillus
amylophilus, L. bavaricus, L. casei, L. maltaronsicand L. salivarius.

The raw materials from fermentation (carbohydrakepend on the kind of microorganisms
used in biotechnology process; in general a laimiple sugars, by-products of agricultural
processing, can be used. These sugars include sgluenaltose, dextrose (potato, corn,
starch), sucrose (cane sugar, beet sugar), la@tasg products)

Currently, 90% of L-lactic acid world production mes from fermentation process, the
remaining part is produced synthetically; biotedbgaal production represents the only
valid and competitive method compared to chemicedsp both from an economic point of
view and environmental one, relying on a simpleocpss with lower costs, a wide
availability of raw materials and a significant vetion of environmental impact.

Depending on the conditions in which the fermentats conducted (temperature, pH, type of
sugars selected as raw material) LAB can produdereonly lactic acid (homofermentative
process), or an equimolar mixture of lactic acidrbon dioxide and ethanol or acetate
(heterofermentative process) or a mixture of laatiw, ethanol, acetate and formate (mixed

acid fermentatior)* as reported in figure 1.

Glucose

Fru—1.6 P

Glc —6P Fru -1,6 P
Acetyl-P + Erythrose — 4P = ‘;;I
= -
Fru-16P & 6P - Gluconate ol
= as
Heptose-P + = e
Per.tose-P o Xylulose-5P+ CO,
% Triose —3P
& ADP
Acetate + Triose — 3P Triose — 3P + Acetyl-P ATP
ADP ADP
aTP ATP Pyruvate
Pyruvate Pyruvate
Acetate Lactate
Lactate Lactate “Acetate (Ethanol)
Bifidus pathway 6 P — Gluconate pathway Embden-Meyerhof pathway
Heterofermentation Homofermentation

Figure 1: Fermentative process for the production blactic acid
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The homormentative method allows to obtain 1.8 siaklactic acid per mole of hexose
(conversion above 90%) like the heterofermentamethod, but with a smaller amount of by-
products. The homofermentative method represergsefibre the main process adopted
industrially, using a pH of 5.4 to 6.4, a temperataf 38-42 °C and low concentrations of
oxygen.

In order to optimize the fermentation process ipamant to seek raw materials at low cost
and good availability; concerning the source oboar the attention has focused on glucose
and lactose, sugars readily available.

Among the various sources of nitrogen necessarytieroverall process, yeast extract is
definitely the best choice for microbial growth &ied the production of lactic acid even if not
very convenient from the economic point of view tiuting over 30% of the total cost of
lactic acid, suggesting the need for a cheapemaltiee. Some attempts have been made to
use other sources of nitrogen from industrial bypids as growth factors to achieve a partial
or complete replacement of yeast, but studies areratly not yet optimized.

However, the main obstacle to the development effénmentation process is the nature of
lactic acid bacteria that require a wide range odwgh factors including aminoacids,
vitamins, fatty acids, purines and pyrimidines reseey for their proliferation and for
biological activity, which significantly raise ttwverall cost of proce&s.

Industrially the fermentation is carried out in ddareactors from a 5 to 10% sugar solution
which allows to obtain a production rate of abowgr@ams of acid per liter of broth culture; to
achieve the maximum efficiency of the process wewionethod have been developed to
extract lactic acid or neutralize it involving tbee of calcium hydroxide or calcium carbonate
in order to obtain a solution of calcium lactateiahhis then acidified to get the lactic acid.
The lactic acid thus obtained has an enantiomeuittypof 98% but still contains many
impurities such as organic residues, alcohols, sacgsters, making it unsuitable for the
polymerization process. Purification process ineslvvacuum distillation followed by
crystallization which allows to obtain lactic acidth a chemical purity higher than 99% and

enantiomeric purity of 99.898%
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2.2LACTIDE

The lactide, also named 3,6-Dimethyl-1,4-dioxandidne (GHsO4), is a cyclic ester
obtained by condensation of two molecules of laatid followed by dehydration, and exists
in three stereoisomeric forms LL, DD and DL depegdof the lactic acid isomer used to

synthesize it (Figure 2).

j/io B Ofo j/iof O
o O/VE OJ/io “hy, G o~

Figure 2: lactic acid isomers

The main method for its synthesis involves the tlaperization of the oligomers of lactic

acid at high temperatures in the presence of ca(fFigure 3).

OH o) A, cat O

Figure 3: Production of lactide from lactic acid olgomer

Lactic acid is heated at a temperature below 18Qiri@er vacuum in order to promote the
formation of a low molecular weight prepolymer. Thkgomers thus obtained and the
catalyst (tin octanoate) are heated to a temperdkeiween 190 °C and 260 °C and allowed to
react under vacuum. The lactide vapor formed isoked by distillation in order to shift the
reaction equilibrium towards the formation of cgctlimer. The lactide obtained, cooled and
collected at a temperature between 60 and 90 °@ever contains a number of impurities
which do not allow the immediate use in polymeiatand that are removed through

crystallization, extraction or distillation.
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Several aspects of the synthesis of lactide, sscbhparating temperature, kind of catalyst,
purification techniques were evaluated to identifg best operating conditions in order to
optimize the production process by improving thgesation between the cyclic dimer and the
oligomers and the chemical and enantiomeric pofithe lactidé*™>

2.3 SYNTHESISOF PLA

There are two main methods for synthesizing PLAjetieling if lactic acid is used as a

starting monomer (direct polycondensation 1), dactide (ring-opening polymerization 2) is
used, as shown in figure 4.

Lactic acid
H,O
2 O
H

O

I,,/
///
7

@)

///IIIIIIl
Lactide

Figure 4: Polymerization routes to polylactic acid
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Basing on the synthesis of the intermediate cyalitactic acid, lactide, NatureWorks LLC,
the first worldwide company to produce PLA, hasaleped and patented a process for low-
cost continuous production of polilactic afidthe methodology combines the advantages,
both economic and environmental, of synthesizinth Bactide and PLA into a single bulk
process rather than in solution, obtaining forftret time a commercial compostable product
made from renewable resources.

The process begins with the condensation reacfi@lactic acid solution to produce a pre-
polymer with low molecular weight. These oligomarg then converted into a mixture of
stereoisomers of lactide using tin-based catalysiacrease the speed and selectivity of the
reaction; the mixture thus obtained is purified bgcuum distillation. The process of
production and purification of lactide is the phaésat most contributes in raising the cost of
synthesis due to the high degree of purity requite@btain high molecular weight PLA
having good mechanical properties. The monomer tttgined is polymerized by a ring-
opening polymerization in bulk, totally eliminatinhe use of solvents. After the end of
reaction, the residual monomer is removed undeuwacand recycled to be reused again
(Figure 5).

9 OH 0
o OH 0 OH
(@)
Lactic acid H
@] n @]

High molecular weight PLA

Condensatio Ring Openin.g
-H0 Polymerization
O
OH e) }
@)
O OH )
O —_— i,
- v O
. H
O n o) Depolymerization |
Lactide
Prepolymer
Mn 5000

Figure 5: PLA production via prepolymer and lactide polymerization
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This process is currently used for the productibRIoA on a large scale in a plant located in
Nebraska (USA) capable of producing 300 millionstiyear; referring to data provided by
different companies in 2009 there are currentlyesvcompanies involved in the production
of PLA through various synthetic methodologies: iti@n companies are listed in Table 1:

Company name Production capacit M M
P y_ / Trade name . pacity w " Process used
location (metric tons/year) (Da) (Da)
Nature Works NatureWorks PLA 140,000 NA 1.22x10* Solvent free
(Cargill/Teijin)/ NB, USA (Eco PLA) (94% L-LA Melt PC/ROP
content)
Toyota (Shimadzu Co.)/ LACTY™ 5000 >100 2.89x10° 1.7x10° ROP
Kyoto, Japan LACTY™ 2012 1.6x10°  1.883x10°
Eco-plastic (100%L-LA
content)
Dupont / USA Medisorb NA 1.0x10° NA ROP
Purac plc. / Netherlands Purasorb® PL NA 3.5x10° 1.5x10° ROP/ solution PC
Mitsui Chemicals Co./ LACEA 500 NA NA Solution PC
Japan
Birmingham Polymers/ LACTEL NA NA NA NA
AL. USA
Toyobo/ Japan Vyloecol NA 43x10° NA NA
Hisun Biomaterials Co. REVODE 5,000 NA 70x103 NA
Ltd. / China

Table 3: PLA producers

In addition to these companies, which satisfy nadshe world demand for PLA, there are
other producers, such as Kanebo Limited Gohsenvalist (Lactron), Kaneka
Corporation/Japan/USA (Kanepearl PLA foam), ToyMator Corporation/lUSA (Toyota
Ecoplastics U'z series), and others that howewadmre smaller quantities of polylactic acid.
As can be seen from the table, most of the prosem®ebased on ROP of lactide, sometimes

used in combination with the polycondensation ofitaacid.
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2.3.1 Polycondensation of lactic acid

The direct polymerization starting from lactic agicbceeds through the elimination of water
by condensation. This is an intermolecular estaifon reaction between hydroxyl and
carboxyl groups of lactic acid catalyzed by aciéa@es, in particular Lewis acids and protic
acids.

In the literature there are several studies totiflethe most efficient catalytic system to
synthesize an high molecular weight polyféf limiting the racemization of the system:; tin-
based catalysts are the most used catalytic systeause they allow to obtain high molecular
weights in short reaction times.

However, it has been shown that a catalytic systensisting of a binary metallic compounds
activated by an acidic species is much more efficiban the system composed by a single
metaf™.

Moon and coworkef$ have suggested a mechanism (Scheme 2) to expiaicambined
action of the metal catalyst and protic acid, whitlthe example is indicated by the acronym
TSA. The end groups of PLA form a coordinated buwiith the catalytic metal center (Sn II)
of the species (2) obtained by elimination of H@Nf tin chloride dihydrate.

The hydroxyl and carboxyl groups present in PLAnpote dehydration and the formation of
Sn-OH species (3). The amount of hydroxyl and caybterminal decreases increasing the
molecular weight and when it is enough high, theteeof coordination of the catalyst is not
occupied by end groups (3); the hole that is ctkat®motes side reactions, especially the
formation of lactide, causing racemization and cation of the polymer.

These two undesirable phenomena are related toticeaemperature, curing time, type of
catalyst and change not only the surface of thgnpet (the material could be yellow, brown,
black) but also the material properties that atated to the microstructure; the presence of
protic acid considerably lowers the change of calod increases the rate of growth of the
polymer chain by acting as a ligand for the catalgite (4) and (5): it is not involved in the
process of esterification, and therefore it carupgahe free coordination site preventing side

reactions.
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Moreover, the presence of a strong acid promotesiénydration process of compound 3 to

give compound 5 via intermediate 4 as shown inrseh2

HZO OHWV\
\Sr/ OLLA \Sn/ \ - esters\Sn/OH\
X

~c -Hol S \ — S
H20 ) \OH ) OTTVW - o, oH
-TSA © < ||?
TSA
HOOGC¥v R I S
Orenrn | 0=—S—0
O—Ss—0 |
OH | ~.. _~OH /O\H
(o) )
>s,/ Sy H,0 /sr< A
o~ . OH” \, OH
4

Scheme 2: Hypothetical condensation mechanism byelaction of the Sn(ll) and Sn(Il)-TSA systems

The amount of protic acid should be equimolar respethe catalyst to avoid deactivation of
the catalytic system that would occur in case obatessive use of TSA; the deactivation is
probably due to the decrease in the number of vegitas available for coordination of the
polymer chains because these sites are occupitdtelacid.

Polycondensation of lactic acid is an esterifiaatieaction and therefore proceeds, as occurs
in all these kind of reactions, with the formatioinan equilibrium (Figure 6) in which water
produced must be removed from the reaction systeorder to shift the equilibrium of the
polycondensation towards the formation of the paym

For this purpose it is necessary to operate inwacbetween 120 °C and 175 °C. Under these
conditions, water produced by the process can btlleidl increasing the speed and the
conversion of the reaction. However, the establatnof an equilibrium between free lactic
acid, water and the polymer formed, together whih intrinsic polarity of the system, makes
it difficult to completely remove water, thus linmigy the growth of the polymer chain; with
this methodology polymers with a low molecular weigre obtained, brittle, that can not be
used in any application requiring good mechanicalperties. In addition, polymerization
reaction is in competition with the formation otfige and it is important to minimize the
latter because it is not possible to eliminate it.

Lactide, as well as lactic acid and low moleculaight species, is volatile in the reaction

conditions under vacuum and this factor causetowof too much material.
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To overcome this problem is necessary to provideréactor with a reflux system in order to
bring the lactide and low molecular weight speclest evaporate in the boiler, shifting the
equilibrium towards the formation of the polymeefiRx can be accomplished in two ways:
with a special heated distillation column, or ussmgne solvent in the reaction mixture. The
heated distillation column must be maintained demperature allowing condensation of
lactide and low molecular weight species that sthdall back into the boiler of reaction

without crystallizing.

H—O—C—C—+OH * H—O0—C—C—OH HT—O—C—C——0OH

o) o) o)
L Jx L dy L o dx+y
i c|:H3 ] i c|:H3 ]
H~0——C~—C~~OH H~0—C~—C~~OH +
ICL ICL :
L X L Ax-2
O

Figure 6: Two reaction equilibria involved in polycondensation

The equilibrium between water and lactic acid mayriodified by working in the presence of
an organic solveht'’ that can dissolve the low molecular weight speaies lactide having
boiling temperature in vacuum similar to the ondacfide (146 °C at 10 mmHgQ).

To obtain a polymer with a high molecular weighddpetter mechanical properties it is
possible to use a multifunctional agent in ordeolitain hydroxy-terminated species, linear or
star shaped - depending on the number of functigmmalps of the agent used - that are able to
react with diisocyanates in a chain extension @®agving a polymer with high molecular
weight value®*®

With all these precautions the process of obtaiRibg from lactic acid can greatly improve,
but there are still several drawbacks that limé tise of this synthetic route: the polymers
obtained are brittle, polymers have too low molacweight values to be processed and used
in various applications of interest. Furthermores time required for the polymerization is

still very long for a possible application on adusstrial scale.

33



There are also several issues related to the weedhporate and recover any solvent used for
the polymerization, to the coloration of the polymend an to an increase tendency to
racemization, as observed by Carothers in 193@r all these problems several studies are
required before producing PLA on a large scale withcondensation process.

2.3.2 Ring Opening Polymerization (ROP)

The ring-opening polymerization (ROP) of lactonewl dactide is the most widely used
synthetic route for the synthesis of aliphatic pshers with an high control of the
macromolecular structure and of the values of méganasses and distribution.

The growing interest about this kind of materiakinty due to their biodegradability, has
stimulated a lot of studies about this polymermatprocess with a particular interest on
reaction mechanism, characteristics of monomepe of initiators and cataly$t&®

The control of polymerization reactions is possibldy working in a very strict reaction
conditions, taking into account not only the thedyrtamic aspects associated with the
mechanisms of ring opening, but also the choicsat¥ent, reaction temperature, onset of
equilibrium, amount and the type of catalysts #wton the kinetics of reaction, the initiators
that are responsible for controlling the molecwaight and finally time of polymerization.
The key factor that determines whether a cyclierestn be converted into the corresponding
linear polymer or not is the thermodynamic stapibf the cyclic structure compared to the
one of the polymer. Table 2 shows the values dfiapy, entropy and free energy for the
conversion of cycloalkanes to the correspondingdirpolymers; as shown, polymerization is
thermodynamically favored for all cycles except®aatoms ones.

The order of reactivity for the other cycles is4%, 8> 5, 7 and it is related to the tension

deriving from bond angles of cyclic structures amtheir spatial conformation.

(CH,) AH, AaS, AG,
n (kJ/mol) (J/mol-°C) (kJ/mol)
3 -113.0 -69.1 -92.5
4 -105.1 -55.3 -90.0
5 -21.2 -42.7 -9.2
6 +2.9 -10.5 +5.9
7 -21.8 -15.9 -16.3
8 -34.8 -3.3 -34.3

Table 2: Thermodynamics of polymerization of cyclokanes at 25°C
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AH is the key factor affectingG for rings with three and four atoms, whiks is more
relevant for systems having 5 and 6 atoms; forelargngs the contribution ofH andAS is
comparable. If both values are negative, an inergasemperature leads to an increase in the
values ofAG: above a certain value of temperature the fregggnis positive and therefore
the polymerization reaction is less favored.

For all kind of structures the presence of substitsi on the ring leads to a decrease in
reactivity. The concept can therefore be also applo the polymerization of lactones: the
larger the ring, the lower the reactivity for thelymerization proces&

Polymerization of cyclic esters is usually carr@d in solution (THF, toluene, dioxane) or in
bulk, but it is also possible to operate in susfmgnand emulsion: the choice of solvent is
very important and is not only related to the sditybof reagents and products, but also to the
polarity and solvation power, aspects that carcaffee rate of polymerizatidh Temperature

is another key parameter, since it should be c¢fosabnitored to avoid intra and
intermolecular side reactions (trans-esterificatibackbiting); usually bulk polymerizations
are conducted at temperatures between 100 °C a@d°@5 while for solution reactions
temperatures are lower and linked to the type vesd chosen.

Dubois and coworket$ observed that polymerization of lactide in toluexte75 °C under
strict control proceeds without any side reactiamsile increasing the temperature of 10 °C
there is an increase of the polydispersity of §stesm due to backbiting reactions.

As mentioned previously, only few cyclic compouraits able to polymerize spontaneously,
most of them requires an initiator or a catalysinpoting the ring opening reaction.
Organometallic compounds based on®*finaluminunt*, zinc® (oxides, carboxylates,
alkoxides) and rare earfhelements are among the most widely used catdtystae ROP of
lactones; the type of initiator used will affecs@lthe mechanism of ring opening, which can
be carbocationic, anionic or via “insertion and roation”: the last two are the ones that
allow to obtain polyesters with high molecular waignd lower values of racemization.
Organometallic catalysts can generate a problerthiouse of these polymers in areas such as
biomedical or pharmaceutical because these adsftaht require high purity of the materials
and the absence of toxic pollutants: for this reade removal of the catalytic species is

necessary when the catalyst used is not compatitiebiological systems.
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Over the past ten years several number of reseatdsebeen done to develop new catalytic
systems that are able to promote the enzymatic BiOSclic estery*® and overcome the
toxicity of metal systems; the interest for theagatytic systems is considerable also because
it is possible to work in milder conditions and igreater control of stereochemistry (and
often the catalyst could be recycled) but so far plolymers obtained with these catalysts
don’t have molecular weight values comparable whttse of polyesters synthesized with the
classical catalytic systems.

The initiators for the anionic ring opening polymeation of cyclic esters are alkali metals,
alkali metal oxides, metal complexes with crowreesh depending on the reaction conditions,
the type of monomer and the initiator used, theympekization can proceed with a living
mechanism or with controlled mechanfémThe reaction is promoted by the attack of
negative charge of the nucleophilic initiator om ttarbonyl carbon or on the alkyl carbon
bonded to the oxygen, depending on the type dhtoit used, and leads to the formation of a
linear polyester; the polymerization then procettdsugh a new attack on one of the two
terminal carbons forming alkoxylated terminal grsupr carboxylates terminal groups
(Scheme 3).

Scheme 3: Initiation of Ring-opening Polymerizatiorof Lactones

Polymerization initiated by weak bases proceedsutyin mechanism 2, and then carboxylate
ions are the propagating species; on the contisiyyg a strong base the most common
mechanism is the number 1, in which alcoholatenés dpecies that promotes the reaction,
although both mechanisms may occur. Carboxylatdsa#foxides of some metals with free
“d” orbitals, such as aluminum and tin, are verfycednt initiators able to promote the ROP
through a mechanism of coordination and insert&chéme 4).
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The first step of the reaction is the coordinatainthe catalytic species (ROM species in
scheme 4) to the carbonyl of the monomer; the latbmeaks the acyl carbon-oxygen bond
with the simultaneous insertion of the metal spE¢i8 The energy of each transition state
(TS1 and TS2), together with the steric and eleatrproperties of the monomer, determine
which is the kinetic determinant state between twordination and the insertibn
mechanism.

The reactivity of the initiator also depends on twmbination of steric and electronic
properties; in general carboxylates are weakeremptiiles than alkoxides and therefore tend
to act more as catalysts rather than real initsatdithe reaction. For this reason they are often
used in the presence of species with a free pratgically an alcohol, which acts as an
initiator.

The use of these organometallic catalysts in thé R@nducted at high temperatures or for
long reaction times leads to intra-and intermolacuéactions of trans esterification causing

an increase in the polydispersity of the polyesters
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2.3.3 Ring Opening Polymerizatio of Lactide

The reaction of ring-opening polymerization is thethesis that is commonly used, even
industrially, for the production of high moleculaeight PLA.

Among intiators and catalysts used in the ROP, aamgs based on tin (Il and IV) oxides
and carboxylated, and especially tin 2-ethylhexta@tn octanoate Sn (Og})are those that
are more frequently used in the polymerizationaatdnes, thanks to their versatility, ease of
use and excellent solubility in lactones and lagtianoreover the Food and Drug
Administration approved tin octanoate as an adglithat can be used in substances that are
food contact. It is one of those catalysts thatiastioned above, must be activatedsitu
with substances having a mobile hydrogen; in paldica large variety of compounds with
hydroxyl functionality were investigated in liteva€®>***¢ If these substances are not added,
impurities can act as initiators (for example huitgid

Molecular weight of the polymer can be easily coliéd by varying the amount of species
with OH groups included in the feed. The mechananpolymerization with this catalyst
system is quite complex and there are several warkshe literature in which it is
representéd™®’. The activated monomer mechanism involves the dioation of the
monomer with the catalyst to activate it, then fmymerization proceeds through the
nucleophilic attack of the hydroxyl group of thétietor with the insertion of the monomer in
the metal-oxygen bond, promoted by electronic esagement. The hydroxyl group of the
added monomer, coordinated with tin atom will kéep catalyst active for the propagation of
the chain. The reaction ends after hydrolysis Watination of a terminal hydroxyl group.

An alternative mechanism involves the formatioraaomplex between alcohol and Sn(@ct)
before the polymerization; the complex obtainedhprtes the opening of lactide (Scheme 5).

OctSnOR + OctH

HC Sn(Odt) , + R-OH
. 0
) 5'.‘( 0 CHs
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Scheme 7: Activated Monomer Mechanism for ROP of Letide (A) and Tin Alkoxide Complex Initiated
Polymerization of Lactide (B)
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The use of tin octanoate allows to obtain high male weight polymers with conversions
above 90% and with levels of racemization lowerntli®6 as reported in literature by
Kricheldorf and Serf&.

The polymerization is first order respect to thetilde and the catalyst; the nucleophilic attack
of the complex between tin and alcohol to the cayboarbon of the monomer is kinetically
determining in the ROP of lactide.

At the polymerization temperature, the formation adtanoic acid coming from the
dissociation of the ligand during the propagatidvage may disrupt the coordination of the
monomer and inhibit or slow down the process othband propagation of the reactive
species.

The kinetics of reaction can be accelerated inangathe amount of alcoholic initiator or
using a larger amount of catalyst: in the firstegasowever, the increase of initiator further
adjusts the length of the macromolecular chaingetong the molecular weight that is closely
related to [monomer ]/[OH groups] ratio, whereashia latter case, increasing the percentage
of catalyst accelerates side reactions in addibgeromoting the coloration of the polymer.
The study of the ROP of lactide, especially in &rai@, is not only limited to the use of tin
octanoate as a catalyst, but several other comsduank been tested evaluating the ability to
promote the opening of the lactide. Examples ofyipelrization of meso lactide in the
presence of aluminum alkoxides or zinc-based coxesleare presented in literattita}
complex structure (M(AcAc)n, M = Nd, Y, Zn, Zn, Reg, Ni) promote the polymerization of
meso lactide with a conversion close to 99% fortested metat. Dubois and colleagues
have conducted a lot of studies on the polymepmatif lactide in the presence of aluminum
isopropoxide confirming the insertion and coordimatmechanism similar to what occurs in
the presence of Sn(Og8nd with a strong control on the molecular massekon the values
of polydispersit§?*°®

Compounds such as lanthanum and vyittrio have baetfies by McLaift’, Feijar?> they
show that these metals work with a mechanism ofdination and insertion very similar,
promoting the polymerization of lactide with a rieac rate that is much higher than the one

observed in the presence of catalysts based ond\Ba.
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Recent developments in the field of catalysis f&r polymerization of lactide are focused on
the use of systems such as metal-free organicystgabr enzymes catalysts. Hedrick and
colleagues were the first to report the use ofm@ilammino) pyridine (DMAP) in the
polymerization of lactid®; the use of organic catalysts or enzymes represemtattractive
and cheaper alternative for the ROP of lactide @apyg for applications that do not allow the

use of metals.
2.4 SOLID STATE POLYMERIZATION (SSP)

A relatively small amount of literature, includingatents, is available about the post-
polycondensation of PLX™° but considering also the information on otherssés of
polymers such as polyamides or polyesters like RIS technique appears to be effective not
only for the synthesis of PLA starting from oligorsebut also for the increase of molecular
weight and the removal of residual monomer or loaleoular weight species.

This is a very simple process, easy to do, thablires both physical and chemical aspects
being controlled by three different parameters: ititglof the chains in the amorphous phase,
reaction kinetics and removal of volatile productshift the equilibrium of the process.

The polymer is heated to a temperature above #ss dgtansition temperatures but below the
melting temperature, in order to increase the nitglolf the chains and promote the reaction
between the end groups in the presence of a cattigs can be the same used during
polymerization. The removal of by-products usingwam or strong flow of inert gas is
necessary to promote the process. The SSP invidteeamorphous region of the polymer
where the reactive groups are present; since ratgeat temperatures lower than the ones of
bulk polymerization, and also considering the redlumobility of terminal reactive groups,
the time required to obtain high molecular weigteaes can be very loffy

Although the reaction time is high, molecular massibtained with the SSP are not
obtainable through the process in bulk or in sohytidue to the high viscosity of the system
and the arising of hydrolytic and oxidative degtamtaphenomena.

The technique is mainly used to increase the mtdecweights of PLA obtained by
polycondensation of lactic acid, while in the caf&®OP the SSP can be used to eliminate the

residual monomer.
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2.5PLA PROPERTIES

Thermal and mechanical properties, and biodegratyabf PLA are closely related to the
molecular weight and the ratio of L and D isomedr$aotic acid and their distribution within
the polymer chaiff, as well as glass transition temperature and nuetémperature.

The PLA can be either amorphous or semi-crystallitepending on the stereochemistry of
the units present in the chain and on its thernsabty.

The ability to control the stereochemistry of th@lymer allows to have a very accurate
control of speed and degree of crystallinity, tlasib parameters for the control of material
properties, as well as the processability of thgmer. An high content of L-isomer produces
a PLA with high crystalline content, while levels D-isomer higher than 15% lead to the
formation of an amorphous polymer; it is preferatoldhave high crystalline content of PLA
to obtain materials with good properties.

The use of meso-lactide, or a mixture of D and dtitke forms the atactic PDLLA, fully
amorphous, with properties different from those BELA and PDLA, which are
semicrystalline.

For the amorphous PLA, glass transition temperafligg determines the upper limit of use
of the material, while for the semi-crystalline Plb&th the Tg temperature that the melting
temperature (Tm) are important parameters to daterthe application range.

Both these temperatures are strongly influencedhleycomposition of the isomers in the
chain. Commercial PLA is a semi-crystalline polynobtained from the LL form of lactide
having a melting temperature between 160 °C and°€8and a glass transition temperature
between 55 °C and 60 °C. Its crystal structure ist®f spherulites composed of lamellae
separated by amorphous regions.

The values reported in table 3 show the effect sfeaeoregular structure on the mechanical
properties of PLA

Property L-PLA DL-PLA
Glass transition temperature (T,) 60-65 °C 50-60 °C
Melting point (T,) 184 °C Amorphous
Specific gravity 1.24 1.25
Tensile Strenght (MPa) 55.2-82.7 27.6-41.4
Elongation (%) 5-10 3-10
Modulus (MPa) 2758-4137 1379-2758
Inherent viscosity (dl/g) 0.90-1.2 0.55-0.75

Table 3: Physical properties of PLA
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The stereochemical composition of the PLA has @elanfluence on the kinetics of
crystallization, the shape and size of spherulites,degree of crystallinity; both the size of
spherulites and the percentage of crystallinity ianportant for the melting point of the
polymer.

A pure PLLA melts at 180 °C, but this value canldsered even at 130 °C increasing the
presence of stereo defects in the chain until @lyoamorphous polymer is obtained from
meso-lactide, in which is not possible to obsermeetting point.

Crystallinity is also necessary for applicationswhich the material must have mechanical
strength, thermal and chemical stability, low peabnbty, while a lower crystalline content
can lead to benefits in terms of processabilityhaf material - that can be worked at lower
temperatures - reducing the risk of oxidative apdralytic degradation and also formation of
lactide.

Crystallinity in the polymer can be induced in twidferent ways: through the use of
nucleating agents, or subjecting the material tapgd mechanical stress that can promote the
formation of crystals. Both crystallinity and maoléar weight influence the properties of
polylactic acid. The solubility of PLA is stronglinked to the degree of crystallinity, the
molecular mass and the presence of other co-monom&s in the chain; the amorphous
polymer is soluble in many organic solvents suchketnes, tetrahydrofuran, benzene,
dioxane, chlorinated solvents, while the semi-aiisie PLA is dissolved only in chlorinated
or fluorinated organic solvents. Water and hydrboas are non-solvent for the polylactic
acid.

Mechanical properties of PLLA are much more intengsthan the one of PDLLA and his
behavior changes significantly increasing crystéali elasticity values, strength, impact, and
thermal stability are better in crystalline PLA @@mparison to the values increasing the
percentage of amorphous fraction in the macromédeatain.

As noted by Moon and cowork&fsPLA thermal and mechanical properties becometaahs
for values of molecular weights higher than aboQ000 Daltons. Its properties can be
modulated also through the copolymerization ofitec{or lactic acid) with monomers such
as glycolide, caprolactone or other lactides antblzes, or by the addition of chain extenders

and plasticizers.
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2.6 THERMAL STABILITY

In order to use PLA as a biodegradable replacenfmntraditional plastics, rapid and
complete depolymerization at the end of the lifeleyf the material is definitely considered
as a good thing, but for the applications in whiRlbA is used a high thermal stability is
required; a process of thermal degradation canemh@elversely modify the viscosity of the
material and thus worsen the mechanical propegee®rating in addition, for example, the
development of fumes and volatile substances.

Thermal degradation of PLA is a first order reactiovhich includes several mechanisms that
promote radical and non radical depolymerizatiomactiens, hydrolysis, racemization,
oxidative degradation, transesterification and bé#olg, and leads to the formation of low
molecular weight species including lactide and othylic oligomers, carbon dioxide and
carbon monoxide, acrylic acid, methane, ethylend ather products obtained by the
fragmentation of the polymeric chfn

The thermal degradation of polylactic acid is iefiged by the amount of catalyst used for the
polymerization and by the presence of low molecwi@ight species such as lactide or
oligomers that lower the starting degradation tenapee increasing the speed of degradation;
compounds based on tin and magnesium are among¢teas that mainly promote the
formation of lactide from PLA. Reducing the presemd reactive end groups increasing the
molecular weight or blocking them by end-cappingcten are two strategies to increase the
thermal stability of the PLA.

Polylactic acid stereo complexes have a thermailgyathat is higher than the one of PLA
homopolymer because of the strong interactions é&twthe two enantiomers, PLLA and
PDLA; for example, the stereo complex prepared framl/1 mixture of L and D
homopolymers has higher thermal stability thandhe of the two homopolymers at 260 °C,
but degradation rate is still comparaBleintermolecular interactions between the two
enantiomeric species thus increase the thermataesie by increasing starting degradation
temperature, but once activated, the process afadaton proceeds with the same kinetics

observed for PLA homopolymer.
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2.7HYDROLYTIC STABILITY

Hydrolytic degradation is one of the features tinake PLA interesting for many application
areas: in technical applications (such as packagdimg type of process must be avoided
during the synthesis, processing and use, bubilldloccur once the product reaches the end
of life. In biomedical applications hydrolytic deglation is used for controlled release
devices, sutures, implants.

Polylactic acid is stable under normal conditiorisuse for several years, but it degrades
rapidly in a few weeks when subjected to conditiohsemperature and humidity typical of
the environments in which composting is runningdkdjytic degradation rate depends on the
molecular mass of the polymer and the percentageystallinity and can be accelerated by
the presence of catalysts. Demolition takes plade/o distinct phases: the first one is a non-
enzymatic degradation of the chains giving oligosnand lower molecular weight species;
then a rapid degradation is promoted by enzymes.

Polylactic acid can be hydrolyzed both in the ssligte and in melted at high temperatures;
rate of hydrolysis is higher for temperatures abiteeglass transition because of the greater
mobility of the system.

The mechanism of hydrolytic degradation of PLA cbble a random mechanism or can
proceed through terminal ester bond breaking; sineenumber of ester bonds present in the
chain is much higher than the number of terminaspiit is statistically more likely that the
mechanism by which degradation occurs is the rantechanistf?.

As already observed regarding thermal stabilitgp aksistance to hydrolytic degradation of
PLA can be improved by minimizing the amount ofideal monomer present and operating
in the absence of moisture; the amount of watesgmieat the equilibrium in the acid can be
adjusted by controlling morphology (crystallinitynéa orientation of the crystals) of the
polymer. Amorphous PLA is more susceptible to hiydro degradation because it has higher
permeability and greater water absorption.

Hydrolysis can be controlled by changing the molpgp of the polymer through
stereochemical control, minimizing the presenceentl groups that promote hydrolytic
degradation or, as already observed for the thedegtadation, using PLLA/PDLA stereo
complexes, which show higher hydrolysis resistaoompared to that observed for pure

homopolymers.
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3 SEC CALIBRATION

3.1 GENERAL PRINCIPLES ABOUT CALIBRATION

Spectra coming from Sixe exclusion chromatograf@iyQG) analyses can provide important
information on the sample analyzed, like data mdgto the average molecular weight and
molecular weight distribution.

SEC columns are able to separate molecular spbaweag different hydrodynamic volume
or, in other words, having different molecular masdserefore species with different
dimensions will come out of separation columns vdiffierent retention time in relation to
their molecular size that.

A SEC chromatogram is reported on a two-dimensidiedram with retention times on the
abscissa and the intensity of the electrical sigmathe ordinate, which leads to a relative
amount by weight. To refer the results to molecutzasses it is necessary to make a
conversion of the x-axis, correlating retention dirar retention volume to the molecular
weight; therefore a relationship between molecolass and retention time is necessary: the
mathematical equation that shows the dependeneeséetthem is precisely the function of
the calibration curve.

A general equation that shows the nature of themidgnce of the two quantities involved in

the process of converting the scale of the x-axghown below:
log(M,;;)= £ (V) 3.1)

in the equation 3.1) Mrepresents the molecular weight of species i, witbtention volume
Vii.

Calibration curve, which is obtained experimentdfly a chromatographic system, is valid
only for the couple polymer-eluent/chromatograpiigtem for which was obtained; in fact,
the hydrodynamic volume of a polymer is inevitabifluenced by the medium in which is
dissolved and with which it interacts. Considerihig, it is easy to understand that parameters
obtained in specific experimental conditions canbet used to interpret SEC analyses
conducted in different conditions.

Standards for calibration can be either monodigpenswith a value of polydispersity greater
than 1.1. In the first case, with monodisperse despjit can be assumed tidg ~ My, =~ M, =

My, and this approximation is much better as thedgispersity index is close to one.
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In this case, the knowledge of any of the valueshefaverage mass polymer is required;
viscosimetric analysis, titration of end groupdight scattering analysis allows to obtain one
of the values. Alternatively it's easier to buy eoercial monodisperse standards having a
known value of average molecular weight. Standachpges must be injected into the
chromatographic system to be calibrated and forh eaample the retention time,
corresponding to the maximum of the peak of the $EE@matogram, will be associated with
the value of the average molecular weight deterchifoe the same standard; in this way
couples of valuesMy, t;) will be obtained. These couples of point are thead in a two-
dimensional diagram, plotting log (Mn) Vs Points are interpolated with a polynomial curve
of an appropriate order.

The simpler polynomial curve is, of course, a gtnailine, but for columns filled with
polystyrene gels, such as those currently in usesearch laboratories, a linear calibration
does not represent correctly the relation betwden Mariation of the logarithm of the
molecular masses and the corresponding changéeinticn time. A good approximation can
be obtained using a polynomial interpolation ofdhorder, while higher orders allowing a
better interpolation of the points are even tocusate to be trusted. In order to have a good
calibration, it is very important to have a goodnher of standards that can cover all the
range of retention times interesting from an amadytpoint of view considering the polymers
that must be analyzed.

Unfortunately, it is not always possible to havenmdisperse standards because of high costs
or of the difficult to synthesize proper samples.

To overcome this problem SEC system can be caditbratith polidisperse standards for
which the approximate equality of the average mdécweights is no longer valid. In this
case at least two different values of average mideanasses for each standard must be
known to calibrate the system with polidisperse @as through the calibration procedure

commonly callebroad calibration
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3.2UNIVERSAL CALIBRATION

The accuracy of the calibrations performed usingiadisperse standards is certainly higher
than the procedure with polydisperse samples, anthfs reason many attempts were made
to find a correlation between calibrations, obtdingith monodisperse standards, for a
particular system polimerl-eluent, and the calibraheeded for a polimer2-eluent systems,
where polimer2 represents a polydisperse polymer.

Based on this goal a method of universal calibrdtisas been proposed as a result of
numerous studies about homopolymers and copolymetis different chemical and
geometric structures. The philosophy of the metlajowas based on the assumption that
steric exclusion chromatography is controlled dmythe hydrodynamic volume of the eluted
species or by a parameter related to it: viscosimstudies of dilute solutions of synthetic
polymers indicate that macromolecules in soluti@m de represented as an equivalent
hydrodynamic sphefe it follows that the intrinsic viscosity| 7 | can be defined by the

following Einstein relation:
M =002,V 3.2)

in equation 3.2) Y is the hydrodynamic volume of the equivalent sphe¥, is the
Avogadro's number and M the molecular mass of petyspecies with volume /A curve
plotting | #| M against V¥ must hold for all polymers and the concept of itewace of the
product| n | M is the heart of the theory of universal calibratio

Another equation which relates the intrinsic visgowith the molecular mass of a polymeric

species is expressed by the following Mark-Houwenkation:

7|=KM* 3.3)

K anda are constants for a specific polymer-solvent-tejpee system.

Having the ability to construct a calibration cuwih monodisperse samples, using standard
of polystyrene (readily available) and knowing treues of K andx for standard polymer
and for the polymer that will be analyzed with tedibrated system, it is possible to use
Mark-Houwink equation and the concept of univeisabriance of the| n | M product to

obtain the calibration curve for the polymer todmalyzed.
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The simple mathematical basis of the conversionisted below considering two polymers 1
and 2:

7,My =l M, 3.4)
replacing in 3.4) the values ¢ﬁ1 | described by the equation of Mark-Houwink:

K,M,* ™ = K,M %™ 3.5)
converting 3.5) to the logarithmic form:

logK, +(a, +1)logM; =logK, +(a, +1)logM, 3.6)
reordering 3.6) to underline logM

+1 K
=4 logM, + 1 log—* 3.7)
a, +1 a,+1l " K,

logM,

considering a third order calibration curve:
logM = A+BV, +CV.” +DV.° 3.8)
replacing expression 3.8) in equation 3.7):

A2 + BZVr +C2Vr2 + D2Vr3 =
3.9)

_a+l + 2 3 1 K,
= V +CV.°-+DV. ")+ log—
a2+1(A1 B1 r 1Yr 1Yr ) 3.2+1 ng
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The equality in equation 3.9) is verified for tlwdldwing relations between the coefficients of
polynomial interpolation of a calibration curve atine respective coefficients of the second

and third order curve:

1 K 1
A=2Ar Loogit  B,=2Tlpg
a, +1 a,+1l " K, a, +1
1 +1
c,=2""¢c D,=2""p, 3.10)
a, +1 a, +1

Given this, the conversion from a calibration cutweanother one is immediate; having the
interpolation coefficients obtained by a calibratiwith monodisperse standards, it is possible
to obtain the four coefficients to construct thdilzation curve regarding the polymer for
which the monodisperse samples are not availablecoOrse, it is essential to know the
parameters K ai, Kz, az, which can be found in the literature or deterrdiegperimentally

by viscosity measurements and analysis that candeohe average molecular weight.

In our case monodispersed polystyrene have beehassstandard samples, and conversion is
carried out to obtain a calibration for PLA usitg tfollowing values for K and parameters

of Mark-Houwink equation for polystyrene in methytechloride:
K s = 143*10° a,, = 0691 3.11)
For PLA the following valueshave been used:

Kpia = 1.31*107? ara = 0777 3.12)
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By the correction is possible to express the resalitained by the integration of a polylactic
acid SEC curve (average molecular weight and pshalsity index) in terms of PLA.

Figure 1 shows the calibration curves for polystgrand PLA.

5.5 1

+ PLA

log (Mn)
F SN
(&)

30 35 40 45 50 55

t (min)

Figure 1: Comparison between calibration curves exgssed in PS and PLA

3.3 CALIBRATION WITH PLA SAMPLES

Generally Mn, Mw and D values of polymers are egpeel in terms of polystyrene
equivalent. The molecular weight of polylactic adgl significantly lower than the one
determined with a calibration based on polystyrstia@dards, due to the different behavior of
PLA and PS in the same solvEhtA system of absolute calibration to express deltive to
the polymers synthesized in terms of equivalerdimPLA has been developed.

In chapter two the possibility to have a high cohtf molecular masses and their distribution
working under very controlled reaction conditionghe presence of solvents or in bulk but at
temperatures not exceeding 130 °C were discussedhid way it is possible to obtain
polymers with a Mw/Mn ratio close to 1, as for $tandard polystyrene commonly used for

calibration of SEC systems.
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PLA synthesized in this work have not a Mw/Mn ratiose to 1, but there is a gradual re-
distribution of species, due to backbiting and $esterification reactions, which leads to a
widening of the molecular masses distribution cua® happens for all polycondensation

polymers, as will be discussed in chapter 4 (figi)re
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Figure 2: Increase in molecular weight distributionas a function of polymerization time

As SEC curves in Figure 2 show, molecular massdsilglition curves change by increasing
polymerization time. For very short polymerizatitmes (blue curve 30") molecular weight
distribution is very narrow, typical of a ROP polgnzation. Increasing the reaction time an
increase in molecular weight is observed, but @l clear how the curves tend to widen,
with the progressive appearance of a shoulderamatka corresponding to higher molecular
weight species. The uneven distribution (curve 4b;, 1h30") is due to the backbiting and
transesterification reactions that, at temperatares conditions in which the polymerization
is carried out (typical of an industrial processspiithesis of the PLA) cause a rearrangement

of the macromolecular chains.

55



For long reaction time (curve 2h) curve has a watet more uniform distribution.

In this situation the value of molecular weighttdizution tends to an equilibrium value close
to 2, typical of polymers obtained by polycondermmsatFigure 3 shows a comparison of the
SEC curves of two PLA obtained via ROP, with difier reaction times, and a polymer

synthesized from lactic acid by a polycondensapiatess.
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Figure 3: Comparison between distribution of PLA sythesized via ROP and polycondensation

It is interesting to note that, under the operatagditions used for the synthesis via ROP, the
molecular weight distribution reaches an equilibriafter 2 hours and increasing the reaction
times no changes were observed in D but only inrtbkecular weightalues

The polymer represented by the red curve was daddaoy polycondensation of lactic acid
with a conversion of 97% , therefore the reactian lbe considered complete.

It can be seen that the molecular masses diswibudi the two polymers deriving from
lactide is virtually identical to that of PLA symthized starting from lactic acid, confirming
that an equilibrium between species for long tiR€P polymerization at high temperatures
was really established.

Based on these observations it was decided to @j@eetalibration system by addressing the

problem with a different philosophy than the prasedbased on the concept of universal
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calibration; it was decided to exploit FIdrgquations, which describe the distribution curve
of molecular masses for polymers obtained by paigemsation reactions: these polymers
have a statistical reaction distribution of D =TBe decision to use this methodology has been
taken because of the behavior observed for PLA imddavia ROP in our synthetic
conditions, that reach an equilibrium for long puofrization times. For this reason we
decided not to use monodisperse PLA samples preépargolution, whose synthesis will be
described in chapter 4.

Eight samples of PLA were synthesized starting frtaotide and using two different
monofunctional regulators with low volatility undegaction conditions, 1-heptanol (E) and
1-tetradecanol (T), in order to obtain polymershwdtfferent molecular weight. The synthesis
time was held constant (two hours) for all the bgses, to operate under the same reaction
conditions and allow the establishment of equilibrj even if increasing the amount of chain
regulator - and therefore the number of hydroxylction - reaction kinetic is increased. The
samples thus synthesized are considered standaddwith different average molecular
numeral weight and therefore it is assumed thaptigdispersity index, which describes the
distribution of molecular masses is 2.

This procedure has been used under one of the ypeotliesis of this work; the second one
involves the assumption of the validity, within timaits of experimental errors, of the results
obtained from the determination of the end group®IloA by 'HNMR analysis; hydroxyl
terminal groups were measured NMR?® and not through titration because the polymer is
easily hydrolyzable.

With all these consideration it is possible to cangpthe real GPC curve obtained from SEC
analysis with the theoretical curve expressed loyyFiheory built using as input data only
the quantity of terminal hydroxyl groups.

Considering a distribution of 2 for the standard$\Pwe can say that the maximum of the
real SEC curve corresponds to a molecular weightevaqual to the value of the average
molecular weight (Mw).
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Knowing the values of end groups, the theoreticalve can be constructed from Flory

equation reported below:
Pn — np(n_l) (1_ p)2 313)

Pn is the amount, in moles, of the species withrekegf polymerizatiom and p is the

conversion of the reaction:

p=1- totalterminalgroups 3.14)

2 *mol of monomer

For PLA:

_ mol of polymer 3.15)
mol of monome

Moreover, since each polymer chain (both reguleaed non regulated) has a hydroxy

terminal group, the 3.15) becomes:

_1_ OH groups 3.16)
mol of monome

It should be remembered that the resulting GPC ecigives a distribution of the eluted
amount according to the molecular weight: so evieng it returns a value that represents the
total weight of all the molecules that have thattieh time and therefore have the same
molecular mass.

Equation 3.13) represents a distribution of queastiin moles as a function of the degree of
polymerization; it is therefore necessary to passenfthe theoretical equation expressing
resulting data as a function of moles to the reRC&urve; therefore it is necessary multiply
the expression for the molecular mass of a singleecule in order to obtain, for each value
of n, the total weight amount for the considered spetiaving on the ordinate the same
variable for the real curve and for the theoretara.

This is essential to make a comparison.
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The new equation is here reported:

M, nP, =M n?p"d(1- p)? 3.17)

Mm is the molecular mass of monomer unit in tharckd2 g/mol for PLA).
For each value of, the relative weight amounts is calculated: thérithstion curve can be
transposed in a two dimensional graphic. Figurehdws a theoretical Flory curve for a

terminal hydroxyl value of 187.06 meg/kg correspagdo the value found for standard 2,

synthesized with 1-heptanol.
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Figure 4: Flory theoretical curve calculated for aOH terminal groups value of 187.06 meqg/kg

The next step involves a comparison between thealeturve and real curve; the real curve

is shown in Figure 5.
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Figure 5: SEC curve reported at the same intensitgf the curve in Figure 4
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Calibration is necessary to go from the scale efttieoretical curve, which has the molecular
weight on the x-axis (Figure 4), to the experimemtae which has time on the abscissa
(frigure 5); the equation for a third order caliltva curve expressed in t (time) is the

following:
logM = A+Bt +Ct *+Dt,° 3.18)

A, B, C, D are the parameters of polynomial intéaion.

Defined these steps the points for calibration ewran be defined. A value on ordinate for the
theoretical curve is chosen; the correspondinglue is obtained plotting the intercept with
the abscissa axis. The same ordinate value forethlecurve is taken and the intercept to x-
axis is determined: since on the abscissa of wgak¢time is plotted, with this procedure the
first pair of points (n, t) is obtained. Repeatthg procedure for different ordinate values and
for all the standard samples, many points allowmmget through the third order polynomial
interpolation, an accurate calibration curve canob&ined. Calibration curve will also be
extended for a sufficiently wide range of elutiames to allow a correct integration of real
GPC curves of several samples with high, medium kwd molecular weight. In the
construction of the calibration curve it was notedt the polymers synthesized covered very
well the area of medium and low molecular weighisnmot that of high molecular weights, so
another linear polymer (NR) was synthesized, with@ing a chain regulator to obtain a PLA
sample whose molecular weight was going to fathim left area uncovered by the 8 samples
previously synthesized. Table 1 shows the valuesnadf groups of the samples synthesized

for calibration.

Sample OH (meq/Kg)

Std 1E 133.61
Std 2 E 187,06
Std 3 E 405,56
Std4 E 653,59
Std1T 93,06
Std2T 166.83
Std3T 276,40
Std4T 572.74
Std 5 NR 16,71

Table 1: terminal groups for standard PLA
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The two different chain regulator were used to eat if there might be some influence due
to the greater length of the chain in 1-tetradetaompared to 1-heptanol.

The percentages comonomers used are 0.5%, 1%, @%#&m order to cover a large area of
molecular weights. The amount of end groups of gaatpimer was determined BHNMR
analysis; DPn and Mn values upon which it is bateddevelopment of calibration were
calculated from OH groups.

Figure 6 shows the GPC curves of some standardsfoisealibration.
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Figure 6: GPC curves of standards for calibration

Figure 6 shows that standard 5 NR covers the afetheo high molecular weights left
uncovered by the samples synthesized with monafumadtmonomers.

From SEC curves of each sample the points neces$sarye construction of calibration
curves were obtained; figure 7 shows the comparisetaveen calibration curves obtained
using 1-heptanol and 1-tetradecanol as monofuraltiohain regulators. To assess the real

influence of the two alcohols, points deriving fretandard NR 5 have not been considered.
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Figure 7: calibration curve obtained with 1-heptand and 1-tetradecanol

Figure 7 shows how the alcohol used as chain reguiafluences the shape of the curve
especially in the area of low and high molecularghts. This is explained by the fact that
polymer with the same molecular weight (determiméal ‘HNMR), synthesized using 1-
heptanol as chain regulator, has lower retentiore tbecause its hydrodynamic volume is
lower than that synthesized with 1-tetradecanokeOobserved the effect of monofunctional
comonomer on the behavior of the curve, the efééthe seven carbon atoms of difference
existing between 1-heptanol and 1-tetradecanoherctirves was determined. This procedure
was performed to have a curve independent fronmaéigre of the chain regulator.

The difference between the intercept values (log) Mhthe two curves represents the
influence that the seven carbon atoms presenti@rddecanol and not in 1-heptanol have on

the molecular weight of the polymer. This differervas used to correct the curve of 1-

heptanol.
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The new points thus obtained are the log Mn valoleshe hypothetical curve obtained
without the use of chain regulators.

These values were added to the points obtained tlmmcurve of the standard NR 5,
synthesized without any comonomer.

Figure 8 shows the comparison between the thredra@bn curves experimentally

determined and theoretically derived in terms wédir non regulated polymers.
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Figure 8: comparison between theoretical calibratio curve without regulation and experimental

calibration curves

The third-order calibration curve obtained by thigy covers a range of molecular weights
wider than that of the two curves obtained usinguafionctional alcohols, allowing a better
study of molecular properties of polymers synthedim this research project, allowing a

better correlation between molecular masses, stegtnd properties of polymers.
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Figure 9 shows the calibration curve obtained is Work.
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Figure 9: linear PLA calibration curve

The range of retention times of this curve is betw84.4 minutes and 58.0 minutes, which
corresponds to a range of molecular weights betwl&0354 and 1509 Dalton, thus allowing
an accurate analysis of both systems with a higleentar weight and oligomers.

Figure 10 shows the comparison between the caloraturve obtained with polystyrene

standard and the calibration curve obtained inwluegk expressed in terms of PLA.
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Figure 10: comparison between PS and PLA calibratio curves

From Figure 10 it is clear the difference betwelea two calibration curves that does not
involve a simple geometrical shift of the PS cursmce the two third-order polynomial
curves cannot be considered similar.

This shows how the behavior of the PLA in the pmeseof the solvent used for SEC analyses
is totally different from that of polystyrene.

Figure 10 shows that, for any values of time cosrgd on x-axis, the corresponding
molecular weight obtained on y-axis is always loveerPLA.

Considering two species with the same elution tiare] therefore the same hydrodynamic
volume, it is evident that expressing the valuavefght in terms of polystyrene equivalent

leads to an overestimation.

65



REFERENCES

[1] Grant, D.M., Cheney, B.VJ. Am. Chem. Sq@9, 1967, 5315-5319.

[2] “Steric Exclusion Liquid Cromatography of Polgns”, Cromatographic Science Series,
Vol. 25, Ed. J. Janca, 1984.

[3] Vargas, L. F., Welt, B. A., Seliga, J., Brenpaa B., Teixeira, A. A., Balaban, M. O.,
Beatty, C. L.Journal of Applied Packaging Researdl§3), 2007, 181-190.

[4] Biela, T., et al.Macromol. Symp183, 2002, 1.

[5] Save, M., et alMacromol. Chem. Phys203, 2002, 889.

[6] Tillier, D., et al.,Macromol. Chem. Phys205, 2004, 581.

[7] Flory, P. J.;'Principles of Polymer Chemistry"’Cornell University Press, 1971.

[8] Jalabert, M., Fraschini, C., PrudHomme, R.E.,Polym. Sci. Part A45, 2007, 1944-

1955.

66



4. Solution polymerization

of lactide



4 SOLUTION POLYMERIZATION OF LACTIDE

Solution polymerization of lactide is a techniqueed to synthesize PLA with an high control
of molecular masses and polydispersity, due to eentrolled reaction condition necessary
for this kind of syntheses. The use of solvents,lting reaction times, high costs associated
with the need to operate with extremely pure retmyenake this method unsuitable for
industrial production of PLA, but very useful fogyrghesizing polymers as standards, or as
model molecules to study some mechanistic aspéctaction.

In the first part of the thesis it was decided yntkesize a series of controlled molecular
weight polymers, using chain regulators with aeat#ght number of reactive functionalities;
comonomers having hydroxyl functional groups weh®sen as benzyl alcohol (T1), 1,6
hexanediol (T2), trimethylolpropane (T3) and pengtwitol (T4) (Figure 1).

OH ~ Son
OH
T1 HO OH T4
T3
/\/\/\/OH
HO

T2 HO

OH

OH

Figure 1: comonomers used in PLA solution polymerition

Since the molecular weight of PLA is controlledthg amount of OH groups in the feed, it is
possible to design polymers with different valued ®n by changing the
[monomer]/[comonomer], ([M]/[CM]), ratio obtainingystems having different arm lengths
depending: the length of each arm depends on tlk@agmer]/[comonomer] ratio. Moreover
changing the different number of hydroxyl groupstioé reactive comonomers gives the
possibility to synthesize linear or stars polymeith different number of arms, depending on
the functionality of the comonomer itself.

To increase the control on the final structure loé polymer, as well as the values of
molecular mass and polydispersity, reactions wargexl out in solution, in order to reduce

the number of collisions between the species toetter control of the system.
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The solvent was dehydrated before polymerizatiand &ctide and comonomers were
purified by crystallization or distillation to elimate the impurities that could affect the chain
growth.

Bulk polymerization do not allow to obtain high raoular weight polymers with a narrow
distribution of molecular masses because the testyrer required to avoid backbiting and
transesterification reactions (that increase thbdwpersity of the system) is below the
melting temperature of high molecular weight PLAhefefore when DPn get high the
polymer is not melt but solidifies and the growfitlte macromolecular chain is interrupted:
this leads an increase in D value.

As reported by De Johngnd coworkers, using the synthesis in bulk at 3@ not possible
to obtain a degree of polymerization greater th@ai3d also polydispersity values are higher
than those obtained by solution polymerization

Figure 2 shows the GPC curves of two polymers ®gited in bulk at a 130 °C (red curve)
and in solution at 60 °C, using THF as solvent €grecurve); for both samples the
[monomer]/[comonomer] ratio was the same in ordeolttain two polymers with a DPn of

200 lactic units, corresponding to a Mn value 040@ Dalton.
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Figure 2: SEC curves of PLA obtained by bulk and sation polymerization
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Figure 2 shows that both polymerization processaadlgood control of polydispersity values,
which is close to 1 Differences are relative to¢hain growth; in solution polymerization the
monomer is almost completely consumed and the milelesveight calculated bJHNMR
analysis is 12960 Dalton, in accordance with theg@mmed one, while in bulk process
macromolecular chains have grown until the melterlgperature of the polymer has become
higher than the one of the reaction (130 °C). s tondition the polymer is then solidified
and therefore the polymerization process stops owithreaching a complete monomer
conversion, as evidenced by the peak of the ureddattide which is significantly higher.
Bulk polymerization, conducted at low temperatureshave good control over molecular
weights and polydispersities, can not thereforaubed for the synthesis of high molecular
weight PLA.

The synthesis of high molecular weight polylactadawvith narrow polydispersity needs to be
performed in solution, using a solvent that is d@bleolubilize polymers with high DPn: by

this way is possible to control the molecular pagters of the polymer.
4.1 SOLVENT EFFECT

The choice of solvent used for polymerization psscis a critical and delicate aspect that can
greatly affect the reaction. The solvent shouldgdlected according to several factors, such as
polarity, ability to solubilize the monomer and tipelymer and, the solubility of the
comonomers used as chain regulators; it is essémditball components are dissolved to have
an homogeneous system. As reported in liter&fuiee polymerization kinetic of lactide and
the conversion is strongly influenced by the typsalvent used.

In literature standard solvents for the polymer@atof lactide are toluene, THF and
dichloromethane. The first two were used, sincg #ilkow to operate at higher temperature,
thus reducing the time required for the synthesssmentioned earlier the choice of solvent is

essential for the synthesis, as GPC curves shéigire 3.
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Figure 3: lactide polymerization in toluene and THF

Figure 3 shows that chain growth rate is much higiseng THF rather than toluene. After 4
hours, while in THF the presence of high molecwl&ight species and a decrease in the
amount of residual monomer is observed, in toluaaetion is much slower and there are
only low molecular weight oligomeric species, asllvas a large amount of unreacted
monomer. This is due to the lower polarity of telaecompared to THF in addition to the
lower solubility of lactide. Looking at the conviems values for two oligomers, having
[lactide]/[T1] ratio of 15, shown in the graph afydire 4 the big difference between the

reaction rates in the two solvents are clearlyblgsi
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Figure 4: % of conversion Vs time

Analyzing the conversion, determined 3YNMR analysis, as function of time can be seen as
the beginning of polymerization in tetrahydrofuiarextremely fast, so since after one hour
of reaction the conversion is about 50%; chain dginoproceeds with a high speed until it
reaches a conversion of 90%, at then a decreaspard due to the decrease in the
concentration of monomer in solution can be obskreeplateau is reached after 24 hours
from the beginning of the polymerization reacti@@omparing the data obtained for the
polymerization in THF with those of the reactiontatuene is evident that the reaction rate in
toluene is significantly lower, especially at thegmning of the reaction and undergoes
further reduction when conversion is just over 5@¥abably due to the lower solubility of
the polymer in this solvent; the time required &vér a total consumption of the monomer
introduced in feed is more than 50 hours, more tixace in comparison to THF, although
reaction was 70 °C, ten degrees higher than theise@ for tetrahydrofuran.

The choice of solvent is therefore also cruciatoid excessively long polymerization times,
which could promote the competition between chaowgh and side reactions favoring the

latter and therefore leading to a more difficulbtrol of molecular masses and polydispersity.
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4.2 CONTROLLED MACROMOLECULAR ARCHITECTURE PLA OBTAINED BY
SOLUTION POLYMERIZATION

4.2.1 Synthesis of low molecular weight species

After checking the different rates of polymerizatio the two solvents, a series of oligomers
was synthesized, using the comonomers describ&dyure 1. Although the reaction kinetic
is very slow using toluene, for low values of tiheohomer]/[comonomer] ratio both solvents
were used to assess whether, at least for the lowkacular weights, it is also possible to use
toluene as solvent for the reaction, obtaining @alclose to the programmed ones .

Table 1 shows the feed and the molecular propestise samples synthesized in toluene and
THF.

15 T1 THF 1372 1292 1160 (16) 1.19
15 T2 THF 1312 1228 1008 (14) 1.20
15 T3 THF 1248 1226 1126 (15) 1.14
15 T4 THF 1305 1217 1008 (14) 1.11
15 1yl Toluene 1395 1100 1152 (16) 1Ll
15 T2 Toluene 1310 1144 1080 (15) 1.10
15 T3 Toluene 1246 1218 1008 (14) 1518
15 T4 Toluene 1248 1225 1008 (14) 1.09

Table 1: feed and molecular properties of PLA witHM]/[CM]=15

As already discussed in chapter 3, molecular werghies expressed as PLA equivalent are
closer to the one measured BYNMR than values expressed as PS equivalent.

Data in table 1 show that both THF and toluenegax@d solvents for the polymerization of
lactide: molecular weight can be controlled, valage in agreement with the feed, and
polydispersity for all samples is always close to 1
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Mn values determined by SEC analysis are not atedty the hydrodynamic volume
contraction caused by the presence of star likeanaalecules, linked to the different nature
of the comonomers used, probably because of thgNGICM] ratio does not allow the star
species to take a more compact conformation intisolthan the linear species.

Molecular weight values obtained by chromatogragmalysis with polystyrene calibration
are higher than those measured 'BBNMR due to the higher hydrodynamic volume of
polystyrene in solution compared to PLA, as disedgseviously in chapter 3.

After testing the functionality of both systems hwivery low DPn values the degree of
polymerization was increased in order to veriffpdath solvents could be used to obtain high
molecular weight polymers.

Eight new samples, described in table 2, were sgukd with planned DPn = 100;
polymerization conditions were maintained identi¢tal those used for the synthesis of
polymers with DPn of 15, and the only variable paeter was the time required to complete
the reaction.

Observing the progress of the reaction it was imately clear that the use of toluene is not
suitable for the synthesis of PLA with higher mailkec weight ([monomer]/[monomer] =
100) due to poor solubility of polylactic acid iydrocarbon solvents; increasing the value of
Mn as the conversion increases, a partial pretipitaf the polymer is observed, resulting in
non-homogeneity of the system, with all kind of @ymomers.

Because of this a quantitative conversion cannoadieeved, and Mn values obtained are
lower than ones planned.

SEC analysis confirms what is observed: beyondrioevalue of molecular weight, when
precipitation occurs, there is no further increaséhe Mn values, but only a broadening of
the distribution curve with appearance of a shauidethe area of low molecular weight

caused by the non-uniformity of the macromolecglesvth process (Figure 5).
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Figure 5: increasing in polydispersity after PLA precipitation

Keeping constant the programmed value of DPn uding as solvent, polymers with
molecular weight valuedose to those planned and with a good control of the pslyeisity

are obtained, as can be seen from the data in2able

100 il THF 6912 6552 (91) 6480 (90) 1.18
100 T2 THF 5915 6271(87) 6408 (89) 1.19
100 T3 THF 6840 6217 (86) 6408 (89) 1.19
100 T4 THF 6744 6485 (90) 6552 (91) 1.18
100 Tl Toluene 4870 4525 (62) 4176 (58) 1.26
100 T2 Toluene 4936 4639 (64) 4680 (65) 1.36
100 T3 Toluene 5000 4700 (65) 4464 (62) 1.27
100 T4 Toluene 4380 4070(56) 3960 (55) 1.30

Table 2: feed and molecular properties of PLA witfM]/[CM]=100
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Polydispersity of the samples synthesized in taduare higher than those of polymers
obtained in tetrahydrofuran because when molesméaght value gets higher, the solubility

of PLA in toluene is too low.
4.2.2 Synthesis of high molecular weight species

The synthses previously reported show that in THE possible to synthesize polymers with
high DPn values with an excellent control of molacumasses and distribution; therefore
other samples with higher molecular weight weretlsgsized. A [M]/[CM] ratio of 100 has
set for T1 containing polymer and is held constaet number of repeat units for each arm
changing the comonomers, to obtain PLA with difféeréotal DPn of 200, 300, 400, as
reported in table 3.

1k 100 100 100 7200

T2 200 100 200 14400
T3 300 100 300 21600
T4 400 100 400 28800

Table 3: molecular characteristics of star PLA withconstant arm length

Table 4 shows the values of molecular weight angdiepersity of PLA synthesized. It is
interesting to note that there is always an higitr@ipancy between the value obtained from
the analysis of end groups BYNMR, corresponding to the real Mn value, and tteetular
weight values obtained by SEC analyses; this becafighe different performance of the
calibration curves in the PLA and PS, which becomese pronounced in the area of
medium and high molecular weights.
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100 T1 THF 7026 6412 (89) 6446 (90) 1L 122
200 T2 THF 17116 11835(164) 12960 (180) 1.16
300 T3 THF 31924 17642 (245) 19584 (272) 1L AL
400 T4 THF 43578 25794 (358)  27648(384) 1.4,

Table 4: feed and molecular properties of PLA witha arm length of 100

SEC curves of polymers described in table 3 arerteg in picture 6.
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Figure 6: SEC curves of PLA with the same arm lengt

SEC curves in figure 6 show again how solution pw@yization in THF allows to control the
molecular parameters of polymers synthesized: sund@ not exhibit non-homogeneities
related to interference with the process of chaiowth, even for samples with higher
molecular weight.
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The values of molecular weight and degree of pohyzagon are in agreement with the
[M]/[CM] ratio, confirming that in the absence @dtors that can disturb the polymerization it
is possible to achieve complete consumption ofnle@omer. Polydispersity is close to 1 for
all polymers, regardless of the type of comononsexdu

'HNMR shows that comonomers is linked to the polyrokains and there are no free
hydroxyl functionalities which have not reacted.e$é data further confirm the regularity of
the structures obtained, as already confirmed blecotar weight values and especially by
polydispersity values, obtained from the SEC aresly§igure 7 shows tHeINMR spectrum
of PLA synthesized using T3 species as comonomehe area between 4.5 ppm and 3 ppm
only the signals related to terminal CH and to,@flthe comonomer directly bound to the
polymer chain are present, while the signals rdlateunreacted C¥OH of T3 do not appear.
Thes data correlated with SEC curve show that dhgnger is formed by chain starting from
the OH groups of the comonomers, confirming the dgemeity of the macromolecular

structure.

OH

Figure 7: NMR spectra of PLA with T3
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NMR can evidence the presence of unreacted comamsprbat if comonomer has only
partially reacted and if chains don’'t simultaneaiart from OH groups of comonomer
probably NMR spectra is similar to one reportegbicture 7; in this case GPC curves would
be very different. The increasing of the polydisigrindicates the presence of a variety of
macromolecular species characterized by differeateaular masses, indicating a lack of
homogeneity of the system.

In conclusion solution polymerization is thus ceny useful for understanding the
mechanisms that regulate the polymerization ofidactas well as to synthesize model
molecules with an high control of molecular weightues and polydispersity, but requires, as
we have seen, to operate under controlled conditioravoid side reactions that can compete

with the propagation of the chain.
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4.3 RELATION BETWEEN POLYMERIZATION TIME AND POLYMER STRUCTURE

Among the many factors that must be monitored tatrob the polymer structure, purity of
reagents and polymerization time are the most itapbones.

In this regard, while it is noted that there is reotsignificant difference between the
polymerization carried out using highly purifiedagents and the reaction with commercial
monomers and comonomers, it is interesting to oestre effect of polymerization time on
the shape of the molecular weights curve. Figush®vs the GPC curves of two samples
with the same feed [M]/[CM] ratio of 300, but difemt reaction time. Increasing
polymerization time there is a moderate increasethiea molecular masses, and the
predominant phenomenon is a broadening of theildision curve, especially from the area
of low molecular weight, reaching a Mw/Mn equililam ratio typical of polycondensates. D
value is significantly higher than the the one bt tPLAs previously synthesized by
controlling the kinetics of the reaction, and itgsite similar to a typical distribution of

polymers synthesized through a polycondensatioogs
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Figure 8: effect of polymerization time on D and Mnvalues
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D value for polymer synthesized with longer reattimne reaches a value of 1.40, which is a
typical value of the systems obtained by polycosdénn in the presence of a trifunctional
comonomer, In literature, the increase in molecular weigistribution has been studied by
several research grodds who attributed the phenomenon to several factsush as side
reactions that interfere with the macromoleculaaichgrowth mechanism, caused by high
temperatures and long reaction times; the presesfcempurities can also promote
polymerization process competing with the functebicomonomer.

As already mentioned before, the use of non puarified not bring any change in the
molecular masses distribution curve; in literatisreeported d’CNMR spectra of PLA that
shows, in the presence of side reactions suchiagegpation, a multiplicity of signals in the

methine regioh(Figure 9).

Figure 9: ®CNMR of PLA in presence of epimerization(1) and wihout epimerization (2)

Comparing the two spectra in figure 9, PLA synthedifor this work (2) have only signals
relating to the methine of L-lactic units: theree ano undesired species coming from
epimerisation reactions. On the contrary in thecspen shown in literatufethere are many
different signals. The increase of the distributismot therefore linked to a variation of the
stereochemistry of the polymer, but probably caubgdbackbiting or transesterification
reactions.

To verify this hypothesis several PLA with [M /[CMatio of 15 have been synthesized in the
same reaction conditions used for the samples ibescin table 1, simply increasing the
polymerization time beyond those necessary to a&eftiee total conversion.
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MALDI-TOF technique was used to characterize trszsaples (Figure 10). The spectra show
the presence of two different distributions of noollear masses, one for sequences with an
even number of monomer units and the other, unéggegiven the nature of the starting
monomer (lactide) that should lead only to an emamber of repeating units, due to the

uneven sequences.

(V)

©

Figure 10: MALDI-TOF spectra of PLA with Dpn of 15

MALDI-TOF spectra in figure 10 shows the presentepecies with an uneven number of
lactic units in the chain, a phenomenon relatettansesterification or backbiting reactions
that may occur extending the reaction time causethb attack of last repetitive units on
internal lactic unit of polymer chain, resulting tine formation of a chain that can have an
uneven number of lactic species. Working with thessction conditions, D value tends to
grow reaching typical values obtained in the pohgmEnsation reactions that depend on the

conversion achieved and on the [M]/[CM] ratio i tieed.
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4.4 CONCLUSIONS

Solution polymerization is very efficient for thgrghesis of PLA, even at high molecular
weight, for polymers that require a strict conwbthe macromolecular parameters.

It is possible to synthesize polymers with prograadnmolecular weight in order to design
the final characteristics of the PLA. The polawtfythe monomer requires a careful choice of
reaction solvent to avoid precipitation phenomenhictv may affect the progress of
polymerization and then change the molecular wedgiat polydispersity of the polymer: for
this reason THF is suitable for this type of systhe

The use of comonomers having different reactiveréwy functionality allows to synthesize
PLA with controlled molecular weight: the data dbeal by'HNMR analysis show that there
is agreement between the values actually achienédhmse planned in the absence of factors
that may disturb the process of growth.

Polymers are obtained with a very narrow moleculaight distribution, close to 1, further
proof of the high control system that can be adfdevwith this technique.
Controlling some parameters, in particular incnegshe polymerization time a plateau of the
conversion curve is reached: an increase in thaegabf polydispersity of the polymers
compared to those recorded under optimal conditimnsobserved; molecular weight
distribution tends to a equilibrium value typicdl molycondensates because of backbiting
reactions and/or transesterification reactions jotexh by excessive polymerization time.

The synthesis of PLA in solution is certainly a ddechnique to prepare ideal model systems
for which the equality of species is required. Teymthesis is obviously not applicable on
industrial scale to produce commodities, due tohigé costs and necessary precautions for
the use and disposal of solvents, as well as tjie f@iaction times required.

On the other hand monodisperse PLA obtained wititrobled conditions could be used in
high added value biomedica applications (drug eejivsystem, etc.) were monodisperse
samples are often required.

In later chapters will be described how the striectof a polymer is related to its molecular

and rheological properties.
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5. Study of star shaped PLA



5 STDUY OF STAR SHAPED PLA

5.1 THEORY OF POLYMERSWITH STAR ARCHITECTURE

The synthesis of polymers with controlled macroroolar architecture has always been one
of the objectives of academic and industrial rese#n obtain polymers with rheological and
mechanical behavior different from that of standaaterials.

This approach is widely used, for example, in ile&lfof polyamides, that are the subject of
several papers in the literature describing the oldlifferent kind of multifunctional
comonomers, used to modify macromolecular architect

Regarding PLA, the state of art is quite differgmblymers with complex architecture are
described in the literature, typically star or demer systems, but most academic papers aim
at understanding the mechanism of polymerizationtha presence of polyfunctional
molecules and obtaining a structure as homogenasymssible, while there are no studies
concerning a possible use of macromolecular arctioite control to improve the properties of
the polymer, topic that will be discussed in thisrkv

Two different methods can be used to synthesizegstems with this particular type of
molecular architecture: convergent synthesis amergent synthesis.

Both synthetic routes require the availability ive treaction mixture , although at different
times, of a star agent that must have at lease tidentical reactive functional groups,
complementary in terms of reactivity, to the fuooal groups provided by the monomer
molecules.

Defining RA the molecule of star agent havififunctional groups of type A and if in the
reaction there is an AB type monomer, the formabérmacromolecules with star-shaped
structure can occur for the growth of polymer chawh type -BA-BA-BA- at least on three
functional units of the comonomdRA agent is like a starting ramification point fronmiah

several arms, formed by AB monomer units, can gnowt
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Figure 1 shows a representation of a star shapetbmalecule.

gwﬁf%

.
gﬁ 3

Figure 1: three arms star shaped macromolecule

In figure 1 the represented macromolecule is a sfmcies with three arms and the
comonomer has still available a number of A reactyroups equal to f-3; moreover the
length of the arms should not necessarily be theedar all the branches that originate from
the central comonomers, but generally these siagsfvtom arm to arm on a statistical basis
of growth.

Theoretically the multifunctional agent can be dgpeerized with an AA and BB monomers
or with an AB monomers.

The copolymerization of star agent with AA and BBmomers, however, shows a serious
problem, related to the possibility of formation stars with arms terminated both with
functional groups of type A and type B; in this €abe condensation of two star-shaped
macromolecules with the formation of a multiplerstauld occur. This iper-star structure
may further react with other macromolecules with formation of a multifunctional cross-
linked structure. Crosslinked materials, in theases, are generally undesirable because they
are not processable, usually brittle and not extiolelfrom plants running continuously.

The growth of the chains from comonomer duringiteecpolymerization is based on the ring-
opening reaction promoted by the functional groupfAhe comonomer therefore group A
will always be the terminal group of the chain;rdfere it is not possible to have a reaction
between two or more star macromolecules and thatioeamixture is composed of linear and

star species of finite size.
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The multifunctional comonomer in this case actsaasnultifunctional chain regulator. The

greater the amount of reactive groups in the feia thre comonomer the lower the molecular
weight of the final polymer.

The star agents used in polymerization must haweesotrinsic characteristics to give the
polymer chemical and technological desired propsrti

Comonomer must have:

- Thermal stability necessary because the polymerization temperetumigh and a possible

degradation of the monomer leads to a yellowinghef polymer, and to a lower molecular
weight.

- High purity, required to achieve very high molecular weight #retefore high performance
materials. The purification of the product is féailed if it can be obtained by crystallization.

- Colorless to avoid problem with materials that must not dmored during processing.

- Easy to synthesize and chedmecause the synthesis and the use of comonomers in

polymerization reaction must not affect signifidgrihe total production cost of the polymer.

The comonomers used in this work are mainly foarhaxa-functional polyol (T6), a tetra-
functional polyol (T4), a tri-functional polyol (73a bi-functional alcohol (T2) and a mono-
functional alcohol (T1); the last two molecules mlat act as star agents, because they can
allow the growth of one or two polymer arms, cregtiinear macromolecular species.
Alsothe behaviorof multifunctional agents with aaxlgl reactive groups has been tested but,
as already mentioned in chapter 2, acid functionsrfiere with the polymerization process

and not allow to obtain the desired structure.

88



Structures of the comonomers used for the syntloésitar systems are here reported:

OH

T1

Benzyl alcohol

/\/\/\/OH
HO

T2

1,6 Hexanediol

OH

OH
T3
Trimethylolpropane

OH

HO

OH

HO
T4
Pentaerythritol
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HO OH

HO @] OH

HO OH

T6
Dipentaerythritol

The most important feature ofof polymers with stachitecture is the decrease in
hydrodynamic volume in comparison to linear polysnef the same nature which have the
same molecular weight (Mn). This feature resultaitower viscosity of the polymer melt

during its processing, for example during a proadsmjection molding. It follows that the

material at a temperature T1, has a viscosity amtib a linear polymer with the same
molecular weight at the temperature T2>T1. In otlemims, at the same processing
temperature, a star polymer is able to fill in eeth mold than a linear polymer: for these
reasons materials with a star architecture aralsleifor the molding of complex objects with
special shape or low thickness. Moreover thereniemergy saving (the injection machine

uses less power to process the material) and despnpcessing step.
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5.2 DISTRIBUTION AND CALCULATION OF MOLECULAR WEIGHT OF STAR
POLYMERS

5.2.1 Flory theory

Academic studies regarding modified architecturlympers date back to Flory, who was the
first to study polymerization reactions in the gnese of multifunctional agents having two or
more reactive groups of the same nature. His sfudiere conducted on the process of
polycondensation of caprolactam. During these stitlie assumed that all functional groups
of star agent were reacted and that in the reactiodtiure were present molecules with a
number of arms equal to the number of functionaugs of multifunctional agent (full star
chains). The experimental evidence of the preseht&rminal amino groups, even if he used
a multifunctional agent with acid groups, led himconsider that in the reaction mixture were
not only the full star molecules, but also the &nenolecules that do not react with the
multifunctional agent.

Basing on these considerations, Flory, developsthistical theoretical modetalculating
average molecular weight, numeral molecular weggtd the fraction of linear species for
polycondensation products of AB monomers in the@mee of multifunctional agents RA

This model was intuitively valid for reactions witbtal conversion and in presence of very
small concentrations of star agent, because ontlgase conditions the statistical hypothesis
of complete reaction of functional groups of thar sigent could occur. In fact in his works
Flory aimed to achieve a complete star polymeretoee he pushed her reactions to high
degrees of conversion. Equation 5.1 provides th&ibution of molecular masses for the full

star species basing on the model developed by .Flory

x| _q,  bA-L)1+Q)
(X:nl)_l [b@-L)+(Q+L)? 5.1)
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Subsequently, after several years from the origimak of Flory in 1948, Farirfaesumed the
same concepts proposed by Flory and developed ghatiens for the calculation of the
polydispersity of star polycondensed polymers. Qmlgently, in 2001, Yudnreconsidered
the scheme at the base of the kinetic model ofyRlordevelop a more complete statistical

model.

5.2.2 Farinatheory

Farina, in a research aimed at preparing polyamidgl modified molecular weight
distribution to study their chemical-physical arethnological properties, approached the
study of the general equations for the distributddrmolecular masses of polymers obtained
by polycondensation in the presence of the mon@nmdrof a multifunctional chain regulator
with a general structur;.

The polymer thus obtained were considered, apprabdlyy, as homogeneous mixtures of
non-regulated chains (linear species) and chamdated by the co-monomer with a number
of arms equal to the number of groups of the muitfional reagent; as already reported in
Flory hypothesis, it was not considered the poksiktihat star macromolecules could be
constituted by a number of arms lower than the ramd$ reactive groups present in the
monomer. Following this philosophy, Farfnaconsidering the theory of Flory and the
properties of polymer blends, developed the follayimathematical expression for

calculating the distribution of molecular masses:

Do (1D (F-D(F-2)
f f 5.2)

Xwz indicates the fraction weight of polymer with tbemonomer unit, in other words the
fraction weight of regulated macromolecules. Thaatign proposed by Farina is easier to
understand than the rigorous treatment proposdeldsy and allows to calculate the index of
dispersion with an error lower than 1%, much smal@an the experimental errors usually
made with the analytical techniques that allow eétedmnine the value of polydispersity index,

like for example size exclusion chromatography (FEC
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Recently Yuanh developed a statistical model that is more corepéetd complex than that

proposed by Farina.
5.2.3 Yuan model

In Yuan model, analytical expressions of the average numerategegf polymerization
(DPn), the average weight degree of polymeriza{ldRw) and the dispersion index, D, of
different polymeric species are obtained as a fanabf monomer conversion of functional

groups of the RA

p.+POfF. P r>i=12.., P =AB
RA +P O bis P'RA _,

PRA L, +R O PLRA

Nk,
pRa, +r 0H e pira

PRA+P O % P..RA l=12,...,f

Figure 2: reaction scheme proposed by Yuan

In figure 2, Pr is the pure linear chain, which Ina$ undergone any act of reaction with the
RAscomonomer and it is formed only by repeating uoits monomer. RRA:, represents the
species branched with r monomer units and for wtoaly | functional groups of the
comonomer is reacted: this species can be defimetha withl arms, which, fot = 1 and =

2 are really linear macromolecules, even if comt@rmultifunctional monomer unit; there
are also unreacted (f-I) groups of the comonomer.

Unlike Flory* therefore, there are three different types ofdirepecies: one coming from the
polycondensation of the AB monomer (linear primaagyl those coming from the reaction of

one or two functional groups of comonomer (lingar)s
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It is possible to define a star macromolecule ahlgt least three functional groups of the
comonomer are reacted.
A very complex kinetic reaction scheme as as the proposed by Yuan, needs some

approximations to be solved considering all speiciégls The hypothesis include:

1) the assumption of equal reactivity of functionalogss of the polymer chain,
regardless of the length of the chain;

2) the equal reactivity of the functional groups led tomonomer, regardless of the time
they react, which is equivalent to assume that dtegic impediment of arms is
irrelevant;

3) the absence of side reactions not considereckiRitietic model.

Basing on these fundamental hypothesis, the kinetigstants in the reaction scheme
proposed in figure 1 have the same value. Yuanqgsexgb the following expression for the

calculation of the distribution of molecular masses

f
D(Iim):[a+1+3j 1-[ fa j 5.3)
f 1+ fa

ais the G/N ratio in the feed. Then is possible to concludsg:th

* The molecular weight of the polymer essentiallyetets on the initial £Ng ratio: the
lower is this value, the higher the molecular weidtat can be obtained with a total
reaction conversion.

e The distribution of the molecular weight decreasesreasing RA comonomer
functionality.

« The index of dispersion, D, depends not only fréwe functionality f, as described in
the model of Farina, but also by the molar ratitwWeen monomer and comonomer in

the feed.
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Yuan model shows that polymers with a star archutechave an higher complexity than the
one suggested by Flory and Farina in their modeéts. this reason, to take advantage of
polymeric materials with a star architecture, ihécessary to optimize the production process
in order to optimize the ratio between the différepecies, linear or with star architecture,
constituting the final material. The fraction oktktar is responsible for the decrease in melt
viscosity during processing, while the linear pagives the material good mechanical
properties.
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5.3 STUDY OF PLA STAR POLYMERS

PLA has a structure different from a polyamide,hbivom the point of view of the length of
monomer unit both in terms of the chemical bonds@lthe chain, therefore it is necessary to
determine if the structures obtained in the presesfccomonomers have a distribution of
molecular masses similar to that expected frommibdel of Yuan, and if it is possible to use
this type of architecture for the synthesis of mawlecular materials useful in some
applications.

In this chapter the study of polymerization of idetin the presence &4 multifunctional
agents will be discussed, to define the complexitthese reaction systems and evaluate what
are the effects of the presence of comonomers decwmar and rheological properties of
PLA.

In the literature there are many works in which BleA is synthesized in the presence of
multifunctional agents having reactive hydroxyl gpe to obtain star structufésbut in these
case the attention is focused on low molecular egystems that are synthesized for
mechanistic studies , while there are no studiesitaine correlation between macromolecular
architecture and the properties of engineering nadse topic for the industry.

In chapter 4 the synthesis of star shaped PLA Wwasdy considered; in that case solution
polymerization with four different multifunctionapecies, defined as T1, T2, T3 and T4
(respectively, with one, two, three and four hydiloyroups that can react with the monomer
forming the ester bonds) was used. Polymerizatindeu controlled conditions allows to
obtain model structures but these cannot be applidte industry, both for the complexity of
the synthetic method and for the final properti€she polymers. For these reasons in this
chapter the synthesis of star systems preparedghrbulk polymerization will be discussed
in order to obtain some information about the methogy but also about a possible
industrial application of this synthesis.

T1 and T2 comonomers do not give species with stahitecture but only linear
macromolecules; however, they have been used as odgulators because they allow to
obtain simpler structures to verify the resultsantéd with different analytical techniques.

It is important to remember the importance of tharstability of multifunctional agents at
high temperatures and during the polymerizatiowrtreas, fundamental to obtain PLA with
high molecular weight and a decrease of the pgbgitsty index of the molecular masses of

the species forming the polymer.
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5.3.1 Evaluation of comonomers reactivity in bulk polymerization

A fast and practical way to evaluate how a comonob&haves during the polymerization
process is to synthesize oligomeric materials gggdl using a high amount of multifunctional
agent. By this way the effect of comonomers ongblymerization process will be greatly
increased.

At first reactions were conducted in the preser@ in/m of multifunctional agent respect to
the lactic acid units in the feed.

The reaction was carried on by ROP of lactide prehdoy the hydroxyl groups of the
multifunctional regulator catalyzed by a tin spscithe polymerization was conducted at 190
°C for 90 minutes and at the end the polymer haadiaB% of unreacted monomer, measured
by '"HNMR analysis. Table 1 shows the feeds and the cutae properties of these oligomeric

species.

1 T1 10 903 2.048
2 T2 10 923 1.448
3 T3 10 921 1.356
4 T4 10 867 1.302
5 T6 10 1023 1.174

Table 1: feed and molecular properties of PLA oligmers

These oligomers were analyzed by SEC to deterntie& imolecular weight and their
distribution. It is also important to verify if, @&xpected, this technique is valid for the study
of star architecture PLA obtained by bulk polymatian.

Figure 3 shows the SEC curves of the oligomersriestin table 1.
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Figure 3: SEC curves of PLA oligomers

SEC curves reported in figure 3 show clearly tHeatfof multifunctional comonomers on the
molecular properties of PLA, especially on the papersity index of the system; by
increasing the number of reactive groups in thedmonomers, a marked narrowing of the
curve of the polymer was observed, compared tondlasi material synthesized in the
presence of T1. Also T2 comonomer (red curve), Wihgives only linear species, shows a
decrease of D values in comparison to the oligosyathesized with T1 comonomer (blue
curve).

The effect becomes even more pronounced in presgihcemonomers with functionality
greater than two, which give polymers with stah#@ecture. The black curve, referring to the

polymer with T6 comonomer, has a very narrow mdkcweight distribution, close to 1.
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Figure 4 shows the SEC curves of oligomer syntleelsivith 10% of T3 comonomer.
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Figure 4: SEC curves of PLA with 10% of T3

Figure 4 shows that the T3 comonomer has effegtmeirked as a star agent modifying the
macromolecular architecture of the polymer. Molacunasses distribution is narrower

compared to that of oligomers without any comonordata obtained by the integration of

the curve, expressed as linear PLA basing on t& &ffibration system described in chapter
3, and reported in table 1 further confirm the effef comonomers on the molecular
properties of PLA. Both the Mn value and the dmition of molecular masses are affected
by the presence of T3 comonomer.

Further experimental evidence may also be obseied higher average molecular weight
oligomers obtained with 5% m/m of T3 multifunctiéregent (half of the quantity used for

the sample reported in figure 4).
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Figure 5 shows the SEC curve of PLA oligomer with &f T3 multifunctional agent.
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Figure 5: SEC curves of PLA with 5% of T3

Integrating the SEC curve for the sample showngaré 5 the following values of average

molecular weight and molecular weight distributeme obtained:

Mn: 1676 D: 1.386

The comparison between the values obtained fopdhemer synthesized with 5% of T3 and
those of the oligomer with 10% of the same comomnashews that the method used for the
synthesis of these materials allows to obtain &ictsn on the distributions of molecular
masses, and also allows to obtain an increase abyincreasing the [lactide]/[comonomer]

ratio in the feed; the polymers always have a madistribution of molecular masses.
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In chapter 4 the effect of factors such as polyration time and reaction temperature was

discussed concerning the solution polymerizatiolactide because these parameters can lead

to a broadening of D values up to values typica pblycondensation process. Analyzing the

data reported in table 1, and also observing thé &kves in figure 3, oligomers synthesized

in bulk, without strictly controlled reaction comidns, have a distribution of molecular

masses that is different from that of polymers wigtd by solution polymerization; D values

are similar to the ones of materials obtained Hyqmmdensation process.

The spectra of the oligomers were analyzedH)MR to get a further confirmation of the

behavior of multifunctional comonomers during tledymerization. Oligomers were analyzed

in order to see if there were different speciegrasicted by Yuan model, statistically formed

in the presence of star comonomer. Using pentagiolt (T4), the species that may be

present in the final oligomer are;

* Pentaerythritol

HO,

OH

HO

OH

* Mono-reacted pentaerythritol

HO

5.4)

(@]
|| 5.5)

HO

OH
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» Bi-reacted pentaerythritol

HO

A1 i

HO

» Tri-reacted pentaerythritol

(o]
o
| | N
‘ ‘ 5.7)
HO | |
O || O !:! OH
» Totally reacted pentaerythritol
(0]
R I
B N I
| | - |
HO O (@)
| | | |

Looking at the structure from 5.4) to 538)NMR signals of the two protons of the €group

(A) bound to oxygen were used to determine the gp& number of species present in the
reaction mixture. Indeed, the presence of a diffiereumber of substitutions on the

pentaerythritol should originate a variety of signand a chemical shift towards lower fields
if the hydroxyl group of the regulator reacts witle monomer promoting the formation of the

chain (B), compared to the case in which it remam®acted (A).
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Figure 6 shows thtHNMR spectra of the oligomer containing 25% of T4.

HO,

o L .. on

HO

OH

C

Figure 6: '"HNMR spectrum of oligomer with 25% of T4

"HNMR spectrum in figure 6 shows that there is ndtiplicity in the signal on Chl of T4
(B), but only one signal is present, due to a stmecin which all the functionalities of the
comonomer are reacted with lactide. To furtherfydiis observation &CNMR spectrum

was collected, shown in Figure 7.

T4 unreacted

Figure 7: ®*CNMR spectrum of oligomer with 25% of T4
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Also ®*CNMR spectra of figure 7 confirms whaNMR has already shown: there is no
multiplicity of signals that can confirm the preserof different species represented in figures
from 5.4) to 5.8), but only species 5.8), totakacted and a lower residue of unreacted T4
comonomer (5.4).

To better understand the expected results it can beeful to observe the spectrum of figure
8 in which an oligomeric system based on trimesicl @and caprolactam is reported. The
image was taken from the doctoral thesis of Ph.&nt¢s Farina In this case all the possible
different protons are found in the NMR spectrumggmsting that all species provided by
Yuan model are actually present in the reactiontuné& There are not only the fully star
macromolecule, as suggested by Flory model, botalspecies in which the multifunctional

comonomer is not completely reacted.

?
COOH C—N—-R
1 1 3 3
HOOC™ ™ “SCOOH HoOC™ ™3 “SCOOH
? H ?H
C—N—-R C—N—R
H H H
HOOC Cc—N-R R—N-C SC—N-R
4 I I 6 I
o) o) o)

ppm

Figure 8: '"HNMR spectrum of samples with a caprolactam/trimest acid ratio of 3
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'HMNR spectrum of PLA synthesized using the T3 coomer as a chain regulator was
considered in comparison to the spectrum of Figuifeggure 9 shows that in this case there is
not any multiplicity of signals that may suggest firesence of a mixture of different species,
but similar to what observed for T4 comonomer, ehare only signals of the GHf T3

completely reacted (B), the signals of lactic ungaminal chain (C) and also a signal of a
small amount of completely unreacted comonomer éxactly as observed in the spectrum

of figure 6.

4.40 4.20 4.00 3.80 3.60 3.40

Figure 9: '"HNMR spectrum of oligomer with 10% of T3

To further confirm these data, an oligomer was tsgsized, using T3 as but with only 30’
and not 120’ as reaction time, to verify if for stev reaction times the different species
considered in the theoretical model were presené groton spectrum relative to the latter

sample is shown in Figure 10.
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Figure 10: '"HNMR spectrum of oligomer with 10% of T3 synthesizd in half an hour

The spectra in figure 9 and 10 are perfectly idehiin the area of methylene of comonomers,
therefore time does not influence the number ofctezh or unreacted arms of the
multifunctional comonomer.

By analyzing all the data collected it can be stdbat the polymerization of lactide, even in
the presence of high amounts of comonomer, is ptednby the nucleophilic attack of the
hydroxyl groups of the comonomey o the lactide ring. All the reactive groups of are
involved in the initiation of chain growth, withdh reaction rate and without any distinction;
it is not possible to identify the different spexmnly partially reacted because from each arm
a macromolecular chain starts.

This type of mechanism is similar to the one obsérfor an anionic polymerization and is
confirmed by the fact that for short reaction tintles molecular weight distribution is very
narrow, a behavior typical of polymerization thabgeeds by an anionic mechanism, as
reported in chapter 4.

During the polymerization, transesterification t&@ts occur and involve the rearrangement
of the chains that lead to a final value of polpéisity typical of the polymers obtained by
polycondensation and predicted by the theoreticadeh However, these reactions take place
on internal chain ester groups and do not invohe d¢ore, probably due to the increased
stability of its bonds and/or increased steric hmmde. This explains why in the NMR spectra

there is no multiplicity of signals.
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5.4 POLYMERIZATION WITH T1, T3, T4, T6 COMONOMERS

5.4.1 Effect of comonomer % on PLA molecular weight

The chemical nature of PLA chain is characterizgdalshort monomer unit in which there
are only three carbon atoms. The macromoleculeLéf iR also weak due to the presence of
an oxygen atom in the chain near to an electroactir group such as carboxyl group. These
two reasons require for PLA to have very high molacweights, 90000 g/mol (polystyrene
equivalent) or 50000 g/mol (PLA equivalent) to obtanaterials with good mechanical
properties, which can have a industrial applicatiomwer molecular weight PLAs have poor
mechanical properties and cannot find applications.

Therefore it is important the choice of reactiomnditions to obtain high-performance
materials.

Using the same synthetic method used for the sgigtiné the oligomers four samples of PLA
were synthesized, using different quantities ofcdmonomer, in order to verify the effect on
polymerization process on the final material. Intijpalar what was the best concentration
range to be used for the synthesis of polymers gothd properties was searched.

The feed and the values of molecular masses andippérsity of these samples are shown in
table 2.

Sample = Comonomer % Tx Mn SEC D
1 T4 0.125 31424 1.538
2 T4 0.25 24290 1.504
3 T4 0.5 10082 1.420
4 T4 1 5523 1.311

Table 2: feed and molecular properties of PLA withdifferent %m/m of T4

The data reported in table 2 show that the T4 dakyrworked as chain regulator because Mn
values determined by SEC analysis decrease witleasmg the amounts of T4 in the feed,
and the distribution of molecular masses is narompared to that obtained for the synthesis

of not regulated linear polymers.
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Molecular weight values show that using theoreticeddel to study the behavior of star
agents is possible to obtain polymers with a retsbn on the distribution of molecular

masses, but also with numeral average moleculaghteincreased by increasing the
[lactide]/[comonomer] ratio; in other words, desieg the amount of multifunctional agent
Mn increases while the polydispersity of the maies low. It is also interesting to note that
increasing the concentration of tetra functionakrdgthere is a great decrease in the
distribution value of molecular masses. Figure Adwss the SEC curves of the four samples
synthesized with the tetra functional comonomerthbdn values and molecular mass

distributions reflect the values reported in tahle
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7.00E-01 + i . lO/O T4

5.00E-01 4

Segnale UV
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1.00E-01

-
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-1.00E-01

t (sec)

Figure 11: SEC curves of PLA with different % of T4
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As mentioned before, however, PLA must have a nubdeaveight of about 50000 g/mol in

order to obtain materials with good mechanical props that make them suitable in fields
different from the biomedical one; polymers repdrie table 2 have Mn values too low to
have an interesting mechanical and rheological \aehaespecially if the polymers with T4

up to 0.25% are considered. For this reason thadystm the behavior of the PLA in the

presence of multifunctional agents was continuedguan amount of comonomer between
0.05% and 0.125% m/m.

5.4.2 Star shaped PLA with low amount of multifunctional comonomers

In section 5.4.1 it was said that high molecularghtis necessary to obtain polymers with
good mechanical and rheological properties: fos ti@ason the amount of multifunctional
agent used to modify the macromolecular architectaust be very low. Then several star
architecture PLA with feeds and molecular propsertieat are summarized in table 3 were

synthesized.

0 < = 56909 1.982
1 T1 0.05 55186 1.888
2 il 0.0625 49951 1.883
3 T1 0.125 27802 1.895
4 T3 0.05 69910 1.652
5 T3 0.0625 67588 1.644
6 T3 0.125 30600 1.605
7 T4 0.05 121834 1.668
8 T4 0.0625 103321 1.658
9 T4 0.125 31424 1.611
10 T6 0.05 66270 1.512
11 T6 0.0625 63520 1.509
12 T6 0425 32691 1.482

Table 3: feed and molecular properties of star shagd PLA
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Table 3 shows that the change of the number ofifmidtional agent reactive groups affects
the Mn values of polymers, determined by SEC aimglymnd also the polydispersity; it is
possible to modulate the molecular weight and tbldispersity modifying the type of
comonomer in feed.

For small concentrations (0.05% and 0.0625%) of T@8,and T6 Mn values are similar or
higher than the ones of linear polymers; the muttitional agents work as chain extenders,
and this effect is particularly noticeable wheni$4resent. Increasing the concentration of
the multifunctional agent (0.125%) a dramatic dase of the average molecular weight is
observed. The polymers synthesized in the presehdd, which does not act as a chain
extender but only as a chain regulator, have alveaysage molecular weight values lower
than the non regulated linear PLA and Mn gets loagethe amount of T1 increases.

The trend of Mn values is also confirmed by the SiE€ves of the same samples.

In figures 12, 13, 14 and 15 are shown the SECesuof PLA synthesized with T1, T3, T4

and T6 compared with the unregulated linear PLA.
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Figure 12: SEC curves of PLA with different % of T1
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Figure 13: SEC curves of PLA with different % of T3
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Figure 14: SEC curves of PLA with different % of T4
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Figure 15: SEC curves of PLA with different % of T6

Looking at the pictures above it can be seen tlgd hegulation of molecular masses and
distribution in PLA with the 0.125% of comonomet;is also clearly visible the action of
chain extenders of comonomers T3, T4 and T6 whey &ne used in smaller concentrations.
The percentages of comonomer used for the syntbéselymers, in particular 0.05% and
0.0625%, necessary to obtain materials with goottootar weight values, is to be very low
and thus the effect of the comonomers on Mn vaduneson polydispersity is not so strong as
in polymers synthesized with higher amounts of rfurittional agents.

Figure 16 shows that SEC curves of PLAs synthesizigdl the 0,125% of T3, T4 and T6
have the maximum of the peak shifted to smallerrdgghamic volumes compared to the
linear polymer regulated with T1, despite the hrghelecular masses of these materials

having star architecture, as shown in table 3.
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Figure 16: SEC curves of star shake PLA

A feature of star polymers, also described by tieotetical model, is the restriction of
molecular masses compared to linear polymers, itaata polydispersity index of about 2.
The SEC analysis is an excellent analytical teamitp estimate D values and is commonly
used for this purpose.

The SEC curves of figure 16 show the wider molecutesses distribution for PLA
synthesized with T1 in comparison to the one of Rlith T3; the difference is greater for the
polymers with the same molar percentage of T4 &dor whom the effect is higher because
of the high number of reactive functional groups.

Looking at the SEC curves of figure 16 the effeét multifunctional agents on the
polydispersity of the polymers is visible even witbry small percentages of comonomers,
lower than those used for example in the synthafs@igomers, described in this chapter at

paragraph 5.3.1.
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5.5RHEOLOGY OF PLA WITH MACROMOLECULAR STAR ARCHITECTURE

In a star shaped PLA, as already reported in ttredaction to this chapter, a desired feature
is the higher fluidity of the melt. This behaviorakes it easier the process the polymers and
makes the material fill molds quicker and betteantta polymer with a similar molecular
weight but a linear architecture. This propertyd @onsequently the resulting technological
advantage, is widely used in the field of polyarsidearticularly for the polyamide 6, but in
the literature the use of star shaped PLA usedmprave the processing has not been
reported, probably because, as already mentionedl,as a structure requiring very high
molecular weight values to have good properties.

In this work the viscosity of star-PLAs was evakdtin order to study the rheological
behavior of these materials compared to a lined. PL

Samples described in section 5.3 and summariztabia 3 were considered.

Analyses were performed using a rotational rheomgtes an instrument which works in the
fields of shear rates lower than those of a capilfaeometer. While capillary rheometer is
dedicated to measures that reproduce the conditbmsdustrial processing, the rotational
rheometer better underlines the different behawiforvarious materials in molten state in
relation to the macromolecular architecture. Pley8CR 300 rotational rheometer was used
in this work, with a parallel plate geometdy € 25 mm), useful for the analysis of polymeric
materials. PLA has a melting temperature of abal@-180 °C and rheological tests were
conducted at 190 °C, approximately 10-15 °C abbeentelting temperature. The rheological
curves were obtained in experiments of frequencgepsmrom 100 Hz to 0.01 Hz with a
constant deformation (strain) equal to 5%. In pcagtapplying a controlled shear rate, the
resulting stress is determined.

Considering also the nature of the polymer studiba@t are easily degradated at high
temperatures, and using the experience gained éyetbearch group with another class of
polymers very sensitive such as polyamides, anyaoal methodology has been developed
optimizing the time of analysis, minimizing any g#melated to the inclusion of the sample in
the furnace and reducing the time required to restoe temperature within a range of = 0.1

°C above the temperature of analysis.
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In order to have a good repeatability in the analymn the same sample and a better
comparison between the analysis of different sampteis important to always run
experiments having approximately the same duration.

The samples were treated with a solid state polyeosation (SSP) overnight under
mechanical vacuum at 150 °C, for two reasons:iteedne is because PLA is a polymer very
sensitive to humidity and therefore requires adbhgh process of drying to avoid that traces
of moisture during the analysis at high temperatuead to random hydrolysis of the ester
bonds in the polymer chains and to a degradatigdheopolymer molecular weight.

Secondly SSP process eliminates the residual manont®se presence could lower the
viscosity of the polymer.

Figure 17 shows the curves of complex viscositg &snction of shear rate for PLA obtained
in the presence of the same molar percentage oT 3,174 and T6. By comparison also the

curve of the linear PLA is present and used asezaece.

1,00E+04 A

o
w
*

Complex viscosity (R%*s)
*

1,00E+02

--- Linear PLA
---0.125% T1
---0.125% T3
---0.125% T4

1,00E+01 " . ‘ ,
1,00E-01 1,00E+00 1,00E+01 1,00E+02 1,00E+03
Shear rate (1/s)

Figure 17: rheological curves of PLA regulated withT1, T3, T4 e T6 comonomers
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The rheological curves in figure 17 show that wtite same percentage of multifunctional
comonomer introduced in the polymer, to obtain maie with the same programmed Mn,
there is a decreasing of the complex viscosityhefRLA increasing the number of hydroxyl
functional groups in the comonomer. There is tlweethe typical effect on the behavior of
polymer having star architecture in the moltenestat

It should be noted, however, that the viscosityheke star systems is significantly lower than
that of unregulated linear PLA; probably this diéflece between the rheological curves shows
that these materials could not be used in apptinatrequiring good mechanical properties.
Figure 18 shows the rheological curves of PLA sgatred in the presence of different

amounts of T3 comonomer.
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Figure 18: rheological curves of PLA regulated withT3 comonomer
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Figure 18 shows that the higher the percentagheotbmonomer, the lower the viscosity of
the melt, as would be expected by analyzing theeouthr weight values of polymers
measured by SEC analysis and reported in table 3.

It is also interesting to note that with the lowpstcentages of comonomer (0.0625% and
0.05%), the chain extender behavior of the multifiomal chain regulator leads to an increase
in viscosity at low shear rate values comparedhto linear PLA, while for high values of
stress, the viscosity is lower than that of theypar not regulated.

This phenomenon is related to the behavior of chatander exercised by the multifunctional
comonomer, while with 0.125% of regulator the rlogidal curve of star PLA has
significantly lower viscosity values, as discusabdve.

Table 4 shows the complex viscosity values measat¢lde lowest angular speed, where the

differences between samples are greater.

0 - - 2:19%102
i T1 0.05 1.60*10°
2 T1 0.0625 1L Al7AIE
4 T3 0.05 7.15*10°
5 T3 0.0625 31965102
7 T4 0.05 1.58*10%
8 T4 0.0625 9.80*10°
10 T6 0.05 3.70*10°
14! | 6 - 0.0625 » 20715102

Table 4: complex viscosity values of star shake PLAt 6.28*10" s*

Data reported in table 4 show that polymers withafidl T6 comonomers have a behavior
similar to that shown in figure 18 for the PLA dyesized with the T3 comonomer: an
increase of viscosity in the presence of small amhoéimultifunctional regulator is observed,
in comparison to unregulated polylactic acid. le@dance with the molecular weight values
reported in table 3 the polymers synthesized wdhcdomonomer have significantly higher
viscosities, and also the viscosity of polymerstlsgaized with T6 comonomer is higher than
the one of linear unregulated PLA, even if the effe lower than the one observed for similar

polymers prepared with T3 and T4..
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PLAs synthesized with T1 show an increase in visgashen decreasing the percentage of
comonomers, in accordance with the Mn values redart table 3, but the rheological curves
are lower than the unregulated linear polymer stheee is no effect of chain extension.

The experimental results show that it is possiblelitain PLA with high fluidity by adjusting
the structure of the polymer with multifunctionanconomers, able to give a star architecture,
that act on the molecular weight values and orridigion of the masses, especially when
used in the amount up to 0.125%.

The characteristics of PLA, however, force to haweery high molecular weights to be sure
that the material has good mechanical propertiesttis reason is not possible to use large
amounts of comonomers, therefore very low (for gxan®.05% and 0.0625%) amount of
multifunctional comonomers must be used; actinghasn extenders, they lead to an increase
in viscosity in comparison to the unregulate@dinpolymer. With these low amount of star
agents the effect of narrowing of the molecular seass still visible but less marked than the
one that could be achieved with higher percentafjesmonomers.
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6 STUDY OF PLAWITH TREE MACROMOLECULAR ARCHITECTURE

6.1 THEORY OF SYSTEMSHAVING TREE ARCHITECTURE

In literature there are several examples about Iyiditanched polymer obtained by
condensation of ABmonomers. Flory, was both a pioneered in the stidstar architecture
polycondensates and also a pioneer in the studyhypker branched polycondensation
polymers. He studied the polycondensation of ABonomers and developed a statistical
model in which functional groups A and B have opjgoeactivity and able to react with any
other complementary group; n is the number of gsafitype B present in the monomer. The
theory developed by Flory predicts that the polygtmrsation of AB monomers leads to the
synthesis of high molecular weight polymers, rangodmnanched.

The macromolecules of these polymers contain atifumd group A and a number of

unreacted B groups depending on the degree of molyation of the polymer:

(n-1)x+1 6.1)

X is the number of monomeric units in the chaincéding to Flory theory these polymers, if
appropriately synthesized, do not reach the geitpare soluble and can be melted; he also
developed several equations for calculating théridigion of molecular masses and their
moments. From Flory theory it results that the ddgersity index of polymers increases
with the degree of polymerization.

Thirty years later, Kricheldéfstudied the co-polymerization of AB monomers WA,
monomers. In particular he studied the polycondsmsaof 3-(trimethylsiloxy) benzoyl
chloride in the presence of 3,5-(bis-trimethylsypkenzoyl chloride to synthesize a poly (3-
hydroxybenzoate) with branched structure. In thisrkyv non-crosslinked polymers were
synthesized regardless of the degree of conversion.

In 1988 Webster and co-work&rsynthesized hyper-branched polyarylene using Bve
monomers and in 1997 Yan and co-workemiculated the molecular weight distribution and
other molecular parameters for polymers derivednfrthe polycondensation of BA

monomers.
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Also these authors, as already noted by Flory, dahat the index of polydispersity of these
polymers is very large; this feature can be expldiby that larger molecules have a greater
number of functional B groups, compared to smallezs, and therefore can better react with
a A group of another molecule. The result is a diggolecule with an higher probably to
react. This statistical factor means that smallaoales have lower probably to grow, while
larger one have a better chance to grow furthas; ithplies that a wide distribution of
molecular masses is obtained.

Subsequently, starting from the restriction of pdpersity index in star polymers, as already
known, Hulf and coworkers synthesized hyper-branched polyrimetee presence of star
comonomers to obtain a reduction in the polydispeos these polymers.

Subsequently Yan and cowork®developed a kinetic model of growth for polyconsizes
obtained from BA monomers in the presence of RBultifunctional agents as a star point;
the synthesis of these type of hyper-branched pailgrdid not lead to materials with good
mechanical and structural properties.

In two recent reviews Lorigand Voif accurately describe the fundamental mechanisrteeof
synthesis of hyper-branched polyesters confirmivag the ability to modulate the degree of
branching and the length of the arms of the polgmavoiding the gel point, are key factors
to control the rheological behavior, the proced#sand the thermal characteristics of the
materials; these parameters are very importanblynper processing.

As for the synthesis of aliphatic polyesters wittarithed structure starting from cyclic
monomers(also including lactide) several hyper-tinad systems are described in literature:
these polymers are obtained through the inserti@emnents connected to the main chain or
they are dendrimets®

The use of ABn monomers as branch points to olitgper branched structures to increase
the molecular masses of polymers is described by Fand coworkerd: they use
dimethylolpropionic acid to obtain structures havan high branching degree in caprolactone
polymers. Frel? again studied the use of the same acid in lapifigmerization catalyzed by
tin octanoate: in this work he shows for the fitishe the involvement of hydroxyl and

carboxylic groups of multifunctional agent in thewgth process of PLA polymer chains.
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After the work of Frey’, Storey® used the same type of multifunctional agent in the
polymerization of lactide: in contrast to what abveel by Frey, Storey states that only the
hydroxyl groups of the comonomer are directly iweal in the growth of the chain, giving
rise only to linear species, while the carboxyl diionality reacts in a second step with a
diisocyanate molecule able to connect two differgmdlymer chains obtained from
dimethylolpropionic acid.

In this case the multifunctional agent does not gletely react directly with the monomer,
probably due to the non-reactivity of the carboxygroups in the lactide/tin octanoate system
and to the adverse reaction kinetics of the ested dormation. The conclusions of Storey
and coworker$ coincide with what our research group observediaite non-reactivity of
the carboxyl group in lactide polymerization. Foistreason, as later shown in this chapter, it
was decided to use solid state polycondensatioR)&5obtain the non-crosslinked branched
structures.

The small number of papers present in literatuganding the possibility of increasing the
molecular weight and properties of the PLA throtigh use of multifunctional agents is also
reflected in the industrial field, where this typiemacromolecular architecture is not used for

the production of materials.
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6.2 PLAWITH TREE MACROMOLECULAR ARCHITECTURE

In chapter 5 the synthesis of star shaped PLAs Witin fluidity of the melt has been
described. Star macromolecular architecture isimdtbadding a multifunctional RAagent to
the reaction mixture; on the other hand, using awoneers with ABn, general formula in the
feed, with n and/or m greater than 1, branchinigtpaare introduced, that create chains that
can end with a functional group A or with a compégrtary group B. These molecules, unlike
the star-shaped ones, can react either with otimglias macromolecules or with the monomer
or with the AB,, comonomer, giving new branches. The result in¢hise is not a regulation
of the macromolecular chain; branched macromolsculgh different degree of branching
are obtained; branching tends to increase incrgasonversion and /B, comonomer
concentration, reaching very high values of mdecmasses. Given the nature of the PLA
(having short repeating unit and ester bonds, dbatt create hydrogen bonds between the
chains as happens in polyamides), a branched systgit be more functional for the
increase of the properties of the polymer in camspa with a star polymers.

A hyper-branched structure of a tree statisticympel obtained by the reaction of an AB type

monomer with a ABcomonomer is shown in figure 1.

~e
8 A—,
B A—g

A
A 8
o

Figure 1. macromolecule with statistical tree struture obtained from a polymerization of AB monomer

with AB,comonomer
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The polymerization of AB comomonomer leads to an hyper-branched structugey
compact , like a dendrimer; these structures haremlly very low solubility even at low
DPn values due to the high symmetry of the olig@n@rparticular dendrimeric structure is

shown in figure 2.

Figure 2: example of a dendrimer obtained from AB comonomer polymerization

Dendrimers, as reported in section 6.1, are stuhdtie polymerization of lactide, but the
topics of the works reported in literature are &rat, focusing for example on the study of
polymerization mechanisms or on the study of stmegs obtained using this type of
comonomer. A few practical applications are preserliterature, ant they are however to
biomedical field(i.e. drug carrier molecules).

Comonomers chosen to synthesize polymers with tn@eromolecular architecture, as
described in chapter 5, must have features thaivatiot to affect the final properties of the
material: they must be thermally stable at the &najpire of polymerization, they must have
high purity, they must not give color to the fingblymer and they should have prices

allowing their industrial use.
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In this work we used two types of BAcomonomers: 5-aminoisoftalic acid (AlA) and
dimetilolpropionic acid (DMP), whose structures shewn below

COOH OH
OH
H,N COOH HO O
5 - aminoisoftalic acid Dimetilpropionic acid

The main property of PLAs with statistical tree muawolecular architecture is a significant
increase in melt viscosity in comparison to lin®drA. The high melt viscosity of these
polymers could allow to use them, for example,lowbmolding process.

The carboxyl functional groups present in the coomeers, as mentioned above, do not react
during the process of polyaddition and do not dbuate to the growth of the chain and the
formation of the complex architecture; the two neales act as mono-functional regulators (5
— aminoisoftalic acid) and as bi-functional comomorfdimetilolpropionic acid).

For this reason it is necessary to treat the pofymi a post-polycondensation process that
promotes the reaction between the carboxyl grodpthe comonomers and the free end
groups of the polymer in order to obtain a brancéteakcture.

The study of tree statistical PLA required the bgsis of polymers with different
concentrations of AIA and DMP. Synthesis condisi@me similar to those developed for the
production of linear and star architecture PLASstFa series of samples containing an
increasing amount of comonomer have been syntlesizerder to verify the reactivity of
branching agent. The first syntheses were performsthg DMP because it is more
compatible with PLA, and to verify if there waseactivity of the carboxyl group of DMP, as
shown in the work of Fré¥, or if it acted only as a bi-functional regulatas reported by
Storey®. For this reason all the polymers were analyzedrbethe post-polycondensation
process.
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Table 1 shows the feed and the molecular propedfeshe samples synthesized with

dimetilolpropionic acid

1 DMP 0.125 33836 1.677
2 DMP 0.25 28392 1.651
3 DMP 0.5 11187 1.647
4 DMP 1 7664 1.639

Table 1: feed and molecular properties of PLA withDMP

The values of molecular weight and polydispershypw that DMP acts as a bi-functional
agent, thus confirming the non-reactivity of theboxyl group in the polymerization of
lactide.

Figure 3 shows the SEC curves of samples descimbiadble 1.

1,10E+00 -

--- 0.25% DMP
--- 0.5% DMP
--- 1% DMP

9,00E-01 +

3,00E-01 A

1,00E-01 A

1doo 1500 2000 2500 3000 3500 4000

-1,00E-01 - t (sec)

Figure 3: SEC curves of PLA with DMP

SEC curves in figure 3 show that DMP acts as bétional comonomer.
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Similarly to what was done for DMP syntheses u&irgaminoisoftalic acid were performed,
to evaluate the behavior of the comonomer.
Table 2 shows the feed and the molecular propedigbe samples synthesized with 5 —

aminoisoftalic acid

1 AlA 0.125 29420 1.862
2 AlA 0.25 25425 1.866
3 AlA 0.5 12798 1.890
4 AlA 1 9559 1.901

Table 2: feed and molecular properties of PLA withAIA

AIA comonomer acts as a mono-functional regulatod @ot as chain branching agent,
confirming the non reactivity of carboxy groups eb&d also with DMP.
Figure 4 shows the SEC curves of samples descinb@dble 2.

1,10E+00 -
--- 0.25% AIA
9,00E-01 -
---0.5% AIA
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1000 1500 2000 2500 3000 3500 4000
-1,00E-01 - t (sec)

Figure 4: SEC curves of PLA with AIA
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These tests show that the carboxyl group is nattireain the polymerization conditions,
making it impossible the formation of tree struesiduring the synthesis.

The comonomers behave as mono-functional agent)(atfi-functional agent (DMP) and
therefore they regulate the molecular weight thetrelases increasing the percentage of
comonomer added in the feed.

To obtain branched structures is therefore necgssarse SSP technique, in order to promote
the reaction of the free carboxyl groups of comoemwith terminal hydroxyl groups of the
polymer chains, thus forming the branches.

The SSP conditions require to operate at a temperdetween the Tg and Tm, so that the
chains acquire mobility to react, with the advaet#tat by working in the solid phase there is
no risk of degrading the polymer.

The post-polycondensation was conducted at 150nt@rumechanical vacuum (8*t@nbar)

for 12 hours.

SEC curves reported in figure 5 show the effec38P process on polymer synthesized in the
presence of 0.25% of DMP.

1,10E+00 -

--- 0.25% DMP after
SSP
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o \

1qo0 1500 2000 2500 3000 3500 4000

-1,00E-01 - t (sec)

Figure 5: SEC curves of PLA with DMP before and afer SSP process
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The SEC curves in figure 5 show that SSP processahaeffect on the molecular weight,
which is incremented, but also on the polydispgrsitthe system. An evident broadening of
the molecular masses distribution is present argthaulder in the left area of the curve
appears, probably due to the growth of existingnshar the formation of new species from
lactide still present in the system reacting ur8ieP conditions.

Table 3 shows the values of molecular weight ofgamples with AIA and DMP after SSP

process.

0 = £ 56909 1.982
1. AlA 0.05 53818 2.010
2 AlA 0.0625 51100 2.000
3 AlA 0.125 39832 2.114
4 AlA 0.25 25649 2.147
5 AlA 0:5 13025 2.190
6 AlA 1 8882 2.330
7 DMP 0.05 54719 1.986
8 DMP 0.0625 49714 1.970
9 DMP 0.125 40171 2.001
10 DMP 0.25 27082 2.105
11 DMP 0.5 22728 2.113
12 DMP 1 13578 2.258

Table 3: feed and molecular properties of PLA withAIA and DMP

The values in table 3 confirm the formation of lmiagd structures after the SSP process: post-
polycondensation reaction not only increased Mues)| but also increased significantly the
polydispersity index of these materials that aghér than those shown in tables 1 and tables
2.
As already noted in chapter 5, in relation to tte-architecture systems, even for polymers
having tree architecture it should be underlineat the molecular weight values reported in
table 3 for polymers with comonomer higher than126% m/m are quitdow to give
polymers with good mechanical properties.
According to a first hypothesis, SSP process csehtanching thanks to the reactions of
carboxylic groups of the comonomers but these i@acire probably not enough to increase
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significantly the length of PLA macromolecules. d&ther words, the equilibrium of the
polycondensation reactions limits the branchinthefchains.

On the other hand assuming a high conversion tiosgt groups in SSP process and then an
increase of branching increasing the concentratibrmultifunctional monomer, we can
assume that highly branched chains are not longtlzer@fore more compact ,resulting in a
decrease in hydrodynamic volume and consequentnivalues measured by SEC analysis.
Contrary to what happens to star systems in whiadten multifunctional comonomer is
0.05% and 0.0625% m/m, an increase in molecularsncampared to the linear and not
regulated polymer is observed, table 3 shows thati$ not true for tree system, which have
lower molecular weight values than linear PLA alsing low amount of comonomers. This
behavior has been observed in chapter 5 for polymegjulated with T1 (and similarly with a
bi-functional comonomer). This observation suppthesfirst of the two hypotheses reported
above.

It will nevertheless be interesting to study ifsgite the lower hydrodynamic volumes , there
is an effect of tree architecture on the complescaesity of these materials.

Figures 6 and 7 show the SEC curves of PLA sangyethesized with DMP and AIA after
the SSP process.

1,10E+00 7

--- 0.125% DMP

9,00E-01 -
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5,00E-01 -
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3,00E-01 -

1,00E-01 -

1500 2000 2500 3000 3500

-1,00E-01 -

t (sec)

Figure 6: SEC curves of PLA with DMP after SSP

131



1,10E+00 1

--- 0.125% AIA
--- 0.25% AIA

9,00E-01 -

-—-- 1% AIA

7,00E-01 -

5,00E-01 -

UV Signal

3,00E-01

1,00E-01 -

1500 2000 2500 3000 3500

-1,00E-01 - t (SeC)

Figure 7: SEC curves of PLA with AIA after SSP

Figures 6 and 7 show that increasing the amouBt-eaminoisoftalic acid and the amount of
dimetilolpropionic acid the distribution of moleanlmasses increases and in particular the
increase is clearly visible with concentrationshigigthan 0,125%.

SEC curves of PLA with DMP the presence of a doutikribution can be observed,
becoming more pronounced and more evident when gomer quantities increase; the same
behavior can be observed in PLAs synthesized willA, Aut the shoulder at low
hydrodynamic volumes is less pronounced.

This phenomenon is not observed in linear PLA &adte3SP process, and can therefore be
attributed to the presence of the branching comandhat, in SSP conditions, promotes the
formation of species with different degrees of lokang.

Similarly to what has been done for polymers withrshaped architecture, also for tree
system the effect of the addition of small amouotscomonomer was evaluated, using
quantities lower than 0,125%, especially 0.05% P596 m/m.
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Decreasing the amount of multifunctional agenthie thain an increase of the Mn values is
observed, as expected: the molecular weight isalted by the amount of hydroxyl or amino
groups in the feed, as previously observed. Alsthase polymers there is an increase of
molecular masses distribution after SSP processpahlispersity values are slightly lower
than those observed for PLA synthesized with higimeounts of branching comonomer.
Figure 8 and 9 show the SEC curves of polymershggited with lower amount of DMP and
AlA.
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Figure 8: SEC curves of PLA with AIA after SSP
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Figure 9: SEC curves of PLA with DMP after SSP

6.3 RHEOLOGY OF PLAWITH TREE ARCHITECTURE

After studying the effect of AIA and the DMP on reoular properties of PLA, rheological
behavior of these polymers was evaluated by frequesweep analysis. The analytical
method is the same used for PLA with star macrooutée architecture described in chapter
5.

In particular it will be interesting to evaluatedwnain aspects: whether the macromolecular
architecture sufficiently affects the viscositycrieasing it above that the one of the linear
polymer, and the influence of low molecular weighecies, formed during the SSP process,
on the rheology of polymers.

Figures 10 and 11 show the rheological curves & Bynthesized in the presence of DMP,
respectively, and AlA.
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Figure 11: rheological curves of PLAs with AIA
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From figures 9 and 10 we observe that complex gisgaurves of the polymers obtained in
the presence of DMP and AIA in concentrations lotan 0.25% have values significantly
higher compared to linear polymer. In particul&iere is a very marked increase in complex
viscosity in the presence of a DMP concentratiof.06% and 0.0625% and in presence of a
AlA concentration from 0.125% to 0.05%. For highenounts of comonomers, a continuous
decrease of complex viscosity is observed, andnpaty with higher amounts of branching
agents (up to 0.25%), are less viscous than lipelgmer.

Rheological behavior confirms the first hypothesigposed in the previous paragraph; in
presence of small concentrations of branching caman, molecular weight is sufficiently
high to guarantee the presence of extended and dpans, with linear arms having high
DPn values. This factor, coupled with the fact tttz¢ average degree of branching of
macromolecules is relatively low due to poor cosi@r of carboxyl groups, allows the
formation of entanglements between different polymieains that can interact freely and
form physical "knots", called entanglements, thitvato have high melt viscosity.

On the other hand, increasing the percentage obnomer, macromolecules will have lower
hydrodynamic volume due to the increased amoutiydfoxyl groups or amino groups into
the feed. The decrease in molecular weight antbthgercentage of ramifications, due to the
equilibrium of condensation reactions, which lintitee ramifications of the chains, justifies
both the lower hydrodynamic volume observed by @Balysis and the lower viscosity of the
melt because the macromolecules cannot interadbrim the amount of entanglements
required to increase the viscosity of the material.

In chapter 5, studying the viscosity of star systeihwas observed that small amounts of
multifunctional comonomer act as chain extendecraasing the molecular weight of
regulated PLA in comparison to linear polymer, wghconsequent increase in viscosity,
which is higher than that of linear standard PLA.

Analyzing the rheological curves in figure 10 antl, And correlating the viscosity with
molecular weight data reported in table 3, desthgevalues of Mn are lower than those of
unbranched PLA, a significant increase in viscospecially for systems with a low-
branching agent is observed. This is due to théribaion of high molecular weight species
on the viscosity of the polymer.

Samples having AIA and DMP higher than 0,125% mamehmolecular weights too low,
therefore the lower number of branches and therd@aecentration of high molecular weight

species are not sufficient to improve the rheolofithe material.
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7 STUuDY OF PLA WITH TREE-STAR MACROMOLECULAR
ARCHITECTURE

7.1 THEORY OF TREE-STAR ARCHITECTURE SYSTEMS

A system more complex than the ones describedaptens 5 and 6 can be achieved adding to
the reaction mixture the main monomer, AB, a muitdtional RA agent and a branching
agent with general formula BA

In this case the star macromolecules created bRfgeagent can react with multifunctional
BA, comonomer and with macromolecules having a treactstres to generate more
branching and complex macromolecules defined as-sti@ polymers. The degree of
branching and the complexity of the system depenthe percentage of the two comonomers
added and on their internal ratio.

A schematic structure of a tree star macromoleisiddown in figure 1.

4 %W% M}

P o T
. L

A

A

Figure 1: schematic structure of a tree-star macromlecule

In chapter 6 it was described why it is not possitd obtain branched structures directly
during polymerization process using ABomonomer with one or more carboxyl groups due
to the non-reactivity of the COOH group with thetide.
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It is therefore necessary a SSP reaction, ableaimgte the reaction between the acid groups
of the branching comonomer and the terminal groapghe polymer chain, to obtain
polymers with tree or tree star macromolecular iéecture.

For this reason an alternative combination of coonoers was chosen, different to the ones
traditionally used to synthesized tree-star polyndrased on a mixture of RAnd BA
comonomers, which did not include the use of a gwmeer with COOH groups.

The comonomers chosen must still respect the clesistecs of stability and compatibility
already mentioned in chapter 5 and possibly shooldrequire polymerization conditions
different from those used for the production o&hn polymer.

The system identified for this type of architectureolves the use of polyols,,Tdescribed in
chapter 5 for the synthesis of star PLAs, and pwlbtic dianhydride, benzene-1,2,4,5-

tetracarboxylic dianhydride, whose structure isvainbelow.

O

pyromellitic dianhydride

Polyols act as a central core from which the grgwshains propagate; they also regulate the
molecular weight, while the dianhydride acts asirk Ipoint between different star
macromolecules. The dianhydride, during the polymagion, behaves as a bi-functional
agent, because after the first reaction in whichgdbups of polyols attack the anhydride, two
free carboxylic groups which do not react in thetegsis conditions, as discussed previously,
are formed. Under SSP conditions free COOH funstioan further react increasing the
degree of branching of the system. So the diantigdiilepending on operating conditions,
can act as a bi-functional regulator or as a tetnational comonomer, with the possibility to
modulate the properties and the behavior of thgrpei, especially for what concerns the

rheology.
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7.2 MOLECULAR PROPERTIES OF TREE-STAR PLAs

The combined use of two different comonomers il f@éows to obtain macromolecules with
very complex tree-star architecture. In these systthere is a double convergent effect: the
first one is related to a decrease of molecularsemslistribution promoted by the star agent,
while the second one is the increase of the pgbgasty index by branching comonomer.
Tree-star polymers are highly complex systems toeqtire study and planning of feed to
obtain non-crosslinked materials with good projsttiThe complexity of feed is however a
key factor that can modify, if well controlled, tihatio between reactive groups in order to
obtain polymers with different properties, espdgiedgarding their rheological behavior.

For this study several samples of PLA have beenhsgized in the presence of different
polyols: T2, T3, T4 and T6 as a star agents anarpgllitic dianhydride as branching
comonomer.

The method of synthesis is similar to those alreaglymized and used for the synthesis of
linear PLAs, star PLAs and tree PLAs.

For the design of these systems we considered asaneters: the molar percentage @f T
comonomer compared to repetitive unit in the chamd the ratio between the hydroxyl
groups of polyol and the carboxylic groups of pysatiitic dianhydride. By this way the effect
of the unbalance of reactive groups was investijaiece it governs how polymers reach the
gel point and the behavior of the different matsria rheology.

The amount of pyromellitic dianhydride in feed vweadculated assuming that it acts as a tetra-
functional acid comonomer: two carboxyl functiotiab react after nucleophilic attack of OH
groups to the carbon of anhydrides, while the other, that arise after the ring opening of
anhydride, react during the SSP process where tapgraonditions allow to shift the
equilibrium of the reaction, as already seen irptéa6 studying PLA with tree architecture.
Moreover, utilizing four different Jcomonomers as central core it is possible to exalthe
effect of the number and length of the arms omtloéecular and rheological properties of the
polymer, and also to synthesize systems with mestwf different T comonomers, always
with the aim to modulate the properties of the malte

Table 1 shows the samples synthesized, the featlars®the molecular properties obtained
by SEC analysis and expressed as linear.
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0 - - - 56909 1.982
1 T2 0.05 0.025 58433 1.893
2 T2 0.0625 0.03125 53200 1.902
3 T2 0.125 0.0625 45972 2.002
4 T3 0.05 0.0375 83042 2477
5 T3 0.05 0.025 70701 1.878
6 T3 0.0625 0.04688 53964 2.125
7 T3 0.0625 0.03125 44812 1.960
8 T3 0.125 0.09375 29030 1.818
9 T3 0.125 0.0625 25895 1.781
10 T4 0.05 0.05 insolubile -

11 T4 0.05 0.025 69298 2.437
12 T4 0.0625 0.0625 insolubile -

13 T4 0.0625 0.03125 65068 2.501
14 T4 0.125 0.125 insolubile -

15 T4 0.125 0.0625 27138 2.758
16 T6 0.05 0.075 insolubile -

17 T6 0.05 0.025 69638 2.144
18 T6 0.0625 0.09375 insolubile -

19 T6 0.0625 0.03125 73137 2.744
20 T6 0.125 0.1875 insolubile -

21 T6 0.125 0.0625 29138 2.848
22 T3 0.08 0.04 63225 2.143
23 T4 0.06 0.03 66839 2.326
24 T6 0.04 0.02 70233 2.419
25 T3 0.03 0.015 118050 1.893
26 T4 0.025 0.0125 153450 1.914
27 T6 0.015 0.008 161280 2.002
28 T2-T6 25%T2-75%T6 50% T2+T6 142360 2.165
29 T2-T6 50%T2-50%T6 50% T2+T6 148500 2.184
30 T2-T6 75%T12-25%T6 50% T2+T6 147238 2.190

Table 1: feed and molecular properties of tree-staPLA
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To better understand the data collected in tabie decessary to make some clarifications:
samples 1-3 were synthesized using different pé&ages of T2 comonomer in combination
with a molar amount of pyromellitic anhydride eqt@b0% of T2 comonomer. Samples 4-21
were synthesized in the presence of three diffgertentages of T3, T4 and T6 comonomers
in combination with two different amounts of pyrdiiie anhydride: 50% m/m respect to the
polyol comonomers or enough to obtain a [OH]/[COQ#Hiio of 1. Samples 22-24 were
synthesized using the same amount of hydroxyl ggauged in sample 3, in order to have the
same length of the arm that starts from the cewmtad; samples 25-27 have the same OH
groups of sample 1.

Finally samples 28-30 were synthesized using aurexef T2-T6 comonomer in presence of
50% m/m of anhydride compared to the total molegafand T6 used. The samples with
100% of T2 and 100% of T6 are respectively sam@ad. sample 27.

Looking at the data collected in table 1 polyolsnomomers that, as already mentioned in
chapters 5 and 6, affect the molecular weight wisatlegulated by the amount of OH groups
included in the feed, have the biggest effect @ntiolecular properties.

By analyzing the values of molecular weight of saenples 4-9 the effect of the concentration
of pyromellitic anhydride can be observed: an amaimnhydride balancing the hydroxyl
functions leads to an increase in molecular weggitt polydispersity. Increasing the number
of reactive groups of the polyols (samples 10-2aik to two different effects: the first is the
inability to completely balance the number of OHdaBOOH groups, because in this
condition the system reaches the gel point. A liptaloss-linked polymer is insoluble in
solvents and therefore cannot be analyzed by SEC,tHg control of the feed is also
important to avoid cross-linking of the materiahtimay be particularly harmful if it should
occur in a industrial plant.

For this reason, samples from 22 to 30 were syitbésn the presence of 50% molar of

pyromellitic anhydride.
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The second effect is the increase of the polydsifyeindex of the samples prepared with T4
and T6 compared to similar polymers in which T3 ocommer was used. The increase in the
number of arms, in combination with the use of alntde, leads to a considerable divergence
of the system, with polydispersity values that grewth increasing the percentage of T
comonomer in the feed. A higher number of arms rdautes to having more branched
structures.

Samples from 22 to 27 don’t show particular behawiodifferences from a molecular point
of view, if not a predictable increase in the valuwé Mn increasing the chain length: more
interesting will be the study of the melt viscosidso a very similar behavior has been
observed for the last three samples (28-30): tmebaoed use of a T2-T6 mixture does not
change much the values of Mn and D, which increasditle increasing the % of bi-
functional regulator, but modifies the rheologypolymers.

Figures 2, 3, 4 and 5 show the SEC curves of sammples described in Table 1.
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Figure 2: SEC curves of samples 1, 5, 11, 17
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Figure 3: SEC curves of samples 3, 9, 15, 21
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Figure 4: SEC curves of samples 4-9
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Figure 5: SEC curves of samples 3, 22-24

SEC curves of figure 2 and 3 show the effect dfedéint polyols on Mn and polydispersity
values. In the PLA synthesized in the presencewfdoncentration of Jcomonomer (Figure
2) there is an effect of chain extension causethbycentral core, which causes an increase in
molecular masses, especially in the presence dn4T6 regulators, as already reported in
chapter 5 for star systems. It is also interestmgpote that the GPC curves for polymers
synthesized with T4 and T6 show a lack of homodgneithe left side of the curve, probably
due to the formation of high molecular weight specafter the reaction with pyromellitic
dianhydride. The higher number of arms of these regulators leads to structures having an
high degree of branching with a greater hydrodyeawslume. Using larger amounts of T
comonomer (Figure 3) the polyol has a dominantceftempared to anhydride: going from
T2 to T3 a reduction of the hydrodynamic volume tluéhe action of the star comonomer is
observed. Increasing the number of OH groups, tssipility to have an higher level of
ramifications leads to an opposite effect compaoeithat observed for star polymers: a slight
increase of molecular mass but also a broadenirtheoflistribution curve is observed and

confirms the greater complexity of the system.
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The GPC curves in figure 4 show how is possiblecdatrol the molecular weight and
polydispersity of polymers changing the quantitypgfomellitic anhydride added in the feed.
Looking at the SEC curves it is clear that operatiith a [OH]/[COOH] ratio of 1, PLAs
with molecular weight higher than the ones of paysisynthesized without balancing all the
reactive functionalities are obtained: in this setoase, in fact, an effect of star comonomers
on molecular weight still remains.

The choice of the central polyol is also essertiabbtain a non-crosslinked material with a
molecular weight distribution curve as homogeneasigossible: all polymers synthesized
with T3 comonomer are soluble and only in the preseof very low amounts of comonomer
(0.05%) and balancing all the reactive groups SE&es show a shoulder in the high
molecular weights area.

Figure 5 shows the effect of central core: keegimigstant the length of the arm an increase of
Mn values, by increasing the number of hydroxyl up® of & comonomer, has been
observed.

7.3 RHEOLOGICAL PROPERTIES OF TREE-STAR PLAs

The study of the molecular properties of polymeith\wigh compositional complexity is not

simple and easy especially in the absence of adheal model of growth of the polymer

chain.

To evaluate the potential of materials with thiadkiof complex molecular architecture, it is
therefore important to study their rheological beba the most important aspect for these
polymers is, in fact, the different rheological peoties compared to a linear PLA.

The rheological analysis of tree-star polymers weeeformed with the same procedures
already used for PLA with star and tree architextdescribed in chapters 5 and 6.

Figures 6, 7 and 8 show the rheological curve®ofessamples described in table 1.
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Figure 6: rheological curves of samples 4-9

The rheological curves in figure 6 show how it @sgible to control the viscosity of tree-star
PLA star-tree by varying the initial feed. The partage of T3 comonomer greatly influences
the viscosity of polymers: increasing the amount T#& the rheological curves drop
significantly, and T3 percentage of 0.125% the assty is lower than the viscosity of linear
polymer. But the difference in viscosity betweenlypter with 0.125% of T3 and the
unmodified PLA is not high, while the Mn values ayeite different; there is therefore a
positive effect on the viscosity of the material.

The viscosity of the materials can be modulatectignging the [OH]/[COOH] ratio: using
the same percentage of T3 comonomer, the viscasithe polymer is higher if all the
reactive functionality are completely balanced. tBe greater the amount of pyromellitic

anhydride in the polymer the higher its viscosity.
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The effect of structure on the viscosity is evidahtow stress values, whereas for high shear
rates the viscosity of the material is lower thhattof the linear polymer, except for the

materials synthesized with 0.05% of T3.
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Figure 7: rheological curves of samples 1, 25-27

Figure 7 shows the effect of different types oftcancore on the viscosity of PLA: with a
constant chain length, increasing the number ofsathe viscosity of the tree-star polymer
increases a lot. It is interesting to note thatwiseosity of the PLA in which the core is the
T2 comonomer (red curve) at low values of shea raaches a plateau, while the systems
with a central core with three or more arms has@mard trend. At high values of shear rate
the viscosity of these materials are very simiahnjle the effect of the structure occurs by

reducing the shear rate.
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Figure 8: rheological curves of samples 1, 27-30

Figure 8 shows the effect of the core: increashgercentage of T6 in the feed, complex
viscosity increases. The rheological curves ofe-st@ar PLA with a different feed cover a

wide range of complex viscosity. So it is possitdiemodulate the rheological behavior of
these materials by acting on the concentratioronfanomers in feed.

The interesting results obtained from the SEC aimmlyand especially with the rheological

analysis, for tree-star PLA can be an interestitagting point for further study of these

systems.

By varying the percentage of anhydride is also iptesso change not only the viscosity but
also to obtain materials with different moleculagights, with a homogeneous distribution
curve and without reaching the gel point.

Given the possibility of using different combinatsoof comonomers it will be necessary to
make a screening of feeds that have provided stiagepreliminary results, and further study
of the rheological behavior. Because of these nadgesppear to be quite promising, it will be

interesting to study the mechanical, morphologiaatl thermal properties to verify the

possibility to use them in application fields whéne PLA is currently used.

Another important aspect is that these materiats b synthesized with the same cycle of

synthesis normally used for linear PLA without ctiaug the industrial plants.
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8 PLA NANOCOMPOSITE MATERIALS

8.1 POLYMERS AND NANOTECHNOLOGIES

Nanosciences and nanotechnologies are a new $iciemd technological approach to study
structure and behavior of matter at the atomicrantecular level.

The prefix "nano" means Fpwhich is a billionth of a unit; from a conceptymdint of view,
the term nanotechnology refers to the nanoscad¢onhs and molecules and to new properties
that can be understood and controlled working is fileld. These properties can be used and
applied on a microscopic scale, for example to kgvenaterials and devices with new
functions and performance.

In the last decade, nanomaterials have been thecsudd great interest because they could
represent a real technological revolution for thdwvemt of electronics and information
technology.

To better understand the interest in nanotechne$odt is sufficient consider that in 1997
funding for research and development of nanomdgeiriathe U.S. amounted to 116 million
dollars and that within the next three years ras@70 million dollars and they are still
growing. Similar funding have been invested als&umope and Japan.

Nanomaterials have at least one dimension lowem t@ nm and a high ratio between
surface area and volume: for this reason the ctarstics of surface atoms are predominant
in comparison to the one of internal atoms.

The variety of nanomaterials and matrices in whieby can be dispersed is very high,
therefore the potential applications regard sevieglds: energy and environment, transports
pharmaceutical, biomedical, textiles, mechanickdcteomechanical, clothing, chemical and
petrochemical, electronics and information techgglo

Nanocomposites represent a new class of materalany way alternative to traditional
composite materials.

Traditional composite materials are made with phasi (filler) dispersed in different kind of
matrices. These materials are characterized bynarovement of some properties, generally

associated with an increased density and a contgdigaocessing steps.
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The use of nano-sized fillers (nanofillers) allowwsachieve a high degree of dispersion of the
filler in the matrix and a very high surface/volumagio of reinforcement; thus a significant
improvement of properties can be obtained, maimtgia processability similar to the one of
pure material.

Moreover, in traditional composite materials, thes a clear separation at the macroscopic
level between the organic phase and inorganic phaisleout any significant interactions
between them. Using a surface treatment on inocgaaierials it is possible to obtain only a
dispersion at the microscopic level. On the cogtra@nocomposites are a new class of
materials characterized by a very high dispersibphases, typically in the order of a few
nanometers. Because of this dispersion, nanocotegdsave unique properties not shared by
conventional composites (microcomposites), and afer new technological and economic
opportunities.

As mentioned previously, the term "nanocomposiesalibes a composite material in which
one of the phases has at least one dimension #habds to the scale of nanometers. A
nanocomposite polymer is, therefore, defined aar@composite that uses a polymer (both
thermoplastic and thermosetting) as a matrix.

The improved properties of these materials argebetechanical properties such as strength,
modulus, stiffness and dimensional stability, daseel permeability to gases like oxygen,
water vapor and hydrocarbons, thermal stabiligim# retardance and low emission of smoke,
chemical resistance, abrasion resistance and sudppearance, electrical conductivity,
opacity compared to polymers with traditional file

One of the most interesting characteristics of filkews is the possibility to dramatically
reduce the amount of particles added to the polymestucing side effects caused by the
addition of traditional inorganic fillers (higheredsity, lower processability and different
surface aspect of the polymer). For example, oftyd 6% w/w of nanofillers are used to
obtain mechanical properties similar to the onesiobd with an amount of 15% w/w of a
traditional filler, as for example calcium carbomat short glass fibers.
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The first polymer/clay nanocomposite material wasdpced in 1961 by Blumstein, that
demonstrated the polymerization of a vinyl mononmercalated in the structure of
montmorillonite. But only in 1988 Okada and cowaskeat Toyota Central Research
Laboratories in Japan, were able to obtain the industrial application of hanocomposite
polymers. In this case, the nanocomposite was rodadady the polymerization of caprolactam,
that leads to the formation of a nylon 6 intercadiatomposite.

This material was then marketed by UBE Industrigs ia currently used for the construction
of the belt in the engines of Toyota cars andliergroduction of films for packaging.

The "nanofiller" used in the polymer matrix nanogmsites can be isodimensional
nanoparticles, if the three dimensions are in thdero of nanometer, bi-dimensional
nanoparticles if two of the three dimensions ardhi@ order of nanometers and lamellar
nanoparticles if they are characterized by a simeension in the order of nanometers.
Nanomaterials can be classified in the categoriefinedd above basing on the kind of

nanofillers used.

8.2FILLERSFOR THE SYNTHESIS OF NANOCOMPOSITES MATERIALS

» Oxides:the most used are titanium dioxide, iron oxide aluininum oxide.

» Carbon nanotubescan be single wall - SWCNT - (Single-Wall Carboangtubes),
consisting of a single graphite sheet wrapped atatself, or multi-wall - MWCNTSs -
(Multi-Wall Carbon Nanotubes) formed of multipleegits wound coaxially on each
other. They have generally lengths from 100 nnetstofu m and diameters from 1

to 20 nm.

Figure 1: single wall (high) and multi wall (low) @rbon nanotubes
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» Layered silicatesinclude double-layer laminated hydroxides, aldéedaanionic clays
(hydrotalcite), but most of all phyllosilicates &gk) natural (montmorillonite,

hectorite and saponite) and synthetic (Fluorineamic

O Al Fe, Mg, Li
©OH Strato
0 Tetraedrico
@ Li, Na, Rb, C
i ; -« Strato
A Ottaedrico
e «‘ Strato
. Tetraedrico
\ &

Figure 2: structure of a layered silicate

* Colloidal fumed silica (Fumed Silica)microporous particles with 10-5@um
dimensions, consisting of aggregates of smalletighes (5-40 nm), characterized by
high specific surface area (50 - 756/g)

* POSS hybrid organic-inorganic molecules in which theorganic part consists of
silicon atoms. These structures are characterigqahtiicles with a diameter of 0.7-50
nm. The presence of reactive functional groupswall@ompatibility with different
polymer matrices.

N - o /\
OJO\SI,O\

Sl‘

Figure 3: structure of POSS
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8.3 PARAMETERSOF FILLER

Generally there are five descriptive parametersl isecharacterize the filler, which must be
considered in the choice of a mineral, accordingtht® desired properties for the final

material.

8.3.1 Particledimensions

This is a fundamental parameter for predicting leBavior of a material and how it can be
used.

The minerals used as fillers in polymeric matermatsy have particles with dimensions from a
few nanometers to those of the grain of sand. €blertiques used to determine this parameter

are:

» Light scattering
* Sedimentation techniques

* Microscopic analysis

Usually the smaller the particles the best finalparties of the material, because in this way
the ratio between volume and surface of the partitlerefore it is important the grinding of
raw material.

Another important parameter is the distributionpafticle diameters, because two minerals
with the same average size of particles can beddriyy a particle size distribution very
different from each other.

In general, mineral A have better impact resistatin material B if the particle size
distribution of A is narrower, and therefore momogeneous, than the one of mineral B.
The fraction of bigger particles, that is more atbamt in minerals with large size distribution,
tends to create discontinuities in the final malerpromoting breaking point and thus
decreasing the impact strength.

The size distribution of particles of a mineral aso affect the viscosity of the material,
modifying the rheological behavior.

Because of the importance of this parameter, timesmineral is usually available with

various particle sizes and with different possitikributions of them.
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8.3.2 Surface area

This property is in some way related to the siz¢hefparticles, but is mainly influenced by
particle shape and porosity of the mineral. It Bsasured by chemical or physical adsorption
measurement of gas on the surface.

In the field of polymeric materials, the rheolodipaoperties of minerals with a low surface
area vary less than the one having high valueefttme property, because in this latter case
there is a greater interaction between filler aolyiper.

To obtain an effect of improvement in viscositysitbetter to use a mineral with high surface

area.
8.3.3 Particles shape

Mineral particles have a very wide range of poss##lapes, which have a significant impact
on the properties that the filler gives to polyroariaterial in which it is added. The parameter

used to describe the particle shape is caltgubct ratio

_ Length
A Thicknes

Obviously, rod-like particles have a highvalue, while is not possible to apply the concept
of aspect ratio to spherical particles.

Often the same patrticle have two values gfadrresponding to the ratio between the larger
dimension with the two smaller one.

A mineral particles having a low value of Aill increase the viscosity less than one with a
higher value of Aand also gives a much more higher impact resistéiman a minerals with
high aspect ratio.

Examples of minerals with a high aspect ratio antlagtonite and mica
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8.3.4 Color

Minerals can have any color, from white to blackeThature of the color depends on various
factors, and the most important are the refraciindkex of the mineral and the impurities
presentin it.

A correct choice of filler gives almost transpareampounds (for example using aluminum
trihydrate), while other minerals as calcium cardtentalc or barium sulfate, when used with
pigments, can give shiny materials without any otheatment of the surface of material.
Impurities can have refraction index different thdme one of mineral and may cause
decomposition of the polymer during processings thean lead to the formation of other
colors in the composite.

In many cases, also the color of the pure minenanges when it is introduced into the
polymeric matrix, so it is always useful to studhe tchanges of color with an mineral/air

interaction or with a mineral/polymer interaction.

8.3.5 Specific weight

Minerals commonly used as fillers have a densitygeafrom 2.2 g/crh(silica) to 4.4 g/crh
(barium sulfate). This factor will influence the mykt of the final material, especially when
the concentration of the mineral is high.

If lightweight parts are required, low volume friacts minerals with low density are
necessary, while if a heavy material containing lasount of mineral is required , an high-
density filler must be chosen.

8.3.6 Characteristics of layered silicates

The layered silicates commonly used in preparatfomnocomposites belong to the category
of phyllosilicates. The elements commonly presarthese silicates are silica and alumina or
magnesium oxide. These silicates have a multi-&yetructure: a layering of silica with
tetrahedral structure and a layering of aluminaid@xor magnesium) with octahedral
structure, as shown above in figure 2. The tetregiddyers are formed by Si@roups that
form an hexagonal plane composed byOgfy. The octahedral layers are composed of two
levels of oxygen or hydroxyl groups in between amasitioned aluminum atoms (or

magnesium) in octahedral coordination. In totag #ingle silicate crystal consists of two
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tetrahedral layers of silica separated by an odiahdayer; by this way oxygens at the head
of the tetrahedron are shared with the octahedyat|

The crystals (layers) described above have a teakof about 1 nm and lateral dimensions
that can vary from 30 nm to several microns dependin the type of silicate, therefore, in
every type of layered silicate, the shape factdhefsingle crystal is very high.

If all the octahedral vacancies in the crystal@eupied by aluminum, silicate is inert, but an
isomorphic substitution of trivalent aluminum wibhvalent iron or bivalent magnesium with
monovalent lithium is very common. The result asthubstitution is that the crystal has a
total negative charge. The excess of negative eharigalanced by very big cations that could
not be inside the crystal and therefore are locatethe edges of the same.

Silicate crystals are organized to form sandwichcstires (crystallites) defined “tactoids”,
held together by weak Van Der Waals forces andywiog) a structure with a constant gap
between the layers. This gap is commonly calletetlayer space” or “tunnel”. The clay is
then formed by agglomerates of these tactoids.

The intercalation of the polymer inside the intgela space of silicate crystals is made
possible by the presence of weak binding forces.

In natural layered silicates cations as NaK" are often present in the tunnel that balance the
negative charge of the crystal. The crystals ofy cdae therefore hydrophilic, and the
interaction with polymers having a hydrophobic mat(or with low polarity) can be quite
poor.

The consequence of the lack of physical interactiam be a "immiscible system" in which
the polymer is not intercalated in the layer spaoe] the resulting properties are close to
those of traditional composites.

In order to increase the interaction between dé&a@and polymers a chemical treatment that
makes the silicates organophilic and therefore aiile with almost all polymers is carried
out. This treatment consists in replacing the oatioaturally present in the tunnels with
cationic surfactants such as alkyl ammonium or lgkypsphonium; clays that undergo this
treatment are called organo-clays. The surfactalals a multiple compatibilizer action: first
of all they lower the surface energy of the crygt@moting the interaction between polymer
and water. Furthermore, since these cations aasm@ed in the tunnels and generally have a
much larger dimensions than the one of cationgraily present, they also increase the gap

between the layers, facilitating the penetratiopajmers.
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In general, alkyl-ammonium or alkyl-phosphonium e are bonded to functional groups
that can interact with the polymer, or in some satbese groups can also promote the
polymerization of the monomer; the result is anrease of the interaction at the interface
between the crystal clay and polymer with a consetjimprovement of the characteristics of

the final nanocomposite.

8.3.7 Characteristics of nanosilica

Silica is an inorganic polymeric oxide with a refeg@ unit of SiQ. It has a tetragonal
structure with the silicon atom in the center awodrfoxygen atoms at the top of the
tetrahedron.

In nature it is usually present in a crystallinenfioin three different polymorphic structures:
quartz, cristobalite and tridymite.

The thermodynamically stable form of crystallinkcsi on earth is the-quartz; other forms

of crystalline silica (tridymitex and cristobalitex), although unstable at temperature and
pressure conditions on the earth, are presentturenbecause they return slowly to the stable
phase. Silica can be found pure or in silicatesdselay and other minerals.

In its amorphous form it appears as a white poveaher can be prepared through three main

processes:

* By precipitation
Sio, (sabbia)t 4Na(OH) —» Ni5i0; + 2H,0
NasSIiO; + 2H,SO; — SiQ p) + 2NaSOy + 2H,0

* By hydrolysis of silicon halide in vapor phase
SiCly + 2H,O — SiQ+ 4HCI

* By gelation of silico alkoxydes
Si(RO), + 4H,0 — Si(OH) + 4ROH

Silica particles are usually spherical and nanormized, but the high surface energy and the

ability to form hydrogen bonds between differentrtigles causes aggregation of

nanoparticles to form aggregates which may reachameter-sized.
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It is therefore important to be able in some wapreak up these aggregates to obtain a better
dispersion of particles in the polymer matrix ahdrefore use the properties related to the
high surface area of silica.

Layered silicates, in particular montmorillonit&dananosilica are the two fillers used in this

research work.

8.4 NANOCOMPOSITES PREPARATION

The preparation of polymer nanocomposites is alitiecause of the hydrophobic nature of
polymer compared to the hydrophilic one of manydkirof nanofillers. In addition, shape,
size, surface morphology and distribution of thaafdlers in the polymer matrix determine
the basic properties of the nanocomposite.

The main point for the synthesis of a nanocompasierial lies in the so-called "principle
of maximum diversity": it consists in the fact thtdte particles of nanofiller must be
individually dispersed in the polymer matrix sotttfze heterogeneous nature of the material
is evidence only on the nanoscale. In theory, eactoparticle should contribute in the same
way to the overall properties of the composite.

The preparative aspect is the focus of researchhis; area. The first problem is the
preparation of the filler, which can have one "damiimension (lamella), two “nano”
dimensions (fiber) or three “nano” dimensions (spda nanoparticles). All these structures
have different properties. For example to get treximum effect of reinforcing, fibers or
lamellar particles should be used, since the efficy of reinforcement depends on the
length/thickness ratio. The nanofillers then must dhemically similar to the polymer
("compatibilization™) to increase the hydrophobjciind promote the adhesion and dispersion
in the matrix.

The nanofillers that received more attention, ardafhich the technology is more developed,
are natural lamellar compounds (montmorillonitectbate, mica, vermiculite, saponite,
sepiolite) which are commercially available in di#nt forms (i.e. with different organic
cations between the layers).

The second problem is the preparation of nanocoitgpas may be interesting to analyze
some methods of general approach for the syntioégislymer-layered silicates composites
that can also be applied to other types of fillersluding silica, and then get better in detail

of PLA/fillers systems.
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The main methods for the preparation of nanocong®sire:

« Exfoliation and adsorption
* Intercalation of the polymer in solution
» Intercalation of the polymer in molten state

* Template synthesis

8.4.1 Exfoliation and adsorption

In this technique a layered silicate is expandéal §mgle layers using a solvent in which the
polymer (or prepolymer in case of insoluble polys)es soluble.

It is known that this type of silicate with layersttucture, due to the weak forces that hold
together the layers, can be easily dispersed iahaerst. The polymer is then adsorbed on
single delaminated sheets and, when the solvaviaigorated (or the mixture re-precipitated),
the reassembly of the sheet structure forms a Ugightiin which the polymer is incorporated
between the sheets to form a multilayer orderedicsire. With this process also
nanocomposites obtained by emulsion polymerizadom synthesized where the layered
silicate is dispersed in the aqueous phase.

This technique is especially used for the synthekistercalated nanocomposites based on
polyvinyl alcohof® PEC™, polyvinylpirrolidoné, and polyacrylic acid

Jeon and coworket$iave used this technique for the production oboamposites based on
nitrile and polyethylene copolymers; XRD analysistbe composites showed an enlargement
of the characteristic peaks showing the partialokation of fillers, confirmed by TEM
images in which it is possible to observe bothrocatated and exfoliated lamellae.

Ogata and colleagues have applied the techniquexfufliation and adsorption for the
production of PLA® and PCE' nanocomposites using montmorillonite as filler and
chloroform as a solvent; in these conditions nerirdlation was observed for both polyesters.
Some polymeric materials, such as polyimide, aseluble in organic solvents; therefore the
only possible way to produce nanocomposites by ieghanism and with these types of
polymers is to use a polymer precursor that camntezcalated between lamella and then

polymerized chemically or by using a thermal indgra
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The research group of Toydtavas the first to use this technique to produceonamposites
based on polyamide.

A similar approach has allowed Oriakhi and cowosKeo synthesize a nanocomposite based
on montmorillonite and poly(p-phenylenevinylene)ings poly(p-xylenylene dimethyl

sulfonium bromide) (PXDMS) as a precursor of theymprization.
8.4.2 Intercalation of the polymer in solution

Using this technique the layered silicate is swolle the liquid monomer (or in a monomer
solution): in this way polymer can be formed betwethe intercalated layers. The
polymerization can be initiated either by heat prrédiation, by the diffusion of an initiator
or by a catalyst through the cation exchange witthe intercalated lamella before the
swelling of the silicate.

Many interlamellar polymerization were studied betw 1960 and 1970, but only with the
work initiated by the research group of Toydtd in the 90s the study of intercalated
nanocomposites has gained great interest. Thalrestshowed how sodium montmorillonite
modified with aminododecanoic acid allowed to neprolactam to intercalate and then to
polymerize resulting nanocomposites based on n@om which the fillers were well
dispersed in the polymer matrix. Depending on thairc length of acid used for the
modification of montmorillonite different behaviomsere observed in the polymerization
process, in particular the longer the chain théadrighe amount of monomer intercalated as a

result of higher interlamellar space (Table 1).

163l 17.4 355/
12 1.2 38.7
18 28.2 7152

Table 1: relation between interlamellar space and wdifier chain length
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Basing on the methodology developed by the resegrotp of Toyota, Messersmith and
Giannelis® modified sodium montmorillonite with aminolauricid and then dispersed it in
caprolacton which was then cured at high tempesatlihe composite contains 30% by
weight of clay. XRD analysis show only exfoliatisithout intercalation.

The “in situ” intercalation of the polymer has bettensively studied for the production of
nanocomposites based on polystyrérigand poliolefing’.

Other examples of melt intercalation in 189# were performed with epoxy resin, using an
epoxy derivate of bisphenol A. Three different lsraf organophilic montmorillonite, having
a cation CH(CH,),.1NH3" with n = 7,11,18, have been used.

From X-ray analysis it is deduced that the exfaiatdepends on the nature of the
montmorillonite, since the longest linear alkyl iisa facilitate the formation of nano
composite; measures of strength and modulus coadiransignificant improvement compared
to pure resin for percentage of montmorillonitenir@% to 20%. These are the first examples
of nanocomposites obtained by using a thermosepiigmer matrix and not a thermoplastic

one.
8.4.3 Intercalation of the polymer in the molten state

This process requires that the layered silicatesraxed with the polymer in the molten state.
Under these conditions, and if the surfaces otaidi are sufficiently compatible with the
chosen polymer, the polymer can be arranged imlamellar space and form an intercalated
or exfoliated nanocomposites. From an applicatiomtpof view this is certainly the most
interesting and more used technique because itheaadvantage to operate without using a
solvent and with the devices commonly used forpteeluction of composites with traditional
fillers.

The thermodynamic principle behind this processhis result of a combination between
enthalpic and an entropic factor: the confinemdrd polymer chain in the silicate lamella
space leads to a decrease in general entropy ohdlceomolecule, balanced by the increased
conformational freedom of the cation which separéte single lamelfd

Balazs and coworkeis® have studied the contribution of two key factoesisidered in the
formation of nanocomposites: the nature of intedtan cation and the length of the polymer

chain.
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They observed that increasing the length of thglatkains of the cation also the distance
between the lamellae could be increased by encmgrage formation of intercalated and
exfoliated structures. Regarding the effect of gsfme of macromolecules, an increase of the
length of the polymer chain results in a partiaimiscibility between filler and polymer and
then in a more difficult formation of intercalatsttuctures.

The process of intercalation in the melt has bested on numerous polymers, especially
polystyrene, nylon 6 and polypropylene.

Vaia and Giannelf§ have studied the formation of nanocomposites basg@S and different
kinds of montomorillonite analyzing in detail hohettype of fillers, the molecular weight of
the polymer and its nature influence the processitercalation. XRD analysis showed that
the polystyrene is intercalated in the presencateflamellar cations with chain length of at
least 12 carbon atoms; moreover the kinetics ofraailation is strongly influenced by
molecular weight and is much slower when the md&roveight of the polymer is higher.
Finally, the nature (polarity) of the polymer isodimer factor that is linked to the possibility of
obtaining intercalation: the higher the polarity thie system, the higher the interaction
between the polymer and silicates, the better titergalation of polymer chains and
eventually the exfoliation of the layers of filler.

Liu and coworkers have prepared nanocomposites based on nylon 6mamdorillonite
using a twin screw extruder. The materials hadler ftontent from 1% to 18%. Intercalated
structures were observed by XRD analysis for contg®svith a quantity of clay higher than
10%. Interlamellar space was increased from 15.50A36.8 A°. DSC analysis of these
materials have shown an effect of the presencéefilier on the crystallinity of nylon, in
particular with the formation of gamma-phase. Thantmorillonite also acts as a nucleating
agent increasing the crystallization rate.

Polypropylene is certainly one of the most usedgqlefins in the world, and then was one of
the first polymers studied to produce nanocompssitéde main problem of PP is its apolar
structure which makes it incompatible with thecsites. Kato and coworké?dried to solve
the problem by using a compatibilizer with polabgps, such as OH or COOH, bound to
polypropylene to prepare nanocomposites with montlooite modified with a salt of

dioctadecildimetilammonium.
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The presence of these features should allow tpahaner to intercalate between the lamellae
of silicate due to formation of hydrogen bonds lestwthe oxygens of silicate surface and the
OH or COOH of PP.

Since the miscibility is influenced by the numbédrpolar groups, they must be carefully
regulated in order to have the correct amount efith

The Toyota group examined two types of PP modiwetl maleic anhydride, one with a acid
value equal to 26 mg KOH/g and the other one wittalae of 52 mg KOH/g to prepare the
nanocomposite and another containing OH groups avthlue of to 54 mg KOH/g.

The increase of interlamellar space from 21.7 A38® A° and 44.0 A° for PP modified with
maleic anhydride and OH groups, respectively, ecomfig the intercalation.

Polymers with too low content of compatibilizer shao intercalation, confirming the

importance of determining the correct amount of ifyaty agent.

8.4.4 Template synthesis

This technique, in which the silicates are formeditu in an aqueous solution containing the
polymer and the silicate, has been widely usedHersynthesis of nanocomposites based on
double-layer hydroxides, but is much less develdpedulti-layer silicates.

In this case polymer helps the nucleation and draftinorganic crystals and is incorporated
in the layers when they grow. This technique igipaliarly used for polymers that are soluble

in water, such as polyvinylpyrrolidone, polyacryiloite, polyaniline.
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8.5 PROPETIES OF NANOCOMPOSITES
8.5.1 Mechanical properties

Nanocomposites show interesting improvements coedpdo traditional composites both
from a structural point of view (mechanical propes}, and in terms of functional properties
(optical and barrier properties).

The advantages of a nanocomposite, compared toeapolymer, were demonstrated for the
first time in Japan by the group of researchersnfiiie Toyota Research Center. They
realized a nanocomposite nylon 6 loaded with monttopite and found a remarkable
improvement of all properties: increase of tensi@dulus and tensile strength, lower
coefficient of thermal expansion, reduced permégpihcreased impact resistance.

Table 2 shows the comparison between the propetieglon 6 and the properties of nylon 6

nanocomposite with loaded with 4% by weight ofcsite.

Tensile Moduls [GPa] 1.1 2.1 +91%
Tensile Strenght [MPa] 69 107 +55%
HDT [°C] 65 145 +123%
Impact Strenght [KJ/m?] 2.3 2.8 +22%
water Absorption [%] 0.87 0.51 -41%
Thermal Expansion Coefficient 13x10°° 6.2x107 51%

Table 2: comparison between properties of nylon 6ral nylon 6 nanocomposite

In addition to a general increase of all propertias interesting to note that the increase in
tensile strength and the module is not followed éydecrease in impact resistance, as
generally happens in the polymers loaded with ti@akl filler. These data are of
considerable importance considering that the canagon of filler used is only 4%. This is
very important and maybe it is the major advantaigranocomposite systems compared to
traditional composites obtained by using micromseteed fillers: the ability to obtain

materials with higher performance loading the paynvith low percentages of nanopatrticle.
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The increase of heat distortion temperature froni®%o 145 °C has allowed Toyota to use
this material to make the drive belt of the engimbere it is exposed to temperatures at which
the common nylon softening. The very high reductrowater permeability makes possible to
use this nanocomposite in the production of filmsgackaging.

The increase of the module, the same tenacity,ddwease of the coefficient of thermal
expansion, the reduction of gas permeability, iaseel solvent resistance were observed on a
lot of nanocomposites obtained with different pregian techniques. It is therefore
reasonable to think that this increase in propeitiex typical characteristic of nanocomposites
compared to conventional composites.

The increased performance of nanocomposites cowohpayecomposite obtained with
micrometric filler or compared to pure polymer &eavant considering that nanocoposites are
obtained with low percentages of nanofillers; tf@ne nanocomposites are materials with
better properties, lower density, better procedispalecause the viscosity of polymer is
higher.

It is not useful to use high concentrations of ridlieos, because if they are higher than 5% by
weight a decrease of mechanical properties is vbdetue to the formation of aggregates of
nanoparticles.

The properties of a nano-composite, however, depenthe type of system (clay-polymer-
compatibilizer) and morphology. It is not alwaysidrthat a nanocomposite has better
properties of the pure polymer. This is true, hogvevor elastomers, for which there is a
simultaneous increase of all the mechanical praggerThis is due to the fact that the lamella
of the clay are able to orient themselves parédleéhe applied load and thus maximizing the

mechanical properties of the material.

8.5.2 Thermal properties

From the thermal point of view nanocomposites slamwincrease in thermal stability and
flame resistance.

The flame resistance is due to the formation, ensilrface of the material, of carbonaceous
element called "char". The compactness of the oiduices the interaction between oxygen
and polymer. The formation of char is a commonuezbf all nanocomposites studied.

The char probably acts as a protective barriett, ¢tha reduce the heat and mass transfer

between the flame and the polymer.
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Considering the thermal degradation of nanocomeositaterials, usually studied by
thermogravimetric analysis, a marked increase gratiation temperature compared to the

one of pure material is observed.

8.5.3 Barrier properties

Barrier properties of nanocomposites, (low perméghiis linked to the waterproof of filler.

This low permeability is due to the long path thatolecule of gas must do in order to go
through a nanocomposite, since nanoparticles atepeomeable and are an obstacle.
Increasing the size of nanoparticle increases gmm@ability of the nanocomposite because

increases the path of the gas molecule.
8.5.6 Optical properties
In a nanocomposite films, if there is delaminatminthe clay, the wavelength of light is

greater than the thickness of lamella and the fdntransparent. The possibility to make

transparent films with low permeability opens nesvgpectives in the field of packaging.
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8.6 APPLICATION OF NANOCOMPOSITES

Automotive

Nanocomposite materials have lower weight and betteperties that allow to use them in
automotive fields. In fact a nanocomposite of nydomas produced for the first time on
industrial by Toyota in collaboration with Ube, ¢over the engine belt. The same material
was used also to cover the engine. These firsthngenocomposites, however, were very
expensive and therefore were not very competitivéhe automotive market; but with the
innovations that followed, GM has introduced twovneodels of “van” presenting some
parts made of a nanocomposite polypropylene.

In 2001, 8000 units of these two models were sott these parts. The new material weighs
20% less, has a stiffness similar to the PP, hajaivalent cost, is more recyclable because
it contains fewer additives and does not requifieidint processes to be produced.
Nanocomposites of polycarbonate have been takem aotount as necessary to obtain
external coverings resistant to abrasion and weatfevithout reducing the brightness of the
surfaces. Another application concerns the systérual, taking advantage of the barrier
properties of these new materials.

In the automotive industry there are also majoeptél applications of nanocomposites in
different parts of the car. A study of GM shows hoanotechnology will be used, in short

time, in different parts of cars especially for wass vehicles.

Pharmaceutical

In addition to increased barrier properties, theht®logy of nanocomposite enhances the
ability to absorb UV rays and infrared radiatiomaracteristics that make these materials
particularly suitable for blister packing. Nanocamsjtes, therefore can potentially extend the
shelf life of the product.

A second application, very important in the pharewdical field, is the one in which
nanostructured materials are used to obtain a atedrrelease of drugs in the body. From a
theoretical point of view the dosage of a drughia body should be as constant as possible
over time; with conventional drugs there is a paakhe time immediately following the
assumption and therefore an overdose of the daligwied by a continuous decrease dosing

during time (which also leads to a period of undendg).
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Several researchers have shown that with the usemdmaterials is possible to obtain a
gradual release of the drug in the body that pewid dosage level less variable over time

increasing the effectiveness of the drug along witlfecrease in systemic effects.

Medical and Biomedical Engineering

Highly engineered devices allow doctors to perf@nocedures for non-invasive interventions
that were previously possible only through surgdfgr designers of these devices the
technological challenge is to reduce the size efaguipment and improve the sensitivity in
handling. It is now recognized that the developnwnhe material may provide significant

improvements and increase performance. Polymer&egranaterials in the development of
medical devices, but the choice of materials isaexing through the use of polymer

composites. The medical products that can be pestlwath nanomaterials are composite
rods, balloons, catheters and several similar dsvic

Concerning the biomedical sector, the use of namposites containing silver could lead to
greater safety for the sterilization of equipmerdade of polymeric material that may be

vehicles of infection or even used to eliminatarihe

Electronic Devices

Nanotechnologies are widely used in electronidfiéh particular the research is focused on
the miniaturization of electronic components sushransistors, diodes etc.. made on semi-
conducting substrates.

The technique used for the production of these corapts involves the creation of masks to
paint on the sides of the semiconductor componddtsvadays lithography technology
allows to obtain commercial transistor about 100vmiaith.

Nanotechnology can reduce this size in a short @btaining devices with the width of a few
atoms. The applications in this field regard corepat portable storage drives such as

memory cards for cameras, MP3 players, mobile phaete.

Buildings

Nanomaterials are widely used in construction se@arrently one of the more interesting
application is the use of nanometer titanium oxidged with paints or solvents for surface
treatment of buildings to make the latter self-nlag. To understand the importance of this

application the impact of smog and pollutants anghrfaces of buildings can be considered.
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The use of these coatings can dramatically reduiseproblem because of the fotocatalitic
effect of oxide in the presence of sunlight.

An important example of self-cleaning treatmentsamstruction is the finish of the tiles of

the sails of Sydney Opera House Theatre.

One of the main effects of the introduction of naexdicles as a silicate, POSS, fullerenes,
and many others in polymers is an improvement ahé resistance. In many types of civil

construction, the regulations require the use ofemes with a certain degree of flame

resistance; plastics without additive do not ugubHve this properties. The nanocomposite
can be used in the construction industry because l#vel of flame resistance is higher than
that of pure plastics.

Materials for sports
Several companies operating in sport field prodiiferent objects made by nanocomposite
materials. For example tennis racquet (HEAD), tenpalls (WILSON) and many other

devices used in sports like golf, cycling, climhiagd other as F1, etc.

Textiles

A lot of studies have been carried on in textiletseto reinforce the materials, to obtain
waterproof fibers, anti-static and anti-bacteriadtemials. Some examples of clothing made
with nanotechnologies are: clothing for ski jackatsl trousers which were made using fiber
produced by the American nano-tex that make clgtinaterproof, breathable, stain resistant,
wrinkle and with improved mechanical properties ttieve increased efficiency and
durability.

The Japanese and Swiss Schoeller Kanedoo are gaglitbers with properties similar to
those produced by Nano-Tex.

Ciba Specialty Chemicals has developed nanomodifieds able to prevent bacterial growth
and bad smells.

Professor John Xin and Walid Daoud of the Textistitute Polytechnic of Hong Kong were
among the first to obtain self-cleaning fabricsngsitreatments that are able to deposit
nanoparticles of titanium oxide on the tissues.

Nanocomposite fibers are also used for the produdif clothes used in military field.
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Products for cosmetics

The cosmetics industry is becoming a major usenasfotechnology. In many creams the
active ingredient is "contained" in a nanopartidte;this way a deeper penetration of the
active ingredient, enhancing the functionalitylod product, is obtained.

In the case of sunscreens, the use of nanoparsalgds as zinc oxide, allows to increase the
shielding effect of UV rays and to improve the wateesistance of the product.
Importantly, the nanoparticles that can be usedosmetics are very restricted due to the

possible toxicity that some types of nanofillera éave when in direct contact with the body.

Materials for coatings

Nanostructured polymers are widely used in surizm&tings field. Important examples of
these uses are products for aesthetic applicatmoducts with surfaces resistant to abrasion
and to corrosion, product with high hydrophobiaity hydrophilicity, products with optical
properties (anti-glare, anti scratch, etc). Inthkse cases only the surface of materials is
involved in the properties and not the total volumhenaterial used.

The increase in surface properties is often acdiesevering the material with a layer
(coating) of a different material having the regdimproperties. Research has shown that the
nanostructure of these coatings and the use ofpaamdes in addition to the materials
traditionally used for the production of these augd offer the possibility of increasing the
functional characteristics of the coating itself.

Nano-structured coatings are currently used in graduction of organic solar cells; this
application requires a very high barrier propertgsinst oxygen and moisture in order to
increase the useful life of these devices. Sinplaperties are required in the production of
micro-batteries and micro fuel cells.

Many devices such as on-board instruments in displays, etc. are covered with layers of
transparent plastic to protect them from outsidaetent years, these plastics are coated with
a scratch-resistant coating with antiglare properthat improve the duration and visibility of
the device. The use of nanoparticles of silicondexiand titanium oxide significantly

improves the properties of the coating.

Energy Sector
The nanocomposite materials are also used in \a@applications related to energy. In this
sector is important to distinguish between appilicet related to energy production, energy

storage-related applications, and applicationgedlto energy saving.
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An important application of nanotechnology in theguction of energy is in solar cells. In
these applications are used materials like fulleserand nanotubes. Another area of
application of nanotechnology is the productiomo€ro-batteries. Fuel cells are an energy
production system that uses hydrogen as the maguree. The use of carbon nanotubes and
metallic nanotubes having high porosity increase hiydrogen storage necessary for the
operation of the fuel cell. It is essential to ades that the reaction product of the fuel cell is
water, so this production system alternative tditi@nal batteries have the advantage of a
low environmental impact.

Nanotechnologies are also used in the productiodegfces with low energy consumption
and low dimension. In particular nanomaterials ased for the production of LEDs and
organic LEDs (o-LED).

Aerospace Applications

The nanocomposites are currently used in variouvsspace applications. One of the main
problems for the structure of the aircraft is retato erosion caused by weathering. The use of
nanocomposite coatings can improve the performancéerms of abrasion resistance,
significantly contributing to a reduction of thedkness of paint applied (and therefore less
weight) and to the long time maintenance of theratt. It is also increased the percentage of

nanocomposite materials employed for the constnaif aircraft structural parts.
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8.7 POLYLACTIC ACID NANOCOMPOSITES

During the last decades the interest about polymeaterials coming from renewable sources
has increased significantly so much that biopolwragin to attract attention not only for
biomedical and pharmaceutical applications but diso industrial ones. Among these
materials PLA is certainly the most interesting andst studied. The limit of this polymer
remains its mechanical, thermal and barrier proggethat, although good if compared with
those of other biodegradable polymers, is inswdfitiwvhen compared with those of materials
traditionally used for the production of commoditie

Considerable efforts have been made to improverbgerties of PLA to make it competitive
with hydrocarbon polymers; for example attempts ehddveen made using PLA with
plasticizers or mixing it with other additives.

Over the past ten years the research, both acadamdicindustrial, has focused on the
development of hybrid organic/inorganic nanocomiassthat showed unexpected properties
resulting from the combination of the two composeiht fact, the use of inorganic fillers can
improve not only the physical properties of matsriauch as mechanical properties, thermal
resistance, the gas barrier and chemical resistamge also provide high-performance
materials at a lower price.

In literature there are a lot of works about PLAoeomposites; layered silicates are the most
widely used fillers in the preparation of nanocosifes based on PLA, and this especially for
their low cost, the availability and their high aspratio that allows to obtain a significant
increase of the module, the heat resistance, amigibproperties. The main problem in using
this type of clay is related to the need to havedgdispersion of fillers in the polymer matrix,
a key condition to increase property. The inconiylityy between fillers and polymer, and the
strong interactions that bind the layers of sikcamake dispersion of clay in PLA very
difficult.

Ray and Okamofd have presented an interesting review on the patipar and
characterization of PLA/montmorillonite nanocompesand concluded that these materials
show a significant increase in properties when cmexgb with pure PLA; in particular Ray
and Okamoto have observed an implementation ofmtbe@ule, both in solid state and in the

melt, an increase of tensile strength and bendirgcrease in gas permeability.
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Chang and cowotrkets studied the effect of three different montmoriltes,
Hexadecylamine-montmorillonite (MMT-C16) ammoniumroimide dodecyltrimethyl
montmorillonite (DTA-MMT) and Cloisite 25A, used irthe preparation of PLA
nanocomposites. The results obtained by them shattihermo-mechanical properties, and
barrier to gases depend not only by the type of aked, but also by the amount of filler
present in the polymer matrix. In particular Chanfggerved that using percentages between
2% and 8% of C16-MMT and Cloisite 25A the thermbdity decreases with increasing
concentration of nanoparticle used.

Dubois and colleagu&s reported in 2003 the increase in thermal stability
PLA/montmorillonite nanocomposites compared toptaperties of pure polymer.

Cabed and coworke¥sstudied the barrier behavior of PLA/kaolinite neomposite: the
strong interaction between polymer and fillers tetal a decrease in oxygen permeability of
50%.

Table 3 shows the comparison between the propedfed®LA and those of some

PLA/montmorillonite nanocomposites.

Modulus [GPa] 4.8 5:5 5.6 5.8

Strength [MPa] 86 134 122 105
Distortion at break [%] 1.9 Sl 2.6 2

PLAur/PLA 1 0.88 0.85 0.81

Table 3: properties of pure PLA and PLA/MMT nanocomposites

Data reported in table 3 show not only the increa$eproperty in the presence of

montmorillonite but also the relationship betweka percentage of filler and the change of
property.

Observing the rheological curves shown in figurie dlear the different rheological behavior
of pure PLA compared to the viscosity of nanocontpssontaining montmorillonite.

The viscosity of the material is critical becausedéetermines the processability of the
polymer. Nanocomposites have a non-Newtonian behawhile pure PLA has a Newtonian

bhavior. Therefore nanoparticles also have an tftet the viscosity of the material,

increasing it significantly.
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Figure 4: viscosity of pure PLA and PLA/MMT nanoconposites

In addition to multilayer silicates, several othgpes of fillers have been used in the
preparation of polylactic acid nanocomposites; agndhem carbon nanotubes gained
attention for their ability to significantly increa mechanical, thermal and electrical
properties. Wu and Li&d prepared a nanocomposite using multilayer cartamotubes: in
this study they show how this type of filler is @bto strongly increase thermal and
mechanical properties of PLA. Then Wuwsed nanotubes with functionalized surface he
observed that surface modification has an effettt ba the dispersion of filler in the polymer
and on thermal properties.

Kim and Jeon§ have studied the properties of PLA/graphite coritppsoting in particular
an increase of modulus and thermal stability ingirea the percentage of graphite in the
composite.

Also interesting is the behavior of PLA/Si®@anocomposites: Wen and cowork@rsave
studied the effect of spherical nanofillers on tthermal behavior of the PLA. Silica
containing materials have degradation temperatwehrhigher than the one of pure PLA.

An increase of the thermal, rheological and medat@mproperties of nanocomposites with

silica is also reported in the work of YAmnd Wd®.
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Figure 5 shows the TGA curves of PLA/nanosilicacw@mposites, compared with the pure
polymer; the start degradation temperature inceeas®easing the percentage of silica in the
polymer, until a content of 5%, while for higher @ammt of silica a decrease of temperature

was observed.
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Figure 5: TGA curves of pure PLA and PLA/nanosilicacomposites

Figure 6 shows the effect of nanosilica on the ibgioal behavior of PLA: the viscosity of

the composite is, in fact, significantly increasednpared to the one of the pure polymer.
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Figure 6: effect of nanosilica on PLA viscosity
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Analyzing the works present in the literature, engral, there are three different methods for
the preparation of nanocomposites based on PLAL bfabiem are prepared adding the filler
to the melt polyméf 3% using a mixer or an extruder, just as is donamindustrial scale.

Figure 7 shows the profile of an extruder.
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Figure 7: profile of extruder

This technique is very fast and versatile and aldavquickly prepare the polymeric material
by adding different types of additives and fillers.

The polymer, as shown in figure 7, comes at thennggg of the extruder together with other
additives while filler (glass fiber in the picturepmes only later: in this way, the contact time
between polymer and mineral is very low.

During the compression phase the polymer and attiéitives, that are still in the solid state,
are "pushed" to the area where the screw will thelpolymer mixing it with the fillers.

The short contact time between polymer and minéhar, however, may lead to an
unhomogeneous distribution of the filler in the emal and consequently with non
homogeneous properties.

With this technique also the exfoliation of the aparticles is far from optimal, since the
contact time is low and sometimes other additivesgnt in the extruder can interfere in the

process.
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A second synthetic route involves the addition afioparticles during the synthédig’. With
this method a better dispersion of fillers in th@ymer matrix can be obtained and layered
silicates can be better exfoliated.

Finally, in literaturé"4°4°

several works described the preparation of nanposites from a
dilute solution of polymer and filler, which is dtem vigorously for several hours at room
temperature in order to promote the dispersionastigles in polymer. The solution is then
deposited and the solvent evaporated to obtainahecomposite material.

For this work it was decided to use the technig@ienositu polymerization, adding the
nanoparticles during the synthesis of the polynidére reasons for this choice is that the
interaction times between polymer and nanofillees langer allowing to reach a very good
dispersion of nanoparticles in polymeric matrix.this way an homogeneous system, in a
single processing step without the need to proitesmaterial can be obtained; by this way is
also possible to study the behavior of particlesinduthe polymerization process. The
following paragraphs will describe the effect dffelient types of fillers used on the molecular
parameters of the PLA, with particular attentiomrolecular weight and viscosity.

One of the problems on an industrial level, is ttratlitional systems are sometimes not
suitable for the synthesis of “in situ” nanocompesnaterials produced with this technique.
This problem occurs because the system tends te &dawelt viscosity much higher when
nanoparticles are present in the polymer: thisczarse serious damage the plants, developed
for the production of standard polymers.

Obviously a massive financial investment is neagstgachange the reactor with a capacity of
several tons. Such investment can be made onljhanctse of a high profit and present
several risks. For this reason now nanocompositemats are produced with the technique of
compounding. It is interesting to study the effefctillers on the synthesis of PLA in order to
understand whether it is possible to adopt theitin golymerization even at the industrial

level.
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8.8 SURFACE MODIFICATION OF NANOPARTICLES

In this work two different kinds of nanoparticlesave been used: Cloisite (natural
montmorillonites), purchased from Southern Clay S&#Al Nanosilica. In particular three
different montmorillonites have been used: sodiulmisite (Cloisite N&), Cloisite 10A and
Cloisite 15A, the last two modified with a quatasnammonium salt.

Table 4 summarizes the main parameters of theseraisn

Cloisite Na* - - 4-9% 7% 13um
Cloisite 10A 2MBHT 125 meq/100g <2% 39% 13pum
Cloisite 15A 2M2HT 125 meq/100g <2% 43% 13pum
Nanosilica - - 2-3% 2% 10-80nm

Table 4: features of nanoparticles

2M2HT CHs 2MBHT CHs ___
H3C_IL+—HT HsC l|\1+ CH, \ /
j )

The abbreviation HT indicates a mixture of C18 (§5%l6 (30%), C14 (5%); the anion of
these salts is chlorine.

Nanosilica has a surface area of 600-86@m

For the synthesis of nanocomposites, nanopartenes organically modified nanoparticles
have been used. Contrary to what is describedanitérature, where montmorillonites are
modified changing the cation that divides the |dageln order to increase the space between
each layer to promote exfoliation, the idea thas @Waveloped in our laboratories in previous
works has been to modify the surface of montmonitk using a silane in order to obtain a
filler having the ability to be better exfoliatedrihg the polymerization but also to obtain a
material with better properties due to the presesfceoupling agent that links filler and

polymer chains together.
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The same strategy was adopted to modify the sudaedica; with this type of mineral that
does not require exfoliation, being spherical, ke of silane can allow a better dispersion in
the polymer matrix. In literature there are mangard” in which this technique is used.
Figure 8 shows a scheme of the surface modificagantion.

OH o}

oH RO o}sr\/\x

OH+ RO-Si™~"x —> o) .

OH / OH 3ROH
oH RO OH

Figure 8: surface modification reaction

The procedure of surface modification is carriedpdecing nanoparticles under stirring in
methanol with a filler/solvent ratio of 1/10; difemt amounts of silane are then introduced
depending on the desired degree of modificatiore atldition is done slowly to avoid the
formation of aggregates and to have a good dispersi coupling agent. In this work three
different percentages of silane - 2%, 7.5% and A - respect to the amount of
nanoparticle, have been used. Two different silanpplied by Wacker, have been used: 3-
Aminopropyltriethoxysilane (GF93) and 3-Glycidoxgpyltrimethoxysilane (GF80).

The structures of silane are shown below.

NN .
(|)>/\o SIOCHy)y  FEN - SUOCH,CHy)y

The solution was kept under vigorous stirring f@rHburs and then the solvent was removed
by evaporation under nitrogen.

The unreacted silane has been removed washing adivtgs with methanol, and then the
system has been heated at 120 °C under mechaamalw for about 2 hours.

After these operations, nanoparticles have be@tyfithopped to obtain a fine powder.

To verify the efficiency of the surface modificatiprocess, nanoparticles were characterized

by different techniques.
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8.8.1 Determination of the amount of silane on the surface of nanoparticles

Table 5 summarizes the different nanoparticles freztlin this work.

Cloisite 15A Epox GF80 2
Cloisite 15A Epox GF80 7:5
Cloisite 15A Epox GF80 15
Cloisite 15A NH, GF93 2
Cloisite 15A NH, GF93 7.5
Cloisite 15A NH, GF93 15
Nanosilica Epox GF80 2
Nanosilica Epox GF80 7.5
Nanosilica Epox GF80 15
Nanosilica NH, GF93 2
Nanosilica NH, GF93 7.5
Nanosilica NH, GF93 15

Table 5: modified nanoparticles

The amount of coupling agent used was calculatedidering the actual weight of the silane
bounded on the surface of nanoparticle to haveséime amount of silicon on nanoparticles
also changing the type of silane used.

At first the surface modification was made usinggpsilane (GF80), then Cloisite 15A and
nanosilica were also modified using the amino sil@@F93) to evaluate the behavior during
polymerization.

Concerning montmorillonites, Cloisite 15A has bebnsen as case study to test the effect of
surface modification.

Nanoparticles were analyzed with different techegu potentiometric titration, FTIR
analysis, thermogravimetric analysis (TGA), soligts NMR, XRD, in order to evaluate the
efficiency of surface modification process from tbat quantitative and qualitative point of

view.
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8.8.1.1 Potentiometric titration

Nanoparticles modified with amino silane (GF93) evdispersed in hot m-cresol until a clear
solution was obtained; then the solution was gtlawith a 0.1M solution of hydrochloric acid
in methanol.

Fillers modified with epoxy silane (GF80) were disged in methanol and treated with an
excess of secondary amine, N, N-dibutilamine. Tolet®n was stirred vigorously for an
hour, then the methanol was removed under vacuamerhove the excess of unreacted
amine. At this point, the epoxy functionalities ginially present are converted into amino
groups, and they can be titrated with the sameeoiare used for Cloisite and nanosilica
modified with GF93 silane.

Table 6 shows the data of titration of surface rhedinanofillers.

Cloisite 15A Epox 2 236 119 1.67
Cloisite 15A Epox 7.5 840 380 5.33
Cloisite 15A Epox 15 1571 712 9.99
Cloisite 15A NH, 2 236 148 1.22
Cloisite 15A NH, 7:5 840 485 4.03
Cloisite 15A NH, 15 1574, 942 7.82
Nanosilica Epox 2 236 141 1.98
Nanosilica Epox 7.5 840 447 6.27
Nanosilica Epox 15 1571 798 11:19
Nanosilica NH, 2 236 236 2.00
Nanosilica NH, 75 840 671 557
Nanosilica NH, 15 1571 1287 10.68

Table 6: titration data of modified nanopatrticles
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Data reported in table 6 were obtained analyzirgtithation curves (an example is shown in
figure 9).There is some agreement between the géhiear amount of silane and the values
experimentally determined only for samples with @coupling agent, while increasing the

percentage of silane the difference between thieatatata and experimental one increases.
This fact can be explained considering that sil@aets with free hydroxyl groups present on
the surface of the filler that become less accessithen modification process carries on, due
to steric size generated by the silane itself. feasured values of meg/kg relative to the
epoxy silane differ from the theoretical ones nibian the ones of amino silane.

This may be due to the lower reactivity of thisasg, which is not autocatalyzed by amino
function, as occurs for GF93.

Looking at the data in the table it can be seenttfeasurface modification procedure seems to
be less efficient for montmorillonite, and thispgbably due to the multilayers structure of

Cloisite that makes not available all the OH groapshe surface.

250

200 EP1

150

U [mV]

100

00 25 50 75 100 125
Vi

Figure 9: example of titration curve

8.8.1.2 FTIR analysis

The surface modified nanoparticles were analyzedinfyared spectroscopy in order to
evaluate if modified nanopatrticles present différeands compared to those of unmodified

fillers. Spectra of nanosilica and montmorillortieve been taken as reference (figures 10, 11,
12 and 13).
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Figure 10: IR spectra of pure nanosilica and nanokca modified with epoxy silane
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Figure 11: IR spectra of pure nanosilica and nanokca modified with amino silane
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Figure 12: IR spectra of pure Cloisite 15A and Claite 15A modified with epoxy silane
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Figure 13: IR spectra of pure Cloisite 15A and Claite 15A modified with amino silane
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Figures from 10 to 13 show that there are few tkfiees between the IR spectra of pure and
surface modified nanoparticles. The presence afsilon the surface of nanosilica (Figures
10 and 11) is difficult to detect because of thtense and weak bands of the Si-O stretching
(1020-1250 cni) and-OH (3300-3700 ci). However, the intensity of the band between
3300 and 3700 crh concerning the presence of silanol groups charigegresence of
coupling agent, as observed by Sumand in particular decreases increasing the amofunt
silane used for surface modification. This is gaarly evident for nanosilica modified with
epoxy silane. In the case of amino silane is alsticed the appearance of a band between
1500 and 1700 crhcorresponding to NH-stretching.

Regarding montmorillonites, spectra show no sigaiit differences between modified and
unmodified Cloisite.

Overall, this technology has not been very effector our purpose, probably because of the

small amount of silane used for surface modificatio
8.8.1.3 TGA analysis
To determine the amount of silane effectively presemthe surface of nanoparticles a study

with thermogravimetric measurements was also staBelow, in figures from 14 to 17 are

reported TGA curves of the nanoparticles tested.
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Figure 14: TGA curves of silica modified with GF80
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Figure 15: TGA curves of silica modified with GF93
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Figure 16: TGA curves of Cloisite 15A modified withGF80
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Figure 17: TGA curves of Cloisite 15A modified withGF93

Looking at the TGA curves shown in figures from tb417 it is possible to observe the
different behaviors depending on the type of nartag@ and silane considered.

Considering nanosilica, an increase in loss weigglateasing the amount of coupling agent
on the surface of the particles, is observed. Tdusor confirms that silane is actually linked
to the nanoparticle and it is present in differeatcentages. It is interesting to note that silica
modified with epoxy silane loses higher amount aight than pure nanoparticle; on the
contrary silica modified with amino silane has asl@f weight closer to that observed for the
pure silica. It should also be noted, however, thaves of silica modified with epoxy silane
reach a plateau, while with the amino silane degrad does not seem complete.

On the other hand, considering the behavior matliiéoisite, compared to the one of pure
montmorillonite, a difference in weight loss can digserved. The loss of weight increases
increasing the amount of silane, but the effechigh less pronounced than the one observed
for nanosilica. This is due both to the higher antaf silane present on the nanoparticle (see
table 6) and to the lower sensitivity of the measwnt caused by the simultaneous
degradation of ammonium ions intercalated betwhenamellae of Cloisite.

Based on these considerations we can say that dgeavimetry can give a qualitative
indication of the presence of silane on the surfzcde nanoparticle - especially in the case
of silica - while the data are not so reliable frtime quantitative point of view because the

loss of weight observed are not due only by dedradlaf silane.
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8.8.1.4 Solid state 'HNMR

This technique may be useful not only to deterngualitatively the presence of silane on the
surface of nanoparticle, but also for a quantieativeasure.

Three different samples, two nanosilica modifiedhwd% and 15% of epoxy silane and one
Cloisite modified with 2% epoxy silane have beerosgn as example to evaluate the

efficiency of this technique. The spectra are showiigures 18, 19 and 20.

4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 ppm

Figure 18: solid state'HNMR of nanosilica with 2% of GF80

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

Figure 19: solid state'HNMR of nanosilica with 15% of GF80
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Figure 20: solid state'HNMR of Cloisite 15A with 2% of GF80

Spectra reported in figures from 18 to 20 showptresence of several peaks, particularly in
the area between 4 ppm and 3 ppm. Since the oelgiesp containing hydrogen are silane
used for modification of the nanoparticle, it candasily deduced that these peaks belong to
the silane. Therefore the technique is qualitayivefficient to determine the presence of
coupling agent and then surface modification ofapanticle; also the signals in the spectrum
agrees with a theoretical simulation of a spectafisilane molecule.

The quantitative determination of silane preseninge difficult: in fact the peaks in the
spectra are often overlapped, the baseline is Im@ya well defined, and it can be hard to
integrate the various signals: so it is not posstbl determine precisely how many organic
substance is actually present on the nanoparttotely possible observe that increasing the
amount of silane from 2% (figure 18) to 15% (figur®) there is an increase of intensity of
peaks, due to the greater amount of silane used.

A more efficient quantitative determination of cting agent could be made by improving
the sample preparation technique and increasingrtieeof acquisition, but these are already
quite long, longer than 5 hours.

Basing on what has been observed with differentrigmies it can be stated that the best
methodology identified to measure the percentagaudaice modification of nanoparticles is
the potentiometric titration of amino terminal gpsy directly present on the silane or
obtained through reaction with an amine in theecdspoxy silane.
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8.9 STUDY OF PLA NANOCOMPOSITES

8.9.1 PLA nanocomposites synthsized

The purpose of the synthesis was to produce mbterataining nanofillers added directly

during synthesis to evaluate the effect of nhanogast on the polymerization process and the

properties of materials obtained by this way. Tabsmmarizes the samples synthesized.

0,5% 10A 0,5 - - - = - -

1% 10A 1 = = = = = =

2% 10A 2 - - - - - -

0,5% 15A 0,5 . - - 2 = .

1% 15A il = £ 2 2 2 c

2% 15A 2 = c = 2 = =

0,5% Na* 0,5 = = = = = =

1% Na* 1 - - - . - -

2% Na* 2 - - g - . -

0,5% NS 0,5 - - - - - -

1% NS 1 - : : : : -

2% NS 2 . - - . . .

1% 15A NH,
1% 15A Epox
1% NS NH,
1% NS Epox

'
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Table 7: nanocomposites synthesized

Polymers were synthesized using three differentuantsoof unmodified filler: 0.5%, 1% and
2% w/w respect to the monomer introduced into #ector. Considering surface modified
nanoparticles, polymers have been synthesized usin@% of mineral because the
nanocomposites with 1% of nanofillers are those ti@ve shown a better balance between
molecular properties, rheological and thermal proge
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In addition to these samples, polymers with higtmmtent of unmodified nanoparticle (3%
and 5% w/w) have been synthesized to better uradetdhe effect on the catalyst.

8.9.2 Characterization of PLA nanocomposites

All samples synthesized in this work were charaoter by SEC and rotational rheometry, in
order to have information about molecular weiglgtribution and about the behavior of the
material in the molten state.

In fact, using these two tests together is posdiblbave an idea of the complexity of the
considered system, obtaining information aboutefiect of nanoparticles on the molecular
weight and viscosity. Both SEC and rheological gsialwere conducted following the same
procedures adopted for the samples with modifiedramaolecular architecture described in
previous chapters. The only difference is that shkitions for SEC analysis were filtered
before injection to remove the residual mineraklgsis only refers to the soluble part or to
the amount of solution that passes through therfilany polymer bound to the mineral,

especially using modified nanoparticles, remainsghenfilter with the filler unless the overall

size of the polymer/filler nanocomposite is lesmtdum (pore size filter).

8.9.2.1 SEC analysis

Here are presented the curves for each seriesnoicoenposites synthesized, compared with
the curve of pure PLA; the values of molecular eignd polydispersity are given in

equivalent linear PLA using the calibration develdgor this work and described in detail in

chapter 3.
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PLA NANOCOMPOSITESWITH CLOISITE 10A
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Figure 21: SEC curves of PLA nanocomposites with Glsite 10A

Molecular weight values and polydispersity of nasmaposites shown in figure 21 are
reported in table 8.

Pure PLA 56909 1.982
0.5% 10A 39690 1.681
1% 10A 28804 1.823
2% 10A 20248 1.931

Table 8: molecular properties of nanocomposites whtcloisite 10A

A very marked effect of Cloisite 10A on the molearulveight of materials can be observed
from SEC curves and data in table 8. Mn valuessayeificantly lower than the one of pure
PLA. Differences are also observed on the valuepadydispersity, but the trend is not
constant and is therefore difficult to interpret.
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PLA NANOCOMPOSITESWITH CLOISITE 15A
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Figure 22: SEC curves of PLA nanocomposites with Glsite 15A

Molecular weight values and polydispersity of nasmaposites shown in figure 22 are

reported in table 9.

Pure PLA 56909 1.982
0.5% 15A 50160 1.818
1% 15A 37064 1.785
2% 15A 28594 1.734

Table 9: molecular properties of PLA with Cloisite 15A

Even in the presence of Cloisite 15A a decreasihgnolecular weight increasing the
percentage of fillers is observed; Mn values howewe higher than the ones obtained in the
presence of Cloisite 10A. The nanocomposite wi?®.of Cloisite 15A presents a SEC
curve close to that of pure PLA. Increasing thecpetage of nanoparticle also polydispersity

value decreases.
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PLA NANOCOMPOSITESWITH CLOISITE Na*

1,10E+00

9,00E-01 -

7,00E-01 -

5,00E-01

UV Signal

3,00E-01 1

1,00E-01 1

--- Pure PLA
--- 0.5% N4
- 1% N4

u\,

1500 1700 1900 2100 2300 2500

-1,00E-01 -
t (sec)

2700

2900

3100

3300 3500

Figure 23: SEC curves of PLA nanocomposites with Glsite Na’

Molecular weight values and polydispersity of nasmaposites shown in figure 23 are

reported in table 10.

Pure PLA 56909 1.982
0.5% Na* 55136 2.418
1% Na* 50569 1.810
2% Na* 37744 1.949

Table 10: molecular properties of PLA with CloisiteNa"

Molecular weight values of materials containing i€ite N& are much higher than those of

other nanocomposites, even if they are still lowsan those of the pure polymer, and

decrease with increasing the concentration of sodiloisite used.
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PLA NANOCOMPOSITE WITH NANOSILICA
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Figure 24: SEC curves of PLA nanocomposites with mesilica

Molecular weight values and polydispersity of nasmaposites shown in figure 24 are

reported in table 11.

Neat PLA 56909 1.982
0.5% NanoSi 52739 2.008
1% NanoSi 50008 1.710
2% NanoSi 26348 1.949

Table 11: molecular properties of PLA with nanosilca

Also in this case Mn values decrease graduallyeesing the concentration of nanosilica in
the composite; the difference in molecular weighparticularly evident for the material with
2% of filler.

Analyzing the Mn values of all nanocomposites passible to observe that there is an effect
of nanoparticles on the chain growth process, eslhem the case of materials synthesized
with Cloisite 10A and 15A which have the lowest swllar weight values.

198



This may be related to the presence of ammoniurarcgtat separates the lamellae and that,
during the polymerization, may interfere with thetiaty of the catalyst partially turning it
off. The larger size of the cation of Cloisite 106RMBHT - probably makes the layer space
more accessible to the growing chains, facilitating release of the cation; this can justify
why the materials with Cloisite 10A have Mn valuéswer than those of other
nanocomposites.

The effect of the interference of the cation in plodymerization process is confirmed by the
molecular weight values of polymers containing €llei Nd, which are much higher than the
ones of polymers with Cloisite 10A and Cloisite 158so polymers with nanosilica have
good molecular weight values, but lower than tholseomposites with Cloisite Naln this
case, since there is no cation in the fillers, itlterference with the polymerization process
may be due to the relative acidity of the nanopketi

In all cases, however, in presence of filler petage higher than 1% a marked decrease of
molecular weight at constant conversion have bésemwed.

To confirm this observation, some nanocompositegaioing higher amounts of fillers have
been synthesized: figure 25 shows an example of G&Ees of polymers containing 3% and

5% of nanosilica in comparison with the nanocomgosontaining 2% silica.
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Figure 25: SEC curves of composites with 2%, 3% an8% of nanosilica
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Figure 25 shows that using higher percentages abpeaticle molecular weight values

decrease markedly, confirming the fact that naleo§l interfere with the polymerization

process. Moreover the curves present a shouldéeiarea of the high molecular weights, as
if there were chains still growing. The decreasetivity of the catalyst is confirmed by the

increased amount of residue lactide remains in fsmwaith 3 and 5% nanosilica.

Also polydispersity values decrease, except in saases, but the trend is not easily
interpretable.

Finally, a final test was performed synthesizingterials with a catalytic amount 20 times
higher than the one normally used for other sampiesrder to determine whether the
nanoparticles effectively negatively acted on tlaalytic system. Figure 26 shows SEC

curves of samples containing silica, synthesizet higher amount of catalyst.
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Figure 26: effect of catalyst on molecular weightaiue

The GPC curves of figure 26 show that increasirggghrcentage of catalyst in the feed is
possible to obtain high molecular weight nanocontpssalso with high percentages of
fillers. This shows that nanofillers effectivelyrpally disable the catalytic system limiting
the growth of chains. As will be reported in thexingaragraph, however, this strategy cannot
be used for the synthesis of high molecular wergitocomposites with high percentages of
nanofillers because a amount of catalyst too haghrtegative effect on some properties of the

material, such as the stability of the melt, degtih temperature, coloration.
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Moreover, if PLA nanocomposites are destined faliaptions involving contact with food, a

high amount of catalystis not accepted.

For these reasons the attention was focused omnriglateontaining amounts of nanoparticles
from 0,5 to 2% by weight, studying rheological babg thermal behavior (will be discussed
in chapter 9) and gas barrier properties.

8.9.9.2 Rheological analysis
Here the rheological curves of nanocomposites sgtbd are reported. Analyses were
performed following the same procedures alreadycrid®sd in previous chapters for the

materials to complex architecture.

PLA NANOCOMPOSITESWITH CLOISITE 10A
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Figure 27: complex viscosity of pure PLA and nanoaaposites with Cloisite 10A
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The complex viscosity values measured at a sheapf#,28+*10's* are reported in table 12.

Pure PLA 2:19810:
0.5% 10A 2.46*10°
1% 10A 1.06*10°
2% 10A 1.68*10?

Table 12: complex viscosity of nanocomposites witBloisite 10A measured at a shear rate of 6,28*1&™

The values of viscosity, in agreement with the roolar weights, decreases increasing the
amounts of Cloisite 10A in the feed, and this dffiscparticularly marked for the material
with 2% of filler.

However, it is interesting to note that althougle #n values of materials are lower than
those of pure PLA, the difference in viscosity betw polymer nanocomposites and pure
PLA is not so high, at least for concentration® &% and 1% of Cloisite 10A. Material with
the 0.5% of fillers has a viscosity higher than @me of pure PLA, despite having a lower
molecular weight.

Looking at the trend of the rheological curvesigtife 27 it can be noted that at high values
of shear rates the slope of the curves decrease=aging the percentage of filler; the curve of
the sample with a 0.5% of Cloisite 10A has an iration greater the one of the pure polymer.
At low shear rates the viscosity of the compos#eds to decrease slightly while that of the
pure PLA is asymptotic.
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PLA NANOCOMPOSITESWITH CLOISITE 15A
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Figure 28: complex viscosity of pure PLA and nanocoposites with Cloisite 15A

The complex viscosity values measured with a statarof 6,28*10 s are reported in table
13.

Pure PLA 2:19%10°
0.5% 15A 6.60*10°
1% 15A 2.60*10°
2% 15A 6.14*10%

Table 13: complex viscosity of nanocomposites witBloisite 15A measured at a shear rate of 6,28*1(s*

In the case of Cloisite 15A, the effect of nanojs on viscosity is more pronounced than

observed for the PLA/Cloisite 10A nanocomposites.
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In fact complex viscosity values are particularlyghh for the material with a filler
concentration of 0.5%, while the polymer with 1%fitlers has a viscosity higher than the
one of pure PLA despite a Mn values 20000 g/moklowherefore Cloisite 15A contributes
a lot to increase the viscosity of the material.

Even in this case, polymer containing 2% of nantigdas has a low viscosity; in this case the
effect of nanoparticle can not compensate thetfadt Mn value of nanocomposite is about
half of the one of pure PLA.

The curves of the materials with 0.5% and 1% &difihave a slope more pronounced than the
one of pure PLA at high values of shear rates.oit $hear rate there is a slight decrease in
viscosity, as already observed for Cloisite 10A awmmposites, especially for the material
with 0.5% of filler.
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Figure 29: complex viscosity of pure PLA and nanoaoposites with Cloisite N&
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Table 14 shows the complex viscosity values medswith a shear rate of 6,28*1@™

Pure PLA 21950
0.5% Na* 5.44*10°
1% Na* 4.80*10°
2% Na* 213*10°

Table 14: complex viscosity of nanocomposites witBloisite Na" measured at a shear rate of 6,28*1bs*

As can be seen both from the values shown in teblend in figure 29, Cloisite Ndas more
effect on viscosity of PLA. All nanocomposites dyedized with this fillers have a viscosity
higher than that of the pure polymer, especiallfoater values of shear rates. In particular,
materials containing 0.5% and 1% of filler haveiscosity significantly higher than pure
PLA, while the polymer containing 2% of Cloisiteshéhe same viscosity of pure PLA,
although the molecular weights is lower.

At high values of shear rate, composites have sides very similar to each other and
slightly higher than that of pure PLA. The slopetlé& rheological curves in this zone of
deformation is much more pronounced for polymet @iloisite N& than the one of unfilled
polymer.

The higher increase in viscosity, observed for €lei Nd, respect to Cloisite 10A and
Cloisite 15A may be due to the different exfoliatiof fillers during synthesis and to the
higher molecular weight of the polymers with sodi@ioisite that, as already reported, less
interferes with the process of synthesis.
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PLA NANOCOMPOSITESWITH NANOSILICA
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Figure 30: complex viscosity of pure PLA and nanoaoposites with nanosilica

Table 15 shows the complex viscosity values medswith a shear rate of 6,28*1@™.

Pure PLA 2195102
0.5% NanoSi 1.65*104
1% NanoSi 5194102
2% NanoSi 1.56*10°

Table 15: complex viscosity of nanocomposites witanosilica measured at a shear rate of 6,28*1Gs*

Nanosilica is the mineral filler that seems to havgreater effect on the viscosity of PLA,;
data reported in table 15 show that in presenc®.5% and 1% of nanosilica complex
viscosity increases respectively seven times arek ttimes respect to pure polymer, although
the values of Mn are lower for nanocomposites.
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The behavior of material with 2% of filler is alsateresting: this polymer has a molecular
weight that is less than half in comparison to Puhijle its viscosity is a little lower. So there
is a strong interaction between polymer and sili@rix resulting in a significant increase in

viscosity.

MATERIALSWITH SURFACE MODIFIED NANOPARTICLES

One of the main requirements to obtain a nanocoitgposaterial in which is possible to
observe an increase in properties with small peéages of nanopatrticles is to have a product
in which the fillers are dispersed in the polymeatnx as well as possible, in order to obtain
an homogeneous material.

The problem of dispersion is due to the very lownpatibility between mineral and polymer:
this means that filler particles have a tendencyfoilon areas of aggregation within the
polymer and that the interaction at the filler -lymoer interface is very weak, creating
discontinuous areas that make the material brittitead improving their properties.

The purpose of surface treatment is to obtain aenahtwith a very good dispersion of
nanoparticles. One of the techniques used to ingpthe interaction between polymer and
mineral filler includes the use of coupling agents.

This term indicates a molecules that promote thbesidn between organic material
(polymer) and inorganic one (mineral filler).

The silanes occupy a large share of coupling ageraket: they are extremely versatile
because they can be functionalized in various &Ml make them used with any type of

polymers.
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In Figures 31 and 32 is possible to observe thecetif surface modification on the dispersion

of nanoparticles in the polymer matrix.

Figure 31: TEM images of PLA with Cloisite 15A (A)and surface modified Cloisite (B)

Figure 32: TEM images of PLA with nanosilica (C) anl surface modified nanosilica (D)

Nanocomposites prepared with unmodified fillersaf@d C) contain aggregates of micrometer
size, which show how difficult it is to obtain aabdispersion of nanoparticles even if added
during the synthesis. Images B and D show, on therchand, an improvement of filler
dispersion in polymer after surface modificationthwisilane. No macroaggreagates are
present.

The effects of surface modification of nanoparsoba the molecular weight and viscosity of

material will be discussed.
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Table 16 shows the values of molecular weight amigdispersity of materials synthesized
using nanosilica and Cloisite 15A modified with amisilane (GF93) and epoxy silane
(GF80).

1% 15A 2,0 GF80 44280 1.840
1% 15A 7,5 GF80 46500 1.895
1% 15A 15,0 GF80 46830 1.706
1% 15A 2,0 GF93 45131 1.764
1% 15A 7,5 GF93 47100 1.780
1% 15A 15,0 GF93 46128 1.815
1% NS 2,0 GF80 45800 1.780
1% NS 7,5 GF80 52014 2.025
1% NS 15,0 GF80 53194 1.996
1% NS 2,0 GF93 49380 2.000
1% NS 7,5 GF93 52000 1.955
1% NS 15,0 GF93 52115 1.763

Table 16: molecular propertis of nanocompistes wittmodified nanoparticles

Comparing the values in table 16 with the molecwarghts of materials synthesized with
unmodified nanoparticles it can be seen that tlesgirce of coupling agent allows to obtain
polymers with higher molecular weight, especiatiytihe case of Cloisite, probably because
the silane - through its functionalization- actsaggolymerization initiator and also limits the
effect of catalyst deactivation caused by the nartages.

Figures 33 and 34 show the rheological curves ofernss synthesized using modified
nanosilica (with GF80) and modified Cloisite 15AittwGF93).
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Figure 33: complex viscosity of pure PLA and nanoaaposites with modified nanosilice
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Figure 34. complex viscosity of pure PLA and nanocgoposites with modified Cloisite 15A
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Table 17 shows the complex viscosity values medswith a shear rate of 6,28*16™.

Neat PLA 2.19*10°

1% NanoSi 5.19*103

1% 15A 2.60*10°

1% 15A 2,0 GF80 7.20*10°
1% 15A 7,5 GF80 745103
1% 15A 15,0 GF80 1.30*104
1% 15A 2,0 GF93 7.06*10°
1% 15A 7,5 GF93 7.30*10°
1% 15A 15,0 GF93 1l L7730
1% NS 2,0 GF80 7.52*10°
1% NS 7,5 GF80 1.10*10%
1% NS 15,0 GF80 1.47*104
1% NS 2,0 GF93 5.98*10°
1% NS 7,5 GF93 7.06*10°
1% NS 15,0 GF93 .58 %102

Table 17: complex viscosity of nanocomposites withodified nanoparticles at a shear rate of 6,28*1bs*

When silanes are present on the surface of nandpartthe effect of fillers on viscosity of
materials is increased, both in the presence of3G&k8] GF80. The effect is particularly
marked at low values of shear rates. The diffenadre of the reactive groups on the surface
of fillers does not influence significantly the egsity, as reported in table 17. Materials with
the same type of nanoparticle modified with différsilane have very silmilar viscosity even
if the reactive group available on the surface oheral filler for the reaction with the
polymer is different.

The effect of the presence of silane on the visgasay be due to the formation of bonds
between the polymer chains and the coupling adeatt at low values of shear rates enhance
the effect of the formation of network that leadsah increase in viscosity. At high values of
shear rates silane acts as a compatibilizer awpittia aggregation of nanoparticles and the
formation of holes.
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This may explain because at high values of shdarthe viscosity is lower. On the other
hand, the formation of complex inorganic-organibiiy structures increases the relaxation
times of macromolecules and this results in a ikebt lower melt viscosity at shear rate
values that do not allow the relaxation of macramnoles.

8.9.3 Permeability tests

As mentioned before, nanocomposite materials reptes new strategy to improve physical
properties of polymers, especially the mechanicahawior, thermal stability and barrier
properties.

The latter is particularly important in the foodcgaging® field where, with good mechanical

properties, is required that materials have a goawlier behavior that limits the flow of

oxygen, carbon dioxide, water vapor and aromas. Uke of fillers with nanoscale

dimensions seems to be a good way to increaseathierbbehavior, but two aspects are still
to improve: the compatibility between polymer anchenal filler and complete dispersion of
filler in the matrix.

Based on these considerations the permeabilityowifesof the materials synthesized in this
work was measured, both hanocomposites and witlplesnarchitecture, in order to evaluate
the differences with the commercial PLA and seanfl how the different macromolecular
architecture, or the presence of nanoparticlesctdfthe barrier behavior of PLA. Taking into
account the model of gas permeation in a polymdhénpresence of nanofillers, shown in
figure 35, the overall effect of permeability vaida in the complex structures of PLA

synthesized in this work, should be related to b#hcrystalline content of PLA and to the

presence of inorganic filler that interferes thenpeation of gases.

|

J

Figure 35: effect of nanoparticles on gas permeatio
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Permeability measurements were carried out on palyfiims obtained by casting from
concentrated solutions of PLA in chloroform. It wdeided to use a polymer/solvent ratio of
1/5 w/w which has been shown to be the best tombtaufficiently viscous solution that can
be stretched to form film.

The solution is deposited on a glass plate andr #ie film is formed, the solvent is slowly
evaporated to avoid formation of bubbles that ca&raa channels for gas and thus affect the
measurement of permeability.

Oxygen analysis were conducted at 23 °C and 0%ivelaumidity as required by ASTM
F2622-08, the analysis of water vapor instead aredected at 23 °C and 90% relative
humidity according to ASTM F1249-06, and £€@easurements were conducted at 23 °C and
0% relative humidity according to ASTM F2476-05rFdl the analysis a rate of gas carrier
of 73 ml/min has been used.

Table 18 shows the permeability values of some miadgeprepared for this work.

Standard PLA 188.27 9.48 236.66

Neat PLA 114.34 3.50 208.52

1% NanoSi 64.16 2.06 187.46

1% 15A 92.63 2.08 151.28

1% 15A 15 GF93 89.55 1297 136.03

1% NS 15 GF93 47.93 2.19 110.09
1% NS 2 GF80 76.26 5.15 -
1% NS 7.5 GF80 57.32 5:11 -
1% NS 15 GF80 20.65 3.08 -
0.05%T2+0.025% An 90.11 4.54 -
0.025%T4+0.0125% An 47.01 4.85 -

Table 18: gas permeability of some PLA samples
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Data in table 18 show the significant differencesneen standard PLA, or pure PLA, and
materials with nanofilers or complex architecture.

A first interesting difference is observed betw#esm permeability values of commercial PLA
and of pure polymer synthesized in our laboratdtyese are two unmodified PLA, so the
difference in permeability can be attributed ondy the different crystal content in two
samples.

The difference in crystallinity, since the two fénhave been prepared following the same
procedure, is then linked to the characteristicaterial and to the microstructure. Figure 36

shows the DSC curves of commercial polymer andLdf ia the lab.

--- Lab PLA
--- Commercial PLA

25 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 °C
/A S S S S TS S S S S S S A T AT SRR B

f T R B B B L S S R N S T T
74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108 min

Figure 36: different crystallinity between commercal PLA and lab PLA

As expected the two materials have very differenystal content that justifies the better
barrier behavior of lab PLA compared to the oneahmercial PLA.

Analyzing the valuesf other samples a decrease in permeability in poesef 1% of
Cloisite 15A and nanonilica is observed, due bothigher crystallinity of the material (will
be discussed in chapter 9) and to the interfererested by mineral component to the path of
gas. The better dispersion of silica in the polymatrix can justify the higher barrier effect
of composite with nanoSilica compared to Cloisite.

A very marked effect related to surface modificataf nanoparticles has been observed; the

presence of silane improves the dispersion ofréilia the polymer matrix and increases the
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content of the crystalline material. PLAs with migetl nanosilica and Cloisite (GF93) have
lower permeability than the corresponding polynmweits unmodified nanoparticles.

Increasing the percentage of GF80 silane on theassurface, greatly increases the barrier
effect, in particular to oxygen; GF80 silane seémise much more efficient than GF93 to the
oxygen, while the water permeability is better witte GF93 and however, the values
decrease using modified nanosilica.

Finally, the values for samples with complex maasteaular architecture are much lower
than those of linear PLA - regarding oxygen perniggab and are worse for water vapor. All
these values, however, are much more lower tharmboemmercial PLA.

The barrier behavior of PLA, therefore, can be wmilgd changing the macromolecular
architecture and using nanofillers and modifiedafiglers.

Table 19 shows the data reported in literdfumbout the percentage of permeability

reduction in PLA composites with different kindrednofillers added by compounding.

1 MMT Org Mod 4 12 -
2 “ 5 15 -
3 a 7 19 -
4 MMT 4 14 -
5 MMT-Modificata 4 12

6 Saponite 4 40 -
7 Mica Fluorurata sintetica 4 65 =
8 MMT 5 48 50
9 MMT modificata 5 46 =
10 Bentonite 5 6 =
11 MMT-C16-NH, 4 42 -
12 . 6 56 -
13 & 10 58 -
14 = 10 58 -
15 Cloisite 25A 6 45 -
16 “ 10 56 -
17 MMT Org. Mod 1 20 27
18 “ 5 32 54

Table 19: reduction of KPG, and WVTR for different PLA nanocomposites
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The values reported in Table 19 show clearly thiecefof nanoparticles, in this case
multilayer silicates, on barrier property of PLA particular, depending on the kind of filler
used there is a proportional decrease of the pdaititgahat also depends by the amount of
fillers in feed.

Permeability data reported in table 18 show thampeability decrease more, even if in
presence of significantly lower amount of fille€4lby weight), than the one used in materials
described in literatuf® (minimum 4%); this confirms that the addition dliefs during
synthesis allows to significantly improve some mies of materials using small amounts of
nanoparticle compared to what can be obtained mpoonding. This is because the polymer
obtained by in situ synthesis has a better dispersif mineral filler and a greater
homogeneity which results in better properties.

As mentioned earlier the main reason why the namposite in the industry are not produced
by in situ polymerization is economic, essentidiiked to the extensive investment required
to adapt the systems currently used. However, dtaar that, even if further optimizations -
mainly related to scale-up — are required, theitun grocess allows to obtain materials with

very interesting properties using low amounts afieral.

216



REFERENCES

[1] Alexandre, M., Dubois, PMaterials Science and EngineerirZg, 2000, 1-63.

[2] Greenland, D. JJ. Colloid Sci, 18, 1963, 647-664.

[3] Ogata, N., Kawakage, S., Ogihara, J.Appl. Polym. Sci6, 1997, 573-581.

[4] Parfitt, R. L., Greenland, D. Xlay Mineral,8, 1970, 305-323.

[5] Zhao, X., Urano, K., Ogasawara, Sglloid Polym. Sci.267, 1989, 899-906.

[6] Ruiz-Hitzky, E., Aranda, P., Casal, B., GalvanC.,Adv. Mater.,7, 1995.

[7] Billingham, J., Breen, C., Yarwood, ¥ibr. Spectrosc.14, 1997, 19-34.

[8] Levy, R., Francis, C. WJ. Colloid Interface Sci50, 1975, 442-450.

[9] Jeon, H. G., Jung, H. T., Lee, S. W., HudsarD $SPolym. Bull, 41, 1998, 107-113.

[10] Ogata, N., Jimenez, G., Kawali, H., Ogihara, JT Polym. Sci. Part B, Polym. Phy35,
1997, 389-396.

[11] Ogata, N., Jimenez, G., Kawai, H., Ogiharg, JI.Appl. Polym. Sci64, 1997, 2211-
2220.

[12] Yano, K., Usuki, A., Okada, A., Kurauchi, TKamigaito, O.,J. Polym. Sci. Part A,
Polym. Chem.31, 1993, 2493-2498.

[13] Oriakhi, C. O., Zhang, X., Lerner, M. MAppl. Clay Sci.15, 1999, 109-118.

[14] Fukushima, Y., Okada, A., Kawasumi, M., KurbicT., Kamigaito, O.Clay Mineral,
23,1988 27-34.

[15] Usuki, A., Kojima, Y., Kawasumi, M., Okada, ,AFukushima, Y., Kurauchi, T.,
Kamigaito, O.J. Mater. Res.§, 1993, 1179-1183.

[16] Messersmith, P. B., Giannelis, E., B.,Polym. Sci. Part A, Polym. CheBB, 1995,
1047-1057.

[17] Akelah, A., Moet, A.J. Mater. Sci.31, 1996, 3589-3596.

[18] Doh, J. G., Cho, IPolym. Bull, 41, 1998, 511-517.

[19] Weimer, M. W., Chen, H., Giannelis, E. P., 8bgD. Y.,J. Am. Chem. Sqcl21, 1999,
1615-1616.

[20] Alexandre, M., Dubois, P., Jerome, R., Gaildarti, M., Sun, T., Garces, J. M., Millar,
D. M., Kuperman, A.W0O9947598A11999.

[21] Lan, T., Pinnavaia, TJ. Chem. Mater.6, 1994, 2216.

[22] Wang, M. S., Pinnavaia, T, Chem. Mater.§, 1994, 468.

[23] Vaia, R. A., Giannelis, E. PMacromolecules30, 1997, 7990-7999.

[24] Balazs, A. C., Singh, C., Zhulina, Blacromolecules31, 1998, 8370-8381.

217



[25] Balazs, A. C., Singh, C., Zhulina, E., LyatgaaY.,Acc. Chem. Res3, 1999, 651-657.
[26] Vaia, R. A., Giannelis, E. PMacromolecules30, 1997, 8000-8009.

[27] Liu, I. M., Qi, Z. N., Zhu, X. G.J. Appl. Polym. Sci71, 1999, 1133-1138.

[28] Kato, M., Usuki, A., Okada, AJ. Appl. Polym. Sci§6, 1997, 1781-1785.

[29] Ray, S. S., Okamoto, MProg. Polym. Sci.28, 2003, 1539-1641.

[30] Chang, J. H., An, Y. U., Sur, G. 8.,Polym. Sci. Part B, Polym. Phy1, 2003, 94-103.
[31] Paul, M. A., Alexandre, M., Degee, P., HenriSt, Rulmont, A., Dubois, PRolymer,
44, 2003, 443-450.

[32] Cabedo, L., Feijoo, J. L., Villanueva, M. Ragaron, J. M., Gimenez, BMacromol
Symp.233, 2006, 191-197.

[33] Wu, C. S, Liao, H. TRolymer 48, 2007, 4449-4458.

[34] Wu, D., Wu, L., Zhang, M., Zhao, YPolym. Degrad. Stap93, 2008, 1577-1584.

[35] Kim, I. H., Jeong, Y. GJ. Polym. Sci. Part B, Polym. Ph¢8, 2010, 850-858.

[36] Wen, X., Zhang, K., Wang, Y., Han, L., Han, €hang, H., Chenb, S., Dong, Bolym.
Int., 60, 2011, 202-210.

[37] Yan, S. F., Yin, J. B., Yang, Y., Dai, Z. MMa, J., Chen, X. SRPolymer 48, 2007,
1688.

[38] Wu, L., Cao, D., Huang, Y., Li, B. GRolymer 49, 2008, 742.

[39] Ray, S. S., Maiti P., Okamoto M., Yamada Keda K.,Macromolecules35, 2002,
3104-10.

[40] Chen, G. X., Kim, H. S., Shim, J. H., YoonSJ],Macromolecules38, 2005, 3738-44.
[41] Paul, M. A., Alexandre, M., Degee, P., Calhefg, Jerome, R., Dubois, RMacromol.
Rapid Commun24, 2003, 561-566.

[42] Paul, M. A., Delcourt, C., Alexandre, M., DegeP., Monteverde, F., Rulmont, A,
Macromol. Chem. Phys206, 2005, 484-498.

[43] Joubert, M., Delaite, C., Bourgeat-Lami, EyrBas, P.J. Polym. Sci. Part A, Polym.
Chem.42, 2004, 1976-1984.

[44] Liu, L. Z., et al. Pigment & Resin Technolog$9, 2010, 27-31.

[45] Hoidy, W. H., et al.Journal of Applied Science$0, 2010, 97-106.

[46] Huang, J. W.Journal of Applied Polymer Sciencil2, 2009, 1688.694.

[47] Sun, Y., et al.Journal of Colloid and Interface Scien@92, 2005, 436—444.

[48] Arora, A., Padua G. WJournal of food scien¢&5, 2010, 43-49.

[49] Lagaron, J., Sanchez, G. Mhermoplastic nanobiocomposites for rigid and théi

food packaging application

218



9. Thermal properties of
PLA



9 THERMAL PROPERTIES OF PLA

Standard PLA, being semi-crystalline, has glasasiten temperature (Tg) and melting
temperature (Tm). Above Tg amorphous PLA is rubikerwhile under Tg it is in the glassy
state.

Tg is around 56 °C and Tm is around 170 °C, ratber compared to one of other
thermoplastic materials; this of course is refldab@ the material properties and on fields of
application.

Glass transition temperature and melting tempegadapend both on molecular weight values
and optical purity of polymer: increasing Mn valalso Tg and Tm increase until they reach
the values indicated but in presence of impurifiesand Tg values decrease.

Some properties depend on crystalline content ofenad like for example physical
properties, mechanical properties, barrier behasimt surface appearance. Crystallinity is
one of the critical points for PLA: even with higloncentrations of LL Lactide isomer,
therefore with a very high optical purity, crysizéition is too slow to obtain a polymer with a
significant crystalline fraction in standard prosieg conditions. Several stratediésre used

to induce crystallization in PLA : the first onetie use of nucleating agents, able to lower the
free surface energy barrier of nucleation procesd promote crystallization at higher
temperatures during cooling phase. A second pdisgiisi to add a plasticizer to increase the
mobility of polymer chains and increase crystatiiza rate. The third way is to vary the
process conditions, for example temperature antngptime.

In this work the first method have been chosenfeddht agents able to promote the
nucleation and crystallization of PLA have beendyse particular the effect of nanoparticles
- used in synthesis of nanocomposites describezhapter 8 - on crystallization have been
evaluated. Nanofillers used are not standard nticteagents, such as talc, but it is however
interesting study the effect on this property.

Materials with complex architecture have been asalyzed in order to study possible
differences in Tg and Tm, although the amount afn@oomer used for modifying the
architecture is very small and therefore it is maifécult that it could affect glass transition

temperatures and melting temperatures.
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In this chapter also the effect of nanoparticlesttiermal stability of PLA will be studied,
with particular attention to start degradation tengpure and degradation rate.

9.1 DYNAMIC DSC ANALYSES

The study of thermal properties of PLA based namgmusites and of PLA with complex
macromolecular architecture is made to determiagotissible variations in the characteristics
temperatures of these polymers. DSC analyses werermed with an heating-cooling-
heating cycle to determine first and second meltargperatures, crystallization temperature
and glass transition temperature.

For these analyses the following program was used:

heating from 25 °C to 200 °C at 10 °C/min

5 minutes isotherm at 200 °C to delete the thehisabry of material
cooling from 200 °C to 25 °C at 10°C/min

2 minutes isotherm at 25°C
heating from 25 °C to 200 °C at 10 °C/min

During the first heating phase glass transitiongerature J; and first melting temperature
Tmi1 of PLA can be observed. These two values are ctarstic of thermal and mechanical
story of polymer; in fact, the same materials thete undergone different thermal processes
or have different mechanical stress may have differmelting temperatures and glass
transition temperatures.

Polymer that has been processed, for example, givdiferent result in first DSC cycle in
comparison to a polymer that crystallizes slowlyhwut any stress applied. For this reason, a
comparison between the first cycle melting tempeest of different samples is not reliable.
The 5 minute isotherm at high temperature, whegrpet is molten, are used to erase thermal
and mechanical history of the material; in thisq@e&rpolymer chains relax reaching a state of
minimum internal energy.

The cooling phase allows to determine crystall@attemperature cI; since samples are
cooled from a state of minimum energy, comparidwetsveen different & is significant; the
reason for any differences in this case can béeckl@ different composition and/or polymer

molecular architecture.
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The 2 minute isotherm at low temperature have timypurpose of allowing the sample to
actually reach 25 °C, due to less effective heatdfier at low temperatures. The second cycle
of heating is used to determine the glass tramsitemperature ¢, cold crystallization
temperature & and melting temperaturenf, Tz can be used for a comparison between
different polymers, because in this case, afterrédt@xation phase at high temperature, all
samples underwent the same thermal history.

Figure 1 shows the DSC curves of pure PLA syntleelsia the laboratory.

Tml

50 100 150 200200200 150 100 50 25 50 100 150 °C
L L L L T R TR S S S SO H ST S T

-4~
0 5 10 15 20 25 30 35 40 45 50 55min

Figure 1: DSC curve of pure PLA

DSC curve in figure 1 is relative to the progranaaglysis described above; the first heating
cycle will not be considered for the study of tmeaterial (structure, microstructure, fillers,
etc.) for the reasons mentioned above. On the dihad the first heating cycle is quite
important for the process technology of polymeriatenials. It is interesting to observe the

behavior of PLA during the cooling and heatinghe second scan.
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PLA is a polymer that has a low tendency to crjig&lin fact, during cooling phase, there is
no crystallization even if cooling rate is relatiwdéow. In second cycle of heating there is a
very clear Tg (59.7 °C) confirming the presenceaotonsiderable amount of amorphous
phase. The mobility acquired by polymer chainsveslohe material to crystallize and a peak
related to crystallizationc} (108.6 °C) appears..

At the end of crystallization peak, melting peakegrs (T.2) (172.3 °C): the peak is partially
overlapped with the crystallization one.

Table 1 shows thermal data of nanocomposites medsyr DSC.

Pure PLA = = 5917, 108.6 44.6 1172283 46.0
0.5% 10A 97.0 2.9 53.0 106.1 48.8 166.4 56.0
1% 10A 972 2.4 555 107.8 49.2 172.0 55.2
2% 10A = S 54.4 102.6 48.7 167.4 52.7
0.5% 15A 93.1 4.3 54.2 105.4 48.3 170.4 5513
1% 15A 95.8 6.5 53.7 104.5 42.2 170.0 54.7
2% 15A = = 5787, 126.3 29:2 1572 29:9
0.5% Na* 96.9 5.4 54.2 103.4 43.2 172.5 54.2
1% Na* 93.6 7.3 52.4 97.6 39.7 166.9 557
2% Na* 95.2 2.5 54.6 99.3 529 170.3 58.1
0.5% NS 7.8 20.0 523 96.4 31.8 169.0 54.3
1% NS 101.7 22.4 : = = 174.5 41.4
2% NS 95.9 5.1 = 81.8 39.0 164.4 45.3

Table 1: thermal data of nanocomposites
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Analyzing data in table 1 it can be seen that [Rir& does not crystallize during cooling. The
presence of nanoparticles leads to crystallizattdnmaterial during cooling, but the
relationship between crystallization temperatureathdeveloped during the transition and
amount of filler is not easily interpretable. Usi@pisite 10A, crystallization is observed in
the presence of 1% of mineral and the process &@slew intensity as demonstrated by the
low value of crystallization heat. In presence 05% and 1% of Cloisite 15A, PLA
crystallizes and heats of crystallization and @aVigation temperatures increase with the
percentage used, but the intensity of the phenomenstill relatively low.

Using sodium Cloisite, crystallization is alwayssebved during cooling, but the trend in
temperature anfiH.; is not linear with the percentage of filler insitie polymer.

Overall, montmorillonites promote crystallizatidiyt the nucleating effect is not so efficient
like with other agents, such as talehich is one of the main crystallization promabeth in
academic field and in industrial one.

The addition of montmorillonites does not affegrsiicantly cold-crystallization temperature
(Tc2) whose values are comparable with those of purenpmy, except for nanocomposite
with 2% of Cloisite 15A that from this point of wiehas a peculiar behavior and for materials
with sodium Cloisite having lowerJ. Polymers with a smaller percentage of Cloisit& 15
and materials with sodium Cloisite are able to eatd during cooling phase, and the nuclei
facilitate the subsequent cold-crystallization e which occurs earlier and at lower
temperatures (effect more pronounced with sodiupisii¢); probably with a 2% of Cloisite
15A, nucleation does not occurs during cooling veitbonsequent increase in temperature of
cold-crystallization.

These considerations justify the better behaviarguesanosilica, more similar to talc powder
from a morphological point of view, which promottéee crystallization of PLA at higher
temperatures and with an heat generation higherttiteone observed with montmorillonites.
In particular, the material with 1% of silica shoth& most interesting results.

Materials with nanosilica, on the other hand, &esé in which T;is more different from the
value of pure PLA; polymer with 1% of filler doe®tnshow crystallization phenomenon
during second cycle of temperature. This may batedl to the higher nucleating effect of
silica, compared to montmorillonite, which allowsetter packing of crystal during cooling
phase, with a consequent decrease in the amorphass of material.

Nanocomposite materials have a melting temperatoneer than one of pure polymer.
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Crystallinity of materials was calculated using gugiation’ 9.1).

X= AH x100 9.1)

™"
AH°m><(1— /of|IIerJ
100

In equation 9.10\H is equal taAAH; for cooling phase and tH., andAH; and for heating
phase AH®,, is the enthalpy of fusion of P8R with 100% crystallinity: its value is 93.0 J/g.
Values of crystallinity were calculated basing guua&tion 9.1): they are reported in table 2.

Pure PLA = 47.9 49.5 1.6
0.5% 10A = | 2.7 60.5 7.8
1% 10A 2.6 53.4 59.9 6.5
2% 10A - 53.4 57.8 4.4
0.5% 15A 4.6 522 59.8 7.6
1% 15A y & ! 45.8 59.4 13.6
2% 15A s 32.0 32.8 0.8
0.5% Na* 5.8 46.7 58.6 11.9
1% Na* 7.9 43.1 62.0 18.9
2% Na* 2.7 58.0 63.7 5.7
0.5% NS 21.6 34.4 58.7 24.3
1% NS 24.3 = 45.0 45.0
2% NS 5.6 42.7 49.7 7.0

Table 2: crystallinity of PLA and PLA nanocomposites

As can be seen from values given in tables 1 acdy2tals of PLA-based nanocomposites are

formed in part during cooling crystallization (withe exception of the materials with 2%
Cloisite 10A and 2% Cloisite 15A) and partially ohg the crystallization that occurs in the
subsequent heating cycle (except for the nanocoitepasth 1% silica). Analyzing data in
table 2 we can see the different behavior of maem relation to the kind of filler used.
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In presence of Cloisite 10A, the amount of crystallphase formed during the cooling phase
(calculated by the differencen{>-yc2)) decreases with increasing percentage of fillarlev
moving from a content of 0.5% to a concentration dloisite 15A, crystallinity increased
and then decreased again by further increasinguti@unt of nanoparticle, probably due to
the presence of an excessive percentage of fMeich hinders the formation of crystal.

The same trend is observed for sodium Cloisite amate markedly, for nanosilica whose
nanocomposites show a greater increase of crystglli In all cases, however,
nanocomposites are more crystalline in comparisopure PLA because the presence of
nanoparticles affects the total percentage of alysity of material, despite the differences
related to the type of fillers used.

In chapter 8 the effect of surface modificationnaihoparticles on molecular properties and
rheological properties of PLA nanocomposites hasnbgudied; materials prepared using
modified fillers were analyzed by DSC and the rissobtained are presented in table 3.

1% 15A 95.8 6.5 587, 104.5 42.2 170.0 54.7

1% 15A 2,0 GF80 98.7 12.6 54.6 105.0 26.8 172.3 42.0
1% 15A 7,5 GF80 100.6 12.8 553 107.8 26.0 17451 41.6
1% 15A 15,0 GF80 975 1:3 52.1 104.0 46.2 166.7 48.8
1% 15A 2,0 GF93 96.1 5.1 54.4 98.9 42.8 169.1 48.5
1% 15A 7,5 GF93 = - 54.3 102.5 45.9 167.4 49.1
1% 15A 15,0 GF93 = = 55:9 110.0 49.2 168.0 49.8
1% NS 101.7 22.4 - - - 174.5 41.4

1% NS 2,0 GF80 105.6 33.5 = = = 174.9 41.8
1% NS 7,5 GF80 124.3 44.1 - - - 173.2 47.7
1% NS 15,0 GF80 130.0 57.9 e = : 1729 64.5
1% NS 2,0 GF93 99.4 19.8 55.8 104.1 15:3 176.5 43.2
1% NS 7,5 GF93 119.0 41.9 g = 173.6 173,5 44.0
1% NS 15,0 GF93 125.7 45.4 - - - 1703 50.2

Table 3: thermal parameters of nanoomposites with wdified nanofillers
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Data in table 3 show that surface modification afoparticles affects the thermal behavior of
materials. Nanocomposites containing Cloisite haverystallization temperature, during
cooling phase, higher than the one of polymer witmodified filler, except for material with
Cloisite modified with 7.5% and 15% of amino silahat do not crystallize during cooling.

It is interesting to note that increasing the petage of silane on surface of Cloisite the heat
associated with the process of cold-crystallizateord melting increaseAH, values of
polymer with modified Cloisite, however, is alwalgaver than the one of nanocomposites
with pure montmorillonite.

Unmodified montmorillonite partly exfoliates durimgplymerization, and this increases the
effect of nucleation during cooling compared togpolymer.

At low percentages of GF80, a better behavior ducooling was observed, probably due to
better dispersion of Cloisite after surface modifien that promotes crystallization of
polymer chains linked to the fillers; the crysthat is formed is probably disturbed by the
presence of clay and this may explain WAi,, valuesare lower than the ones of polymer
with unmodified Cloisite. Considering materials lwhigher amount of GF80 and those with
GF93, a different behavior is observed: a lowerabsent, effect of nucleation during the
cooling phase and a simultaneous increase of lssatiated to the melting of crystal. This
may be due to a lower exfoliation of Cloisite bexwf too the presence of too much silane
on the surface, or to a different behavior betwaenno silane and epoxy silane; further
analyses, especially with TEM microscopy will beeded to better understand this behavior.
The behavior of materials containing modified nalieesis more interesting confirming the
best nucleating effect of nanosilica compared totmorillonite.

Increasing the amount of silane, crystallizatioogesss is easier and faster, with a consequent
increase in the heat of crystallization.

Sample with 2% of GF93 hardly crystallizes and hageak of cold crystallization during
heating, indicating that crystallization was notmgete. Sample with 2% of GF80 has a
temperature and a heat of crystallization duringliog that are quite low, while materials
containing higher percentages of modified silicaehaalues of Tc, Tm, antiH. AH, higher
than the one of nanocomposite with pure nanosilidds because samples have greater
affinity between polymer and silica. Comparing treues in table 3 it seems that epoxy
silane (GF80) is more effective than amino sildBEY3); this may be attributed to the higher
affinity of epoxy groups with the end groups of PLA
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This means that a greater number of polymer chaitisked to silica surface: the higher the

number, the smaller the length. The material isetioee more homogeneous regarding the
species present and this is reflected on crysadilim phenomenon which is faster and occurs
at higher temperatures, with lower temperature edngm start to end, due to greater mobility
of chains which nucleate and increase crystaleeasrystal is well formed as confirmed by

Tm, andAHp values.

Table 4 shows values of crystallinity of materiaith modified nanoparticles.

1% 15A 7yl 45.8 59.4 13.6

1% 15A 2,0 GF80 137 29.1 45.6 16.5
1% 15A 7,5 GF80 1319 28.2 45.2 17.0
1% 15A 15,0 GF80 1.4 50.2 53.0 0.8
1% 15A 2,0 GF93 5.5 44.9 52.7 7.8
1% 15A 7,5 GF93 = 49.9 53.3 3.4
1% 15A 15,0 GF93 : 53.4 54.1 0.7
1% NS 24.3 - 45.0 45.0

1% NS 2,0 GF80 36.4 - 45.4 45.4
1% NS 7,5 GF80 47.9 - 51.8 51.8
1% NS 15,0 GF80 62.9 - 70.0 70.0
1% NS 2,0 GF93 215 16.5 46.9 30.4
1% NS 7,5 GF93 45.5 z 47.8 47.8
1% NS 15,0 GF93 49.3 5 54.5 54.5

Table 4: crystallinity of nanocomposites with modited fillers

As can be seen from table 4, the kind of silanal dse surface modification of nanofillers
affects the crystallinity of material. Polymers taining modified Cloisite 15A with 2% and
7.5% of epoxy silane (GF80) show an increase oftafiynity obtained during cooling
(calculated by theyf,>xc2) difference) compared to nanocomposite with unrredliCloisite,
while the behavior gets worse increasing the peéagenof silane up to 15%. The ability of
material to crystallize is lower, in fact only imgsence of Cloisite with 2% of GF93 a
crystallization is observed during cooling; the pbmenon observed in this phase is less
evident than the one observed for nanocomposite urimodified montmorillonite.
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So also in presence of silane, montmorillonite nesa relatively inefficient nucleant.

On the other hand, silica is a better promotemrygdtallization; data in table 3 and 4 show that
materials do not have cold crystallization (witke texception of 2% GF93), confirming that
during cooling the material crystallizes almost pdete.

To further confirm alsoyf>yc2) values increase significantly increasing the petage of
silane on the surface of nanoparticle and, excluthe sample with 2% of GF93, these values
are higher than value of nanocomposite containimgodified silica.

Figure 2 shows a comparison between DSC curvesmdacomposites containing nanosilica
modified with 15% of GF80 and GF93.

--- 15% GF80

50 100 150 20000 150 100 50 25 50 100 150 T
P S S SN S S S S R S S S T S S SR T S Y
e

B e e e e e S s s B L e e B L B e e e B
0 5 10 15 20 25 30 35 40 45 50 min

Figure 2: DSC curves of nanocomposite with modifiedilica

Observing DSC curves shown in Figure 2, the diffelehavior of the two materials during
cooling can be observed; in addition to the diffiiererystallization temperature it should be
emphasized that the peak shape is different, clostre polymer with silica modified with
epoxy silane (GF80) and broader for PLA synthesizil silica modified with amino silane
(GF93).
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To investigate this aspect, the onset and enddeésacorresponding to the beginning and
end of crystallization process, were measured fwe f’LA and nanocomposites containing

nanosilica. The values are presented in table 5.

Pure PLA 11:355 60,7 52,8
0.5% NS 115,3 76,9 38,4

1% NS 128,7 96,6 32,1

2% NS 114,2 61,9 52,3

1% NS 2,0 GF93 422751 75,0 47,1
1% NS 7,5 GF93 127.,9 89,7 38,2
1% NS 15,0 GF93 129,4 103,0 26,4
1% NS 2,0 GF80 1227 80,7 42,0
1% NS 7,5 GF80 133,3 120,4 12,9
1% NS 15,0 GF80 135,4 124,6 10,8

Table 5: onset and endset values of crystallizatiomeaks

The values of onset and endset shown in Tabledardeng the crystallization peaks, are
useful for understanding the behavior of polymeraterials containing nanosilica have a non
linear behavior since sample with 1% of NS is theterial have loweA value and higher
temperature of onset. Probably 0.5% of nanosibca mot enough to improve the process and
2% is too high and probably interferes with thenfation of crystal, as already discussed
above. Samples with modified silica show a moredirtrend.

When silanes are present at 2%, both for GF93 d&fD(=he onset temperature of sample is
lower than the one of 1% NS sample ani higher. This phenomenon is probably caused by
the presence of a few polymer chains linked onstiréace of mineral along with many other
chains not linked: this non-uniformity of the systewith a relatively limited interaction
between macromolecules and silica results in a rdiffieult and slow reorganization of the
polymer in its crystal phase, and explains whig higher.

Increasing the amount of silane, onset value ise®aandA decreases, especially for

materials containing silica modified with GF80.
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This may be due, as already mentioned, to the higkectivity of epoxy group with the
polymer reason for which in these samples thera igreater amount of shorter chains
(because higher regulated) on the surface of sgardicles. The system is therefore more
homogeneous from the point of view of the specresgnt and thus can reorganize better and
faster during cooling phase. Therefore crystalimatemperatures are higher and the range in
which material crystallizes is more restricted.

Nanocomposite materials have different behaviemfia thermal point of view, compared to
pure polymer; it is interesting to study if matésiaith complex macromolecular architecture
have different thermal properties, considering thatconcentrations of comonomers used to
obtain materials with good mechanical properties &o low to significantly affect the
rigidity of chains and the crystal lattice. However consideration of these properties is
important to have a complete knowledge of the maltesstudied and because even small
differences, especially in temperature and kinetitsrystallization, may be important to
define the best conditions for processing theseenads. Thermal behavior of some PLAs
with complex macromolecular architecture will bealissed below.

Table 6 shows thermal parameters of some matevitiscomplex architecture synthesized in

this work.
B BT T -

Pure PLA : - 55.7 108.6 = 446 | 1723 | 46.0
0.125%T1 97.1 9.9 52.8 98.8 304 | 170.1 = 546
0.125%T3 97.9 7.7 52.4 94.4 341 | 169.1  50.8
0.125%T4 . . 54.2 115.7 | 42.7 | 1675 | 429
0.125%T6 - - 54.7 121.5 463 | 1655 @ 423
0.0625% T3 = . 54.7 105.4 | 37.9 | 171.8 | 433
0.05%T3 - - 56.6 115.8 | 327 | 1736 | 389
0.125%T3+Anmell = 113.1 6.3 53.8 97.7 327 | 1654 | 395
0.125%T6+Anmell ~ 104.0 7.4 51.6 96.1 303 | 1679 = 455

Table 6: thermal parameters of PLAs with complex achitecture
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Thermal data in table 6 show that materials witlr strchitecture do not have a regular
behavior in terms of crystallization and meltinghfgeratures. Material with the 0.125% of T3
crystallizes during cooling, but the phenomenondsvery intense; the value of;lis lower
than the one of pure polymer or regulated with 8%2f T1 thus showing a star effect due to
the center which acts as a nucleating agent. Censgldata of materials with 0.125% of T4
and 0.125% of T6 — having stars with more armsc@sdirmed by SEC and rheological
analyses described in chapter 5 - an opposite b@hiavobserved: no crystallization during
cooling phase was observed and the temperatur@aidstallization (T,) is higher than the
one of linear polymer. So there is, probably, deatfcorrelated to the kind of comonomer
used to obtain star architecture; the effect isabdy related to the different solubility of
comonomer in polymer.

Decreasing the percentage of T3 in the feed naalhygstion during cooling was observed
and T, value increases decreasing concentration of 8;bdcause polymer chains become
longer, therefore a reorganization of crystal ¢attis harder due to lower mobility of
macromolecules; moreover the effect of comonomeifowger because it is present in
minimum percentages.

Also the behavior of branched samples is diffictdt define: both materials have a
phenomenon of crystallization during cooling, buit intensity are very low. The value of
T.1 decreases increasing branching degree as expbetlise the physical constraints
(entanglements) between chains disturb the reagaon of macromolecules in the crystal.
Values of cold-crystallization temperature meaduresecond heating cycle are lower than
those of linear polymer and star-shaped matentalsgn be assumed that nucleation during
cooling phase occurs, probably favored by the looah-homogeneities generated by
comonomers (especially pyromellitic anhydride), the kinetics of crystals growth is slower
and therefore not very evident due to the highenplexity of the system. In second heating
scan nuclei already formed will only increase asgiistem becomes more mobile as a result
of heating.

In general we can say that while the presence mbperticles affects the thermal behavior of
PLA, especially in presence of nanosilica (pure a@sgecially modified), the effect of

complex macromolecular architecture on thermal @riogs of materials is not so evident.
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9.2 CRYSTALLIZATION KINETICS

Process of crystallization of polymers from molt&tate may be divided into two steps, which
are usually indicated by the terms of "primary tajlezation" and "secondary crystallization".
Primary crystallization is divided in two stages, shown in figure 3. In the first one -
"primary nucleation” - the elements able to promdbte crystallization below the
thermodynamic melting temperatureafe required. These elements may be already present
in the melt in form of particles able to crystadlizhe polymer on them ("heterogeneous
nucleation primary"), or, as in our case, they fimiened by spontaneous aggregation of
several chain part belonging to the same macrom@etue to the relatively high mobility of

the chains ("primary homogeneous nucleation™).

homogeneous
_ primary
nucleation
heterogeneous
primary N
crystallization
secondary
nucleation
crystals
rowth
8 growth of

secondary nuclei

Figure 3: primary nucleation

In second step of primary crystallization, (crystgiowth), the formation of secondary nuclei

on crystal surfaces ("secondary nucleation™) aed tirowth, occur.

9.2.1 Avrami equation

A lot of studies on isothermal crystallization pess concerns the primary crystallization,
because experiments are accessible and easy &rfoenped; moreover a phenomenological

equation has been elaborated by Avrdniihese equation describes with good approximation

the evolution of crystallinity degree as functidrtime.
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Considering the initial steps of transformationsipossible to assume that:

* primary nucleation is completely random; germs mystallization in the sub-cooled
liquid are uniformly distributed throughout the magsegardless the degree of
progress.

* At constant temperature, the number of nuclei pgt of volume of unprocessed
material is dependent on the time for the primaoynbgeneous nucleation, and is
independent for primary heterogeneous nucleation;

* The growth of each unit along any direction, r£tG (t-t), is independent to the
development of other centers. G is the linear vuslaaf crystal growth andtis the
instant at which the crystal began its growth.

The growth of primary nuclei may be on one, two three dimensions, forming
morphological structures characterized by a rost; dr ball shapes.

Figure 4 schematically represented three sphetigakalline domains at different stages of
growth, V1, V2 and V3 in the melt volume V.

@)

@@

Figure 4: spherical crystalline domains model

Expression 9.2) represent the Avrami equation

%=1—exd— Kct”] 9.2)

00

K¢ is the Avrami constant that incorporates nucleatiate (or the concentration of
heterogeneous nuclei) and rate growth ratés the Avrami index that assumes different

values depending on the dimensionality of growtt e type of primary nucleation.
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The trends of equation 9.15) for different valuéa are shown in Figure 5.

Figure 5: crystallinity degree Vs time

The indexn is the sum of two terms, one arising from the eattbn and the other one from
the growth. Nucleation gives toa contribution of 0 or 1 depending if it is hetgeaeous or
homogeneous; the growth gives a contribution o2 br 3 depending if it is mono-, bi-or
three-dimensional. The Avrami equation can be ntme as follows:

log- In(1-x_ )] = nlogt +logK, 9.3)
XcIis the fraction of crystallinity at timerespect to the full crystallization:

X, = X(t) 9.4)
X

00

K¢ andn values can be obtained from the intercept at tiginoand from slope of the line

obtained by plotting log [-In (1-x(t)/} as a function of log (t) as shown in figure 6.
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Figure 6: Avrami diagram

Crystallization kinetic can be easily followed ugiany technique capable of measuring
physical quantities linearly dependent on the focof material transformed. For example,
by calorimetric experiment, the increase of crysi@y in time can be measured by
isothermal crystallization curve obtained with &atential scanning calorimeter: the degree
of crystallinity is the ratio between the area ddak at timet and the total area of

crystallization isotherm peak (figure 7).

AH,;
AHror

t tempo

Figure 7: isothermal crystallization peak and evalation of crystallinity at time t

The indications given by the experimental detertnomaof n can be ambiguous. If the degree
of crystallinity increases with the first powertofie (n = 1), it means that the transition phase
is realized through a heterogeneous nucleation kvidar growth; the mechanism is unique

also if n = 4 (three-dimensional growth with homoegeus nucleation ).
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The situation is critical for n = 2 and n = 3 besauhese values may correspond to two
alternative mechanisms; for example if n = 2 arelfegieneous nucleation process combined
with a two-dimensional growth can occur, but alsoh@mogeneous nucleation with linear
growth should be observed.
Avrami equation relates only to the process ofhisohal crystallization and it is based on
some approximations. This affects the reliabilifytioe data extrapolated from it. Polymers
analyzed with this method not always follow thentteof Avrami equation, especially when
the isothermal crystallization temperature is re&y low. This is due to the fact that the
isothermal crystallization of molten polymers usgaloes not end as expected by Avrami: a
progressive increase in crystallinity (secondagst&llization), at very long time so that it is
virtually impossible to observe the conclusiongafbccurs.
For these reasons:
* Avrami equation fits the experimental data onlylaater intervals of crystallization
process, in which only primary crystallization ocsu
* Avrami exponent can also assume fractional valdkis implies a non-uniform
growth of all crystal.
This indicates that the information obtained fromar#@mi equation must be analyzed with
great care.

The general thermal behavior of PLA nanocomposites of PLA with complex architecture
synthesized in this work has been discussed inogse&1. In the following sections the
behavior of different polymers during cooling phas#él be investigated: crystallization
temperatures of materials at different coolinggaad crystallization isotherm according to

the Avrami equation will be evaluated .

9.2.2 Crystallization kinetics at different cooling rates

In this section the temperatures of crystallizatbwulifferent cooling rates will be evaluated to
better understand the behavior of material undéerént conditions with a particular

attention to those materials which, in dynamic D&@lyses, showed the more interesting
behavior. These information may be useful to bettederstand how different materials

behave under certain process conditions, suchrasgduolding.
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The program chosen for this type of analysis presichore cycles of heating and cooling:
heating is relatively rapid (20 °C/min) from 25°€200 °C, temperature at which the sample
is kept for 5 minutes to erase the thermal histand then the subsequent cooling is carried
out with different rates in different cycles: 10/A@n, 7.5 °C/min, 5 °C/min, 2 °C/min, 1.5
°C/min and 1 °C/min.

Crystallization temperatures of at various coolrates for samples analyzed are reported in
table 7.

Pure PLA 96,7 97,6 98,2 103,7 106,6 109,6
0,5% NS 96,7 97,3 97,7 105,3 108,3 110,6
1% NS 97,6 100,1 102,1 122,4 1253 128,7
2% NS 96,7 97,2 98,1 105,4 109,1 1119

NS 2,0 GF93 98,1 100,6 103,3 109,9 111,5 112,6

NS 7,5GF93 100,2 104,1 108,1 115,6 1223 129;9

NS 15,0GF93  104,4 1113 117,5 124,2 127,9 131,1

NS 2,0 GF80 101,9 109,2 117,4 128,2 131,0 132,9

NS 7,5 GF80 123,0 128,7 134,1 141,4 143,3 144,6

NS 15,0GF80 | 128,3 1327 137,8 141,7 143,8 144,7

1% 10A 9739 98.5 101.8 105.2 112.3 1165
1% 15A 98.4 99.0 100.2 103.7 114.1 119.6
1% Na* 98.6 98.9 99:5 105.9 117.0 123.6

15A 2,5GF80 99.0 99.7 100.9 119.4 120.8 123.1

15A 7,5 GF80 98.4 100.1 102°7 21 122.4 124.5

15A 15.0GF80  101.8 102.4 105.9 122.0 1237 125.3

Table 7: crystallization temperatures measured at ifferent cooling rates
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The same results are represented in figures &,911and 12.
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Figure 8: crystallization temperatures Vs cooling ate for nanocomposites with different fillers
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Figure 9: crystallization temperatures Vs cooling ate for PLAs with modified Cloisite 15A (GF80)
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Figure 10: crystallization temperatures Vs coolingate for PLAs with unmodified nanosilica
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Figure 11: crystallization temperatures Vs coolingate for PLAs with modified nanosilica (GF93)
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Figure 12: crystallization temperatures Vs coolingate for PLAs with modified nanosilica (GF80)

Data in table 7 and figures from 8 to 12 show tbafstallization temperature depends
significantly in all series by cooling rate. At lowooling rate polymer chains will have more
time to reorganize and nucleation and crystallraprocess will start in a lower sub-cooling
situation. The presence of nanoparticles, as ajregubrted, allows the different materials to
crystallize at lower crystallization temperaturesmpared to pure PLA. The effect of the
presence of filler is particularly evident for maads synthesized in presence of nanosilica,
that crystallizes at temperatures higher than ties @f pure PLA, especially at low cooling
rates.

Samples with different montmorillonites have a vesiynilar behavior without particular
differences between Cloisite 10A, 15A and*Nand the effect is lower than using silica
(Figure 8). Sample with 1% of nanosilica crystaizat higher temperatures while polymers
with 0.5% and 2% of nanosilica fillers have lowelues of T, which are close to those of
pure PLA, especially at high cooling rate.

The surface modification of nanoparticles stroniguences the crystallization temperature,
especially in presence of GF80 (Figures 9 and M2j}erials containing this silane have @ T
much higher than the one of polymer containing miliea and pure Cloisite at all cooling
rate.
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This is due to the fact that in presence of siléhe,system is more homogeneous both from
the point of view of species and regarding the elisjpn of nanoparticles in the polymer
matrix; so it can better and faster reorganize muthe cooling phase, together with the
nucleating effect of nanosilica. The effect of GH¥Fagure 11) is evident only for large
amounts of silane on the surface of silica (15%)ilevwith lower percentages of silane the
action can be seen especially at high cooling veltde the temperatures of crystallization are
lower than those of pure polymer with unmodifielicaiif cooling rate is slow.

Curves reported in picture 8-12 have different sfopt high and low cooling rates, with the
exception of materials containing silica modifiedtwGF80. The two different kinetics
observed may be related to different crystal growtbw cooling rates allow a better
reorganization, which allows the growth of largeystals, while when cooling rates are
higher, a larger number of small crystals is formed

Samples with GF80 probably have a more efficientleation chains and are able to
reorganize better in the crystal at different coglrates; this may be due to a better dispersion
of nanosilica and a higher homogeneity of the syste

These information are useful from the industriahpof view and must be related to the real
kinetics of cooling to which the materials are sab¢d during processing. Cooling rate in a
normal molding process are however much highery@B060 °C/min). Longer times during
cooling after molding would be disadvantageous otierms of productivity and economic.
Crystallization heats are difficult to evaluate &ese, especially at lower cooling rates,
crystallization requires a relatively long time arwd difficult to identify the end of the
exothermic peak; however, at lower cooling rategeater development of heat is expected,

due to the better formation of crystal lattice.

9.2.3 Avrami studies of 1sothermal crystallization

In the previous section, non-isothermal crystalima of PLA-based nanocomposites have
been studied; the study during cooling phase isniwst interesting aspect for industry
because the processes on polymers designed togerothjects clearly evolve with a cooling

phase and crystallization of sample to obtain th& bbject.

In this section, isothermal crystallization of naomposites with pure silica and modified
silica (the most interesting from the point of vie# the crystallization process) will be

studied according to Avrami equation at differearhperatures.
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DSC analyses performed for this purpose involve haating phase up to 200 °C, an
isothermal phase at this temperature for 5 ministesase the thermal history of material and
a rapid cooling phase (the maximum allowed by tretrument) until the temperature used
evaluate the kinetics of isothermal crystallizatid@emperature is then maintained for 20
minutes to allow the sample to completely crystallat low sub-cooling.

Through this study is possible to obtain Avramiargn, and Avrami constank., to have
information on processes of nucleation and crygtalvth. Figure 13 shows an example of
linearization of Avrami equation (Equation 9.3) fosample of PLA nanocomposite; drawing
the trend line the values of slope and intercepldg (t) = 0, from whiclK. is derived, can be

obtained.

log-In(1-x_ )| = nlogt +logK, 9.3)

0,5

-0,5

y=2,192x-2,0908
R2=0,9913

log(-In(1-Xc))

-1,5

-2,5

3,5 log (t)

Figure 13: example of isothermal kinetics at 137°@ccording to Avrami equation

Figure 13 shows that considering the period in Whagystallization takes place, data cannot
be interpolated with a straight line, as requirgddsrami method; it is possible to distinguish
a region of linearity for x-axis values of abouB.0Avrami equation is applicable only to
primary crystallization and provides a linear resg® plotting the experimental data in a
graph like that reported in figure 13; interpolgtiover the total range of crystallization is not

significantly and it is therefore appropriate fhbiststudy consider only the area of linearity.
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On the other hand, the deviations from linearity probably due to the present of secondary
crystallization process, and this is especiallg tnhen crystallization is slow.

The values of logK), andn for samples studied are shown, for different isaotis of
crystallization, in table 8. It does not include Walues for pure polymer because in analyses
conditions crystallization is not observed, confimgn the difficulty of PLA to crystallize

during cooling.

—
N
N
12
—
-
1
[§8]
19
—_
19
S

1% NS =1y -1;89 2.4 -1.89 1,7

NS 2,0 GF93 | -1,99 1.6 -1,93 1.5 -1,78 1.4 -2,40 o2

NS 7,5GF93 | -1,51 147 -1,63 Ly7 -1.68 1.6 -1,63 1.6

NS 15,0GF93 -1.39 2,0 -1,59 1.8 -0.88 1.8 -1,56 2

NS 2,0GFS80 = -1,50 1.9 -1,57 2.3 -1,61 1y

N
1
i
.
[@)
19
Ly

NS 7.5GF80 0,10 1.8 -0,02 1.5 -0,22 1.4 -0,70 153

NS 15,0GF80 0.12 148 0,06 1,2 -0,17 1,2 -0,55 1,2

Table 8: Avrami parameters for PLA/nanosilica compaites

Avrami numbern varies from 1.2 to 2.4 an; values increases increasing the amount of
silane on the surface of nanoparticle sample coetptr sample with unmodified silica ( 1%
NS). Pure PLA has very slow crystallization, th€épn and n were not measured in these
analytical conditions.

Materials containing nanosilica with epoxy silaiBFg0) are those with higher valueskqf
increasing the content of silane a faster kinetitsrystallization is observed; sample with
15% of GF80 ha¥. 2 orders of magnitude higher than the one of nateith a 1% of
unmodified silica unmodified.
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This confirms the higher tendency to crystallizatio the presence of a high content of
silane; surface modification makes it possiblenirease the kinetics of crystallization which
will be faster and occur in a narrower temperattaege, in addition to increasing the
temperature of crystallization. The effect on Avramamber () is less pronounced but the
sample with 15% of GF80 shows the lowest valuesrgmadl samples and in general the
values ofn are lower for samples containing modified nanaplad. As already reported in
literaturé?, the trend of is not very significant: for example PLA with 1586 GF80, seems
to have a heterogeneous crystallization with aalirgrowth of crystal (n = 1). On the other
hand, sample with 15% of GF93 haslose to 2: this could indicate a mechanism witiva
dimensional crystal growth, or a mechanism witinadr growth of crystals. Sample with 1%
unmodified silica has a value pfclose to 2, because of its nature (silane is reggnmt on the
surface of the nanopatrticle), this value probabtligates a heterogeneous crystallization with
a two-dimensional growth of crystals.

It is interesting to compare the curves of isotharomnystallization of each material: in figure

14 an example is reported.

-—--1% NS
--- 2% GF80
---7,5% GF80

137 °q

Figure 14: isothermal crystallization of samples wh modified silica at 137°C

Figure 15 shows what is reported in table 8. Ingirepthe percentage of silane on the surface
of nanoparticle, material crystallizes faster. Tékect is particularly evident for high

concentrations of coupling agent.
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9.3 TGA ANALYSES

Thermal stability of materials based on polyladd is one of the aspects that received
more attention, in order to identify possible sgés to increase start degradation
temperature to improve the possible application®loA and to facilitate the processing of
this polymer.

Degradation reactions of PLA, which proceed throughdom breaking of the polymer
chains, involve the ester bonds present in largeuats in polymer chain. These reactions
include depolymerization and oligomerization tonfiocyclic species.

In particular low molecular weight PLAS, having @t concentration of free hydroxyl end
groups are more vulnerable to a faster degradatiohigh temperatures, because the OH
groups promote depolymerization reactions mentiaien/e.

An important aspect that must be taken into comatd® in the process of degradation of
PLA is the amount of catalyst used in the polynadron reaction: an higher amount of
catalytic species in the final product is able atatyze the degradation reactions accelerating
the demolition of polymet?.

Degradation of PLA forms mainly lactide or othermmmomers present in feed and
oligomers; also catalytic species, if not remova®, subject to degradation. The removal of
volatile and low molecular weight species, in gaufar lactide, combined with the blocking
of hydroxyl end groups are two strategies to inseethe thermal stability of PLA, but may
not be sufficient to guarantee the necessary #takalvoiding the degradation during
processing. For this reason, stabilizers are usksd. mineral fillers are an effective way to
increase the temperature at which degradation &f lidgins: there are numerous examples in
the literature but, as already mentioned in chaptethey describe materials prepared in
compounding in which is often present a stabilizéor this reason, in this work it was
decided to evaluate the thermal stability of nanggosite materials based on PLA obtained
through in situ polymerization and without usingydygpe of stabilizer, in order to evaluate

the real effect of mineral filler on the degradatmf polymer.
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Tables 9 and 10 show the data of thermal degradafionaterials containing montmorillonite
and nanosilica, pure and modified, compared wighgihre polymer.

Pure PLA 248 275 320 352 104
0,5% NS 270 305 354 382 113
1% NS 313 335 372 389 76

2% NS 297 346 381 392 95

NS 2,0 GF93 273 314 357 375 102
NS 7,5GF93 254 284 334 372 118
NS 15,0 GF93 253 278 325 376 123
NS 2,0 GF80 286 315 364 390 104
NS 7,5 GF80 275 301 350 383 108
NS 15,0 GF80 264 280 326 381 117

Table 9: thermal data about degradation of nanocompsites with silica

The increase of thermal stability of PLA due to finesence of nanoparticles has already been
observed and documented in literaléifé and the effect on thermal stability of silica and
silanes in our samples can be seen looking dateable 9. Thermal stability increases
significantly, especially increasing the contentsdica; at low amount of filler (0.5% by
weight) the start and end degradation temperatlifg &nd Tosy) increased up to 30 °C
compared to those of pure PLA, and the effect ishmmore pronounced further increasing
the content of nanosilica. Sample containing 2%t silica, even if with a start degradation
temperature slightly lower than material with 1%sdica, has a value ofs§, which is 70 °C
higher than the one of the pure PLA reaching 346N&stabilizers were added therefore the
higher thermal stability is entirely due to theg@ece of nanosilica.

On the other hand, when the degradation procests,stteecomposition seems to proceed
faster than that observed for pure polymer, siREg;, -950sincreased from 104 °C for PLA to
76 °C for the sample with 1% of nanosilica. Mateviéth 0.5% of filler has a kinetics of

degradation slower than the one of pure PLA.
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There is, therefore, an effect correlated to thesg@nce of mineral, which delays the start of
degradation process, but on the other hand thepresof OH groups on silica surface can
accelerate the degradation mechanism.

Table 9 also shows the data of thermal decompasiiionanocomposites prepared using
modified nanosilica. It is interesting to obserhie behavior of these materials compared to
PLA and to polymers containing 1% of unmodifiedicgsil Start and end degradation
temperatures (i, and Tsy) decrease increasing silane content, but arehagifier than those
of pure polymer. This type of behavior observedreasing the amount of surface
modification can be explained considering that gk have a tendency to degrade at
relatively low temperatures, often below those olymer therefore the degradation process
of nanocomposite materials starts at lower temperat Nanocomposites with GF80 have
degradation temperatures slightly higher than tledS8F93 series, but data are very similar.
Temperature values collected in table 9 also slawvgamples with modified nanosilica, both
GF93 and GF80 have values ;4950 that increase when the percentage of silane on the
surface of nanoparticle is higher, until to becogreater than the one of pure PLA. As
explained above, silanes have lower degradatiorpeemtures and can thus promote the
process of degradation, but once the silane is tmslp degraded, the system behaves very
similar to the sample containing 1% of unmodifiexhasilica. This hypothesis is confirmed
by Tose, Values , which are very similar for all systemsitaining 1% of silica, regardless of
the amount of silane present.

Data reported in table 9 are shown in figures B5aid 17.

1056

100

--- 2% NS
--- 1% NS
---0,5% NS
--- Pure PLA

Weight % (%) —— ——

47.93 100 150 200 250 300 350 400 450
Temperature (°C)

Figure 15: TGA curves of nanocomposites with pureilica

248



106

1 --- 1% NS
[ --- 2% GF93
lwl | —7,5%GFo3
gso --- 15% GF93
® ol --- Pure PLA
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Figure 16: TGA curves of nanocomposites with modiéid silica (GF93)
% --- 1% NS
| " --- 2% GF80
| . ---7,5% GF80
g ---15% GF80
;" - Pure PLA

Temperature (°C)

Figure 17: TGA curves of nanocomposites with modiéd silica (GF80)
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In table 10 the degradation temperatures of magesidh montmorillonite are reported.

Pure PLA 217.4 262.3 3120 33153 113.9
0.5% 10A 249.1 277.8 311.6 327.5 78.4
1% 10A 2571 286.2 320.7 337.8 80.7
2% 10A 267.0 294.2 327.6 344.3 77.3
0.5% 15A 254.9 275.7 312.0 328.6 737,
1% 15A 257.1 287.3 319.5 336.0 78.9
2% 15A 283.7 2995 330.7 353.2 69.5
0.5% Na* 252.9 278.5 315.6 336.5 83.6
1% Na* 254.5 2793 320.6 341.4 86.9
2% Na* 264.5 294.7 331.3 353.4 88.9

Table 10: thermal data about degradation of nanocoiposites with montmorillonite

First of all is necessary to explain why valuégpure PLA present in table 10 are different to
those reported in table 9: as stated before, theuatrof catalyst used in the polymerization
process greatly affects the degradation of mateespecially for what concerns the start
decomposition temperature. As mentioned in chagtethe presence of nanoparticles
interferes with the growth of chain due to the rdase of catalyst activity, and this is
particularly evident in presence of montmorillositmaking it necessary to use a higher
amount of catalyst to obtain materials with goodeuolar weight. For this reason it was not
possible to compare, from a point of view therntabdgity, composites with montmorillonite
with the same pure polymer used as standard fagrials with silica. Therefore PLA with the
same amount of catalyst used for the polymerizatibmaterials containing Cloisite have
been synthesized and use as reference to evalnateole of montmorillonite on the
degradation process. The degradation temperat@itbgsgpolymer are lower than the ones of
standard reported in table 9.

Data collected in table 10 show that montmorillesihave an effect on thermal stability of
PLA; degradation temperatures are higher than afegure polymer and they increase

increasing the amount of filler, just as obsen@duinmodified silica-containing materials.
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Also with Cloisite a decrease in the range of degtian compared to that of pure PLA is
observed, and this may be caused by the combinemhaaf OH groups on the surface of
nanoparticles and degradation of the cation prelsetween lamella. Materials with sodium
Cloisite have a wider range of degradation, prop&lelcause sodium cation affects less the
process of degradation compared to the ammoniuionsgpresent in Cloisite 10A and 15A.

In Figures 18, 19 and 20 are plotted the valudeded in table 10.
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Figure 18: TGA curves of nanocomposites with pure Bisite 10A
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Figure 19: TGA curves of nanocomposites with pure Bisite 15A
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Figure 20: TGA curves of nanocomposites with pure Bisite Na'

Figures 15-17 and 18-20 show the effect of mindilldr on degradation of different
materials. The weight of the residue after the dgmusition is in agreement with the amount
of nanoparticle used. The increase in thermal lihals related to the nature of the filler used,;
in the case of silica it can be attributed to tabd#ity of Si-O-Si bonds compared to C-C bond
which increases the energy required for decomposif the material. This may also explain
why in the presence of silanes, increasing thegmage of C-C bonds present, the start
degradation temperature is lower than the one wiposite prepared with unmodified silica.
Montmorillonites act with a double effect, formiagcover over the surface of the material,
and a barrier to reduce the diffusion of volatieaes forming during the degradation of the

material.
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10 EXPERIMENTAL METHODS

This chapter contains all the experimental proceslursed in this research work for the
synthesis and characterization both for polymensi®sized and for nanoparticles.

10.1 SURFACE MODIFICATION OF NANOPARTICLES

10 grams of nanoparticles were suspended in 10®@frmhethanol, in a 500 mL flask; the
suspension was vigorously stirred with a magneitices.

Silane was diluted with methanol in order to havellane/methanol ratio of 1/5 w/w. The
amount of silane depends on the percentage ofceurfedification. The silane is then added
to the dispersion of nanoparticles: the additiordasme slowly to avoid the formation of
aggregates and to have a very good dispersion wbliog agent. After the addition, the
solution was kept under vigorous stirring for 12iteoand then the solvent was removed by
evaporation under nitrogen. The nanoparticles weeshed with methanol to remove
unreacted silane and then heated to 120 °C (ontflgdrcase of amino silane) with mechanic
vacuum for about 2 hours. After these operatiomoparticles have been chopped to obtain a

fine powder.

10.2 SYNTHESISOF PLA

10.2.1 Linear PLA and PLA with complex macromolecular architecture

All PLAs, both linear and with different macromoldar architecture, were synthesized using
LL-lactide, comonomers and tin 2-ethylhexanoata aatalyst. The reactions were conducted
at 190 °C for 2 h under nitrogen flow in order tosere an inert atmosphere inside the

reaction system. The nitrogen flow was very sloto(d one bubble per second observed in

the bubble counter) since there are no by-prodogtsish away.
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10.2.2 PLA nanocomposites

PLA nanocomposites were prepared adding differentgmtages (w/w respect to lactide) of
mormorillonite and nanoSilica. As in syntheses dbed in 10.2.1, tin 2-ethylhexanoate and
comonomers were also added. The reagents weredirgdly in the reaction flask at 80 °C
under mechanic vacuum for 12 hours before polyragdm. The reaction conditions are the

same used for the synthesis of liner PLA and PL&hwomplex architecture.

10.3 SEC ANALYSES

SEC analyses were performed using methylene clel@idsolvent. The system used for the

analyses is composed by:

e Pump: Waters 1515 isocratic HPLC pump
* UV detector: Waters 2487 duakbsorbance detector
e Columns: six columns styragel HR4-HR4-HR3-HR3-HRRBH

SEC measurements were made at a wavelength off33Q.8-dichlorobenzene was used as
internal reference. The columns are calibrate@ims of linear equivalent PLA.

Solutions of the nanocomposite samples were fdtevith 45 microns filter, before injection
into the column, in order to prevent that nanophas or aggregates of them could damage the

SEC system. The analysis thus refer only filterad pf polymer.

10.4 RHEOLOGICAL ANALYSES

Rheological analyses were performed with PhysicaRVEDO rotational rheometer with a
parallel plate geometryd = 25 mm). Analyses were conducted in frequencyepwe
experiments on samples after SSP process at 159 rf@chanic vacuum. Deformation was
set equal to 5% and curves of complex viscositjuastion of frequency were recorded,
ranging from 100 Hz to 0.01 Hz.
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10.5 NMR ANALYSES

'HNMR analyses were performed with a Bruker instrotreperating at 400 MHz. Samples
were dissolved in deuterated chloroform and a délae (and signal acquisition) of 20
seconds was used to obtain a quantitative results.

3CNMR analyses were performed following the samégmal used forHNMR analyses.

10.6 DSC ANALYSES

10.6.1 Determination of melting temperature and crystallization temperature

Melting temperature and crystallization temperatwere measured by DSC analyses using

this program:

heating from 25 °C to 200 °C at 10 °C/min

5 minutes isotherm at 200 °C to delete the thehisabry of material
 cooling from 200 °C to 25 °C at 10°C/min

2 minutes isotherm at 25°C

heating from 25 °C to 200 °C at 10 °C/min

10.6.2 Determination of crystallization temperatures at different cooling rates

Crystallization temperatures at different coolilages were measured by DSC analyses using
these programs:
Cycle 1:
* heating from 25 °C to 200 °C at 10 °C/min
* 5 minutes isotherm at 200 °C
e cooling from 200 °C to 25 °C at 10°C/min
* 2 minutes isotherm at 25°C
Cycle 2:
« heating from 25 °C to 200 °C at 10 °C/min
* 5 minutes isotherm at 200 °C
» cooling from 200 °C to 25 °C at 7.5 °C/min

* 2 minutes isotherm at 25°C
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Cycle 3:
* heating from 25 °C to 200 °C at 10 °C/min
* 5 minutes isotherm at 200 °C
» cooling from 200 °C to 25 °C at 5 °C/min
* 2 minutes isotherm at 25°C

Cycle 4:
« heating from 25 °C to 200 °C at 10 °C/min
* 5 minutes isotherm at 200 °C
« cooling from 200 °C to 25 °C at 2 °C/min
* 2 minutes isotherm at 25°C

Cycle 5:
« heating from 25 °C to 200 °C at 10 °C/min
* 5 minutes isotherm at 200 °C
» cooling from 200 °C to 25 °C at 1.5 °C/min
* 2 minutes isotherm at 25°C

Cycle 6:
* heating from 25 °C to 200 °C at 10 °C/min
* 5 minutes isotherm at 200 °C
e cooling from 200 °C to 25 °C at 1 °C/min

10.6.3 I sothermal crystallization

Isothermal crystallization temperatures were measby DSC analyses using these program:
« heating from 25 °C to 200 °C at 30 °C/min
* 5 minutes isotherm at 200 °C
» cooling from 200 °C to temperature selected to ysttiee crystallization at 100
°C/min
» 30 minutes isotherm at selected temperature
Isothermal temperatures to study Avrami crystalicmawere: 136 °C, 137 °C, 138 °C, 140
°C.
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10.7 TGA ANALYSES

Thermogravimetric analyses were performed usingGRJ4000 Perkin Elmer instrument;
tests on polymeric materials have been conductaitiomgen atmosphere with a program that
provides a single heating cycle from 30 °C to 56t 20 °C/min.

The analyses of nanoparticles were conducted @stegiperature program involving heating
from 30 °C to 900 °C at 20 °C/min in nitrogen atipiosre.

10.8 PERMEABILITY TESTS

Permeability tests at oxygen, water vapor and carbmxide were performed using a
MultiPerm Permeability instrument purchased by &Xtslution SrL.

The standards for the different tests are: ASTM22268 for oxygen, ASTM F1249-06 for
the water vapor and ASTM F2476-05 for £0

Samples for analyses were prepared dissolving Hngrof polymer in 50 grams of
chloroform.

Solution was deposited on a glass plate and saéttt form a film thickness of about 100
microns. Solvent was slowly evaporated to avoidnfmion of bubbles that can act as
channels for the permeation of gas.

Films were conditioned as required by ASTM rulefoleanalyses.
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CONCLUSIONS

In the last decade, the industrial interest towaaygmeric materials deriving from renewable
sources has increased significantly mainly to feutbstitutes for conventional polymers of
petrochemical origin. This phenomenon is mainly tiuéwo reasons: the need to lower the
environmental impact of plastics and the need pausdge the polymer market from that of oil.
In this scenario, aliphatic polyesters are ceryaihe most widely used class of polymers on
which the interest (both academic and industriah heen focused. These polymers are easy
to synthesize, stable in many environments, but atsay be highly biodegradable; this class
of materials includes a series of polymers derifrech the condensation of diols (ethylene
glycol, butane diol, etc..) and acids (adipic asia;cinic acid, etc..).

This work was born in a project funded by Caripparidation and aimed at the development
of polymeric materials based on PLA for applicasiam packaging field.

Research project was focused on two main aspdwssyinthesis of materials with complex
macromolecular architecture and the use of naniofest directly added in the process of
synthesis; especially the first issue had not lvadely investigated yet for PLA polymers.

The importance of changing the molecular architectf a polymer through the synthesis of
complex structures is remarkable; complex macrooubtde architectures give properties (for
example low melt viscosity, shear sensitivity) thibw to increase the fields of applications
of traditional polymers without changing the traorgfiation processes and without increasing
the cost of the final product.

The addition of micrometer-sized mineral fillers gompounding in a polymeric matrix is
rather well known and widely used, both in acadeamd in industry. In recent years interest
in the use of nano-sized fillers that offer the ity of a greater increase of properties

using a smaller amount of mineral filler has graxamsiderably.

The first aspect of the work was the study of gspstewith complex macromolecular
architecture obtained through the use of differemtlti-functional comonomers. The
comonomers used aR¥ type in order to obtain star structuresBAor tree architecture and
a combination oRA and pyromellitic dianhydride for tree - star pobrs.

Since star structures are the simplest ones, these wsed to verify the reactivity of
comonomers in polymerization reaction of lactidel dne ability to obtain structures with

controlled macromolecular architecture.
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First reactions were carried out in solution, teehhigher control of the synthesis conditions,
and then polymerization reaction were carried ohukk, working in conditions as similar as
possible to those used industrially. This methogdicll approach allowed to test the
reactivity of comonomers used to obtain star stm&st in both synthesis conditions, also
observing the influence of the type of polymeriaaton the distribution of molecular masses.
Operating in solution the polydispersity of the erals is very narrow, close to 1 regardless
of the functionality of the monomer used, while kouydolymerization conditions promote
intramolecular and intermolecular transesterifmatireactions that lead to an increase in
polydispersity, without epimerisation, as confirnigdNMR analysis.

SEC analysis of star PLA synthesized in bulk showedecrease of molecular masses
distribution due to presence of multifunctional mige

Once verified the ability to control the macromailee architecture materials with a more
complex architecture, tree and tree — star polyrhax® been synthesized. From a molecular
point of view these polymers are characterized bpr@adening of the distribution of
molecular masses.

rheological properties of these materials havetgmneportance on an industrial level because
they are directly related to manufacturing process® help to define, for different materials,
the possible fields of application connected to ma@ical properties, temperature and also
processability of materials. Star shaped PLAs shohigher fluidity of the melt, with the
same molecular weight, compared to linear polymed dhis is due to the lower
hydrodynamic volume of star macromolecules and @ale to the lower average length of
the arms that start from the comonomer comparedh& chains of linear polymer.
Consequently, star macromolecules have fewer phlysanstraints to flow and a consequent
lower melt viscosity. The nature of PLA, especidhig type of bonds present in the chain and
the repetitive unit length, requires an high vabfeDPn to obtain a material with good
mechanical properties; for this reason very low am® of comonomer are required to
achieve a sufficiently high molecular weight. Instivay the main feature of these materials,
the higher fluidity of the melt, is partially losEor this reason star shaped PLA are not
particularly useful and interesting from an indiatpoint of view. On the contrary branched
PLA have shown, for low concentrations of branchammnonomer, a high melt viscosity
compared to equivalent linear polymers; this propes due to the chains with tree
architecture that, for a relatively low degree ddrxrhing, are very extensive, accessible and

can form many entanglements that are responsibladb viscosity of the melt.
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Relatively higher concentrations of branching coomer make the macromolecules more
branched, more compact, less accessible and wsth dpportunity to interact with other
macromolecules to give entanglements: consequémdiye is a decrease of hydrodynamic
volume measured by SEC analysis and a decreaselinviscosity. Among the branched
polymers, those with tree — star architecture lagenost interesting ones because they show a
higher shear sensitivity and also the possibildymodulate the rheological behavior by
varying the ratio of the two comonomers in feed.

The thermal properties of materials with modifiecaaromolecular architecture are not
substantially different than those of analogousdmpolymers, and this depends on the
difficulty of PLA to crystallize during cooling, wbh cannot be overcome by changing the

macromolecular architecture.

Second aspect of the research was the study otoammsite materials based on PLA. The
work has focused on the use of two classes of ratioles: the montmorillonite (Cloisite
10A, 15A and N3 and nanosilica. At first fillers were used astsaod added directly during
polymerization. The presence of mineral filler nfiéees with the polymerization process
limiting the growth of the chain and the moleculaight; for this reason a maximum amount
of fillerof 2% w/w, respect to monomer, has beeadus

The presence of nanopatrticles positively influertbesviscosity of nanocomposite materials,
which is higher than the one of pure polymer. Tharimehavior is also affected by the
presence of nanoparticles: mineral fillers incretme thermal stability of PLA and act as
nucleating agent, promoting the crystallizatiomr@dterial during cooling phase. In particular,
the analyses show that materials containing nanadiave an overall behavior better than
polymers with montmorillonite.

Then surface of nanoparticles was modified by usirggorganosilanes as coupling agents.

It has been optimized a method to modify the serfat nanosilica and Cloisite 15A and
different techniques to have a qualitative andisargitative determination of couplig agent
present on the surface of nanoparticles have bestadt The most satisfactory results were
obtained by titration of functional groups of s#anOther kinds of analyses give only
gualitative results.

Surface modified nanoparticles were used to syrtbasew nanocomposite materials. It was
found that the presence of silane has a signifisdhtence on material properties, which are
different from those of pure PLA, but also from $koof materials synthesized with

unmodified fillers.
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The results obtained from rheological and DSC a®d\are particularly interesting. Viscosity

is significantly affected by the presence of sigrespecially at low values of shear rates; also
temperature and kinetics of crystallization durg@pling change in presence of modified

nanoparticles.

The results obtained are very encouraging since ntlag¢erials have shown interesting

properties even if the amount of filler in the faedrery low compared to that usually added

with the technique of compounding: a significantpmoving effect of properties has been

observed after surface modification of filler.

Gas permeability of nanocomposite materials contpbtrehat of pure PLA was also tested,

both on linear samples and on the ones with complehitecture: the presence of

nanoparticles significantly increase the barrienasor respect to pure polymers and also

compared to commercial PLA.

Materials studied in this work, both with complexaenomolecular architecture and

nanocomposites, have different properties but thagis are very interesting, allowing the use
of these materials in different fields of applicati Changing the architecture and controlling
macromolecular structure can be advantageous ftiereit manufacturing processes
(injection molding, blow molding or spinning) thaequire different viscosities pf the

materials.

Nanocomposites produced with the technique oftun gblymerization can be applied in the
field of packaging, given the lower permeabilitydgases, for injection molding, having the
ability to crystallize more quickly, or in applicans at higher temperatures.

Another important aspect that can justify the ies¢rand the industrial development of these
materials is the possibility to produce them witle hormal processes of synthesis already
used and optimized for the standard linear PLAsTikiclearly a great advantage from the
industrial point of view because it allows to produmaterials with different properties,
without developing new industrial production preses.

The study of a new class of materials that comthieewo central aspects of this research, the
complex molecular architecture and the use of nmdlifnanoparticles, has provided
interesting preliminary results. Within a certaamge of the ratio between comonomers in the
feed, non-crosslinked materials have been obtaiaed,rheological curves of some of the

samples synthesized have a range of complex vigcasieresting from an industrial
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viewpoint. This behavior gives an opportunity tawttioue research and development of new
materials, both to deepen what already studied@eaplore new and interesting issues.
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