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General Introduction

Thermoplastics polymers are materials currently used in packaging, automotive, electronics,
and medical applications. Due to the peculiar environmental context required by sustainable
innovations, the amount of polymers that are currently under development to be partially or
entirely based on renewable resources occupy an increasingly important place in the eco-
design of materials to replace plastics from petrochemicals .

One of the most interesting bio-based polymers is Poly (Lactic Acid) (PLA), a material generally
made from corn starch °. Already widely used in the medical field, PLA is particularly
interesting for the manufacture of scaffolds for tissue regeneration or systems for drug
delivery, mainly because it is biocompatible and bioresorbable. At the beginning of its
development, PLA was considered as a potential substitute for Poly (Ethylene Terephthalate)
(PET); however its thermal, mechanical and barrier properties have subsequently been found
insufficient, and should still be improved to meet food packaging requirements, for instance.
Poly (Ethylene 2,5-Furandicarboxylate) (2,5-PEF) (obtained from the reaction of 2,5-
furandicarboxylic acid and ethylene glycol) is nowadays considered as the most promising
sustainable alternative to PET, as it exhibits similar (and sometimes significantly better)
mechanical and barrier properties compared to both PLA and PET #7%, Knoop et al. ° showed
that 2,5-PEF has a value of the Young's modulus that is similar to PET, the only drawback being
its brittle behavior at breaking. One possibility to reduce brittleness could be provided by a
new generation of copolyesters obtained from the mixture of the two main isomers of
furandicarboxylic acid (FDCA): 2,5-FDCA and 2,4-FDCA.

This work aims at exploring, for the first time, some physical properties of such a series of
copolyesters, but also at gaining a deeper understanding about the corresponding

homopolymers, in particular about the less-known 2,4-PEF.



General Introduction

This manuscript is organized as follows:
Chapter | introduces the context of the study and provides the different routes to synthesize

PET and PEF.

Chapter Il presents the materials and the experimental techniques used in this work. The first
section is devoted to the materials, the second illustrates the tools and measurement

procedures

Chapter Il reminds the fundamentals about glass transition and a summary of the main

physical models generally used to describe structural relaxation.

Chapter IV reports the results of the physical characterization and the main findings about the
molecular mobility of quenched (fully amorphous) PEFs. A discussion is proposed about the
thermal stability evaluated by TGA and MTGA, as well as the thermal behavior observed by
DSC. The second part of the chapter is focused on the investigation of the molecular dynamics
through a correlation between three techniques: MT-DSC, DRS and TSDC. The influence of the
position of the carbonyl group with respect to the furan ring on the relaxation phenomena is

discussed.

Chapter V is an overview on polymer crystallization and the crystalline state. A description of
the steps involved in the crystallization process (germination, crystal growth, secondary
crystallization) is provided, along with a summary of the theories used to evaluate the

crystallization kinetics.

Chapter VI reports the results obtained about the crystallization kinetics of PEFs, followed by
a detailed characterization of the behavior of the amorphous phase as a consequence of
crystallization. A tentative discussion about the influence of the position of the carbonyl group

with respect to the furan ring on the crystalline structure is also provided.

Finally, some general conclusions and prospects are proposed.
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These Appendixes provide:
e 1H RMN spectra of the PEF samples;
e MDS Calculation method;

e The scientific production related to this work.

This work was financially supported by the Normandy Region and the European Regional
Development Fund (Fond Européen de Dévéloppement Régional, FEDER) within the frame of
the project “Solution pour la Conception et I’Analyse de Matériaux a Propriétés Innovantes”
(SCAMPI). It was carried out in the EIRCAP (Equipe Internationale de Recherche et de
Caractérisation des Amorphes et des Polyméres) research group, SDP (Systemes Désordonnés
et Polymeres), “Groupe de Physique des Matériaux” (GPM-UMR CNRS 6634), University of

Rouen Normandy.



General Introduction

References

(1)
(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Belgacem, M. N.; Gandini, A. Monomers, Polymers and Composites from Renewable
Resources; Elsevier, 2011.

Wilsens, C. H. R. M.; Noordover, B. A. J.; Rastogi, S. Aromatic Thermotropic Polyesters
Based on 2,5-Furandicarboxylic Acid and Vanillic Acid. Polymer 2014, 55 (10), 2432-
2439,

https://doi.org/10.1016/j.polymer.2014.03.033.

Gubbels, E.; Jasinska-Walc, L.; Koning, C. E. Synthesis and Characterization of Novel
Renewable Polyesters Based on 2,5-Furandicarboxylic Acid and 2,3-Butanediol. J. Polym.
Sci. A Polym. Chem. 2013, 51 (4), 890—898.

https://doi.org/10.1002/pola.26446.

Wu, J.; Eduard, P.; Thiyagarajan, S.; Jasinska-Walc, L.; Rozanski, A.; Guerra, C. F.;
Noordover, B. A. J.; van Haveren, J.; van Es, D. S.; Koning, C. E. Semicrystalline Polyesters
Based on a Novel Renewable Building Block. Macromolecules 2012, 45 (12), 5069-5080.
https://doi.org/10.1021/ma300782h.

Matos, M.; Sousa, A. F.; Fonseca, A. C.; Freire, C. S. R.; Coelho, J. F. J.; Silvestre, A.J. D. A
New Generation of Furanic Copolyesters with Enhanced Degradability: Poly(Ethylene
2,5-Furandicarboxylate)-Co-Poly(Lactic Acid) Copolyesters. Macromol. Chem. Phys.
2014, 215 (22), 2175-2184.

https://doi.org/10.1002/macp.201400175.

Madhavan Nampoothiri, K.; Nair, N. R.; John, R. P. An Overview of the Recent
Developments in Polylactide (PLA) Research. Bioresource Technology 2010, 101 (22),
8493-8501.

https://doi.org/10.1016/j.biortech.2010.05.092.

Gandini, A,; Silvestre, A. ). D.; Neto, C. P.; Sousa, A. F.; Gomes, M. The Furan Counterpart
of Poly(Ethylene Terephthalate): An Alternative Material Based on Renewable
Resources. J. Polym. Sci. A Polym. Chem. 2009, 47 (1), 295—-298.
https://doi.org/10.1002/pola.23130.

Pellis, A.; Haernvall, K.; Pichler, C. M.; Ghazaryan, G.; Breinbauer, R.; Guebitz, G. M.
Enzymatic Hydrolysis of Poly(Ethylene Furanoate). Journal of Biotechnology 2016, 235,
47-53.

https://doi.org/10.1016/].jbiotec.2016.02.006.

Knoop, R. J. I.; Vogelzang, W.; van Haveren, J.; van Es, D. S. High Molecular Weight
Poly(Ethylene-2,5-Furanoate); Critical Aspects in Synthesis and Mechanical Property
Determination. J. Polym. Sci. Part A: Polym. Chem. 2013, 51 (19), 4191-4199.
https://doi.org/10.1002/pola.26833.



CHAPTER |

State of the Art

Content
Ta) (e Yo I o1 4 [o] o WUUTTE TR 8
0 R 0 Y 1 (=) PR 10
I.1.1. Some historical dates concerning PET and PEF..........cccccoiiiiiieeieeeieee e, 10
I.1.2. Characteristics and some properties of PET and 2,5-PEF .......ccoovviiiiiiiiiiiiiciiineee, 11
1.2, SYNENESIS OF PET .oeiiiiiiiiiee ittt ettt e e s s st e e e e e s saba e e e e s ssaabeaeeesseasaaeeeesnnns 14
[ B X (=Y ) or= Y A oY IO T ORI 14
[ N =Y e I =Y (=Y ) £ or= ] A 1o ] s TR 15
[.2.3. Pre-polyCondensation .......ccueiiiei it e e 15
(10 oo 1 LYoo o [T 1Y- ) 4 o] o DU PPPPP 16
[.3. SYNENESIS OF PEF oeiiiiieiiiee ettt e e e s s b e e e s ssabaaeeesssasaaeeeeennns 17
1.3.1. The road to 2,5-FuranDiCarboxylic Acid (2,5-FDCA) .....ccoeeiriieeieeeiiieeee et 18
[.3.2. The road to 2,4-furandicarboxylic acid (2,4-FDCA) .......cooeciuieeeeiecciieeee e 21
[.3.3. From ethanol to bio-ethylene glycol........oocuuiiiiiiiiiiii e 22
[.3.4. Mixtures of 2,5- and 2,4-FDCA ISOMEIS ..uuueieieieiieiiiiiiiiieeeeeeitiiiiieieeeeeeeeeeeaesereeeeesesanes 22

RO O NS ettt ettt e e et e e et e s et s e te e s et s et e e st seta s e tan et et s etaneeenans 24



CHAPTER |

Introduction

Biobased polymers got the attention from many scientists and industrials during the last two
decades. The environmental concerns are the main driving-forces for this trend. The depletion
of fossil resources associated to climate changes raised awareness on the international level.
To take actions against global warming, a common agreement has been endorsed by some
countries through the Kyoto Protocol in 1997 (entered into force in 2005) in order to reduce
greenhouse gas emissions. Ten years later, a directive called REACH (Registration, Evaluation,
and Authorization of Chemicals) was ratified in the frame of the European Union, increasing
the legislation on safety and chemical management with the objective to promote the
principles and procedures of Green Chemistry. However, a paradox still exists between the
worldwide awareness and the constant global increase of oil consumption driven by a
consumption-addicted society. In the run to produce new materials with improved properties
in a well-known context of planned obsolescence, the oil consumption increases and the role
played by the industry prevails. The entire world economy relies on a locative business in
which petroleum industry is dominant. In 2006, J. Goldemberg * (a leading expert on energy
and environment issues) reported that “the world’s energy system is a 1.5 trillion dollars
market dominated by fossil fuels”. Since leaving behind the comfortable system established
so far is not going to happen soon, the only pathway to follow consists in developing
performant materials from renewable biological sources.

Crude oil, coal, natural gas and biomass are the only sources of carbon we have. For chemical
and fuel productions only, the biomass can be used either as a raw material or after selective
conversion of its main constituents (essentially lignocellulosic materials) into a series of
platform chemicals. The vegetal biomass is naturally structured throughout complex biological
processes which exploit the carbon from atmospheric CO, and produce energy from water
and sunlight. Among the natural polymers present in plants, cellulose is probably the most
explored and exploited, and still very promising for new material applications, since the
physical-chemical properties of cellulose offer a wide potential for innovation.

It has been estimated that almost half of the carbon in the biosphere is in the form of cellulose

III

2. Indeed, petrochemical feedstocks can be considered as “natural”, because they are formed

from biomass over geological time frames.
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The problem is that the rate at which biomass is converted to fossil resources (>10° years) is
in total imbalance with the rate at which they are consumed 1-10 years). The use of annually
renewable biomass to produce polymers, chemicals, and fuels as an adjunct to fossil resources
would help balancing the rate of CO, fixation with the rate at which CO, is released.
Furthermore, if we manage the biomass resources effectively by making sure that we plant
(trees, crops) more than we use, we can eventually reverse the CO; rate equation and move
towards a net balance between CO; fixation/sequestration and release due to consumption.
Figure 1.1 illustrates these concepts for the global cycling of carbon, and demonstrates that
the use of annually renewable biomass resources for the production of polymers, chemicals,

and fuels represents a positive contribute to sustainability and global carbon recycling.

A

<v VD
#V* Photoautotroph

co, Biomass/Bio-organics

1 year
1-10 years BioProducts Industry 106 years
Polymers, 1year .
. Fossil Resources
Chemicals &
Fuels Chemical Industry (petroleum, Natural gas)

Figure 1.1: Global carbon cycling. 3
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[.1. Context

Poly (Ethylene Terephthalate) (PET) is a thermoplastic polyester generally produced from
petroleum. Its strength and good barrier properties have made it a material of choice for
packaging. Thank its properties and good recyclability, this polymer has quickly become a sort
pf plastic industry’s giant. Unsurprisingly, PET is commonly taken as a term of comparison for
new polyesters. In the last years, it has been suggested that petroleum-based PET no longer
meets the industrial environmental requirements. As a result, research activities have been
oriented towards the quest for alternatives to replace it. It is already possible to produce a
greener, more sustainable version of PET, either partially or entirely biosourced (bio-PET) *. In
the meantime, another 100% biobased polyester with similar (if not better) properties made
the news, the Poly (Ethylene-2,5-Furandicarboxylate) (2,5-PEF), or better known by the

abbreviation of only PEF.

l.1.1. Some historical dates concerning PET and PEF

The main historical dates for PET and PEF in the food-packaging sector of plastic bottles are
the following:

e 1941: PET is patented by two British chemists, John Rex Whinfield and James Tenant
Dickson. The invention remained secret for strategic reasons related to the Second
World War.

e 1945: The PET patent is purchased by the American group Dupont de Nemours.

e 1950: Dupont de Nemours patents a new brand (Dacron).

e 1984: PET replaces PVC (Poly (Vinyl Chloride)) for the production of bottles. PET is
massively produced for the first-time.

e 2009: The "Coca Cola Plant Bottle" made of partially biobased PET is released on the
market.

e June 2011: A partnership between Toray and Gevo to produce renewable biobased
PET on a laboratory scale is initiated. Bottles and plastic films are successfully
produced. Toray produces PET by using terephthalic acid from para-xylene (p-xylene)
and Methyl Ethyl Glycol (MEG).

e December 8, 2011: Avantium opens a PEF Pilot Plant in Geleen, The Netherlands.

10
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e December 15, 2011: Coca-Cola, Ford, Heinz, NIKE, and P&G announce the creation of
a PTC (PET Technology Collaborative) plant to produce a 100% bio-based PET following
the success of the “Plant Bottle”.

e 2014: The Avantium consortium for PEF production is officially started.

e 2016: Avantium plans the production of FDCA and PEF.

1.1.2. Characteristics and some properties of PET and 2,5-PEF

PET and 2,5-PEF are both thermoplastic polyesters. Both have been patented more than 60
years ago, but being petroleum-based PET has been widely used since the 1990s, while bio-
sourced PEF is still under development. Table |.1 summarizes the main characteristics of PET

and 2,5-PEF.

Table I.1: Characteristics of PET and 2,5-PEF.

Characteristics PET 2,5-PEF
Poly (ethylene furanoate)
Name Poly (ethylene terephthalate) Poly (ethylene-2,5-
furandicarboxylate)

Synthetic polyester produced by
Synthetic polyester produced by
polycondensation of Ethylene
polycondensation of Ethylene
Definition Glycol (EG) with TerePhthalic Acid
Glycol (EG) and 2,5-
(TPA), or EG and DiMethyl
FuranDiCarboxylic Acid (2,5-FDCA)
Terephthalate (DMT)

Family Semi-crystalline thermoplastic Semi-crystalline thermoplastic

o) 0 o Q

Chemical W = o)
of o) g \ |

formula n X

[C10H804]n [CsH6Os]«
Invention Patented in 1941 Patented in 1946
EG: derived from vegetal oil, sugar EG: derived from sugarcane
Raw materials beet or sugarcane 2,5-FDCA: derived from plants and
TPA: derived from petroleum agricultural residues
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Since the 1990s, PET has become the main plastic for transparent bottles, especially used for
mineral water, fruit juice, or sodas. The environmental concerns and the attempt to reduce
the consumption of fossil resources gradually pushed to develop 2,5-PEF with the aim of
replacing PET in bottle production. Interestingly, the properties of 2,5-PEF are similar

(sometimes even better) than PET, as summarized in Table I.2.

Table 1.2: Main properties of PET and 2,5-PEF.

Properties PET 2,5-PEF Comparison

The production of PEF
Petroleum-based or

Composition 100% biobased only uses renewable
partially biobased

resources
Density 1.38 g/cm?3 1.43 g/cm3 PEF is denser than PET

PEF is less flexible than
PEF gets stiffer under

Ease of use Flexible PET but it is more
stress
resistant
Optical Colorless Colorless Identical
Young’s PEFis 1.1 to 1.4 times
2.1-3.1 GPa 3.0-3.5 GPa
modulus stiffer than PET
T, =73-76°C T, =79-85°C PEF has more interesting
Thermal T,, = 243-247 °C T,, = 209-211°C thermal properties for
T; = 413-445 °C T; = 389-411 °C industrial applications

Non-toxic and food-
Toxicity safe, Non-toxic and food-safe Similar
UV sensitive
Barrier to O2: 11 times

better than PET
Good barrier to

Barrier to CO3: 19 times PEF has better barrier
Permeability  humidity but poor

better than PET Barrier properties
barrier to gases
to H;0: 2 times better

than PET

12
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Properties PET 2,5-PEF Comparison

Chemical recycling is

Mechanical or Mechanical recycling easier for PEF than
End-of-life chemical (identical to PET) or chemical PET due to the
recycling recycling by depolymerization different
composition
During the During the extraction of raw
The vegetable origin
Emission of  extraction of raw materials, processing and
of PEF reduces
greenhouse materials, transport, but compensation
carbon emissions by
gases processing and during the growth of raw
50 to 70%
transport materials
A $1.200/ton
difference between
Price $1.350/ton (2018) $2.700/ton (2015) PEF production cost

and PET market

price

2,5-PEF and PET are comparable in many different ways. However, PEF is definitely better than
PET in terms of thermal, mechanical and barrier properties, which are critical aspects for the

production of food-safe containers. Moreover, PEF represents a more sustainable material

compared to PET.
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l.2. Synthesis of PET

During the Second World War, the production of nylon became complicated and the
industrials had to find a substitute. The development of PET made it possible to take on this
challenge by offering a material that can be used in many different ways. Since the 1970’s,
PET has known a huge success and has quickly become unavoidable. PET is a polyester
obtained by polycondensation. Condensation is a chemical reaction consisting in the union of
two molecules, or two parts of molecules, leading to the formation of a condensate, here a
polymer, by elimination of a small molecule (water for example). Polycondensation is a
sequence of condensation steps performed to carry out a polymerization. At each step, two
monomers with two active centers on either side of their structures react together according
to a condensation reaction, in order to form dimers, then oligomers that grow longer and
longer, to finally obtain a polymer. On an industrial scale, PET is obtained according to the
following stages:

e Esterification (or transesterification)

e Pre-polycondensation

e Polycondensation
The raw material used to synthesize PET is oil. It takes about 1.9 kg of crude oil to obtain 1 kg

of PET.

1.2.1. Esterification

PET synthesis consists in the reaction between a bifunctional acid (terephthalic acid (TPA)) and

a bifunctional alcohol (ethylene glycol (EG)) to form dimers according to the following scheme:
R P R P + H,O
L, o |30 z

HO OH 0] 0]
n
Figure 1.2: Polycondensation of PET by esterification.

The first step consists in the esterification of TPA carboxyl end-groups with the hydroxyl end-
groups of EG. The mechanism of this esterification can be explained as follows: the oxygen

atom of the alcohol function of EG carries a partial negative charge.
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The carbon atom of the acid function of TPA carries a partial positive charge. As a
consequence, the oxygen atom attacks the carbon atom to form a covalent bond.

Since the carbon atom cannot exceed four bonds, the hydroxyl group of TPA separates from
the rest of the molecule and combines with the hydrogen previously linked to the attacking
oxygen to get stabilized. The result is the formation of a water molecule and an ester linkage
between EG and TPA. Esterification is in equilibrium with hydrolysis (the inverse reaction),
therefore it is important to continuously remove the water produced during the esterification

under vacuum.

[.2.2. Transesterification

The second possible pathway is transesterification (Figure 1.3). In this case, the synthesis
consists in the reaction between a diester (dimethyl terephthalate (DMT)) and a bifunctional
alcohol (ethylene glycol (EG)) to form dimers. Indeed, DMT is an ester which is transformed

into another ester.

(@) (0] (0] 0]
>——<: :>——< > < > { + CH3;0OH
+ HO\/\OH — 3
—0 o— (0] (0]
n

Figure 1.3: Polycondensation of PET by transesterification.

The only difference between esterification and transesterification is the product eliminated

during the reaction (water vs. methanol).
|.2.3. Pre-polycondensation

The dimers obtained by esterification or transesterification are then used for the pre-
polymerization (or pre-polycondensation) step. This step is carried out under vacuum and

allows the dimers to condense to form longer chains (oligomers).
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|.2.4. Polycondensation

This step is intended to merge the chains formed in the previous steps to form long polymer
chains, and occurs in the melt state. A catalyst is typically used to increase the
polycondensation rate. However, the use of catalysts strongly influences the crystallization
rate, which is intimately linked to the mass transport of volatiles compounds contained in the
melt phase; besides, the viscosity progressively increases with the increase in the chain length,
and the diffusion also slows down. A higher temperature would solve this issue, but could also
cause thermal degradation.

For more details, Rieckmann and Vélker > wrote a book chapter on the PET polymerization,
with information about the catalysts employed and the corresponding reaction kinetics. The
degradation occurring at high temperature is a problem shared by all thermoplastic polymers.
The activation energies of the primary degradation reactions are higher than the ones
associated to the polycondensation reactions. The increasing temperature leads to an
increase in the extent of a possible primary degradation. Moreover, the reverse reaction of
condensation (glycolysis) should be carefully avoided, as well as any other side reactions. For
these reasons, an additional step (a solid-state polymerization) is generally used to achieve

the polycondensation in the solid state and then increase the molecular weight.
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|.3. Synthesis of PEF

On the industrial scale, research activities about PEF have started in the 1950s °. Indeed, only
5 years after the first patent about the application on PET by Calico Printers Association in
1941 7, a similar patent about the application of FDCA-based polyesters was published by
Celanese Corporation of America in 1946 . The process was detailed, but no properties were
communicated except the melting point reported at 205-210 °C. In 1958, a Japanese
laboratory published the protocol to synthesize PEF with glycols of different lengths °. The
melting temperature associated to 2,5-PEF crystals was reported to be around 220-225 °C.
Twenty years later, in 1978, Moore et al. '° used another protocol for PEF synthesis. The
(trans)esterification was performed with 1,6-hexane diol and dimethyl-2,5-furandicarboxylate
(DMF). Later on, two Japanese patents were submitted in 2005 '* and 2007 *? describing the
synthesis of three different polyesters (PEF, Poly (Propylene Furandicarboxylate) (PPF) and
Poly (Butylene Furandicarboxylate) (PBF)). The different recipes used to synthetize PEF cannot
be compared due to insufficient data communicated. In 2006, Avantium (Dutch Biotech) did
an important breakthrough in 5-(HydroxyMethyl)-2-Furaldehyde (HMF) production and
conversion into building blocks, such as FDCA. Being aware of the great potential of 2,5-PEF,
in 2009, Gandini et al. ' published the first comparison between the properties of PET and
2,5-PEF.

Similarly to PET, the synthesis of PEF requires two reaction steps, i.e. a (trans)esterification
followed by a polycondensation. As for PET, two pathways have been explored: the direct
esterification of FDCA, and the transesterification of DMF (Figure 1.4). Due to the advantages

of DMF synthesis (good selectivity and high yield), this route has been widely studied *>7*°.

Esterification

o O

o)
o) o)
+ HO o) + HO
HO” \ / TOH ~"0H —> Hj)kox/}
o
X

Transesterification

0] @) )
o) 0} CH3;0H
+ HO o) + 3
~o" ) o o T W ©
(0]
X

Figure 1.4: Polycondensation of 2,5-PEF.
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1.3.1. The road to 2,5-FuranDiCarboxylic Acid (2,5-FDCA)

Currently, the majority of academic and industrial efforts in the development of 2,5-FDCA are
concentrated on synthesis routes that start from food-grade carbohydrates, in particular
fructose, via 5-(hydroxymethyl)-2-furaldehyde (HMF) °. Since a competition with food
production is undesirable for ethical as well as economic reasons, we are rather focusing on
the use of non-edible feed stocks, such as lignocellulose, agro residues, and aqueous biomass
(e.g. algae) for the production of chemicals and polymer building blocks.

The synthesis of 2,5-FDCA firstly reported goes back to almost 150 years ago, to a paper
published by Fittig and Heinzelman '’ in 1876; in that work, 2,5-FDCA was obtained through
the reaction of mucic (galactaric) acid with hydrobromic acid (Figure 1.5, route 2). However,
this route provided relatively low isolated yields, and galactaric acid is (not yet) readily
available, therefore little attention has been paid to this route. The situation may change if
availability of aldaric acid increased, which is likely to happen because aldaric acid can be
obtained from pectin or alginate streams produced by bio-refineries ‘4%, Currently, the most
widely explored synthetic route to 2,5-FDCA is based on the catalytic oxidation of HMF %,
which can be obtained from the acid-catalyzed cyclodehydration of C6 sugars like glucose and
fructose (Figure I.5, route 1) %2122, Fructose is generally preferred to glucose, because it
provides substantially higher yields of HMF. The only reported process that efficiently converts
glucose into HMF requires Cr-based catalysts in combination with ionic liquids, which is
undesirable from a sustainability point of view 2>°%>. On the other hand, fructose can be
economically obtained by acid-catalyzed hydrolysis of sucrose or inulin, or by the hydrolysis
of starch (and potentially cellulose) followed by a selective partial isomerization of glucose to
fructose (Figure 1.5, route 1) 2?7, However, the use of sucrose or starch is highly undesirable
given their primary use as food component.

In the last decades, much attention has been paid to the development of new technologies to
produce HMF with high yields according to efficient and cost-effective methods ¢?2; indeed,
HMF is not only a potentially low-cost precursor to 2,5-FDCA, but can also serve as a
renewable platform chemical. Furthermore, HMF is a precursor for the next generation of
biofuels, e.g. 2,5-DiMethylFuran (DMF), 5-EthoxyMethylFurfural (EMF), Ethyl Levulinate (EL),

and y-ValerolLactone (gVL) .
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Till now, no large-scale process for the industrial production and commercialization of HMF is
operational, although various companies have announced plans for pilot-scale facilities. The
relatively poor stability of HMF under acidic conditions often leads to the formation of
undesired by-products, e.g. Levulinic Acid (LA), Formic Acid (FA), and insolubles such as furan
resins and humins. These by-products complicate the downstream processing of HMF, and
therefore reduce the yield *?°. To address these issues, companies like Avantium started
developing alternative technologies to dehydrate fructose and glucose in organic solvents
(e.g. methanol), yielding more stable HMF-ethers and HMF-esters as products %3031,

In addition to routes 1 and 2, a third route based on the use of hemicellulose and its
components (C5 sugars) is also possible (Figure I.5, route 3). Given that hemicellulose is a non-
edible, not easily fermentable residue from both lignocellulosic biorefineries and the agro-
food industry, it is an attractive feedstock for the production of chemicals. Analogously to the
cyclodehydration of C6 sugars to HMF, the cyclodehydration of C5 sugars (e.g. xylose and
arabinose) yields 2-furaldehyde or furfural. Whereas HMF is still in a developmental stage,
furfural is already produced for commercial purposes on a 400-500 000 tons scale using agro-
residues like bagasse as feedstock 2. The oxidation of furfural gives 2-Furoic Acid (FA) (or the
corresponding ester, depending on the reaction conditions) in high yields; however, the
subsequent introduction of a carbon substituent in the C5 structure is non-trivial (Figure 1.5,

route 3b).

Older reports on the hydroxymethylation using p-formaldehyde in sulphuric acid, or the
chloromethylation via the Blanc reaction, gave only low to moderate vyields of 5-
hydroxymethyl- or 5-chloromethyl-2-furoic acid, respectively ?3. Subsequently, a further
oxidation step is required to transform this intermediate into 2,5-FDCA 34,

A more attractive synthetic approach for the conversion of FA into 2,5-FDCA is based on the
well-known Henkel reaction (Figure I.5, route 3a). This process is based on the thermal
disproportionation of alkaline salts of aromatic carboxylates to give the symmetrical aromatic

dicarboxylate.
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Route 1 Route 2 Route 3
Cellulose & Starch Pectins & Alginates Hemicelluloses
Sacch Sacch l Sacch
Glucose Alduronic acids Pentoses
l CDH
Iso Ox
/' \\ o
(0]
CDH H
Fructose Aldaric acids [/ \§ Furfural
(@)
CDH CDH Furan l Ox
I\_o % o \_po | M o
o —
0 o Disp @)
HO H RO OR (32) OR
HMF 2,5-FDCA FA
XMe
o | e ]
(0]
X OR
XMeFA

Figure 1.5: Reported routes to 2,5-FDCA starting from different carbohydrate sources. 3°
Sacch = saccharification; CDH = cyclodehydration; Iso = isomerization; Ox = oxidation; XMe =
chloromethylation (X = Cl) or hydroxymethylation (X = OH)
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I.3.2. The road to 2,4-furandicarboxylic acid (2,4-FDCA)

Thiyagarajan et al. *° reported that, during the Henkel reaction, depending on the reaction
conditions, different FDCA isomers are obtained: the 2,5-isomer (70%), the 2,4-isomer (30%),
and to a lesser extent the 3,4-isomer (< 5%) (Figure 1.6). The separation of the 2,5- and 2,4-
isomers is feasible. Whereas there is an increasing amount of literature on the synthesis and
properties of 2,5-FDCA-based polyesters, only a very few reports can be found on either 2,4-
or 3,4-FDCA-based polyesters. In 1958, Hachihama et al. ° reported an example of 2,4-FDCA-
based polyester obtained with EG (2,4-PEF); however, the main properties of this polymer,
such as the glass transition temperature (T,;) and the molecular weight, were not provided. A
few decades later, Chaabouni et al. 3° synthetized poly (butylene-furan-3,4-dicarboxylate)
from 3,4-FDCA and 1,4-butanediol, but unfortunately only a value of glass transition
temperature was reported, without any further investigation.

By controlling the reaction conditions (time and temperature), 2,4-FDCA can be obtained
separately by a treatment of methyl-3-bromocoulate with a base, by following the previously

reported procedure *’.

o. !/ \ o
Hemicellulose (@)
RO OR
l Sacch U\ 2,5-FDCA
(@)
O _H Os_H Furan o
RO
OH OH coH [\ o Oox [\ o |
HO HO — 55 — 30 | I \__o
HO OH H OR Disp O -
CH,OH CH,OH
Furfural FA 2,4-FDCA
L-Arabinose D-Xylose
O O
RO OR
I\
(@)
3,4-FDCA

Figure 1.6: Synthesis of FDCAs via disproportionation reaction. 3°
Sacch = saccharification; CDH = cyclodehydration; Ox = oxidation; Disp = disproportionation
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1.3.3. From ethanol to bio-ethylene glycol

EG can be obtained from biobased feedstock through several pathways. The main pathway
starts from ethanol, which is the most abundant non-food chemical issued from the biomass.
The fermentation of sugars also leads to ethanol. Ethylene is then obtained from ethanol by
any acid-catalyzed dehydration . This reaction can produce diethyl ether as the main by-
product, which can still be converted in ethylene. Afterwards, bio-EG is obtained through the
oxidation of ethylene. Another possible pathway consists in using the glycerol which is either
naturally present in fatty acid esters, or can be obtained via hydrolysis or methanolysis of
triglycerides. Then, EG is obtained from glycerol by hydrogenolysis in the presence of a catalyst
3 In this case, high hydrogen pressure, high temperature and noble metal catalysts are
needed, which limits the industrial application. Another route consists in using glycerol and
Raney nickel as a catalyst °. This pathway gives a yield of about 50-70 % even if performed
under ambient pressure, with diluted aqueous glycerol and no hydrogen; moreover, the
catalysts are not expensive and they can be recovered by a suitable treatment. Recently,
Liquid Light announced a new collaboration with The Coca-Cola Company to produce EG from
carbon dioxide, which is a route that considerably reduces the costs of EG production and is

prone to collaborations with companies that produce waste CO; (e.g. ethanol producers) “°.
1.3.4. Mixtures of 2,5- and 2,4-FDCA isomers

In 2014, Thiyagarajan et al. ** showed that the position of the carboxylic group on the furan
ring has no influence on the reactivity of the FDCA isomers, as proved by the fact that all of
them can equally lead to high molecular weight homopolyesters. Moreover, preliminary
results obtained by thermal analysis revealed that the homopolyester derived from 2,4-FDCA
(2,4-PEF), even if amorphous, has a glass transition temperature that is very similar to 2,5-PEF
and PET, which are both semi-crystalline. These results encouraged to further investigate the
potential properties of different copolyesters derived from a mixture of 2,5- and 2,4-FDCA
isomers. Two approaches can be used to obtained different mixtures of 2,5- and 2,4-FDCA
isomers:

e Henkel mixtures: directly obtained from the Henkel reaction, they can be used without

further processing .
e Physical mixtures: the isomers are isolated and then physically mixed on purpose, i.e.

with specific ratios of the 2,4- and 2,5- FDCA isomers.
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Whatever the approach, the copolyesters can be synthesized similarly to the homopolyesters,

i.e. by polycondensation after transesterification.

This research thesis will focus on properties of different homo- and co-polyesters derived from

several physical mixtures of 2,5- and 2,4-FDCA isomers.
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11.1. Materials

This work consists in investigating the properties of different homo- and co-polyesters derived
from several mixtures of 2,5- and 2,4-FDCA isomers. Five polyesters were studied more in
details: two homopolymers (2,5-PEF and 2,4-PEF) and three copolymers (obtained with
mixtures of 2,5- and 2,4-FDCA, as reported in Table 11.1). All the samples were synthetized at
the Food and Biobased Research (FBR), Wageningen University and Research (WUR)(The
Netherlands). The copolymers were obtained by physical mixtures, i.e. the isomers were
isolated and then physically mixed on purpose, with specific ratios of the 2,4- and 2,5-FDCA
isomers. Both the homopolyesters and copolyesters were synthesized with the same protocol,
i.e. by polycondensation (transesterification). The chemical structures, weight-average
molecular weights (M,,) and number-average molecular weights (M,,), determined by NMR
(Nuclear Magnetic Resonance) and Gel Permeation Chromatography (GPC) respectively, are
reported in Table II.1. The ratio of 2,5-FDCA DME (dimethyl-2,5-furandicarboxylate) for each

sample was verified by *H NMR (the corresponding spectra are reported in Annex A).

Table II.1: Ratio of 2,5-FDCA DME, weight-average molecular weights (M,,) and number-
average molecular weights (M,,) of 2,5-PEF, 2,4-PEF and 2,5-2,4-copolymers.

2,5-FDCA L L
Sample Repeating unit M, M,
DME ratio
(%) (kg/mol) (kg/mol)
(6]
2,5-PEF Q o o 100 18.2 15.3
(o] \ !
X
PE-2,5[90]-2,4[10]F 90 14.7 9.1
(0] o Q 0o \ O
PE-2,5[85]-2,4[15]F OHJ)J\O OM 85 15.2 9.2
(0]
X y
PE-2,5[50]-2,4[50]F 50 23.3 13.2

(@]
2,4-PEF OWO 0 11.4 8.5
O o
y

30



Materials and Methods

Prior to characterization, all the freshly prepared samples were dried for 3 days at T, + 15 °C
(i.e. 95 °C) to remove any residual solvents used during the synthesis, and stored in a

desiccator over phosphorus pentoxide (P,0s) until measurement.

I1.2. Characterization methods

[1.2.1. Structural characterization

11.2.1.1. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy uses the magnetic properties of selected
atomic nuclei to provide information about the structure, dynamics, reaction state and
chemical environment of molecules. The intramolecular magnetic field surrounding any given
atom in a molecule has a different resonance frequency, which in turns can be related to the
electronic structure of the molecule.

In this work, NMR spectroscopy was used to verify the position of the carbonyls on the furan
ring and to determine the ratio of each isomer introduced in the copolymer. NMR spectra
were recorded on a Brucker Advance lll spectrometer operating at 400.17 MHz (H) and
100.62 MHz (3C) (the analyses were performed at FBR, WUR). Solutions were prepared using
deuterated dimethylsulfoxide (DMSO, Sigma Aldrich) and chloroform (CHCIs, Sigma Aldrich)

as solvents.

11.2.1.2. Fourier-Transform InfraRed Spectroscopy (FTIR)
Fourier-Transform InfraRed spectroscopy (FTIR) provides information on the chemical
structure of organic molecules, as well. The vibrational frequencies of different chemical
bonds are typically evidenced through characteristic absorption peaks. Before FTIR analyses,
the samples (in the form of powders) were compacted into pellets of 5 mm diameter using an
Atlas Series Evacuable Pellet Press Die under a pressure of 1 ton. FTIR spectra were then
collected at room temperature in Attenuated Total Reflectance (ATR) mode on a Thermo
Scientific Nicolet iS10 spectrometer equipped with a diamond crystal. Absorbance spectra
were obtained by collecting 16 scans with a resolution of 4 cm™. A blank scan was recorded

prior to sample scan to correct for atmospheric CO, and H,O0.
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11.2.1.3. Polarized Optical Microscopy (POM)

Polarized Optical Microscopy (POM) is a simple technique to observe anisotropic structures at
the micro-scale. In addition to the conventional optical microscope, which uses visible light
passing through a system of lenses, POM involves polarized light and requires the use of two
additional polarizing filters: the first one placed between the light source and the sample
(polarizer), and the second one placed between the sample and the eyepiece or camera
(analyzer). These filters are used to restrict the electro-magnetic field vectors constituting
visible light to a single plane, as shown in Figure Il.1. As a result, all the electro-magnetic field
vectors hitting the sample are vibrating in the same plane (polarized light). In a cross-
polarization setup, the analyzer and the polarizer are oriented perpendicularly. This position
aims at blocking the unwanted electro-magnetic field vectors. Consequently, when no sample
is placed in the light field, the polarized light is blocked by the analyzer, resulting in no visible
light in the eyepiece (black image). The same result is obtained if the sample placed in the
light field is isotropic (as in the case of amorphous polymers). However, when birefringent
samples, such as anisotropic materials (as in the case of semi-crystalline polymers) is placed
in the light field, the restricted electro-magnetic field vectors passing through the sample are
transmitted according to many different perpendicular planes. Therefore, the electro-
magnetic field vectors that are parallel to the polarization direction of the analyzer can go

through and be visualized in the eyepiece.

ANALYZER

l

POLARIZER

l

LIGHT
WAV

Figure 11.1: Schematic representation of a light wave passing through crossed polarizers. !

32



Materials and Methods

In this work, POM observations were performed by using a universal Nikon EPIl-illuminator
with Nikon M plan lenses (X 2.5;X 5;X 10) connected with a Sony CCD-IRIS camera, either in
transmission or reflection mode. The samples were placed between two glass slides, then
heated onto a Mettler FP82HT hot stage to 250 °C at 10 °C/min and annealed for 3 min.
Finally, the samples were quickly placed on a second hot stage (Mettler FP90 central
processor) previously set as the defined crystallization temperature (7,). Pictures were

analyzed by the software Imagel.

[1.2.1.4. Wide Angle X-ray Diffraction (WAXD)
The diffraction of X-rays is a non-destructive analytical technique that allows determining the
spatial arrangement of atoms or larger molecules in ordered structures. With regards to
polymer science, the diffraction of X-rays is used to detect and quantify the crystalline
fractions that can be found within amorphous matrixes, as in the case of semi-crystalline
polymers. In Figure I.2 shows the principle of WAXD: the sample is hit by an X-ray beam
forming an angle 6 with its surface, and intensity of the diffracted X-rays is measured as a
function of the scattered angle 26. Any arrangement of atoms or molecules, either regular or
irregular, diffracts and scatters the X-rays to different directions as a consequence of elastic
interactions; the extent of these two phenomena (diffraction and scattering) depends on the
degree of order/disorder of the crystalline stacking and the its connections avec the

surrounding amorphous environment.

+ Q4
S e RURS
+ <&
o~

Figure 11.2: Schematic representation of a WAXD setup with a Bragg-Brentano 6 — 20
geometry. !
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As a consequence, in semi-crystalline polymers, high intensity diffraction peaks associated to
low intensity halos are recorded, as illustrated in Figure 11.3. For each diffraction peak, a
relation between the angle of diffraction and the distance between crystalline layers can be
established through the Bragg’s law *:

nA = 2dsin(0) (11.1)
Where n is the order of diffraction, A is the wavelength of the incident X-ray beam, d is the
spacing between successive diffracting planes and 8 is the angle between the incident X-ray

beam and the sample.

In the case of crystalline materials, such as metals, the diffractogram only contains narrow
peaks related to the diffraction generated by a sequence of crystalline planes, and therefore
positioned at characteristic angular values (Figure 1.3 (a)). Polymers cannot be perfectly
crystalline; in the case of semi-crystalline materials, in addition to the diffraction peaks, a
second contribution is observed due to the presence of an amorphous phase (amorphous
halo). The amorphous halo is due to the fact that the amorphous phase, which is disordered,
diffuses the incident X-rays in all directions, and therefore the recorded intensity varies
continuously and statistically with the diffraction angle (Figure 1.3 (b)). Obviously, the
diffractogram of a completely amorphous material only contains an amorphous halo (Figure

1.3 (c)).

(a) (b)

1 Crystalline 1 Semi-crystalline
> >
= =
7] 7]
c c
@ Q
- 4=
= ‘ L | -

|
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20 20
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Amorphous

Intensity

\ 4

20

Figure 11.3: Typical XRD diffractograms of (a) crystalline; (b) semi-crystalline; (c) amorphous
samples.

In this work, WAXD measurements were performed on a D8 Advance Bruker AXS
diffractometer in a Bragg-Brentano configuration. The generator was set at 35 kV and 40 mA
and the copper Coy, radiation (A = 0.179 A) was selected. The measurements were run at
room temperature within the range 20 = 5°-50°. The scan speed was fixed at 1 s/step with

increments of 0.01 °/step.

I.2.2. Thermal analyses

[1.2.2.1. ThermoGravimetric Analysis (TGA)
ThermoGravimetric Analysis (TGA) is a technique in which the variations of sample mass (mass
loss or gain) is measured as function of time and/or temperature under controlled conditions.
The information about mass variation allows to highlight the different physical and chemical
transitions that the sample may experience, such as degradation, dehydration, volatilization,
etc. TGA is extensively used to characterize polymeric materials, in particular to determine
their relative thermal stability, their moisture or additive contents, their stability with respect
to oxidation, the composition of polymer blends and many other parameters required for

specific applications.
In this work, TGA measurements were performed with a TGA Discovery (TA instruments). The

samples were heated from room temperature to 600 °C at 10 °C/min under a flow of 25

mL/min of different atmospheres: gaseous nitrogen (inert) or synthetic air (oxidative).
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I1.2.2.2. Modulated ThermoGravimetric Analysis (MTGA)

Modulated TGA (MTGA) was also carried out to obtain the kinetic parameters associated to
mass loss, i.e., the activation energy as a function of reaction extent, mass loss or temperature.
The kinetics of a reaction can be expressed by the rate equation, which gives the relationship
between the rate of reaction, time, and the amount of material that progressively undergoes
the reaction. The temperature dependence of the rate of reaction can be described by the
Arrhenius equation. Indeed, the rate equation and the Arrhenius equation are frequently

combined into a single equation of the following form 2:
da
dt

Where a is the fraction of sample that has already reacted, da/dt is the rate of reaction, Z is

= Z[f (a)]eEa/RT (11.2)

a pre-exponential factor, f(«) is the kinetic expression, E, is the activation energy, R is the

universal gas constant, and T is the temperature.

MTGA is based on a method initially proposed by Flynn in 1968 %, and recently implemented
and patented by TA Instruments °. In MTGA experiments, a sinusoidal temperature
modulation is superimposed on the underlying linear heating-rate profile used in conventional
TGA. This results in an oscillatory response in the rate of weight loss, whose deconvolution via
real-time discrete Fourier transform gives the kinetic parameters. The activation energy of
thermal degradation can then be determined at any step of decomposition reaction from
Equation 11.2:

_ R(T? - A?)L
a~ 24

Where T is the average temperature, A is the amplitude temperature and L is the natural

(11.3)

logarithmic ratio between the maximum and minimum rates of degradation, as determined

from the amplitude of the weight loss signal by discrete Fourier transform °.

The calculation of E; can be done without assuming any kinetic model, i.e., it is “model free”.
However, a kinetic model must be assumed to calculate log Z. Assuming a first-order kinetics,

log Z can be obtained from the value of E, via the following equation °:

Eq
2.303RT

da
logZ = log [1 — a] + (11.4)
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In this work, MTGA was performed with the following sinusoidal temperature program: the
samples were heated from room temperature to 600 °C at 2 °C/min with a continuous
amplitude modulation of + 5 °C and a period of 200s under a continuous flow of gaseous
nitrogen (25 mL/min).
I1.2.2.3. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a technique used to study thermal events, such as
crystallizations, melting or oxidations, as well as any other evolution of a material as a function
of temperature or over time, such as physical aging. During physical transitions, heat is either
absorbed (endothermic) or released (exothermic). The principle of DSC relies on the
quantification of the difference in amount of heat required to increase the temperature of a
sample with respect to a reference. Thus, the apparatus provides a signal that corresponds to
the heat flow absorbed or released by the sample as a function of time and temperature,
determined as a differential measurement of temperatures. Two types of DSCs exist, namely

heat-flux DSC and power-compensation DSC.

In this work, DSC experiments were performed by using two heat-flux DSC equipment, the
DSC Q2000 and the DSC 2920 (TA instruments). The DSC 2920 was mostly used for the

crystallization studies.

In conventional DSC, the temperature ramp applied to the sample and the reference is linear:
T(t) =T, + pt (11.5)
In which T(t) is the temperature at the time t, T; is the initial temperature and f is the

scanning rate.

The heat flow ¢ resulting in the heat transfer Q is expressed as follow:

dQ T

) :E_ CE (11.6)

Where C is the heat capacity.
In a heat-flux calorimeter, the sample and the reference are placed in the same furnace, as
presented in Figure Il.4. A variation of temperature is applied to the entire furnace and the

heat Q5 and Qy are transferred to the sample and the reference, respectively.
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Thus, exothermic or endothermic events occurring to the sample as a consequence of
temperature variations will lead to a temperature difference AT = Tg¢ — Ty between the
sample and the reference. The resulting heat flow can be simplified by a thermal equivalent

of the Ohm’s law:

¢ =0s—Qr =74 (1.7)

In which R is the thermal resistance.

THERMOCOUPLE T,
REFERENCE

FURNACE —

THERMOCOUPLE Ty THERMOCOUPLE Ty

Figure 11.4: Schematic representation of heat-flux DSC cells. [Reworked from ?]

The measurement principle of the heat-flux calorimeter DSC Q2000 is based on the Tzero'™
technology, which uses a more complex equation to calculate the heat flow. Two thermal
resistances (Rgcp and Rycp) and two heat capacities (Cgcp and Cgcp), related to the sample
and the reference respectively, are taken into account in the heat flow expression. Thus, by
measuring the temperatures Ts and Ty at the sample and reference’s platforms respectively,

as a function of a fixed temperature T, the measured heat flow is expressed as follow °:

Ts — T,
b= -t T =T9)

dTs _dAT
) + (Crep — CSCP)E - CW (1.8)

Rscp  Rrce
Specific calibration procedures were used with the T.ero ™ technology. First, a constant heating
rate experiment was performed without sample and pan (empty furnace). Second, a constant
heating rate experiment was performed with standard sapphire disks directly placed on the

sample’s and reference’s platforms, providing the values of Rgcp, Rrcp, Cscp and Crep -
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Then, a temperature and energy calibration was carried out by matching the melting
temperature (T,,, = 156.6 °C) and enthalpy (AH,,, = 28.6 J/g) obtained for a standard sample
of indium, plus the melting temperature of a standard sample of benzophenone (T, = 48.5
°C). The entire procedure ensured a calibration over the temperature range from —90 °C to
600 °C. All calibrations and experiments were carried out under a nitrogen atmosphere (50
mL/min).

The characterization of the crystallization behavior was performed with a heat-flux
calorimeter DSC2920, calibrated with indium and benzophenone standards.

To characterize the crystallization from the melt, the samples were heated to the melt and
held at 250°C for 3 min to erase any previous thermo-mechanical history, quenched to the
crystallization temperature T, = 140 °C and maintained in isothermal conditions during the
crystallization time ¢t..

To characterize the crystallization behavior from the solid state, the samples were heated to
the melt and held at 250 °C for 3 min to erase any previous thermo-mechanical history,
quenched to 0 °C into a solid amorphous state, heated at 10 °C/min to the crystallization
temperature T, = 140 °C and maintained in isothermal conditions during the crystallization
time t..

In both cases, the crystallized samples were quenched to 0 °C before being analyzed at a

heating rate of 10 °C/min from 0 °C to 250 °C. The thermal programs used are depicted in

Figure Il.5.
(a) (b)
T(°C) From glassy state | T(°C) From molten state
3 min
2504 2504

1404 ¢ 1404 ¢

2514

m m
a2 2
(=] (=]
(: . 8 .
t(min) t (min)
1 1

min min

Figure II.5: Schematic representation of DSC protocols used for the analysis of the
crystallization kinetics from (a) the glassy state and (b) the molten state.
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I1.2.2.4. Modulated Temperature-DSC (MT-DSC)

During the heating and cooling ramps of conventional DSC experiments, the samples
experience thermal reactions that change their physical and/or chemical properties. These
reactions include glass transition, crystallization, melting, oxidation, curing, evaporation, etc.
Some of these reactions may occur at the same time or in the same range of temperature,
and the respective heat flows may therefore be overlapped and impossible to distinguish.
According to Reading et al. 7, the heat flow ¢p measured from conventional DSC experiments

can be expressed as follow:

_de_ .
¢=—=CB+f(tT) (1.9)

Where f(t,T) represents the part of the heat flow related to the kinetics (or non-reversing

events), also called non-reversing heat flow ¢ .

The part of the heat flow related to the thermodynamics, also called reversing heat flow ¢y,
is expressed as the product of the complex heat capacity C and the scanning rate f.
Conventional DSC applies linear temperature ramps; in MT-DSC, Lacey et al. & proposed to
super-impose a sinusoidal temperature oscillation to the linear temperature ramp, in order to
dissociate reversing and non-reversing events:

T =T; + ft + Asin(wt) (11.10)
In which A is the amplitude and w is the angular frequency of the temperature modulation,

with a period of oscillationp = 2r/w.

Equation 11.10 can be written as:

¢ = C;—(tz = C*(B + Awcos (wt)) (1.11)

Where C* is the complex heat capacity defined as:

_ Aur

c* =
Ag

(11.12)

Where Ayp and Ag are the amplitudes of the heat flow modulation and the heating rate

modulation, respectively.
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The thermodynamic events are related to the vibrational and translational motions of the
molecules; these motions are very fast and can easily follow any sample temperature
modulation. On the other hand, the kinetic events cannot react to the temperature

modulation and do not contribute to the modulated part of the heat flow.

A
pr=C"p = —AHF,B (1.13)
B
d
Onr :d_f_c*lg (1.14)

In addition, a phase lag ¢ exists between the calorimeter’s response function (the total heat
flow) and the temperature modulation.
As a consequence, two components of the apparent heat capacity can be calculated according
to the following equations:
C' =|C*|cos (¢p) (11.15)
C" = |C*|sin (¢) (11.16)
C’ is the in-phase component of the heat capacity (related to ¢z) and C” is the out-of-phase

component of the heat capacity (related to ¢yg)-

The calibration of MT-DSC is similar to the calibration of conventional DSC; an additional step
should be performed to calibrate the heat capacity in temperature-modulation mode. This
last step uses a standard sample of sapphire because sapphire does not undergo any transition
in the temperature range typically explored for polymers. The heat capacity of sapphire as a
function of temperature is highly repeatable and precisely known. Similarly to the calibration
step performed with indium, that should be repeated whenever the heating rate is changed,
the calibration step with sapphire in temperature-modulation mode should be repeated
whenever the amplitude, the scanning rate or the period of oscillation are changed. A

calibration factor ch is then calculated from the comparison of the experimental and
theoretical heat capacity values. The ch factoris averaged on the selected temperature range
and then used to correct the apparent heat capacity of the samples.

CpSapphire theoretical (T)

Ke (T) = (11.17)

CpSapphire experimental (T)
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Temperature modulation can be performed with three different modes ’ as reported in Figure
[I.6: heat-only, heat-iso and heat-cool. The heat-only mode is generally used to investigate the
coupling of different thermal events, such as glass transition and cold- crystallization, or
crystallization and melting. The heat-iso mode is used to investigate melting. The heat-cool
mode is used to investigate the glass transition and the molecular mobility associated with
the glass transition.

In this work, the MT-DSC experiments were performed with a heat-flux calorimeter DSC
Q2000 (TA Instruments) in temperature-modulation mode. The calibration in temperature
and energy was carried out using standard samples of indium and benzophenone. The
calibration in specific heat capacity was carried out using sapphire standard samples. A heat-
cool temperature modulation mode was selected (oscillation amplitude A = 3 °C, oscillation

period p = 120s and heating rate § = 1 °C/min).
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Time

Figure 11.6: lllustration of the possible heating ramps selected for MT-DSC experiments.
Heat-only (red), heat-iso (green), heat-cool (blue) and the underlying linear ramp (black).
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I1.2.2.5. Dielectric Relaxation Spectroscopy (DRS)

Dielectric Relaxation Spectroscopy (DRS) is a powerful technique to study the relaxation
dynamics in dielectric materials. The advantage of this technique is that it routinely covers a
range between 9 and 12 decades of frequency (or time) °. DRS consists in studying the motion
of permanent dipoles present in dielectric materials as an effect of an applied alternating
electric field E(w). In the case of polymer dielectrics, the net dipole moment per unit volume
(i.e. the polarization) corresponds to the vector summation of the dipoles present in the
repeating unit itself, plus the dipoles resulting from the sequence of repeating units within the
polymer chain and the assembly of polymer chains in the overall system. The electric stimulus
deforms the electronic clouds with respect to the atomic nuclei (electronic polarization) and
creates an induced dipole moment in the atoms (atomic polarization).

The polarization phenomena observed in polymers arise from the rotational mobility of
permanent dipole moments (). The reorientation of the permanent dipoles of the molecules
can be used to determine sample properties such as permittivity, energy storage, resistivity
and dissipation. Such properties give information on molecular motions occurring within the
materials as a function of frequency and temperature. For all these reasons, DRS is nowadays

widely employed to investigate the molecular mobility in a wide range of materials 194,

In the frequency range 1076-107 Hz, the sample can be regarded as a circuit composed of an
ideal capacitor and an ohmic resistor assembled in parallel or in series. The complex
impedance Z*(w) of the circuit is measured by the spectrometer and expressed in terms of
energy dissipation or resistance R(®), and energy storage or capacitance C(w), where wis
the angular frequency calculated from the frequency f through the following equation:

w = 2nf (1.18)

Other properties, such as the electrical modulus M*(®), the electrical conductivity 6*(w), the
resistivity R* (@) and the complex dielectric permittivity €*(®) are directly derived from the
complex electrical impedance Z* ().

To measure Z*(w), a sinusoidal voltage U*(w) at a fixed frequency is applied to the sample:

U* (@) = Ugexp (j(wt)) (1.19)
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The current I (w) is then measured across the sample:

I5(w) = Iyexp (j(wt + @) (11.20)

Where @is the phase shift between the applied voltage and the measured current.

The value of Z*(w) is then obtained as *°:

U
Z"(w) =

(11.22)

The experimental equipment used in this work calculates the impedance from the
measurements of two voltages V; and V, corresponding to the voltage generated and applied
to the sample cell and the voltage converted from the sample current Is(w), respectively. A
schematic representation of the equivalent circuit is shown in Figure II.7. These voltages are
then analyzed with the Fourier transform technique to extract information on their
amplitudes and phases.

The complex dielectric permittivity (¢*) can be derived from the measurement of Z*(w):

1
& (a)) = m (||22)

e (w) =¢"(w) —ie"(w) (1.23)
Where &' (w) is the real part of * (related to the energy stored within the medium) and "' (w)

is the imaginary part of €* (related to the energy dissipated throughout the medium).

The dielectric permittivity characterizes the ability of the charges within a material to displace
or reorient in the presence of an external electric field. Its experimental determination is
highly valuable to obtain information on the mobility of the dipoles within a material.
Assuming that the electric field penetrates only in the sample and its substrate, the measured
capacity C,, is given by :

Com = Co(es + £5) (1.24)

Where g; and ¢;,, are the complex permittivity of the sample and the substrate, respectively.
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Generator

Sample capacitor

Vi Ig V,
- —

Current-to-voltage
] converter
Reference capacitor

Figure I1.7: Schematic representation of the equivalent circuit representing the
spectrometer analyzer. [Reworked from °]

In this work, DRS experiments were performed using interdigit electrodes (IE) (DRS1410-20-
150, Novocontrol Technologies, with a sensor diameter of 20 mm, gold-plated copper combs,
and an accuracy in loss factor equal to tan § = 0.001. The spacing between the comb fingers
is 150 um and their thickness is 35 um. Prior to sample deposition, each electrode was
calibrated by measuring its respective geometric (i.e. empty cell) capacity C, and substrate
capacity Cg, through the measurement of a standard material with known permittivity
(mineral B-oil, Vacuubrand). The measurements were carried out over a 107! Hz to 2 x 10°
Hz frequency range with an Alpha-A frequency analyzer (Novocontrol Technologies) allowing
a measurement of the complex impedance as a function of frequency. Non-isothermal
dielectric spectra were collected over a wide range of temperature (from —150 to 150 °C)
with appropriate successive steps. Accurate temperature control was implemented using a
Quatro system (Novocontrol Technologies) allowing a temperature stability of 0.2 °C. The

samples were kept in a nitrogen atmosphere over the entire time of measurement.

45



CHAPTER I

Analysis of the experimental data

One of the most important applications of DRS is the investigation of the relaxation processes,
which is generally done with different model functions. One of the theoretical models allowing

to calculate the time-dependence of the dielectric behavior is the Debye function /.

The Debye function expresses the frequency-dependence of the complex dielectric

permittivity as:
Ae

T S T Gl

(11.25)

Where Ac¢ is the dielectric relaxation strength and 7, is the Debye relaxation time related to

the position of the maximum of the loss peak.

In this case, the shape of the loss peak is supposed to be symmetric. In practice, the Debye
function is not sufficient to fit the experimental results obtained for complex systems like
amorphous polymers. In most cases, the loss peak is not symmetric; a broadening of the loss
peak and an increasing asymmetry is often observed, with the appearance of a high-frequency
tail (non-Debye relaxation behavior). The broadening of the dielectric function can be taken

into account thanks to the Cole-Cole (CC) function *:

* = Ae 11.26
£(w) = et [1+ (lwte)] (1-26)

Where, 0 < o < 1 expresses the asymmetric broadening of the relaxation function.

Equation 11.26 can be used to fit the dielectric spectra of glass-forming liquids or polymers
having asymmetrical loss peaks and wider dispersion areas in comparison with the Debye
formula. For higher frequency ranges, Cole and Davidson (CD) suggested the following
formula, particularly suitable for liquids and low molecular glass-forming substances having

an asymmetric broadening of the loss peak °:

Ae
[1+ (iwtep)]?

e(w) =€, + (1.27)

Where 0 < f< 1and a =1 are the parameters that take into account the asymmetric

broadening of the relaxation function for the Cole/Davidson-relaxation time.

46



Materials and Methods

A more general model function was introduced by Havriliak and Negami (HN) 2°, which is a
combination of the Cole/Cole and Cole/Davidson functions. The HN function can be expressed

as:

As

* —_ - +
0= e I Gt P

(11.28)

Fora = 1and f =1, the HN equation is reduced to the Debye function.

The CCand DC dispersions in a given range of frequency are broader than for Debye relaxation,
as shown in Figure [1.8.

Figure 11.8 shows that the dielectric loss (¢'’) is broader and its intensity decreases when the
shape parameters @ and 8 change . In practice, the dielectric spectra of a complex system
do not exhibit isolated loss peaks. Instead, various relaxation processes and conduction effects
might altogether contribute to the dielectric spectra. The conduction effects are usually

analyzed by including an additional contribution to the function fitting the dielectric loss:
Op
B (wsgy)

Where g, accounts for the Ohmic conduction related to the mobile charge carriers, s is a fitting

n

(11.29)

parameter and g is the dielectric permittivity of vacuum.

2.0
O Experimental data = °
1.5 Debye fitting (o =1; g =1) = CI
¥ ——cc fitting (2. = 0.52; p=1)
—— CD fitting (@ = 1; B = 0.49)
1.0 1 HN fitting (« = 0.83; p = 0.49)
~ 0.51
®
S 0.0-
o
0
= -0.5-
1.0
1.5 -
-2|0 1 al 1 Ll i " T
102 10" 10° 10" 10% 10® 10* 10° 10°

Frequency (Hz)

Figure 11.8: Imaginary part of the complex dielectric spectra as a function of frequency for a
2,5-PEF sample at 90 °C. Several fitting functions (Debye, Cole-Cole (CC), Cole-Davidson (CD)
and Havriliak-Negami (HN)) have been represented to illustrate how they take into account
the eventual asymmetry and broadening of the dielectric loss peak.
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Throughout this work, the analysis of DRS data has been performed using the software Grafity
v.0.5.5. If two relaxation processes were observed in the experimental frequency window, a
sum of two HN functions was used to fit the experimental data. The HN function for the real
part of the complex dielectric permittivity is expressed as:

cos(Bun®)

g =&y + Agyy X
B
(n(l _ aHN)> EUN (11.30)
2

1+ 2(wtyy)*HNsin + (wTyy)?*HN

The HN function for the imaginary part of the complex dielectric function is expressed as:

sin
g” — ASHN % (ﬁHN(p)
21— apy) Bun (1.31)
1 + Z(G)THN)aHNSin (%) + (wTHN)ZaHN]
With
sin ('BHTNH>
@ = arctan (11.32)

(wtyn)F + cos ('BHTNH>

Where ¢, is the unrelaxed dielectric permittivity, Aeyy is the relaxation strength, T4y is a
characteristic relaxation time and ayy and Byy are shape parameters describing the

symmetric and asymmetric broadening factors of the dielectric spectra.

From the estimated values of Ty, ayy and Sy, @ relaxation time associated to the maximum

of the relaxation peak 7,4, = 1/(27 finax) Was calculated according to °:

1
- (QunBunT\|HN
sin (54 ZﬁHN>

Tmax = THN X sin AyNTC
2+ 2Byn

(11.33)

More consistent fitting results have been obtained by performing, for all the considered
samples, the same fitting procedure on both the real and imaginary parts of the dielectric

signals.
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[1.2.2.6. Thermo-Stimulated Depolarization Currents (TSDC)
The analysis of Thermo-Stimulated Depolarization Currents (TSDC) is part of the dielectric
spectroscopy techniques for it makes it possible to characterize the relaxation phenomena (i.e
the molecular motions of dipoles) at low temperature (below T,) by applying a constant
electric polarization at high temperature, cooling down to quench the system, and then
heating it up again to measure the currents associated with depolarization. Similarly to DRS,

TSDC signals may contain several relaxation peaks that have to be fitted by suitable functions.

Figure 11.9 shows a typical TSDC spectrum for an amorphous polymer. The peak with the
highest intensity is observed at high temperature and is the dielectric manifestation of the
glass transition (a relaxation). The peaks with lower amplitudes, obtained at lower
temperatures, correspond to secondary relaxations ( and y relaxations). The so-called p peak
appearing at a temperature higher than the a relaxation is generally attributed to the space

charges that accumulate at the electrode/sample interfaces .

Depolarization current

Temperature

Figure 11.9: Manifestation of the principal (a) and secondary transitions (f and y) as
revealed by Thermo-Stimulated Depolarization Currents (CDTS) for an amorphous material.
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Polarization and dielectric relaxations

When a dielectric material is subjected to an external electric field, the electric charges are

displaced, the existing dipoles align with respect to the electric field and new dipoles are

created on the surface and in the volume of the solid. Once the material is polarized over a

given temperature range, depolarization can be triggered by increasing the temperature, and

currents are measured as the material goes back to equilibrium, which allows to characterize

the corresponding dielectric relaxation phenomena.

A dielectric material, placed between the electrodes of a capacitor, is polarized when

subjected to an electric field E.The polarization 1_5, which is proportional to the electric field

E in the case of an isotropic dielectric material, results from the superposition of several

phenomena, including:

50

Electronic polarization: when the electric field is applied, the electron cloud of each
atom is deformed with respect to the nucleus, which creates an induced dipole.

Electronic polarization has a very short settling time (about 10~1°s).

E=0 E
Figure 11.10: Electronic polarization.
Atomic polarization: some molecules have no permanent dipole moment, however the
electrons participating in their bonds are preferentially displaced towards the most
electronegative atom. In this case, the application of an electric field creates an

induced dipole moment. The time required to establish atomic polarization is in the

order of 10713 to 10~ 12s.

E

Figure 11.11: Atomic polarization.
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Debye orientation polarization: if the resultant of the dipole moments is different from
zero, the molecule has a permanent dipole moment. If the molecule has sufficient
mobility, it may align according to the electric field. The time required to align a
permanent dipole moment, which is only possible for molecules having a structural

charge dissymmetry, is in the order of 107°s

NN
/\ N7

E=0 E

Figure 11.12: Orientation polarization.

Polarization by space charge: this polarization is due to the presence of an excess of
charge carriers (electronic and ionic). In this case, the polarization is associated with a
macroscopic transfer of charges from one electrode to the other. Their origin of this
polarization is either produced by injection mechanisms from the electrodes or by

imperfect contacts.

DIELECTRIC MATERIAL DIELECTRIC MATERIAL
+ N + 3
- + + | @ +| -
+ -—

- +
-+ L= P —
ELECTRODE ELECTRODE ELECTRODE ELECTRODE
E=0 E

Figure 11.13: Space charge polarization.

Maxwell-Wagner-Sillars polarization: this type of polarization appears in
heterogeneous materials and comes from the accumulation of charges at the
interfaces between different phases, when the phases have different values of

permittivity and conductivity.
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Consider a set of identical dipoles in thermodynamic equilibrium at a temperature T, and
assume that they can orientate in space. Because of thermal agitation, the dipoles make
translational and rotational movements. In the absence of an applied field, the collisions due
to thermal agitation maintain the dipoles in a statistically isotropic orientation. In the presence
of an electric field, however, the dipoles are subjected to pairs which tend to orient them
parallel to the electric field. The thermal agitation is opposite to any alignment and the system

reaches the equilibrium polarization within a certain delay of time (Figure 11.14).

—_— ——E=0
Figure 11.14: Polarization evolution.
When an electric field is applied, the polarization reaches a value P; corresponding to the

instantaneous polarization (electronic and atomic) of the system, then gradually increases as

the orientation of the dipoles is achieved, until reaching a limit value P; given by:

—

P, = P+P, (11.34)
The orientation polarization at saturation of modulus P,, calculated by Langevin, is equal to:

_ Nop?
"~ 3kgT

P, E (11.35)

In which N, is the number of polarized entities at temperature T, u is the dipole moment of
the polarizable entities and kg is the Boltzmann’s constant.
The polarization of a set of dipoles subjected to a constant field is expressed by an equation

of the following form %2;
t
P=P, |1 —exp (—;)] (11.36)

Where 1 is the dielectric relaxation time characteristic of the sample.
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Likewise, at the switch-over of the field, the polarization decreases according to a law of the

following form:

P = P,exp (— M) (n.37)

T

With t,, is the polarization time.

In this work, TSDC experiments were performed using interdigit electrodes (IE) placed in the
TSDC sample cell, in a 6517B electrometer/high resistance meter (Keithley) provided by
Novocontrol Technologies. IE calibration was performed as previously described in the case of
DRS measurements. The temperature was controlled with a nitrogen gas flow heated and
cooled with the help of a Novocontrol Quarto system. The samples were first heated up to

5 °C above the calorimetric glass transition temperature TgMT c in order to erase their

-DS

previous thermos-mechanical history. Then, a protocol was performed to select the optimal

polarization temperature, during which the samples were polarized with a direct field of

1x 10° V/m from T,
M

—2°CtoT, + 10 °C every 2 °C and then rapidly cooled
c MT-DSC

T-DS -DS
down to 0 °C while keeping the applied electric field. The depolarization current was recorded
while applying a linear ramp from 0 °C to 110 °C at 5 °C/min. This procedure was found to
provide the best comprise to obtain well-defined non-partial polarization peaks while avoiding
parasite phenomena such as conductivity. The different protocols to select a polarization

temperature is presented in the Figure I.15. Finally, we choose to keep TgMT—DSC + 6 °C like

polarization temperature.
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Current (x107'%) (A)

Current (x107?) (A)
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Figure 11.15: TSDC results obtained with different polarization temperatures.
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The Glass Transition

Introduction

The glass transition is a phenomenon which determines the physical behavior of non-
crystalline systems, such as mineral glasses and polymers, as a function of temperature. It
corresponds to a transition of a glassy system from the solid behavior to a liquid-like behavior.
Many physical properties (specific volume, viscosity, dynamic elastic modulus, conductibility,
specific heat, etc.) undergo a modification in the region of the glass transition. The study of
the glass transition is interesting from a theoretical point of view, because it deals with the
physics of condensed matter, but it is also relevant from a technological point of view, because
the glass transition is often taken as a key-parameter to select the most suitable material for

a given application.

l1l.1. Generalities on the glassy state and the glass transition

[11.1.1. Amorphous state

Non-crystalline (also called amorphous) state is defined as a disordered configuration of
atoms or molecules characterized, from a microscopic point of view, by a lack of long-range
order. The atomic or molecular stacks can be represented by the radial distribution function
g(r), defined such that g(r)dr represents the number of atoms whose distance from a given

atom is between r and r + dr.

Gas

=
I~

g

Glass

Disorder augmentation
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Figure lll.1: Evolution the radial distribution function for different degrees of disorder.
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Figure I1.1 shows that short-distance order (nearest neighbor distance) is sensibly the same
for crystals, glasses and liquids. It also shows that the distribution functions for glasses and
liquids are similar. When the degree of disorder increases, the distance between atoms
decreases and becomes less defined. In perfect crystals, g(r) comes in the form of a sequence
of Dirac’s peaks, which are responsible for the Bragg diffraction peaks observed in X-Ray
Diffraction (XRD). When the degree of disorder increases (as it happens when glasses are
compared to perfect crystals), the average distance between nearest neighbors is
substantially preserved but its value becomes distributed, while distances between distant
neighbors are no longer defined. For this reason, the X-ray diffractograms of amorphous
materials have no Bragg diffraction peaks but only a so-called amorphous halo. Figure Il1.2
gives an example of X-ray diffractograms obtained for a drug in its amorphous and crystalline
states. When the degree of disorder is maximum (as it happens in gases), the distribution
function g(r) has no maximum, all the interatomic distances are equally probable beyond a

threshold that depends on the repulsive term of the interaction potential.
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Figure I11.2: Typical X-ray powder diffraction patterns of crystalline and amorphous drug. ?

62



The Glass Transition

[11.1.2. Glass formation

At temperatures below the crystallization temperature T,, the crystalline phase is the most
stable phase. Theoretically, there are many ways to obtain non-crystalline materialsatT < T,
as shown by Figure 111.3:

e Deposition by condensation (evaporation under vacuum, sputtering, etc.)

e Rapid solvent evaporation

e Precipitation or coprecipitation

e Crystal destruction (by mechanical grinding or irradiation)

e Rapid cooling of the liquid

Stable phase

Crystalline solid Liquid Gas

Free energy increment

Non-crystalline

Amorphized solid Glass Gel .
vapor deposition

Metastable phase

Figure 111.3: Different ways to form a material in the amorphous stateat T < T,.

In the case of polymers, the D path is not possible. Indeed, the transition to the vapor state
would require to overcome a large number of secondary bonds (Van der Walls, hydrogen, etc.)
and involve so much energy that the macromolecule would be exposed to degradation
temperatures. B path is the most conventional route to obtain a polymer in the glassy
amorphous state. Any liquid can form a glass if the cooling rate is sufficiently high to avoid the

crystallization at T.

The thermodynamic path associated to the formation of a glass by cooling a liquid at
sufficiently high cooling rates is shown in Figure Ill.4. This figure represents the evolution of
the specific volume V as a function of the temperature T (enthalpy and entropy follow similar
evolutions). Firstly, the coefficient of thermal expansion for a liquid is higher than for a solid

(being it glassy or crystalline).
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In the solid state, only atomic vibrations are allowed, whereas in the liquid state both atomic
vibrations and changes in atomic configuration are present. During the cooling of a
supercooled liquid, the excess of specific volume in the liquid with respect to the solid
decreases; the number of weak bonds overcome by thermal activation decreases, and
subsequently the cohesion increases. As a consequence, the modes for configurational
changes become slower and slower. Below a certain temperature, such a metastable state of
equilibrium can no longer be maintained and the system gets stuck in a given spatial
configuration, as if it were frozen, while the temperature keeps on decreasing: this step
corresponds to the formation of a glass. The temperature at which freezing is observed is

called the glass transition temperature Tj.
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Figure l11.4: Schematic illustration of the temperature dependence of the thermodynamic
properties (specific volume, enthalpy or entropy) of a glass-forming liquid.
Tk: Kauzmann's temperature; T, : glass transition temperature; T,,: melting temperature; AS,:

configurational entropy AS. = Siiquia — Serystar; Dotted line: thermodynamic equilibrium.
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I1l.2. Nature of the glass transition and essential experimental

aspects

The glass transition is not a thermodynamic transition stricto sensu. The first and second
derivatives of the temperature evolution of the thermodynamic variable free energy G (Figure
I1l.5), are represented by the specific volume V, the specific enthalpy H and the specific
entropy S on one hand, and the coefficient of expansion «, the specific heat C,, and the

isothermal compressibility k; on the other hand):

V= (g—g)T (1.1
H=G-T (Z—?)p (111.2)
H=G-T (Z—?)p (111.3)

S=— (3_76*>p (111.4)
And:
1,07y 1/0%
@ = V(ﬁ)p - V(W) (11.5)
oH 926
c, = (ﬁ>p =T <ﬁ> (IL6)
14
1wy 1(0%
Ky = —v(%)T - _V<a_p2>T (11.7)

Afirst-order transition is a transition for which G is a continuous function of the state variables
(P, V and T), but its first-order partial derivatives (VV, H and S) are discontinuous **. In the
case of second-order transitions, the G function is continuous as well as its first-order partial
derivatives V, H and S, but the second-order partial derivatives are discontinuous (a, Cp, Kr).
Even if some of its behaviors are similar to those of a second-order transition, the glass
transition does not show any discontinuity in the second-order partial derivatives of G.
Therefore, the glass transition cannot be considered as a second-order transition.

This attempt at thermodynamic interpretation of the glass transition highlighted a

phenomenon called Kauzmann’s paradox °.
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Figure lIl.5: Schematic representation of the quantities derived from the temperature
dependence of the thermodynamic variable free energy.

(a) First-order phase transition, e.g. melting of a crystal with defects (—) vs. melting of a
perfect infinite crystal (--). (b) Second-order transition, e.g. dominated by intermolecular
cooperative phenomena (—) vs. involving only intermolecular non-cooperative phenomena (-
-). (c) Glass transition: experimental response (—) vs. ideal response in an infinitely slow
experiment (--). 2

As pointed out by Kauzmann >, the heat capacity at constant pressure for a liquid is higher
than for a solid. Thus, a decrease in temperature forces the liquid to decrease its entropy
faster than the enthalpy of the crystal. In a material that is sensitive to crystallization, the
entropy of the equilibrium liquid S;;4y,;4 is supposed to be equal to the entropy of the crystals
Serystar @t @ temperature Ty, the Kauzmann's temperature. Besides, a further decrease in
temperature would lead to AS. < 0. Such inequality is a violation of the third law of

thermodynamics °.

As previously mentioned, vitrification results from the impossibility for the liquid to

equilibrate in the limited time imposed by the selected cooling rate.
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The cooling rate 5~ is defined as the first derivative of the temperature T with respect to time
t:

_ T
p=— (111.8)

By assimilating the cooling process to a series of temperature steps, it is possible to obtain

information about the time t spent at each temperature T plateau:

T
TR

Obviously, the higher the cooling rate, the shorter the time spent at each temperature (and

(11.9)

vice-versa). This interpretation allows to introduce the notion of relaxation time 7, i.e. the
time required by a system to recover equilibrium after an external perturbation (thermic,
mechanical, electrical...) 7. During cooling, the liquid goes out of equilibrium whenever the
time spent at each temperature is smaller than the relaxation time. Unsurprisingly, most
investigations about the glass transition aim at evaluating the temperature dependence of the
relaxation time. The glass transition is also interesting because it is a phenomenon that is
shared by various glass-forming liquids having different chemical natures, involving ionic
interactions, van der Waals forces, hydrogen bonds, covalent bonds or metallic bonds; every
material that shows a glass transition may have a liquid-like structure, but a solid-like
mechanical behavior at different temperatures and time scales.

Due to its temperature dependence, the vitrification process can be more or less delayed by
using lower cooling rates. If the cooling rate is too high, the rearrangement of the atoms or
molecules within the material will be limited, and the system will quickly “freeze”.

On the other hand, if the cooling rate is low enough, the rearrangement of the atoms or
molecules will be facilitated and the system will “freeze” less rapidly.

Figure 111.6 shows that the glass transition temperature is a phenomenon depending on the
cooling rate: fast cooling rates lead to high glass transition temperature values, and vice-versa.
This dependence has been widely observed through experiments ®° and points out the kinetic

nature of the glass transition, namely its frequency dependence.
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Figure 1ll.6: Schematic illustration of the temperature dependence of the specific volume,
the enthalpy or the entropy for a glass-forming liquid upon three different cooling rates:
B1 > B; > PB3. T«91' ng and Tg3 are the respective glass transition temperatures.

The fundamental understanding of the glass transition is still under debate. The glass
transition is a complex process that involves equilibrium, thermodynamic and kinetic factors,
which themselves are somehow related to the structure of the material. Many physical
properties of polymers dramatically change at T, and obviously this is particularly true for
amorphous polymers. It is therefore likely that any structural features, or externally imposed
conditions, that could potentially influence chain mobility, will also affect the glass transition.
The glass transition is not a transition in strict thermodynamic sense, but has a kinetic
character. The kinetic character implies that T is not unequivocally defined for each polymer,
but depends on the nature of the observation and the experimental time allocated to observe
it. One should rather speak of a glass-to-liquid transition domain, instead of a glass transition
temperature. The fact that a glass is intrinsically out-of-equilibrium also implies that its
structural state is prone to evolve over time: this phenomenon is known as physical aging.

The glass transition depends on both kinetic and entropic aspects which are related to the

material structure.
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The most important structural factors that influence the glass transition are:
e The flexibility of the chain
e The steric factors that occur when the additional groups are found as substituents of
the main chain
e The configuration effects (i.e. the configuration of the chains in the material)
e The polarity of the groups of the macromolecule (or inter-chain attractive forces)
e The nodes of crosslinking
e The molecular mass
e The crystallization
In general, any modification of the structure which is supposed to limit the amplitude of the

macromolecular movements, also leads to an increase in the glass transition temperature.

[11.3. Main structural transitions

I11.3.1. Elementary acts of movement in polymers

The elementary acts of molecular movement in polymers are related to a rotation around
single covalent bonds. During the rotation, the bond angle does not change. Rotations are
favored by an elevation in temperature but disadvantaged by other parameters, such as the
rigidity of the backbone, the sterical hindrance of the lateral groups, the existence of
secondary bonds between atoms or functions beard by lateral groups and neighboring
molecules. At low temperature, only the movements of short segments are possible, involving
a few repeating units. As temperature increases, the mobility extends to bigger portions of
the macromolecular chains, and the rotation of several tens of repeating units becomes
possible. Finally, when the temperature becomes sufficiently high, all the polymer chains are

able to move with respect to each other.
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[11.3.2. Main and secondary transitions in polymers

The structural transitions that can be observed in polymers depend on the scale of the
molecular segments involved in each considered type of movement. It is possible to
distinguish two major types of transitions %3, those concerning the interactions between
neighboring chains (intra-chain) involving long chain segments, and those concerning the
interactions within each chain (inter-chain) involving movements that are localized on small
group of atoms or short chain segments.
The first major type of transition is related to the movements of long segments of the main
polymer chain, implying a generalized mobility of the macromolecular structure. This
corresponds to the main transition (the glass transition), also called the « relaxation and
characterized by a temperature T,, which is the transition of the amorphous portions of the
polymer from the vitreous to the rubbery state. At T < T, the molecular mobility is almost
entirely blocked; only short-range localized movements can occur on specific sites of the
molecular chains, corresponding to the so-called secondary relaxations noted 8 and y. The
movements that generally occur during secondary relaxations are schematically shown in
Figure I11.7 and can be classified into three categories **:

e Type A movements, involving a short sequence of the main polymer chain.

e Type B movements, relate to the movements of side-chains with respect to the main

polymer chain.
e Type C movements, which are limited to the movements of a group of atoms on side-

chains.

B
C
—_
0= o
e
R

Figure IIl.7: Location of the three types of movements associated to the secondary
transitions (or relaxations). 8 relaxation: A or B type of movements. y relaxation: C type of
movements.
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I11.3.3. Experimental manifestation of transitions

Both the main and secondary transitions can be observed experimentally. Differential
Scanning Calorimetry (DSC) is not able to detect § and y transitions, as the energies involved
are too low. The DSC signature characteristic of the glass transition is clearly observable given
that the heat capacity step (AC, = C,(lig) — C,(glass)) recorded upon heating is sufficiently
large (AC, > 0.1J/(g.K)).

P and y secondary transitions can be observed by other spectroscopy techniques, such as
Dynamic Mechanical Analysis (DMA), Thermally Stimulated Depolarization Current (TSDC) or

Dielectric Relaxation Spectroscopy (DRS).

I11.4. Structural relaxation

[11.4.1. Introduction

The transition from the liquid to the vitreous state takes place in a temperature range called
the glass transition domain. A glass is thermodynamically out of equilibrium and is therefore
characterized by an excess of internal energy. Structural relaxation is a phenomenon that
appears when a liquid, in its equilibrium state at a temperature T;, is quenched to a
temperature T, < T;. During the cooling process, the structure undergoes at first a steep
contraction, then follows a series of gradual rearrangements that aim at reaching the
equilibrium. An instantaneous (elastic) contraction of the system would be purely due to
vibrational relaxations; the rearrangements observed after vitrification are gradual and are
known as the structural relaxation. A variation of several physical (thermal, mechanical,
electrical, optical, etc.) properties can be observed over time for polymers maintained at
temperatures right below and close to their glass transition temperature. These effects are
the manifestation of a process called physical aging **. Physical aging can be totally reversed
by thermal treatment; in this case the glass is generally referred to as rejuvenated. As such,
physical aging is opposed to chemical aging (by oxidation, UV radiation, etc.), which is

associated to an irreversible change of the system.
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l11.4.2. Phenomenological description of the relaxation by enthalpy

loss

Figure I1.8 shows the changes in enthalpy and heat capacity observed during isothermal aging
and the subsequent heating of an amorphous material.

Consider a glass undergoing an isothermal aging of duration t, at the aging temperature T, <
T,. Over time, its enthalpy will tend to reach the curve extrapolated from the supercooled
liquid. This phenomenon is accompanied by a decrease in the excess of enthalpy (and free
volume, because the structure becomes denser, the interactions grow stronger, the
configuration enthalpy and the associated entropy decreases). Such a relaxation phenomenon

is therefore described by an enthalpy loss.
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Figure 111.8: Diagram of changes in enthalpy H (a) and specific heat capacity C,, (b) of an
amorphous material as a function of temperature during physical aging.

Heating the glass, already partially relaxed, to a temperature T > T,, leads to a so-called
inverse relaxation phenomenon (Figure 111.8 (a)). During the transition from the vitreous to the
supercooled liquid state, the compactness decreases, the specific volume increases, the
interactions weaken and the enthalpy increases. This phenomenon corresponds to an
enthalpy recovery.

Experimentally, this is observed by measuring the changes in the specific heat capacity as a
function of temperature (Figure 111.8 (b)). Physical aging shows up at the glass transition as a

superposed endothermic peak whose intensity and position increase with the aging time.
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In addition to the aging time, the aging temperature is also an important experimental
parameter. Indeed, if the aging temperature is too far from the glass transition, no evolution
of the structure can be observed in an experimentally reasonable time; on the other hand, if
the aging temperature is too close to the glass transition temperature, the evolution will be
almost instantaneous.

Structural relaxation has two aspects: one is kinetical and the other is thermodynamical.

The kinetical aspect of the structural relaxation is given by the influence of the cooling rate on
the glass transition: the lower the cooling rate, the lower the glass transition temperature.
The mechanisms of the structural relaxation being slower than those appearing at the glass
transition, it is reasonable to think that more information on the vitreous state can be

obtained by investigating the kinetics of the structural relaxation.

I11.4.3. Experimental features of the structural relaxation

The structural relaxation can be studied using calorimetric, dilatometric or more generally
thermal, mechanical or electrical measurements °~2°, The characteristics of the structural
relaxation that emerge from the works in the literature are that:

e The structural relaxation is a phenomenon observed for all vitreous materials or any
material containing a significant amount of amorphous phase.

e The return to a metastable equilibrium is faster when the isothermal aging is carried
out at a temperature close to the glass transition temperature.

e The return to equilibrium is an "intrinsically slowing down" process: the longer the
aging time t,, and the bigger the difference between the aging temperature T, and
the glass transition temperature, the lower the molecular mobility **.

e The evolution towards equilibrium in isothermal conditions is non-linear *°.

e The evolution of the material depends on its thermal history 162122,

e The structural relaxation cannot be described by a single time constant or a single
relaxation time 419202324 byt requires the use of a distribution of relaxation times

reflecting the non-exponential nature of its kinetics.
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I11.4.4. Non-exponential behavior and memory effect

The non-exponential nature of the structural relaxation has been demonstrated by Rekhson
1 and Goldstein 2°, who carried out the "cross-over" or "memory effect" experiments 24262
described in Figure I11.9. In these experiments, it is proposed to follow the variations of a
property ¢ (T, t) of the material with time at a temperature T. It is also possible to follow the
variations of the quantity ¢ (T, t) defined by:

OP(T,t) = ¢(T,t) — eq(T) (111.10)

Where ¢,q (T) is the equilibrium value of the ¢ property at the temperature T.

Consider a sample in its equilibrium state at a temperature T > T,. The sample is cooled down
to a temperature T, < T,; and kept in isothermal conditions during a time sufficiently long for
the property ¢ to reach a ¢* value. The variation §¢*(T,, t;) = (T, t) — d*(Ty, ty)
corresponds to 6" (Ty, t;) = (T, t) — Peq(T1), which is the variation necessary to reach
the equilibrium at a temperature Ty (T, < T; < T,) within a time t; < t, (pathway 1in Figure
[11.9). Pathways 1 (AD) and 2 (ABC) can be considered as equivalent from the point of view of
structural relaxation. Pathway 2 is then terminated by heating the material to the temperature
T, (CD), where the property ¢ is measured as a function of time. As the variation §¢* allows
to reach the equilibrium for the property ¢ at temperature T;, and since the pathway (ABC)
is supposed to bring the material in the same state of equilibrium as the AD path, it can be
expected that this property stays constant as a function of time. Figure I11.10 presents the
trends for isothermal recovery of property ¢ at temperature T; as a function of time (from
point A to point D for pathway 1, and from point D to point D for pathway 2). This figure shows
that, even in the case of pathway 2, the property ¢ changes with time and has a "memory
effect” due to the thermal history of the material. The two systems are therefore not in the
same state.

The hypothesis of a model with a first-order parameter that implies a unique delay
mechanism, where the characteristic time only depends on the instantaneous structure of the

material, cannot account for such a "memory effect”.
Y
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“Memory” can be attributed to various phenomena:
e The existence of at least two relaxation processes or two delay mechanisms, one fast
and the other slower, which follow exponential laws 2.
e A recovery or relaxation function that could decrease slower than the exponential
function exp(—t /7).
These two phenomena are complementary. The first case may be related to the existence of
"sub-T," relaxation peaks ***° whereas the second case makes it possible to introduce the

non-exponential character of the recovery function into the expression of the relaxation time.

A 4

Temperature

Figure 111.9: Schematic description of the “cross-over” experiments drawn onto a diagram
showing the variations of a physical property ¢ property as a function of temperature.
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log10(1)

Figure 111.10: Isothermal recovery for a physical property ¢ as a function of time at
temperature T4, at the point D after the pathway 2, and from point A to point D during the
pathway 1, as illustrated in Figure V.2.

[11.4.5. Non-linearity

Figure 111.11 shows the evolution of volume excess for isotactic polystyrene (PS) obtained both
in contraction (6 > 0) and dilatation (6 < 0) during dilatometry experiments performed by
Kovacs et al. 242527 Dilatometry experiments consist in recording the contraction or expansion
of a sample in isothermal conditions at a temperature T, after cooling or heating the sample
from temperatures noted by their deviations AT with respect to the reference temperature
T,. The results show that the curves obtained in contraction and in dilatation are not
symmetrical. Figure I11.11 also shows, according to the interpretation proposed by Kovacs et
al. 2%, the time required for the material to lose 15% of its deformation by returning to the
equilibrium state after compression or dilation (black dots). If relaxation was a linear
phenomenon, an identical value of time should be obtained for each curve. In other words,
the points should be aligned vertically, which is not the case. This proves that the relaxation
phenomenon bringing the material back to the equilibrium does not follow a linear law. The
isothermal recovery or the function for structural relaxation presents has a non-linear

dependence with time.
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Figure lll.11: Contraction and expansion isotherms at T,. = 5 °C after quenching or annealing
for a sample of isotactic polystyrene from the temperatures T,. + AT.

111.5. Models for structural relaxation

I11.5.1. Kohlrausch-Williams-Watts (KWW)

Kohlrausch *° considered a property H(T,t) that, submitted to a stress, changes its values
from H; (initial value, under zero stress) to H; (final value, under stress). He then showed that,
by releasing the stress at the beginning of a new time-scale t = 0 while keeping the
temperature constant, H(T, t) recovers its initial value in a non-exponential way. He therefore
proposed a relaxation function ¢(T,t) that could be used to describe the return to
equilibrium of a property, and introduced the term Sxuw to take into account the non-
exponential character of such a function:

¢(T,t)=exp<—< ‘ )BKWW) (In.11)

Tgww

Where, Bxww is the stretch exponent (whose value is generally in the range between 0 and

1) and Tk is the relaxation time.

Brxww ~0 corresponds to a distribution of the relaxation times that is very broad, whereas
Brxww ~1 corresponds to a distribution of the relaxation times which is very close to a single
exponential phenomenon (Debye relaxation i.e. the time behavior of liquids above the melting

point).
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Williams and Watts 3! were the first authors to suggest that the peaks obtained by DRS on the
curves of the loss factor have an asymmetric shape that is not related to the distribution of
the relaxation times, but should be taken into account by a non-exponential correlation
function (e.g. Kohlrausch’s formula) which would rather be due to the cooperativity of the
molecular movements during relaxation. Cooperativity expresses the “degree of connection”
of all the acts of movement of the relaxing moieties. Non-cooperative systems relax through
movements that are independent from each other, whereas in cooperative systems the
movement of each relaxing unit is possible only if the surrounding molecular moieties are
relaxing too. The exponent S is therefore a parameter that could be used to evaluate the

degree of cooperativity of a system (infinite if § = 0, zero if § = 1).

111.5.2. Vogel-Fulcher-Tammann (VFT)

An equation describing the variations of the viscosity 1 (or the relaxation time t) in the
temperature range from T, to T, + 100 K has been proposed by Vogel **, Fulcher ** and

Tammann 3* and (VFT equation):

B
n(T) = noexp (T — T0> (111.12)

Where 7, (or 7,) is a pre-exponential factor, B is a fitting parameter that is dimensionally
homogeneous to a temperature, and T, (sometimes found as Ty,) is the Vogel’s temperature,
i.e. the temperature at which an asymptote is observed for the relaxation time as a function
of 1/T (t — ). B corresponds to DT,, where D is a quantity also known as the “timescale
steepness” characteristic of the glass formation. Besides, in the literature, T, is sometimes
considered as the timescale equivalent of the Kauzmann’s temperature Ty.

The viscosity n and the relaxation time 7 are linked to each other by the following relation **:

N =0T (111.13)

Where G, is the modulus of elasticity after infinite time, corresponding to a state of complete

relaxation.
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111.5.3. Classification of glass-forming liquids (strong vs. fragile)

Angell *° found out that the variations of log;o(n) (or log;o(7)) as a function of T, /T,
regardless of the nature of the material, could be divided into two large families (Figure 111.12).
When [n(n) (or In(t)) as a function of 1/T can be fitted by an Arrhenius law, the behavior is

defined as “strong”:

In(n) =A+BY,;,—g (111.14)

Strong glass-forming liquids typically show small variations of the specific heat capacity at the
glass transition AC, (T} ), hich can be interpreted as a good stability of short and medium range
molecular arrangements.

Angell 37 proposed an approach based on a so-called diagram of potential energy landscape,
which takes into account all the possible configurational states of the material. Based on this
concept, two physical parameters (the height of the potential barriers to cross Au and the
number of accessible minima Ng) should be considered. From this point of view, strong glass-
forming liquids are characterized by large heights of potential barriers and a relatively low

numbers of accessible minima (Figure 111.13).

logqo[n(Pa.s)]
logqolz(s)]

0 T,/T 1

Figure 111.12: Angell’s plot: variations of the viscosity (or the relaxation time) as a function
of the temperature normalized to the glass transition temperature Tg/T. This plot defines
two main classes of glass-forming liquids: “fragile” (non-linear temperature dependence)
and “strong” (linear temperature dependence). The slope at T = T, defines the so-called
fragility.
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The behavior of “fragile” glass-forming liquids, for which the variations of In(n) (or In(t)) as
a function of 1/T is non-linear, can be described by a VFT law (Equation I11.12). Fragility is
associated with large variations in the specific heat capacity at the glass transition, a greater
number of possible energy minima, and smaller heights of the barriers of potential energy

that should be overcome for relaxation to occur (Figure I11.13).

Strong Fragile

Configuration

Figure 11l.13: Example of energy landscapes in the configuration space for "strong" and
"fragile" glass-forming liquids.

A quantification of the "strong" or "fragile" characters has been proposed by Plazek and Ngai
3 who defined the fragility index m as:

_ dlogo(7)

m —m v (11.15)

The calculation of m is directly related to the derivative value of log(n) (or log(t)) as a
function of Tg/T at T = Tj. Fragile to strong transitions are associated with a switch form

Arrhenius to non-Arrhenius viscosity behavior.

111.5.4. Tool-Narayanaswamy-Moynihan (TNM)

The model based on Tool, Narayanaswamy and Moynihan’s work (TNM) 3°-%! describes the
enthalpic relaxation using the notion of fictive temperature, which defines the instantaneous
structural state of a vitreous material. The concept of fictive temperature, introduced by Tool
3942 on the basis of dilatometry measurements, can be generalized to other properties such
as volume, enthalpy, refractive index, polarization, etc. When a sample is cooled from a
temperature Ty > T, to a temperature T, < T, the property ¢ reaches the value ¢(T,)
following the evolution shown in Figure I1l.14. The fictive temperature Tr of the sample at T,
is defined as the temperature for which the out-of-equilibrium value ¢(T,) would actually

correspond to an equilibrium value.
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The fictive temperature T (T,) is determined graphically by considering the abscissa of the
point where the line parallel to the linear variation of the vitreous state and passing through
the point ¢(T,) crosses the line extrapolated from the supercooled liquid (i.e. from the

equilibrium state).

To T} Ty To

Temperature

Figure I11.14: Graphical definition of the fictive temperature T((T,).

It should be noted that the fictive temperature reaches a constant limit value, noted Tf’, when
the temperature of the sample is much lower than Tj. In the liquid state, which is an
equilibrium state, the fictive temperature T is equal to the temperature T. In the case of an
isothermal plateau carried out at the temperature T,, the return to the equilibrium of the
structure of the glass is translated by a decrease of the fictive temperature. In the TNM model,
after a temperature jump of amplitude AT from an equilibrium state at T, the recovery of the
fictive temperature is described by a relaxation function such as:
Te(t) = To + AT (1 — ¢p(t — ty,t)) (l1.16)

Where t; is the moment when the abrupt change of temperature occurs.

Thus, during an abrupt temperature change at time t;, the relaxation function at time t is

defined by:

tl‘[

Pt —t,,t) = exp [—( ‘ d—t')ﬁ] fort >t (111.17)
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Narayanaswamy “° proposed the following expression for the relaxation time:

=4 Hy + Hs (11.18)
T = Aexp RT RTf .

Where 4, Hg, and H, are material-dependent constants, and R is the gas constant.

The thermal and the structural contributions to the global relaxation phenomenon are
described below, depending respectively on the temperature T and the fictive temperature
T¢. When the system is at a thermodynamic equilibrium (T; = T), Equation II1.18 is reduced
to an Arrhenius equation with activation energy H, + H;.

Later on, a parameter of partition x was introduced to distinguish the thermal and structural

contributions *':

xAR* (11— x)Ah*) 1.19)

T= Aexp( RT + RTf

Where Ah™* is the energy associated with the relaxation process, A is a pre-exponential factor

and x is a non-linearity parameter with0 < x < 1.

It must be emphasized that the apparent activation energy Ah* is a constant in the expression
of 7, which indicates that the shape of the relaxation spectrum cannot be modified; such a
thermo-rheological simplification is also a fundamental hypothesis of the TNM model.

The introduction of Equation I11.17 (stretched exponential function) in the expression of the
fictive temperature (Equation 111.16) constitutes the basis of the TNM model. Equation 111.16

(evolution of the fictive temperature after a temperature jump) can therefore be written as:

Tp(t) = Ty + AT (1 —exp [—( “i—t')ﬁ] ) fort > t, (111.20)

tl T
A generalization of this expression in the case of several temperature jumps is obtained by

writing that the evolution of Ty with time after the last temperature change (i.e. t = t,) is
given by the superposition of the responses to each temperature changes of amplitude AT;

made at the respective times t;:

T:0) =Ty + ) AT, (1= ¢t - 1)) (1.21)
=1
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The evaluation of the j** integral of the ¢ function (Equation 111.17) should take into account
that the fictive equilibrium temperature changes at each temperature jump, and is therefore
different with respect to the temperature used for the j — 1" jump.

Moynihan %' verified that Equation 111.21 correctly describes the memory effect,
experimentally observed by considering the evolution of the fictive equilibrium temperature
determined from refractive index measurements after two temperature jumps of opposite
signs on a sample of boric anhydride (B203).

Although correct, the description of the glass transition and the structural relaxation by this
model presents several disadvantages. For example, the choice for t (Equation 111.19) giving
the temperature-dependence of an Arrhenius behavior when an equilibrium state is reached

(Tf = T)is not in agreement with all the WLF behaviors observed experimentally.
f

[11.5.5. Donth's approach

111.5.5.1. Introduction

The a and f relaxation processes in a material can be studied by stressing it in dynamical
conditions over a wide range of frequencies. Donth ** defines the a relaxation process
revealed by dynamical measurements as a dynamic vitreous transition. This notion is based
on the variations in molecular mobility (log,o(w), where w is the angular pulsation) recorded
as a function of temperature T. The molecular mobility corresponds to the ease of movement
of the structural units within a polymer chain, and is therefore inversely proportional to the
relaxation time. Figure IIl.15 shows the evolution of molecular mobility expected when
temperature changes.

At very high temperatures, the temperature dependence of molecular mobility follows an
Arrhenius law (Region "A" in Figure 111.15). This general behavior appears modified as the
temperature decreases and reach a critical value, called the "crossover" temperature T, (point
"C"in Figure 111.15). The idea of a “crossover” region was evoked for the first time in the 70’s
by Johari *4, who predicted an increase in cooperativity at T < T.

The “crossover” region separates the linear Arrhenius behavior occurring in the so-called hot
liquid (T > T,) from the non-linear a relaxation process occurring in the so-called cold liquid

(T < Te).

83



CHAPTER IlI

5
>

logqio[1/7(s)]

él/Tc él/To
1/T

A 4

Figure 111.15: A schematic plot of log(1/t) versus 1/T depicting the main relaxation process
(a process), the B relaxation process (localized or secondary), the cross-over region (C)
where the temperature dependences of the a and B processes merge, and high
temperature process called relaxation A (Arrhenius).

T¢ is the cross-over temperature; T, is the glass transition temperature and T is the Vogel
temperature.

The existence a critical value of temperature T, suggests a change in the relaxational
dynamics: at T > T, the molecular movements are characterized by a spatial homogeneity
that is not ensured at T < T;, when dynamical heterogeneities appear and the main
relaxation process becomes cooperative. The notions of cooperativity and Cooperative
Rearrangement Regions (CRR) were introduced as early as 1965 by Adam and Gibbs *°. The
basic assumption is that local molecular motions are not sufficient to maintain molecular
mobility at low values of free volume. As they get closer (because the glass-forming liquid
contracts during cooling) and their interactions increases, the molecular segments become
unable to relax independently from each other, and the movement of each relaxing unit
depends on the movement of its neighbors. As a consequence, relaxation is only possible if a
minimum number N, of neighboring structural units is concomitantly relaxing. The N,
structural units required for global relaxation constitute a sort of “region of cooperative
rearrangements”. The structural units in a CRR can consist of one atom, a group of atoms, a
molecule or the repeating unit of a polymer, according to the model used and the material

investigated (Donth #3, Solunov ¢, or Ngai */).
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A CRR is defined as the smallest subsystem which, provided enough thermal agitation,
rearranges into a different configuration with movements that do not depend on its
environment. The average size of CRR depends on temperature, and is expected to increase
as temperature decreases. The a relaxation process starting at T = T, is a cooperative
process including the so-called thermal glass transition according to Donth, which occurs at
the temperature T, or T,. At T = T, the § relaxation process is distinguished from the a
relaxation process, because their temperature dependence keeps on following an Arrhenius

law, is thermally activated and non-cooperative.
111.5.5.2. Theoretical approach

The work carried out in the laboratory on the study of the dynamics of the molecular motions
associated with structural relaxation requires a good understanding of Donth's theoretical
approach. The PhD thesis of Hugues Couderc “® and Nicolas Delpouve *° provided a good
background of Donth’s approach and its possible applications to polymer systems.

In the Adam and Gibbs’ concept, each glass-forming liquid is virtually composed of
independent subsystems (CRR) that schematically correspond to the volume occupied by all
the relaxing units that are able to relax independently of the surrounding relaxing units. At the
glass transition, each CRR will therefore be characterized by a specific value of the relaxation
time T and a specific temperature of dynamic vitreous transition T, . The average size of a CRR
is generally expressed as a cooperativity length &,. Macroscopically, a glass-forming liquid at
the glass transition has its own distribution of relaxation times, with an average value (7), and
its own distribution of temperature of dynamic glass transition, with an average value (T,).
On the basis of this theoretical assumptions, Donth °° considers that the molecular mobility
log (w) (and also the relaxation time 7, because w = 1/1) is not constant throughout a CRR.
Each CRR can therefore be divided into i systems (or structural entities) of frequency w;(t)
and local free volume v;(t) which fluctuate over time, under the assumption that w; is a
function of v;. As a result, each CRR has a distribution of frequencies, with an average value
(w), and a distribution of free volumes, with an average value (v). Generalized to the entire
sample, the material is characterized by a distribution of frequencies with an average value
(2), and a distribution of free volumes, with an average value (V). A schematic representation

is provided in Figure I11.16.
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Figure 111.16: Schematic representation of the cooperative rearranging regions proposed by
Donth. Each CRR has its own free volume v and frequency o.

The average fluctuation of mobility around the average value for each CRR is noted dlog (w).
The different populations {w;} are associated with different temperatures, and a mean
temperature fluctuation noted 6T is defined between the populations {w;} in the CRR. The
other hypotheses of Donth's theory are that:

e The functions w;(t) of the partial systems are statistically independent stochastic
functions.

e The cooperative movements come from the diffusion of free volume between the
partial systems, which is associated with a redistribution of the free volume in an
equilibrium area considered as the smallest representative subsystem (CRR). This
means that, if the mobility in a partial system is modified, its variation will be randomly

counterbalanced by a variation in some other partial systems within the CRR.

The local free volume V; on a partial system varies over time. The average product of the V;(t)

values at two instants which differ from t,, defines the autocovariance function Ry, (t,):

Ry, (to) = V(OV(t + to) (11.22)

86



The Glass Transition

The function describing the distribution of free volume with respect to frequency, also called
the spectral density of free volume and denoted AV ?(w), is defined as the Fourier transform

of the autocovariance function Ry, (t,):

AV (w) = Ry (to)e @todt, = VOV (t + tg)e whodt,  (I11.23)

1 +00 1 + 00
7). ).
Donth ** deduced that the spectral density AV?(w) is a distribution having a shape as shown
in Figure 111.17. This distribution has a preponderant component j with a high local mobility

log;o(w;) and a high concentration of free volume V;.

Spectral density AV?

Frequency w

Figure 11l.17: Graphical representation of the spectral density of free volume according to
Donth's approach.

The stochastic variation of the functions w; (t) is associated with the random appearance and
disappearance of mobility clusters in the spatial scale of a CRR and in the time scale of the a
process. This spatio-temporal distribution of molecular mobility corresponds to the dynamic
heterogeneities appearing at T < T, and the average distance between any two of these

dynamic heterogeneities is the correlation length &,.
Donth's approach suggests that mobility at a given temperature is not constant in all points of

the material, which means that mobility should be represented as a dispersion area rather

than as a simple curve, as shown schematically in Figure [11.18.
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Figure 111.18: Schematics of the notion of a dispersion area applied to a diagram showing the
molecular mobility as a function of the inverse of the temperature.

Consider a generic response measured on a sample at the glass transition. If the sample is
divided into two equal parts and the same measurement is repeated under the same
conditions on one half of the sample, the result should be the same. Imagine to repeat the
same procedures as long as the result remains unchanged. The result would eventually change
when the size of the sample becomes smaller than the representative independent
subsystem, i.e. smaller than a CRR. This would mean that the macroscopic linear response
provides exactly the same response as a medium-sized CRR. Under this assumption, the
response of the entire sample to the dynamic glass transition is indeed representative of the
fluctuations of an average CRR. A CRR containing N, partial systems has an internal energy

equals to:

1
F=3 z E,P, (111.24)

Where E; denotes the possible energy states, P; is the probability that the partial system i is
in the energy state E;, and Q = )}; P; is the partition function. Using Boltzmann's statistical
function, the probability P; can be written as:

Ej

P, = ¢ FaT (111.25)

Where T is the mean temperature and kg is the Boltzmann’s constant.

88



The Glass Transition

The energy E can be separated into two contributions °:
E=EVD) + E@® (11.26)
Where E®) corresponds to the vibrational energy and is associated to the vitreous state,

and E@ is associated to the « relaxation.

Equation 111.26 implies the following approximate relationship, which uses the definition of
the heat capacity:

OE@ OE aE(vib)
aT - ﬁ N oT ~ CVliquid - CVglaSS

The energy fluctuations within a CRR are characterized by the standard deviation 6 E defined

— AC, (111.27)

as:

SE?2 = E2 — E? (111.28)

By deriving the average energy with respect to temperature, in the case of the a relaxation it
is possible to write the following equation:

JE @

(11.29)
oT

6E2 = kBT2

IE@ R . . . . oy
Where —5r s the derivative of the energy associated with the a relaxation occurring within

a CRR.

So, at the glass transition temperature:
S8E? = kgT?AC, (111.30)
Starting from the definition of the heat capacity, one can also write that:
O6E = G, 0T (111.31)

At the glass transition temperature, Equation 111.31 becomes:

0E = Cy 6T, (111.32)
By comparing Equation I11.30 and Equation I1.32, the following expression is obtained:
kBngﬁ = (6T,)" (111.33)
Cy
Or ACy 1 1 1
? N (C_V> B CVglass - CVliquid {11:34)
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Assuming that the variations of 1/C,, are identical to those of 1/Cy, Equation I11.33 can be

rewritten as:

1 2
2 —
kpTy”A (C—p> = (6T,) (111.35)
With: A<1> 1 1 1136
Cp Pglass Cpliquid .

The heat capacity C,, can be expressed as a function of the specific heat capacity ¢, (C, =

pVuCp), therefore the volume of a CRR is given by:

1
Al —

V. = (Cp>2 ksT,? (11.37)
p(8T,)

Assuming that the CRR is a cube, the cooperativity length is obtained from V, = fa3.

Equation 111.37 can also be rewritten as:

2(5)
o Pla _ \%) oo (111.38)
Mola My (57,)" °

Where N, is the number of partial systems or structural entities in a CRR, M, is the molar mass

of each partial system, and N, is the Avogadro number.

Equation 111.37 and Equation 111.38 are called the fluctuation formulas. They allow to calculate

the average size of a CRR from the average temperature fluctuation 6T.

111.5.5.3. Extension of the Donth’s model

The initial model proposed by Donth °? to estimate the CRR size applies only to a narrow range
of temperature and frequency close to the calorimetric glass transition temperature T;. An
extended form of the Donth’s model, which allows to estimate the cooperativity size in a wider
range of temperature and frequency by combining two experimental techniques (MT-DSC and
DRS), has been recently proposed by Saiter et al. >>°4,

These two techniques are perfectly complementary for the investigation of the glass transition
for several reasons. Both methods probe the dynamic glass transition by applying a periodic
perturbation to the sample (a modulated temperature ramp in MT-DSC, an oscillating
electrical field in DRS), which allows to obtain complex quantities: the complex heat capacity

C, for MT-DSC, and the complex dielectric permittivity £* for DRS.
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Both these quantities have a real and an imaginary component (C, and C,, ¢" and &",
respectively) >>°°. From the point of view of the linear response theory, both the complex
permittivity and the complex heat capacity are generalized compliances. Therefore, both
quantities can be directly compared.

In MT-DSC results, the dynamic glass transition is detected as a heat capacity step AC,, in the
real component of the signal, and a dissipative peak in the imaginary component of the signal.
In DRS results, the dynamic glass transition is detected as a step commonly known as the
dielectric strength Ae in the real component of the signal, and a peak in the imaginary
component of the signal. AC,, and Ae are both due to the response of the amorphous phase
contributing to the glass transition 323,

The function describing the distribution of relaxation times for a glass-forming liquid is
temperature-dependent. In an Arrhenius diagram, this distribution is represented by a
dispersion zone °’ that broadens as temperature increases.

This dependence corresponds to the broadening and shift of the loss peak towards higher
temperatures as the frequency of the applied perturbation increases, which is observable by
DRS 345758, Different quantities are measured by MT-DSC and DRS: it is worth reminding that
the temperature T and the electric field E are intensive variables, whereas the entropy S and
the orientation polarization P are extensive variables. The Callen-Welton theorem applied to

MT-DSC gives the following relations °’:

TwAT?(w)
Gr = 111.39
T () kT ( )
nTwAS?(w)
J = 111.40
s (w) kyT ( )

Where G7(w) is the imaginary component of the complex temperature modulus (G; =
dT/3S =T /Cy) and J§' (w) is the imaginary component of the complex entropy compliance
(J7 = 8S/9dT = C;;/T), AT?(w) and AS?(w) are the spectral densities of temperature and
entropy fluctuations respectively, and Cj; is the complex specific heat capacity at constant
volume.

In the case of DRS, the equivalent relations are 3*:

M (w) = %;(“’) (I11.41)
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_ mwAP?*(w)

x'(w) = T (11.42)

Where M"' (w) is the imaginary component of the complex electric modulus (M* = 0E /dP)
and y''(w) is the imaginary component of the dielectric susceptibility (y* =&*—1 =
0P /0E), AE?(w) and AP?(w) are the spectral densities of the local electric field and the

polarization respectively, and €* is the complex dielectric permittivity.

The combination of Equation I11.41 and Equation I11.42 gives:

AT*(w) _ Gr'(w)
AP (w) X" (w)

(111.43)

Assuming that G; (w) and "' (w) can be factorized in an intensity factor and a spectral shape
function of (w):
Gr(w) = Go(D) fr(w) (111.44)
X" (@) = xo(T) fy(w) (111.45)
It is possible to write that:

AT?(w) _ Go(T) fr(w)
AP?2(w)  xo(T)fy(w)

If the temperature and polarization fluctuations have approximately the same spectral shape

(I11.46)

function fr(w) = f,(w), which seems to be a reasonable assumption, the width of the
temperature fluctuations can be estimated from the width of the polarization fluctuations.
So, the evolution of the CRR size as a function of time and temperature can be determine by

the extended Donth’s approach.

To determine the cooperativity length &, (Equation 111.37) and the number of units that
cooperatively rearrange at the glass transition N, (Equation 11.38), the average temperature
fluctuation OT needs to be determined.

This value can be obtained from MT-DSC measurements performed in a heat-cool mode, but
also from DRS investigations, as already detailed in the literature 3. In particular, oT is
extracted from the imaginary component of the complex heat capacity Cp”(T), or from the

imaginary component of the complex dielectric permittivity £ (T).
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Figure 111.19 shows the calculation process that allows to estimate oI from the Full-Width Half-
Maximum (FWHM) of the Gaussian peak function (6T = FWHM /2.355), which was used to
fit the imaginary components of both MT-DSC and DRS spectra, where the maximum of the

peak corresponds to the dynamic glass transition T:

C"(T)ore"(T) =

A T—T,\?
or/ (2m) exp( or ) (”I'47)

Where A is the peak area, oy is the standard deviation and T, the dynamic glass transition

temperature.

The quantity AC,,_1 (i.e. the difference in the inverse values of the isobaric heat capacity
between the liquid and glassy states extrapolated at the dynamic glass transition temperature
T,) is calculated from MT-DSC measurements performed with a heal-cool protocol, as

illustrated by Figure I11.19.

To resume, combining the experimental data obtained by MT-DSC and DRS allows to extended
the Donth’s model (generally applied to MT-DSC results) to a wider range of frequencies,
which in turns allows the calculation of the temperature-dependence of N, in a wide
temperature range, starting from the onset of cooperativity in the crossover region down to

the calorimetric glass transition temperature T;.
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8II

Figure 111.19: Heat capacity C, as a function of temperature obtained from MT-DSC
measurements with a heat-cool mode vs. dielectric loss &’ (after subtraction of
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Physical Characterization and Investigation of the Molecular Mobility in Amorphous PEFs

Introduction

This chapter starts with the analyses typically performed after synthesis. Then, the influence
of the position of the carbonyl group on the furan ring onto the molecular mobility of
amorphous PEFs will be presented. Molecular mobility was investigated by Modulated-
Temperature Differential Scanning Calorimetry (MT-DSC), Dielectric Relaxation Spectroscopy
(DRS) and Thermally-Stimulated Depolarization Current (TSDC). The combination of these
techniques provided information about both the primary and secondary relaxations. In
addition, the parameters characteristic of the a relaxation, such as the dielectric strength, the

relaxation times and the fragility index, are presented and discussed.

IV.1. Preliminary analyses

IV.1.1. FTIR spectroscopy

Infrared spectroscopic analyses were performed to evaluate the possible effect of a change in
the position of the carbonyl group onto the absorption bands. FTIR spectra are showed in
Figure IV.1.

FTIR confirmed the expected chemical structure, because the spectra obtained for 2,5-PEF are
comparable with those reported in the literature 2. The absorption bands and peaks
characteristic of the furan ring in furan-aromatic polyesters are regularly detected, such as the
C-H bond at 3119 cm, the C=C bond at 1576 cm, the furan ring breathing peak around
1044 and 1020 cm™, and the furan bending motions around 963, 830 and 758 cm™. In
addition, the peaks corresponding to the C=0 bond of the ester carbonyl group (1715 cm),
to the C—0 bond of the ester carbonyl group (1273-1266 cm™) and to the C—H and —CH> (2965
cml) are also recorded. Few differences can be observed, which have been highlighted in grey
in Figure IV.1. There may be an influence on C-H bending, because the second peak at 1519
cml increases whereas the intensity of the absorption at 1379 cm™ decreases as the amount
of 2,4-FDCA DME increases. The introduction of 2,4-FDCA DME repeating units in the polymer
backbone would also have an impact on the C—0 and C—C stretching, because the peak at
1219 cm decreases, the shoulder at 1291 cm™ disappears, two additional peaks appear at

1196 cmt and 1079 cm™ and the peak at 936 cm™ decreases.
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2,5-PEF

PE-2,5[90]-2,4-[10]F

Absorbance

PE-2,5[85]-2,4-[15]F
PE-2,5[50]-2,4-[50]F

2 4-PEF

3000 2500 2000 1500 1000
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Figure IV.1: FTIR spectra of 2,5-PEF, 2,4-PEF and PE-[2,5-c0-2,4]F copolymers. All the spectra
were normalized with respect to the carbonyl peak (1715 cm).

IV.1.2. Thermal stability

IvV.1.2.1. Conventional TGA

A preliminary TGA scan is necessary to make sure that the synthesized polymers are stable in
the temperature range targeted for the subsequent DSC scans. Figure V.2 shows the
thermograms obtained by TGA along with the derivatives curves as a function of temperature
under nitrogen (inert) or air (oxidative) atmosphere recorded with a heating rate of 10 °C/min.
All the samples have similar degradation behaviors when the temperature is increased,
whatever the ratio of the FDCA isomers. In particular, they are stable up to 250 °C (mass loss
< 1 wt%), which authorizes quite broad processing windows.

Under nitrogen, their thermal decomposition occurs in a single stage decomposition
mechanism and is observed between 300 and 450 °C, with residual masses between 9 and
12%. Under air, a second stage appears in the decomposition mechanism after 500 °C and
600 °C, which allows the complete degradation of the material. Whatever the atmosphere,
the incorporation of 2,4-FDCA into 2,5-FDCA-based polyesters tends to increase the thermal
stability (Table IV.1). For instance, under nitrogen, Ty ;ax iS recorded at its minimum (428 °C)
for 2,5-PEF and at its maximum (444 °C) for 2,4-PEF, and the values found for the copolyesters
are intermediate. Compared to the literature, PEFs have a thermal stability which is

intermediate between PLA (325 °C3), PET (451 °C ?) and PEN (465 °C %).

104



Physical Characterization and Investigation of the Molecular Mobility in Amorphous PEFs

(a) (b)

100 1 ——2,5-PEF Under N
i PE-2,5[90]-2,4[10]F lj
—— PE-2,5[85]-2,4[15]F
80 1 ~ | ——PE-2,5[50]-2,4[50]F
_ b ——2,4-PEF
£ 60l s
® =
@ e
E
= 40 - °
——2,5-PEF
—— PE-2,5[90]-2,4[10]F 19
20 {—— PE-2,5[85]-2,4[15]F
—— PE-2,5[50]-2,4[50]F
—— 2,4-PEF
0 T T T T T 0 T T T T
100 200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)
() (d)
100 m ——2,5-PEF |Under air|
[Under air} e (Under air}
—— PE-2,5[85]-2,4[15]F
80 ~ | ——PE-2,5[50)-2,4150]F
_ 9 ——2,4PEF
S, £
g 5
m —
£
= 4] S
——2,5-PEF
—— PE-2,5[90]-2,4[10]F 17
20 {—— PE-2,5[85]-2,4[15]F
—— PE-2,5[50]-2,4[50]F
—— 2,4-PEF
0 T T T T T 0 T — T T \
100 200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure IV.2: TGA curves (on the left) and their derivative curves (on the right) as a function
of temperature recorded for PEFs under nitrogen and air at 10 °C/min.

Table IV.1: Thermal stability of PEFs under nitrogen and air at 10 °C/min.

Under nitrogen Under air

Sample Td S%a Td maxb Td 5%a Td max peak I Td max peak IId
(°C) (°C) (°C) (°C) (°C)
2,5-PEF 362+3 428+*1 347 425 517
PE-2,5[90]-2,4[10]F 372+4 4313 355 426 538
PE-2,5[85]-2,4[15]F 372+8 4333 357 425 546
PE-2,5[50]-2,4[50]F 384+2 434+4 375 427 542
2,4-PEF 388+2 4441 379 433 557

2 Temperature at which a mass loss of 5% is observed. ® Temperature corresponding to the maximum
rate of mass loss. © Temperature corresponding to the maximum rate of mass loss associated to the
peak . ¢ Temperature corresponding to the maximum rate of mass loss associated to the peak II.
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This behavior is due to the presence or absence of a ring in the chemical repeating unit: Poly
(Lactid Acid) (PLA) contains no ring, PEFs contain the furan ring, PET contains the benzene ring
and Poly (Ethylene Naphthalate) (PEN) contains the naphthalene ring.

The decomposition mechanisms leading to the thermal degradation of furanoate polyester
have been already extensively discussed by Papageorgiou et al. > and Terzopoulou et al. ¢, who
characterized several furanic polyesters and their terephthalate equivalents by performing
TGA measurements under N, atmosphere. In particular, Terzopoulou et al. ® investigated the
decomposition mechanism of polyesters based on 2,5-FDCA and aliphatic diols with medium
and long chain methylene groups, and confirmed that all polyesters decompose in a similar
way. The evidenced that the thermal decomposition takes place mainly via f-hydrogen bond
scission and less extensively by homolytic scission. By combining the results reported in the
literature for the polyesters obtained with 2,5-FDCA and different aliphatic diols, with the
results obtained in this work, one may deduce that neither the number of methylene groups
in the parent diol monomer, nor the positional isomerism of the carbonyl group on the furan
ring, seem to affect the decomposition mechanism of the final polyesters.

IvV.1.2.2. Determination of the activation energy by MTGA

Papageorgiou et al. ° reported relevant information about the thermal degradation of
furanoate polyesters along with their decomposition mechanisms. However, they did not
provide any information about the activation energy for thermal degradation. So, in this work,
the synthesized polymers were purified, dried and further characterized by MTGA under N,
to obtain not only the mass loss as a function of the temperature (Figure 1V.3), but also the
kinetic parameters associated to the mass loss =2, i.e. the activation energy (E,) and log,,(Z)

as a function of the mass loss (Figure 1V.4).
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Figure IV.3: MTGA curves for PEFs under nitrogen and air at 2 °C/min (a = +5 °C; T =
200s).

MTGA curves have a similar shape with respect to the TGA curves (Figure V.3 (a)) and confirm
that most of the samples degrade in one main degradation step. However, due to the slower
rate used for the heating ramp in modulation mode, or maybe due to an intrinsically better
sensitivity of MTGA with respect to TGA, in some cases the mechanism for thermal
degradation seem to proceed in two steps. Further investigations are required and already
planned to confirm this eventuality and elucidate the mechanisms of thermal degradation.
The degradation temperatures (both T;50, and T4 max) Obtained by MTGA and TGA are
different essentially because of the different heating rate (10 °C/min for TGA and 2 °C/min for
MTGA).

Table IV.2: Thermal stability and kinetic parameters associated to the mass loss of
homopolyesters and copolyesters obtained from FDCA isomers (2,5- and 2,4-FDCA) and
ethylene glycol performed by MTGA under N2 at 2 °C/min (a = +5 °C; T = 200s).

Sample Td 5%a Td maxb EaC lOglO(Z)d
(°C) (°C) (kJ/mol) (1/min)
2,5-PEF 315 390 195+ 17 14+1
PE-2,5[90]-2,4[10]F 297 395 201+ 14 15+1
PE-2,5[85]-2,4[15]F 315 399 210+ 47 15+4
PE-2,5[50]-2,4[50]F 352 399 202 +30 15+2
2,4-PEF 350 405 200 £ 15 14+1

2 Temperature at which a mass loss of 5% is observed. ® Temperature corresponding to the maximum
rate of mass loss. ¢ Activation energy for thermal degradation. ¢ Z is the pre-exponential factor.
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The E, = f(mass loss) and log,,(Z) = f(mass loss) curves are mostly flat (which would
suggest that the degradation actually occur in a single step) but present some fluctuations
that are more or less visible and would require further investigations; for a preliminary
analysis, the upper and lower bounds of such fluctuations were used to estimate the
uncertainty on the E, values reported in Table IV.2. The average value of the activation energy
obtained by MTGA for the thermal degradation under nitrogen is consistent with the values
determined by the second step/n-th order model described by Tsanaktsis et al. *° and
intermediate between the values previously reported for PLA (110 kJ/mol **, 120 kJ/mol *?)

and PET (227 ki/mol *%).

(a) (b)

1000 100
— 2,5-PEF —2,5-PEF
= —— PE-2,5[90]-2,4[10]F —— PE-2,5[90]-2,4[10]F
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Figure IV.4: (a) Activation energy and (b) log((Z) as a function of the weight loss.

IV.1.3. Thermal properties

IV.1.3.1. Conventional DSC

DSC analyses (Figure 1V.5) were performed on the quenched samples to investigate any
possible difference in their thermal behavior upon heating (10 °C/min), including their
aptitude to crystallize from the solid glassy state. The parameters associated with the main
thermal events observed during the heating ramps, i.e. the mid-point glass transition
temperature T, the heat capacity step at the glass transition temperature Ac, and the
melting temperature T, are reported in Table IV.3. The dispersion of the experimental data

and the uncertainties of measurement were evaluated by characterizing 5 samples per batch.
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Figure IV.5: DSC thermograms (second scans) obtained by heating at 10 K/min for

amorphous PEFs.

The glass transition temperature is higher for 2,5-PEF (82 °C) than for 2,4-PEF (72 °C). This

difference is not necessarily due to a difference in the molecular weight, because Thiyagarajan

et al. 2 reported similar values of T, for 2,5-PEF and 2,4-PEF, in spite of a higher molecular

weight recorded for the latter. Both the T, values are closer to the values previously reported

for PET (73 °C, 76 °C ?) compared to PLA (62 °C *3).

Table IV.3: Thermal properties of amorphous copolyesters from FDCA isomers (2,5- and 2,4-

FDCA DME).

Sample T, Ac,® T,
(°c) (J/(g-K)) (°c)
2,5-PEF 82+1 042+0.03 215%1

PE-2,5[90]-2,4[10]F 78+1 0.42+0.03 /
PE-2,5[85]-2,4[15]F 77+2 0.45+0.02 /
PE-2,5[50]-2,4[50]F 79+1 0.43+0.02 /

2,4-PEF 72+1 0.42+0.01 /

2 Mid-point glass transition temperature measured upon heating after melt-quenching. ® Heat capacity
step at the glass transition estimated on the basis of the Normalized Heat Flow measured upon heating

by DSC. ¢ Melting temperature measured at the maximum of the melting endotherm.
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Similarly to the results obtained by TGA and MTGA, DSC also reveals a sort of synergetic effect
of the combination of 2,4- and 2,5-isomers onto the glass transition temperature, i.e. the
T, values obtained for the copolymers are quasi-identical and intermediate between those of
the two homopolymers (2,4-PEF and 2,5-PEF).

No significant effects are observed on the heat capacity step at the glass transition
temperature Ac,, whatever the proportion of the two FDCA isomers. It could be interesting
to evaluate the possible influence of intermolecular dipole-driven interactions (mostly related
to the positional isomerism of the carbonyl group on the furan ring) on the molecular
dynamics, along with the subsequent physical properties, the development of controlled
microstructures, the overall performance (mechanical properties, barrier properties, etc.) and

the evolutions over time (physical aging).

The endothermic peak superimposed to the heat capacity step typical of the glass transition
corresponds to the enthalpy recovery peak associated to physical ageing and/or structural
relaxation of the initial glasses or due to the difference between the heating and the cooling
rate, and has been already observed in other studies ¢

Figure IV.5 clearly shows that, at a heating rate of 10 °C/min, an amount of units based on
2,4-FDCA DME as little as 10 wt% is enough to make it impossible for the crystals to nucleate
and grow upon heating from the glassy state. Indeed, cold crystallization is observed only in
2,5-PEF, starting at approximately 160 °C and being closely followed by a melting peak, whose
maximum is observed at 215 °C.

The enthalpies of cold crystallization and melting are equal, meaning that the considered
sample of 2,5-PEF can be considered as fully amorphous prior to the DSC heating ramp.
However, the melting peak is weak (approximately 5 J/g) confirming that 2,5-PEF has slower
crystallization kinetics as compared to other polyesters submitted to similar heating rates,
such as PLA with a small amount of D-lactide */~%°.

So, the incorporation of 2,4-FDCA-based repeating units, which are asymmetrical, is highly

efficient for disrupting the crystallization of the 2,5-FDCA-based units.
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IV.1.3.2. Mixing laws

Considering the complex dependence of the glass transition temperature on the chemical
composition and arrangement of polymer subunits, the values of T; reported in Table IV.3
were plotted as a function of the content of 2,5-FDCA DME and 2,4-FDCA DME repeating units
and then fitted by different mixing laws (Figure IV.6).

The first law used for fitting is the Fox equation 2°, which describes a weighted-average

relationship between T,; and the mass fraction of each component:

1 X +1—x ( )
o = V.1
Tg Tgl ng

Where Ty is the glass transition temperature of the copolymer, Tg1 and ng are the glass

transition temperatures for each homopolymer, x is the weight fraction of one of the isomers

and 1 — x is the weight fraction of the other isomer.

Equation 1V.1 is symmetrical with respect to the weight fraction of each isomer, and could
help predicting the properties of the copolymers from the properties of the corresponding

homopolymers.

Gordon and Taylor 2! also proposed an equation:
_ xTy + ker(1— x)ng

9 x+ker(1—x) (V-2)

In this case, k¢ has to be evaluated from the experimental data and is incorporated into the
simple weighted-average relation to better represent the eventual unequal contributions of

each isomer to the final value of T,.

Finally, Kwei %2 proposed another equation including two additional parameters, k., and g:
_ xTy, + kiw (1 —x)Ty

2
e () + qx(1 — x) (1v.3)

The kg,, parameter is defined similarly to the k. parameter in Equation 1V.2, whereas the q
parameter is proportional to the number of specific intermolecular interactions eventually
existing in the copolymer. This model is generally used to take into account dipole-driven

intermolecular interactions, such as hydrogen bonding 223,
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The fitting procedure provided the following values: R? = 0.69 for the Fox’s equation, R? =
0.70 ith kgr = 0.77 + 0.59 for the Gordon-Taylor’s equation, and R? ~ 1 with kg, =
16.40 &+ 2.04 and q = 25.51 % 1.15 for the Kwei’s equation.

So, the best fitting results are obtained with Kwei’s equation (R? is close to 1), probably thanks
to the peculiar dielectric properties observed by dielectric spectroscopy for 2,4-PEF as
compared to 2,5-PEF ?*, However, these values need to be taken with caution, indeed, more
mixtures are recommended especially for the small amount of 2,4-FDCA DME as realized more

recently in the publication of Thiyagarajan et al. %°.

356 4|~ - - - Fox equation
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Figure 1V.6: Values of the glass transition temperature T, plotted against the relative
content of 2,5-FDCA DME and fitted by Fox’s, Gordon-Taylor’s and Kwei’s equations.
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IV.2. Molecular dynamics in amorphous PEFs

IV.2.1. Investigation of the amorphous phases by MT-DSC

MT-DSC analyses were performed to investigate the amorphous phases and determine the
calorimetric glass transition temperature of the samples. Since the material’s barrier
properties are associated with the molecular mobility and the free volume, Donth’s approach
was used to investigate the free volume and size of the CRR (the theoretical approach is

detailed in Chapter Il1).

As mentioned in the literature for several amorphous or semi-crystalline polymers, differences
are clearly observable about the evolution of the heat capacity as a function of temperature
2628 The key to an accurate measurement of the heat capacity is the system linearity, which
includes the linearity of the MT-DSC device (including the calibration of the MT-DSC device
and the samples size) and the linearity of the thermal response. However, several
experimental parameters (such as the underlying heating or cooling rate, the temperature
modulation amplitude and oscillation period) can affect the overall system linearity and the
accuracy of the measured heat capacity values.

All the heat capacity curves obtained in this work were aligned to the value of ¢, 41455 (1.18
J/(g-°C)) at T = 50 °C) obtained by Codou et al. > for 2,5-PEF, which was considered as a value
of reference in the absence of values from the ATHAS databank.

Figure IV.7 shows the C’ signals recorded by MT-DSC as a function of temperature in the
region of the glass transition (endothermic steps) along with their derivative (peaks); the
temperature corresponding to the maximum of each peak has been taken as the dynamic
glass transition temperature T,.

The curves in Figure 1V.7 were used to determine T, and the heat capacity step at the glass
transition 4c, (T,). The formalism allowing to estimate the degree of cooperativity (N,) and
the cooperativity length (§,) from calorimetric investigations also requires the parameter 6T,
which was obtained according to Donth’s method 3. This method assumes that the mean
temperature fluctuation 6T in the CRR is somehow associated with the standard deviation of
the distribution of relaxation times, obtained by fitting the MT-DSC signal with a Gaussian
function (6T = FWHM /2.355 with FWHM = Full Width Half Maximum). More details about

the calculation of N, are given in Chapter Il and data are reported in Table IV.4.
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Figure IV.7: C’ signals recorded by MT-DSC as a function of temperature in the region of the

Temperature (K)

glass transition and their derivatives (dC'/dT) for PEFs.

As previously observed, the dynamic glass transition temperature T, is higher for 2,5-PEF than
for 2,4-PEF, as a consequence of the difference in the carbonyl position on the furan ring. As
expected, the copolymers undergo just one endothermic event due to the random
distribution of the isomeric repeating units, and have a value of T, which is intermediate

between the value of the homopolymers, as already pointed out on the basis of the DSC

measurements.

Table IV.4: Values involved in Donth’s model: temperature of the maximum of the
derivative peak (T,), heat capacity step at T, (4c,(T,)), cooperativity length (§,) and

average number of equivalent relaxation units in the CRR (N ).

dC'dT (J(g-K?)

Sample Acy(T,) T, éa N,
(/(gK)) (°C) (nm)
2,5-PEF 0,45 +0.09 81+2 2.8+0.2 99+ 10
PE-2,5[90]-2,4[10]F 0,46 +0.04 77+2 29+0.2 118+ 10
PE-2,5[85]-2,4[15]F 0,43 £0.09 763 26+0.3 81+15
PE-2,5[50]-2,4[50]F 0,44 £0.01 76 £2 3.0+£0.2 128 + 10
2,4-PEF 0,38 +0.04 701 29+0.2 119+10
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The average volume of the CRR was calculated assuming p = 1.434 g/cm33*'and M, = 182.14
g/mol for all PEFs. The ¢, value obtained for 2,5-PEF from MT-DSC measurements is in good
agreement with the value reported by Codou et al. ?° (2.9 nm).

All the samples have similar CCR sizes and approximately the same number of equivalent
relaxation units in the CRR. It is well known that the CRR size could be modified by any
geometric restriction, such as the presence of crystalline lamellae or a specific morphology of
the sample (multi-nanolayers films, etc). When the amorphous domains are isotropic and
unconfined, a value of CRR size of 3 nm at the glass transition seems to be a sort of universal
value. This works shows that both the homopolymers (2,5-PEF and 2,4-PEF) and all the
copolymers have similar values of cooperativity at T, in perfect agreement with other

amorphous polymers 3932,

IV.2.2. Segmental relaxation investigated by DRS

The molecular dynamics of all the amorphous samples was investigated by means of dielectric
relaxation spectroscopy (DRS). The main parameters of the a relaxation, such as the dielectric
strength, the relaxation time and the fragility index, were calculated and evaluated in
combination with the results of MT-DSC.

Figure IV.8 presents the experimental raw data obtained by DRS for all the considered
samples. All the samples show a single wide [ relaxation at low temperature and high
frequency, and a single narrow and more intense a relaxation at higher temperature. The
latter corresponds to the segmental relaxation and is the dielectric manifestation of the glass
transition. At higher temperature and low frequency, a typical increase in the loss factor (¢")
is observed, which is associated to conductivity phenomena (o).

The dielectric relaxation process in the glass transition region can be characterized by a step-
like decrease of &’ signal and a peak in €’ signal when they are plotted against frequency in
isothermal conditions. The essential quantities that characterize a dielectric relaxation process
can be extracted either from &’ or &'’ as a function of frequency. For example, the relaxation
time can be obtained from the frequency f;,,4, at which €” reaches its maximum value at a
fixed temperature. The model function introduced by Havriliak-Negami 3 (details are given in
Chapter IlI) can be used to analyze the dielectric spectra quantitatively with the Grafity

software (version 0.5.5).
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Since all the samples considered in this study undergo two complex relaxation processes (a

and f) in the explored frequency window, a sum of two HN functions was used to fit the

experimental data (the conductivity contribution was also added to properly fit the &' (f)

signal.
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(e)

10°

Figure 1V.8: Imaginary component of the complex dielectric permittivity vs. frequency and
temperature for amorphous PEFs.

Figure IV.9 provides an example of the HN fitting procedure for the imaginary components of
the complex permittivity vs. frequency signals recorded for 2,5-PEF, PE-2,5[50]-2,4[50]F and
2,4-PEF at 90 °C. The fitting procedure was applied to both the imaginary and real components

of the signal in order to improve the accuracy of the fitting results.
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Figure IV.9: lllustration of the analytical procedure used to investigate the relaxation
phenomena by fitting with a conductivity contribution ¢ and two Havriliak-Negami (HN)

complex functions (a and ) at 90 °C. The HN shape parameters for both the a and £
processes in amorphous 2,5-PEF, PE-2,5[50]-2,4[50]F and 2,4-PEF at 90 °C are also reported.
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The fact that a single (8 relaxation is observed for all the samples is supported by the work of
Dimitriadis et al. ** on semi-crystalline 2,5-PEF. However, most polyesters (PET 3¢, PEN %/,
PLA 3 and PHAs *8) are known to exhibit complex secondary relaxations including at least two
contributions. A paper recently published by Soccio et al. *° on biobased poly(butylene 2,5-
furanoate) reports a broad 8 relaxation phenomenon that involves two processes: a faster 8,
relaxation associated with the more mobile subunit (the four -CH>- in the aliphatic glycolic
subunit connected to the C-0O of the ester function) and a slower 3, relaxation due to the
stiffer moiety (corresponding to the connection between the aromatic ring and the C=0 of the
ester function).

In the case of PEFs, the isothermal measurements of the [ relaxation (Figure 1V.9) could be
properly analyzed using just one symmetrical HN function, may be due to a favorable
superposition of these two processes. The analytical procedure illustrated in Figure V.9 for a
temperature of 90 °C was extended to the measurements performed at different
temperatures. Figure 1V.10 shows the plots of the dielectric loss recorded in isothermal
conditions for all the PEFs samples, normalized to the maximum (logio(€""/€" max)) Vs
frequency and scaled to fi,qx (f/finax)- A very good overlapping of all the curves on a single
master curve was obtained for all the considered samples. The breadth of the « relaxation
peaks, which can be characterized by the Kohlrausch stretch exponent By, or the coupling

parameter n (n = 1 — Bxww) introduced by Ngai *°

, is correlated with many dynamical
properties, such as the fragility, the dynamical crossover region and the degree of
cooperativity of glass-forming liquids **. The master plots reported in Figure 1V.10 were
obtained by shifting the spectra recorded at different temperatures (from 85 to 110 °C with
a step of 1 °C) in order to superimpose them onto a reference spectrum (at 90 °C). This
procedure allows to graphically visualize the stretching parameter Sxyw and ascertain
whether the temperature plays an active role in the shape of the structural relaxation process
(in this case, different distributions of the relaxation times at different temperatures should
have been obtained). The HN function is commonly used to represent the dielectric relaxation

data, but this function is also used to extract the different relaxation parameters such as the

shape parameters ayy and Sy, the dielectric strength Agyy and the relaxation time 7,y .
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Figure 1V.10: Master plots obtained by horizontally shifting at f/f,.. the isothermal
spectra recorded from 85 to 110 °C for amorphous PEFs.
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IvV.2.2.1. Shape parameters aand S of the a relaxation
The shape parameters obtained from the HN fits for the a relaxation process are plotted in
Figure 1V.11. They describe the symmetric and asymmetric broadening of the complex
dielectric function “2. Their values are found to be less than 1, i.e. ayy and Byy < 1, for all

the considered samples, as shown in Figure IV.11 and in agreement with the literature *2.
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Figure 1V.11: Shape parameters obtained from the HN fitting procedure as a function of
temperature for the a relaxation process of amorphous PEFs.

The HN functions in the frequency domain were then converted into the time domain by the

inverse Fourier transform. The distribution of relaxation times could therefore be expressed

as #:
T \XHNBHN
1 (ﬂ) sin(Bun®)
f@=— ) Bun (Iv.4)
T OHN T \®HN 2
[1 + (ﬂ) + 2 (ﬁ) cos(mayy)
With:
a
(L) "y cos(mayy)
T ~1 | \Tun
@ ==—tan - (IV.5)
2 sin(mayy)

Where f(7) is the distribution function, Ty is the HN relaxation time, ayy and Byy are the

HN shape parameters and t corresponds to time.
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In term of distribution of relaxation times, the correlation function ¢ (t) is expressed as **:

o) = f oof (De/Ddt (IV.6)

In the time domain, (t) is empirically described by the Kohlrausch-Williams-Watts (KWW)
function as follows **:

o) = e riww)” ™™ (IV.7)
Where Brww (0 < Bxww < 1) is a stretching parameter, and txyyy is the relaxation time for

IBKWW =1

The stretching parameter By allows to compare any asymmetrical broadening behavior of
the relaxation process at short times (i.e. high frequencies) with the exponential decay
corresponding to a Debye relaxation having Sxww = 1. The HN parameters are correlated

with Bxww as follows *°:

log1o (

Tun

) ~ 2.6(1 — Brww) e 3Fkww) (IV.8)
Tkww

A good approximation of Equation 1V.8 is given by the following equation:
Bxww = (aunBun)®®* (IvV.9)
The values of the Bgy parameter can be plotted as a function of temperature, as reported

in Figure IV.12 for all the considered amorphous PEFs samples.
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Figure IV.12: Variation of the i parameter obtained by Equation 1V.9 (that we will call
Bxww tn.) as a function of temperature for all the amorphous PEFs samples.
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Figure 1V.12 did not show a significative difference between Sxww 1. values whatever the
ratio of 2,5/2,4-FDCA DME.

The values of By experimentally obtained (from the master plots: Bxyw exp.) for 2,5-PEF,
PE-2,5[90]-2,4[10]F, PE-2,5[85]-2,4[15]F, PE-2,5[50]-2,4[50]F and 2,4-PEF are reported in
Table IV.5 and are in agreement with the S, values obtained by Equation 1V.9 as well as with

the values previously reported for PETg (Bxww =~ 0.40) *® and PLA (Bxww = 0.35) *’.

Table IV.5: Bxww Vvalues obtained both experimentally (master curves) and theoretically
(Equation 11.2).

Sample Brkww exp.  Brww th.

2,5-PEF 0.53 0.49 £0.02
PE-2,5[90]-2,4[10]F 0.53 0.49 £ 0.03
PE-2,5[85]-2,4[15]F 0.52 0.51+£0.06
PE-2,5[50]-2,4[50]F 0.49 0.46 £0.01

2,4-PEF 0.42 0.45 +£0.02

So, the incorporation of 2,4-FDCA does not seem to impact the shape of the a relaxation

process.

1V.2.2.2. Dielectric relaxation strength Aeyy

The dielectric strength Aeyy is obtained by fitting the relaxation data with the HN function.
The starting point for the analysis of Aeyy is the generalized form of the Debye theory by
Onsager, Frohlich and Kirkwood %

1 2N
& kgTV

Where ¢, is the dielectric permittivity of vacuum, u is the mean dipole moment of moving
units in vacuum, F is the Onsager factor (F = 1 for sake of simplicity), N/V is the volume
density of dipoles involved in the relaxation process, and g is the Kirkwood correlation factor
that takes into account short-range intermolecular interactions leading to specific static

dipole—dipole orientations.
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Figure 1V.13 presents the temperature dependence of the dielectric strength Aeyy of the o
relaxation vs. temperature. As expected, Agy,y decreases on increasing temperature for all the
considered samples “>“8, Similar temperature dependencies of Agy are also found for other

kinds of glass-forming liquids, polymers and thin polymer films #2480,
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Figure IV.13: Dielectric strength (Agyy) as a function of temperature for amorphous PEFs.

Analogously to other properties (i.e. the glass transition temperature obtained by calorimetric
and dielectric measurements), the value of Aeyy obtained for the copolymers is intermediate
with respect to the values obtained for the homopolymers. However, compared to other
polyesters, the value of Agyy for the homopolymer 2,5-PEF is significantly higher and has a
significantly different temperature dependence with respect to the homopolymer 2,4-PEF.
This remarkable result deserves to be pointed out and was finally better elucidated thanks to
a collaboration with by Prof. Frédéric AFFOUARD (UMET, Université de Lille), who performed
Molecular Dynamics Simulations (MDS). More details about the MDS calculations are provided

in the Annex B.
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The individual dipole moment of a given polymer chain at a time t can be calculated by MDS

according to the following expression:

Na
HOEDWEAG (Iv.11)
a=1

Where q, and 7 (t) are respectively the fixed charge localized on the atom « and its position

at the time t, and N, is the number of atoms in the considered polymer chain.

The dipole moment distributions P () obtained by MDS runs on 2,5-PEF and 2,4-PEF polymer
chains are shown in Figure IV.14.

2,5-PEF and 2,4-PEF polymer chains contain a broad range of dipole moments because of their
intrinsic flexibility; besides, the average dipole moment of 2,4-PEF polymer chains is
significantly lower with respect to the average dipole moment of 2,5-PEF polymer chains (4 =
6.2 and 8.2 D for 2,4-PEF and 2,5-PEF, respectively), likely because of symmetry reasons.
Dipole correlations are well described by the so-called Kirkwood correlation factor G given
by the following relation:

G =1+ —1) (- w)/{p?) (IV.12)

Where 1, is the dipole moment of the molecule i and (i, - E) indicates an average value of

dipole moment over distinct pairs of molecules (i # j).

The Kirkwood correlation factor accounts for the orientational correlation of neighboring
dipoles. In this study, Gx = 1 was computed for both 2,4-PEF and 2,5-PEF systems, suggesting
no specific correlation between dipoles. Based on both p and Gk values and on the expression
of the dielectric strength defined in Equation IV.10, it is thus possible to propose that the
significant difference in the dielectric strength obtained between 2,4-PEF and 2,5-PEF mostly
originates from the different values found for the average dipole moment, which is higher for

2,5-PEF polymer chains with respect to 2,4-PEF polymer chains.
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Figure 1V.14: Distribution of dipole moments for 2,5-PEF and 2,4-PEF polymer chains
obtained from MDS.

IvV.2.2.3. Relaxation map

Figure IV.15 shows 7,4, as a function of the inverse temperature (Arrhenius diagram) for all
the considered samples. The temperature dependence of the relaxation time for the «
relaxation usually presents a super-Arrhenius behavior (i.e. a deviation from the Arrhenius
51-53

behavior) being described by the empirical Vogel-Fulcher-Tamman (VFT) equation

(Equation 111.12).

2,5-PEF :
PE-2,5[90]-2,4[10]F
PE-2,5[85]-2,4[15]F
PE-2,5[50]-2,4[50]F

26 28 3.0 3.2 34 36 3.8 40 42 4.4
1000/T (K™)

Figure IV.15: Logarithmic plot of the dielectric relaxation time (7,,,,) for the o relaxation as
a function of the inverse of temperature for PEFs. Hollow symbols are from DRS experiments
and filled symbols from MT-DSC experiments (period = 60s, T~10s).
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IV.2.2.4. Characterization of the f relaxation

As previously pointed out, all the considered PEFs samples present a 8 relaxation that can be
resolved with a single HN relaxation function (Figure 1V.9). To extend this analysis versus
temperature, the values of relaxation time 7,,,,, associated to each contribution are reported
in the relaxation maps (Figure IV.15). The experimental data for the [ relaxation is in good

agreement with the Arrhenius law and are fitted with the following equation:
Eq
= — V.13
T = Tg4€XP (RT) ( )

Where E, is the activation energy, R is the gas constant and 7, 4 is a pre-exponential factor.

The amount of 2,4-FDCA-based repeating units has an impact on the 8 relaxation, because
the relaxation time increases by almost one decade when the amount of 2,4-FDCA-based
repeating units increases. By comparing the molecular structures of the two isomers and
considering that the lowest value of relaxation time was found for 2,5-PEF, this variation could
be ascribed to the difference in symmetry between 2,5-and 2,4-FDCA. The values of E,
obtained by Equation 1V.13 for the copolymers are reported in Table IV.6.

They are quite close to the values obtained for the homopolymers 2,5-PEF and 2,4-PEF, and
are in agreement with the values given in the literature for other polyesters, for which they
have been associated with the local motions on the ester group: E, (PLA) = 36 kJ/mol 38,

E, (PHBV) = 55 kJ/mol ¢, E, (PET) = 79 + 10 kJ/mol *’.

To conclude, the incorporation of 2,4-FDCA-based repeating units as a noticeable effect on
the localized molecular movements associated with the (8 relaxation process due to the non-

symmetry of the 2,4-isomer with respect to the furan ring.
IV.2.2.5. Characterization of the a relaxation

As shown in Figure IV.15, the temperature dependence of the relaxation time is not linear and
presents a curvature usually corresponding to the appearance of cooperative molecular
motions, which is well fitted by the VFT law. The glass transition temperature can therefore
be estimated by extrapolating the VFT fit to the conventional value of relaxation time 7=
100s or log,¢(7) = 2. The values of the parameters obtained from the extrapolated VFT fit

are reported in Table IV.6.

126



Physical Characterization and Investigation of the Molecular Mobility in Amorphous PEFs

To correlate the temperature dependence of the relaxation times to the values of dynamic
glass transitions, the data obtained by MT-DSC at t~10s were also added for all the
considered samples >*. The glass transition temperature estimated from MT-DSC is in good
agreement with the value obtained by dielectric spectroscopy measurements for all the

considered samples.
IV.2.2.6. Fragility index m

The degree of deviation of the relaxation times from an Arrhenius-type temperature
dependence near T, provides a useful classification of glass-forming liquids >>°°. The fragility
index m can be calculated by DRS (that we will call m,;4,,;4), measuring the a relaxation times
over arange of temperatures above the glass transition temperature T, of the material. Figure
IV.16 reports the temperature dependence of the a relaxation time on a temperature scale
normalized to Ty (i.e. Angell’s plot) for all the considered samples.

The values of my;4y,;4 calculated from the slope of the curves in Figure V.16 (Equation 111.15)

are reported in Table IV.6.

sEE00s
o 2,5-PEF
14| o PE-2,5[90]-2.4(10]F)
o]l 2 PE-25[85]-2.4(15]F)
i v PE-2,5[50]-2.4(50]F)
» 14| ¢ 24-PEF
o
£-2-
L)
o 3]
=)
— -4-
-5 -
-6 -

0.86 0.88 0.80 092 094 0.96 098 1.00

Tg,-r=1DDs"T

Figure IV.16: Angell’s plot for amorphous 2,5/2,4-PEF copolymers compared to the
homopolymers 2,5-PEF and 2,4-PEF.
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Earlier studies on a large number of glass-forming liquids including polymers >”°% show that
polymers exhibit a qualitative correlation between fragility and the glass transition
temperature: high-T, polymers usually have high fragilities.

However, this trend does not apply to every glass-forming liquid >°. According to Dudowicz et
al. ®° the fragility in polymers is related to the packing efficiency. As such, polymers containing
a stiff backbone and bulky side groups experience some difficulties in packing due to their stiff
and complex-shaped molecules, and therefore form glasses with a larger excess of free
volume.

On the other hand, polymers containing a flexible backbone and smaller side groups show a
better packing efficiency and therefore form denser glasses. The chain flexibility seems to be
the main parameter influencing the packing efficiency of amorphous polymer chains into the
glassy state, and consequently the fragility index °9°1, In this study, very small variations were
observed in the series of PEFs samples. The m values (given in Table 1V.6) are 118 for 2,5-PEF
and 125 for 2,4-PEF. The copolymers have m values which are closer to 2,5-PEF. On a whole,
all these values are quite comparable, and just a little lower with respect to other polyesters:
142 for PET ©2, 144 for PETg ®3, 170 for PC ' 150 for PLA V7).

According to their my;4,;q value, PEFs can be considered as “fragile” glass-forming
macromolecular liquids, which indeed is a quite conventional behavior for macromolecules

with Van der Walls interactions or hydrogen bonds between chains >>%,

Table IV.6: Glass transition temperatures T ; obtained by DRS for 7 = 100s and T = 10s. D

is a dimensionless parameter of the VFT function, T is a reference temperature selected for
the VFT fitting, m;4,4 is the fragility index and E,(p) is the activation energy of the 8
relaxation.

Sample Ty 100s T9;210s D To 1logio(to) Muiguia 10g10(Toa) Eo(B)
(°C) (°C) (°C) (s) (s) (kJ/mol)
2,5-PEF 74 77 442 31 -12 117 £ 10 -15 56
PE-2,5[90]-
72 75 464 29 -12 112 £10 -16 61
2,4[10]F
PE-2,5[85]-
72 75 467 29 -12 112 £10 -15 55
2,4[15]F
PE-2,5[50]-
72 75 440 31 -12 118 £ 10 -14 55
2,4[50]F
2,4-PEF 65 68 4,10 27 -12 125+10 -16 64
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IvV.2.2.7. Cooperativity length &, and cooperativity degree N,
The cooperativity length £, and the cooperativity degree N, were estimated for all the
considered PEFs samples in a wide range of temperatures and relaxation times. Figure IV.17
presents the cooperativity length &, associated with the a relaxation as a function of

temperature estimated from both calorimetric and dielectric measurements.

3211 2450 FEF50%
41, PEF 90%
28 T |25PEF
. PEF 85%
c 2.4-
=
=}
wr 2.0 -
1.6 -
1.2+

340 345 350 355 360 365 370 375
T, (K)

Figure 1V.17: Cooperativity length &, versus temperature T, for amorphous PEFs samples
as deduced from DRS (hollow symbols) and MT-DSC (filled symbols) measurements.

As expected, &, decreases with increasing temperature. It can be noted that the
extrapolations of &, estimated from DRS over a wide range of relaxation times fit quite well
with the values estimated by MT-DSC investigations. According to Figure 1V.17, 2,4-PEF has
the lowest cooperativity and the copolyesters have cooperativity values that are intermediate
between those of the homopolymers. The cooperativity length shift can be related to the
impact of the isomeric modification on the segmental relaxation.

Figure IV.18 shows the cooperativity degree N, versus the temperature normalized to T
(taken from MT-DSC measurements). As already observed for the cooperativity length, the
evolution of N, measured from MT-DSC and DRS investigations are consistent for all the

considered samples.
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Figure 1V.18: Evolution of the cooperativity degree N, (number of relaxing units in a CRR)
as a function of the temperature normalized to T, for amorphous PEFs as deduced from

DRS (hollow symbols) and MT-DSC (filled symbols) measurements.

IV.2.3. Thermally Stimulated Depolarization Current (TSDC)

The experimental method based on the measurement of thermally stimulated depolarization
currents (TSDC) was also successfully used to characterize the large-scale segmental motions

responsible for the glass transition.
IvV.2.3.1. Impact of the incorporation of 2,4-FDCA DME on glass

transition signature
In Figure IV.19 is given the dielectric manifestation of the glass transition signature obtained
by TSDC for the considered PEFs samples from the depolarization currents versus temperature
from glassy state to rubbery state. T, rspc (reported in Table 1V.7), the temperature
corresponding to the maximum of the depolarization peak, shifts towards lower temperatures
when the 2,4-isomer content increases in consistent with MT-DSC (T, yr-psc) and DRS
(Tq,prs) results (Figure IV.20). On a whole, a good agreement is obtained between these three

techniques.
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Figure IV.19: Normalized current in function of temperature from TSDC; Inset: glass
transition temperature signature normalized to T,,,,. Arrows correspond to the
polarization temperature for each depolarization spectrum.

Table IV.7: Parameters characterizing the segmental relaxation in amorphous PEFs.

2,5-FDCADME% 100 90 85 50 0
Tomr—psc (°C)° 812 772  76+3  76%2  70+1
T prs (°C)° 77 75 75 75 68
Torspe (°C)° 82 77 79 79 71

Egprs (k)/ mol)® 662 656 653 684 651
Eorspc (k) mol)® 512 489 438 444 503
Myiquia © 117 112 112 118 125
Mygss © 82 78 80 83 85
Eamr-psc© 2.8+0.2 29+02 2.6+03 3.0%0.2 2.9%0.2
Brww ' 0.53 0.53 0.52 0.49 0.42

2 Dynamic glass transition temperature. ® Activation energy. ¢ Fragility index obtained from DRS. ¢

Fragility index obtained from TSDC. ¢ Cooperativity length. f Stretching parameter obtained from the
master curves.
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Figure IV.20: Dynamic glass transition temperature vs. the relative content of 2,5-FDCA DME
assessed from MT-DSC (filled symbols), DRS (half-filled symbols) and TSDC (empty symbols)
measurements.

IV.2.3.2. Relaxation map combining the three techniques
As previously said, the segmental relaxation in the liquid-like state observed by DRS exhibits a
non-Arrhenius character, which can be described by a Vogel-Fulcher-Tammann (VFT)
equation. From TSDC experiments, as proposed by Alegria et al. ©, the segmental relaxation
can be consistently analyzed with the Kohlrausch-Williams-Watts (KWW) equation #+°°, The
relaxation times (7) associated with the segmental relaxation were therefore calculated

according to the following equation °’:
-1/B
Qr, (Q\'"
_ 3%, (_>] (IV.14)
T=p ] [n 0
Where Q(t) = f:o I dt, Q, is the value of the initial stored charge, I is the current intensity,

and f is a parameter depicting the non-Debye character of the segmental relaxation. The

or Bxww parameter was determined by DRS (Table IV.7).

The segmental relaxation obtained by combination of MT-DSC, DRS and TSDC results are
presented in Figure 1V.21. The relaxation map highlights the difference in the dynamics for the
segmental relaxation of PEFs in both the glassy and liquid-like states. The relaxation times
extracted from TSDC experiments exhibit an Arrhenius-like behavior when T is far from the

glass transition, and just a slight curvature when T gets closes to the glass transition.
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Figure 1V.21: Relaxation map picturing the characteristic times for segmental relaxation as
a function of the inverse temperature obtained by MT-DSC (filled symbols), TSDC (half-filled
symbols) and DRS (empty symbols).

Concerning segmental relaxation times, a good agreement is also obtained between the three

techniques.

IvV.2.3.3. Activation energies

The activation energy associated with the segmental relaxation was calculated as:

_ dln(v)
“ T a(1/Ty)

Where 7 is the characteristic time of the segmental relaxation at T, and R is the gas constant.

(IV.15)

The activation energy is represented in Figure V.22 as a function of T, /T. The values of
activation energy obtained at T, /T = 1 from the liquid-like state E, prs and the glassy state
E,rspc are given in Table IV.7. In the supercooled liquid, i.e. for T, /T < 1, the activation
energy is roughly the same independently of the 2,4-FDCA DME content. When the
temperature decreases, the activation energy increases exponentially until reaching a
maximum value of 670 kJ/mol for T, /T = 1. The trends obtained by TSDC are quite different.
For low temperatures, the activation energy versus T, /T seems to reach an asymptotic value.
It is worth analyzing these results in the frame of the cooperative rearranging region (CRR)

concept introduced by Adam and Gibbs 2.
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Many studies associate the so-called viscous slowing down of supercooled liquids with the

increase in the energy barrier that the structural units must overcome for the relaxation

process to occur 9772,
700
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Figure IV.22: Activation energy as a function of T, /T calculated from TSDC and DRS results.

It is therefore reasonable to accept that E, prs is constant whatever the 2,4-FDCA DME
content because of the similar cooperative character of the segmental relaxation dynamics

obtained for all the considered PEFs samples.

IvV.2.3.4. Fragility indexes
Besides, the fragility index may be calculated from both techniques, DRS and TSDC 73, with
Equation 111.15. Alegria et al. ®” showed that TSDC experiments can be consistently analyzed
to investigate the segmental relaxation of polymers in the same framework often used for
conventional DRS experiments, that is to say, by using the Kohlrausch-Williams-Watts (KWW)
equation *+°¢, As such, TSDC and DRS are absolutely complementary, because the latter
provides the temperature dependence of the relaxation time in the liquid-like state when the
former extends the representation of the relaxation map to the glassy state *°. It is however
noteworthy to stress out that the fragility index calculated from these two techniques may
differ because the pathway to the glass transition is different. Some systems, such as diglycidyl
ether of bisphenol-A 7* or glycerol 7>, have similar values of m4s (calculated by TSDC as T
approaches T, from the glassy state) and m;;4,,4 (calculated by DRS as T approaches T, from
the liquid-like state). In other cases, higher values of m,;4,,;4 are reported >’’’ with respect

to My qgss-
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Several authors 278 reported that the discrepancy between fragility values obtained from
various experimental techniques is more pronounced for high-fragility glass-forming liquids.
According to Hutchinson 8, strong glass-forming supercooled liquids are those for which there
is very little change in the slope of the fragility plot on passing from the equilibrium melt to
the non-equilibrium glass, whereas fragile glass-forming liquids exhibit a large change in the
slope of the fragility plot as the glass-transition region is traversed on cooling. A correlation
between my;q,,;4 and the molecular structure has been proposed by Kunal et al. 1 and
Dudowicz et al. °°. Polymers with very stiff backbones exhibit high fragility indexes. As an
example, values of my;4,,;4 €qual to 132, 156, and 214 for polycarbonate (PC), poly(ethylene
terephthalate), and poly(etherimide), respectively, were reported °%. On the other hand,
polymers with very flexible backbones, such as polyisobutylene and polyethylene, for which
Myiquia 1S close to 50 8 are among the strongest glass-forming macromolecular liquids.
However, no clear correlation has yet been established between the polymer structure and
the difference between the values of fragility mg,ss and myq.4. As @ consequence,

m

glass and My;q,:4 Calculated according to Equation 11.15, are different, but no influence of

the content of 2,4-FDCA DME was observed.

Conclusion

The influence of the position of the carbonyl group on the molecular dynamics of wholly
amorphous PEFs samples was investigated. The segmental relaxation (a process) was
characterized by DRS and TSDC measurements, and the glass transition temperature was
measured by different techniques (MT-DSC, DRS and TSDC), always obtaining consistent
values. The investigation of the structural relaxation was carried out by DRS analysis for wholly
amorphous samples, which allowed to investigate both the a and 8 processes in terms of
dielectric properties, such as the relaxation time, the dielectric strength, and the fragility. The
cooperativity length £, was estimated according to Donth’s approach for all the considered

samples and was found to be very similar at the glass transition (= 3 nm).
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To conclude, in this chapter, the incorporation of 2,4-FDCA based repeating units into 2,5-PEF
polymer chains did not show a significative effect on the physical and thermal properties.
Indeed, the physical properties evaluated for the copolymers in the amorphous state (T, Ty,
CRR size, fragility, segmental relaxation time, activation energy) are intermediate and almost
identical with respect to the homopolymers whatever the ratio of 2,5/2,4-FDCA. However, the
incorporation of 2,4-FDCA-based repeating units into 2,5-PEF present an impact on the local

motion, in fact, the augmentation of this last induces a slowdown in local movements.
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CHAPTER V

Introduction

Chapter Il introduced the fundamentals about the amorphous state, which is characterized
by a long-range disorder. Amorphous polymers can be seen as frozen liquids. The peculiar
features of amorphous materials are:
e The absence of a melting temperature T,
e The existence of a glass transition temperature Ty: at T < T, the polymer is solid and
rigid (vitreous state), at T > Ty itis in the rubbery state
e The glass transition is a second-order thermal transition which involves a change in the
specific heat AC, and no absorption or release of latent heat
Onthe other hand, the crystalline state is characterized by the existence of a long-range order,
where the polymer chains are arranged in regular arrays generating specific crystalline unit
cells (microstructure). The peculiar features of crystalline materials are:
e The existence of a melting temperature T,,
e The specific volume of the crystalline phase is lower with respect to the amorphous
phase (molecular arrangements improves packing efficiency)
e Therigidity of a crystalline material is usually higher with the respect to the amorphous
counterpart
Due to the intrinsically large scale of polymer chains, and to the presence of eventual
irregularities and defects, polymers never crystallize completely: at best, there may be the
coexistence of different proportions of amorphous and crystalline phases in a complex
arrangement, and the material is therefore referred as semi-crystalline. Semi-crystalline
thermoplastic polymers are characterized by two thermal transitions: glass transition and
melting. During cooling, crystallization is likely to occur over a temperature range between
these transitions. Melting and crystallization are first-order thermal transitions: they involve
a change in the specific heat capacity as well as the absorption or release of latent heat. The
ability of a polymer to crystallize is favored by:
e the structural simplicity of the repeating unit (e.g. polyethylene)
e the symmetry of bonds that allow strong intermolecular interaction forces (e.g.

polyamides)
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The Crystalline State

However, symmetry alone is not enough for a polymer to crystallize. Indeed, polymers with a
rigid structure, such as the ones containing aromatic or aliphatic cyclic groups in their
backbones (e.g. PET or cellulose) are not prone to crystallization; sometimes mechanical
stretching or chemical treatments can help out. Polymer chain can form crystals if they can
fold and assemble in a compact and regular fashion. The most favorable situation is that of
linear and symmetrical chains, as it the case for polyethylene. Polar inter-chain interactions,
such as hydrogen bonding, stabilize the structure and increase the melting temperature. If a
polymer chain has side groups, only the regular syndiotactic and isotactic forms will be able
to crystallizes (the atactic form can crystallize only if the side groups are small). Isotactic
polymers generally form helical chains to minimize the steric hindrance between side groups,

which is possible only if rotations around the axis of the backbone are possible.

V.1. Semi-crystalline morphologies

V.1.1. Morphologies of static crystallization: lamellae and

spherulites

Crystalline lamellae, with thicknesses of the order of 10 nm, are the basic units formed during
the crystallization of a molten polymer under static conditions *. A polymer crystalline lamella
is made of aligned macromolecular chain segments brought to the growing structure from the
melt thanks to diffusion/reptation processes. Different models exist regarding the formation
mechanisms of polymer crystalline lamellae and their structure. A model was proposed by
Schlesinger et al.?, Keller ® and Jaccodine * between 1957 and 1960 as a result of the study of
monocrystals formed from dilute solution by. These studies confirmed the notion of chain

>, Two models describing the mechanisms of

folding previously introduced by Storks
macromolecule folding can be mentioned. The first is an "adjacent re-entry" model °, in which
the chain folds to the surface of the lamella to form a loop while occupying the neighboring
site (Figure V.1 (a)); the second is a “random switchboard” model /, in which a chain can fold
on the surface of the lamella eventually forming a looser loop and returning into a more

distant point (Figure V.1 (b)).
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Figure V.1: Schematic views of a polymer crystalline lamella in (a) the adjacent re-entry and
(b) the random switchboard models. [Reworked from 2]

£
d

According to these two models, the polymer chains diffuse from the melt and fold in specific
conformations, leading to the growth of the crystal lamella. The solidification model ° depicted
in Figure V.2 assumes that there is no significant diffusion of the polymer chain segments, and
that the crystal is rather formed from favorable conformations already existing in the melt

close to the surface of the growing lamella.
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Figure V.2: Chain conformation (a) in the melt and (b) in the crystal according to the
solidification model.

Spherulites are the largest microstructured entities formed during the solidification of a semi-
crystalline polymer from the molten state (with sizes in the microscale). A spherulite can be
approximately described as a spherical agglomerate consisting of monocrystalline radial

lamellae, separated by amorphous zones (Figure V.3).
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After homogenous or heterogeneous germination, the crystalline lamellae stack up while
continuing to grow linearly; the microstructure then evolves to a spherical shape by a fan-like
arrangement of curved crystallites *°.

The growth of lamellae is essentially done by the folding and subsequent deposition of the
macromolecular chains within the same crystalline lamella, but due to the typical size of the
macromolecular chains (much bigger than the typical size of a lamella), any given
macromolecule may as well belong to several adjacent lamellae. In this case, one or more
portions of the macromolecules belong to the amorphous phase. This explains that, unlike
systems consisting of atoms or small molecules, polymers generally cannot reach total
crystallinity, for this would require an effort of arrangement impossible to achieve for very
long chains. Due to the presence of interlamellar amorphous zones, spherulites are by nature
semi-crystalline entities. After formation, each spherulite continues to grow in a spherical
geometry until it comes into contact with a neighboring spherulite (confluence). A straight
interface is then created and growth continues using the residual available amorphous

volume, if its volume and thickness still allows folding and packing.

LAMELLAR

LAMELLA

A ) S CHAIN-FOLDED

T
RN
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oo %{:‘ N
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AMORPHOUS

SPHERULITE

X

Figure V.3: Model of spherulitic structure. [Reworked from 1]
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V.1.2. Other conditions of crystallization
In non-static crystallization conditions, i.e. in the presence of a flow or under any other kind
of constraint, other microstructures can develop, such as mono-crystals with macroscopic size
(crystallization from a dilute solution), crystallites with fringed micelles (crystallization under
very high pressure) (Figure V.4), crystallites with aligned or even drawn chains, or the so-called

shish-kebab structures (Figure V.5) (crystallization under deformation or flow-induced

crystallization).

AMORPHOUS

HEGIOM
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CRYSTALLINITY
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ANMORPHOUS CHAINS

REGIONS

Figure V.5: Schematic illustration of the shish-kebab superstructures developed in semi-
crystalline polymers under particular conditions. [Reworked from 2]

The crystallization process leading to these microstructures includes several stages:
germination, growth, and some secondary transformations (perfection of crystals, aging of
the amorphous fractions). All of these stages are activated by crossing “free energy barriers”.

Under static conditions, these free energy barriers depend on both the thermodynamic

melting temperature and the degree of supercooling.
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V.2. Theory of germination and crystal growth

The crystallization of a polymer goes through different stages, including germination
(formation of crystalline germs in the melt) and growth (development of primary crystals that
build up into complex morphologies); sometimes, a further step of secondary crystallization
occurs (perfection of defective primary crystals or growth of smaller crystals into the
amorphous regions left after primary crystallization). The complete theory of germination-
growth of polymer crystalline structures is presented in the works by Hoffman and Lauritzen
13, According to thermodynamics, any spontaneous evolution of a system in conditions of
constant pressure takes place by a diminution of its free energy g. The thermodynamic
melting temperature T,) is determined as the intersection of the curves Yiiquia (T) and
Isonia (T) (Figure V.6). At T < T2, the crystalline phase is more stable than the molten phase,

and conversely at T > T,2.

A

Agy<0

Solid
S == Perfect crystal
: : Liquid
, AT ‘
T i T T,
Temperature

Figure V.6: Free energy g of a semi-crystalline polymer and thermodynamic melting
temperature T9,.
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V.2.1. Germination

The formation of a germ results from two antagonistic mechanisms:

e a change in the free energy Ag, associated with the transformation of a molten
volume of polymer to a crystal. This term is proportional to the volume of the germ, is
negative, and its absolute value increases as the supercooling AT = T, — T increases;

e a change in the free enthalpy Ags associated with the molten-crystal interface

formation. This term is proportional to the total interface area, and always positive.

The global change in the total free energy of the system during germination goes through a

maximum, and is written as:

Ag = Agy + Ags (v.1)

As an example, let’s consider the case of the formation of a spherical germ (characterized by
a single dimensional parameter, the radius r). The variation of free energy is shown in Figure
V.7. The germ is stable (and will survive until the growth stage) only if an augmentation of its
size leads to a decrease of the free energy of the system. This condition is met for any point
beyond the maximum value of Ag, or equivalently for r > r* (critical radius). In the opposite
case, the germ is unstable and has a limited lifetime. The higher the supercooling AT, the
smaller the critical radius, i.e., the formation of stable germs is statically favored as the
supercooling degree increases.

3

,'I Ags

Free enthalpy variation Ag

\\\\Agv Ag

Figure V.7: Free enthalpy of formation of a spherical germ.
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If germs are not spherical, several dimensional parameters should be considered, but the main
variable governing the germination rate will still be is the supercooling degree. A crystal germ
may be constituted by the polymer itself. In this case, which is rare because it mainly happens
for high supercooling degrees), the germination is homogeneous. The germ can also be
constituted on a foreign body, in this case the germination is heterogeneous. Depending on
the type of germination, different germ geometries are obtained: primary, secondary or
tertiary.

e Primary germination
This is the first step in the formation of any crystalline entity. It can be heterogeneous, with
the deposition of a segment of polymer chain onto a pre-existing substrate in the melt
(catalyst residue, impurity, residual pre-existing crystalline structure...) or homogeneous
(formation of a stable germ from the melt).

e Secondary germination (Figure V.8 (a))
It corresponds to the deposit of a segment of polymer chain onto the surface of a crystalline
entity in order to start a new layer. It is intrinsically heterogeneous.

e Tertiary germination (Figure V.8 (b))
It corresponds to the deposit of a segment of polymer chain in the hollow space close to a
"step" formed between the substrate and a secondary or tertiary germ (completion of a layer).

It also is intrinsically heterogeneous.

(a) (b)

Direction of lamella
growth

Figure V.8: Secondary and tertiary germinations.

The free energies associated with the formation of these different types of germs are not
equal. For any given volume, the bigger is the area of the crystal-liquid interface to form, the
more difficult will be the germination. So, primary germs will be less likely to form than

secondary germs, and even less likely to form than tertiary germs.
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V.2.2. Growth

The growth of a crystalline lamella consists in the deposition of a secondary germ on a
substrate followed by the completion of the crystal layer over the total width of the lamella
by tertiary germination. The different growth rates sketched in Figure V.9 are noted as:

e [rate of deposition of secondary germs

e jrate of completion of the layer (i.e. rate of deposition of tertiaries germs)

e (7 overall growth rate of the lamella
The growth rate of crystalline lamellae G can be expressed from these two parameters (i

and j), as a function of the growth regime.

L

Figure V.9: Schematization of different rates: rate of deposition of secondary germs (i), rate

of completion of the layer (j) and the overall growth rate of the lamella (G). [Reworked from
14]

o: lateral surface free energy; o,: fold surface free energy; L: length; [: thickness.

Three growth regimes can be evidenced (Figure V.10) according to the value of the
supercooling degree, i.e. depending on the difference between the thermodynamic melting
temperature T, and the temperature at which crystallization occurs:

e Regimel (j » iL?)
At low supercooling degrees, germination is difficult. Regime | is also called mononucleation
because the rate of deposition secondary germs i is very low in comparison with the rate of
completion a crystalline layer j. Each crystalline layer is completed before the deposition of a
new secondary germ, thus the growth rate G is limited by the rate of deposition secondary
germs (G « ).

e Regimell (j = iL?)
For average values of the supercooling degree, the rate of deposition of secondary germs i

and the rate of completion of a crystalline layer j are equivalent. The lamellae grow

simultaneously along their width and their length. The growth rate goes as G \/E
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e Regimelll (j < iL?)
For high supercooling degrees, the rate of deposition of secondary germs i is very high and
the lamellae grow by the simultaneous deposition of several secondaries germs on the same

crystalline layer. The secondary germination governs the growth, whose rate goes as G & i

EEEEE— EE EEEE EE EEE
j l E EE— l HE BN
i J i

Figure V.10: Schematics of the three crystal growth regimes.

V.2.3. The growth rate G

The total growth rate of the crystalline lamellae G, which is representative of the overall
crystallization rate, is written as the product of a term related to the deposition of secondary
and tertiary germs at the surface of the growing lamella, and a term related to the diffusion
of the polymer chains from the melt:

Ag:
G = Gy exp (— —> exp (— (V.2)
. RT

J \

Ag*)
kBT}

Y
Diffusion Growth
term term

Where G, is a pre-exponential constant (independent of the temperature) and two

exponential factors.

The first exponential factor is the diffusion (or transport) term, related to the transport of the
macromolecular chains in the melt. This term is proportional to the characteristic rate of
movement of the chains towards the surfaces of the growing crystalline lamellae; R is the gas
constant and Ag, is the activation energy governing the transport of macromolecular chains
in the melt, frequently expressed by a semi-empirical law as:

u-rt

Ag:

Where U™ represents the activation energy of the displacement of the macromolecules within
the melt and T, is the temperature at which molecular movements becomes impossible

(T., = T, — 30 °C).
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At T < T, the transport term is equal to zero and growth is disadvantaged. The second
exponential factor is related to the deposition of germs on the surface of the growing lamella.
In this term, kg is the Boltzmann constant and Ag* is the critical change in the free energy
associated with the deposition of a germ (secondary or tertiary) on the substrate. Ag™ can be
written as a function of the free energy o of the crystal/melt interface, the free energy g, of
the crystal folding surfaces, the molecular thickness b,, and the transition free energy Ag;:

__ jbooo,
B Ag,

Where j is an integer that depends on the growth regime (j = 4 for Regimes | and Ill, j = 2

Ag*

(v.4)

for Regime ).

By introducing the constant K, the previous equation can be rewritten as:

Where Ah,, is the melting enthalpy per unit of volume.
The Hoffman-Lauritzen expression can therefore be obtained as:
G = Gyexp (_—U*> exp (_—Kg> (v.6)
R(T —-T,) fTAT

Where AT is the supercooling temperature and f the correction factor defined by

2T /(T +T).

The temperature dependence of the growth rate G is a curve approaching a Gaussian bell, as
shown in Figure V.11.

The Gaussian shape of the G = f(T) curve results from the competition of two mechanisms:
the viscosity, which increases as temperature decreases and therefore slows the growth of
crystallites near T,, and the energy spent for nucleation, which becomes infinite as the

temperature approaches T,,.
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Figure V.11: Evaluation of the growth rate (G) as function to the temperature.

At low and high supercooling degrees, the growth of the lamellae is slower either because the
deposition of germs is thermodynamically disadvantaged (high temperatures), or because the
diffusion of the polymer chains in the melt is slowed down due to an increase in viscosity (low
temperatures). The temperature T, corresponding to the maximum of the crystallization
rate Gy, is of the order of (T, + T,,)/2.

The Hoffman-Lauritzen’s theory gives the temperature dependence of the growth rate
measured by a microscope *“.

Vyazovkin and Sbirrazzuoli *° proposed a new equation to compute the Hoffman-Lauritzen’s
parameters from non-isothermal DSC data. This equation gives the temperature dependence
of the effective activation energy of the growth rate as follow:

T? (T9)? = T.> = TAT,
E(T)=U"——+K,R (v.7)
D)= U Ty VKR o oyer,

Where E, is the effective activation energy, U" is the activation energy of the segmental jump,

which is associated with diffusion process, K, is a parameter associated with the nucleation
process, R is the gas constant, T, is the equilibrium melting temperature, T, is a hypothetical
temperature where motion associated with viscous flow ceases and T, is the crystallization

temperature.
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V.3. The melting

As previously seen in Chapter Ill, melting is a first-order thermodynamic transition. In semi-
crystalline polymers, melting corresponds to the transition of ordered crystals to the
disordered liquid state. The melting temperature T,, depends on the molecular weight, and
increases when the degree of polymerization increases. Many parameters also influence T,,,
such as the presence of additives or impurities, the presence of molecular defects, nodes and
loops linked to chains entanglements, which result in a decrease of the order and then to a
decrease of the melting temperature. The change in the degree of freedom which appears
during melting is associated with melting entropy, which also depends on the molecular
structure, and particularly on the rigidity of the polymer backbone. The Gibbs free energy
associated to melting is given by:
AG,, = AH,, — TAS,, (v.8)

Where AH,, is the melting enthalpy and AS,,, is the melting entropy.

When the polymer reaches the melting temperature, the Gibbs free energy is equal to zero

(AG,, = 0) and it is possible to define the melting temperature as:
_ AHy,

T -
m TAS,

(vV.9)

Where AH,, is the enthalpy needed to break down the crystalline structure at constant T and

P.

If the polymer chains are sufficiently long, this parameter becomes independent on the length.
AS,,, > 0 is related to the increase in disorder generally observed at melting. The value of T,
provides several information on the polymer behavior during melting. For a polymer having a
fixed molecular weight, or a fixed volume, shorter chains lead to a more pronounced increase
in the level of disorder AS,,,, therefore T, is lower. If the polymer chains are highly connected
to each other, the energy associated with the links increases, resulting in an increase of AH,,
and T,,. Finally, if the polymer chains have a low mobility in the liquid state, then the AS,,
value is lower and T,,, is higher.

The thermodynamic melting temperature T,O is defined as the temperature where the free

energy in the solid and the free energy in the liquid is the same.
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In the case of semi-crystalline polymers, this condition corresponds at the intersection of the
free energy curves for the perfect crystal of infinite dimensions and its amorphous
counterpart. But the real solid is always semi-crystalline, and below T,% the amorphous phase
is always present in (sometimes) significant proportion. Besides, the amorphous phase is by
definition in a non-equilibrium state. In addition, polymers crystallize into thin lamellae for
which the surface effects are no longer negligible and must be taken into account ‘3. For these
reasons, the real free energy of the solid is always greater than the one of the perfect crystal.
As a result, the melting temperature T,,, of a polymer is always lower than the thermodynamic
melting temperature of the crystal. The Hoffman-Weeks method *° allows to determine the
value of T2 by an extrapolation procedure, as shown in Figure V.12. The melting temperature
T,, is always greater than the crystallization temperature T,, and the variation of T;,, as a
function of T, is assumed to be linear according to the Hoffman-Lauritzen’s theory.
Consequently, T,, can never be lower than T., and the line defined by T, represents the
thermodynamic equilibrium condition between the crystal and the melt. The value of T2 is
therefore obtained by the intersection between the extrapolated line T,,, = f(T,) and T, =

T, line.

Melting temperature

Crystallization temperature

Figure V.12: Determination of the thermodynamic melting temperature T9, by the Hoffman-
Weeks method.
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V.4. Global theories about crystallization kinetics

V.4.1. Introduction

The so-called "global kinetic theories” describe the evolution of the transformation rate a(T)
as a function of time and temperature. a(T) is a degree of conversion that represents the
fraction of crystallized volume and is called the “conversion rate” or the “relative crystallinity”.
a(T) is defined as the ratio of the crystallized volume fraction X, on the crystallizable volume

fraction X:
_ X:(t,T)
a = X

(v.10)
a varies between 0 and 1, while X, is always less than 1 and depends on the crystallization
conditions.

The kinetic theories are based on the following general assumptions *7:8:

e Potential germs are randomly and uniformly distributed in the melt; the growth of
semi-crystalline entities starts instantly after activation of the germs: there is no
induction time

e Potential germs can only disappear by activation or absorption by a growing semi-
crystalline entity

e The geometry of growing semi-crystalline entities is imposed: spheres (3D growth),
disks (2D) or sticks (1D)

e The collision of two growing entities blocks their growth: this implies that the
geometry of each entity is conserved

e The total volume of polymer is constant during the transformation (isovolumic
hypothesis)

e Secondary crystallization (subsequent and partial crystallization of the amorphous
areas located between the lamellae of semi-crystalline entities) is not taken into
account: the final crystallinity X, of the spherulites is invariant during the
transformation. This is a consequence of the isovolumic hypothesis: no crystallizable

volume is created during the process
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Two approaches have been typically used in the development of global theories of the
crystallization kinetics: a geometric approach, which expresses the volume occupied by semi-
crystalline entities, and a probabilistic approach, which calculates the probability that an
element of volume is transformed. The main difference lies in the mathematical treatment,
but the basic assumptions as well as the results are supposed to be identical. In this work, only

the geometric approach was used.

V.4.2. Geometric approach

The geometric approach considers the free growth of crystalline entities having a simple
geometry, and then applies a correction that take into account the reduction of available
crystallizable volume (i.e. the fact that the growth of each entity is not free, but hindered by
the contact with nearby growing entities). For a finite volume, a change in the transformation
rate da can be written as a function of the change in the transformation rate for an infinite
available volume da':
da = (1 —a)dd’ (v.11)

By specifying the dependence on time and then calculating the integral, the following
expression is obtained:

at)=1- exp(—a’(t)) (v.12)
where ' represents the rate of fictive transformation that would be obtained by a free growth

of crystallites.

This general relationship is the basis of all the Avrami’s models, and can be extended to the
simultaneous growth of several crystalline phases, assuming that each phase develops
independently of the others, sharing with them the available volume *°:

a(t)=1—exp <— Z a’(t)) (v.13)

l
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V.4.3. Isothermal conditions: the Avrami’s theory

The Avrami-Evans’ theory %! allows to calculate the transformation rate with the additional
hypothesis that crystallization occurs at a constant temperature. The frequency of germ
activation g and the crystallite growth rate G are therefore constant. In these simplified
conditions, the transformation rate can be written as:

a(t) =1 —exp (—kapramit™) (v.14)
Where kgprqmi 1S the Avrami’s constant depending on the temperature and the crystalline

growth mode, and n is the Avrami’s exponent depending on the growth mode (see Table V.1).

Table V.1: Avrami’s exponent of different modes of germination — growth

Growth Germination
Heterogeneous Homogeneous
3D n=23 n=4
2D n=2 n=3
1D n=1 n=2

V.4.4. Cooling at a constant rate: the Ozawa’s theory

Ozawa's theory ?? describes the kinetics of crystallization in the case of a constant cooling rate.
The variation of the temperature causes a variation in the growth rate G and in the frequency
of germ activation gq. The theory makes the additional hypothesis that G and g vary in the

same way with the temperature (isokinetic hypothesis):

G(T)
——— = cste (v.15)
q(T)
The expression of the transformation rate is then written as:
k (T)
() = 1 — exp (J)*) (v.16)

Where ¢ is the cooling rate (constant), and n is the Avrami’s exponent.
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Crystallization Behavior of PEFs
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CHAPTER VI

Introduction

Chapter IV, showed that the incorporation of a small amount of 2,4-FDCA DME in 2,5-FDCA-
based polyesters is enough to significantly disturb the crystallization behavior of PEFs. This
chapter shows some preliminary results evidencing the influence of the position of the
carbonyl group on the crystallization kinetics for all the considered PEFs samples annealed
both from the molten and the glassy state. Indeed, the crystallization behavior is an important
aspect for both the production and application of thermoplastic aromatic polyesters. The
isothermal crystallization kinetics were studied using Avrami’s and Hoffman-Lauritzen’s
theories. A single set of Hoffman-Lauritzen parameters provides a linear relationship between
the reference growth rate and the reciprocal molecular weight for catalyst-free PEFs. A
particularly high activation energy for the segmental jump (U*) (related to diffusion processes)
was found for PEF compared PET, which was attributed to more restricted conformational

changes of PEF chains and therefore a limitation of the crystallization rate.

VI.1. Structural comparison between PET and 2,5-PEF

The crystal structure commonly reported in the literature for PET was determined by Daubeny
et al. ! using X-ray diffraction measurements on drawn PET fibers. PET crystal structure is
triclinic with dimensions a = 4.56 A, b = 5.94 A, ¢ = 10.75 A, and angles a = 98.5°, § =
118° and y = 112°. The unit cell hosts one PET repeating unit. The crystal density is 1.455
g/cma, whereas the amorphous density is 1.335 g/cm3 at ambient conditions.

The crystal structure of PEF was evaluated in an early study by Kazaryan and Medvedeva
using the same method that Daubeny and Bunn * used for PET. PEF crystal structure is also
triclinic, with dimensions a = 5.75 A, b = 5.35 A, ¢ = 20.10 A, and angles a« = 133.3°, § =
90° and y = 112°. The unit cell hosts two PEF repeating units, resulting in a crystal density of
1.565 g/cm3. Mao et al. ® characterized it by X-ray fiber diffraction combined with molecular
modeling, and suggested an arrangement in the space group P2; with a monoclinic unit cell
having the following parameters a = 5.784 A, b = 6.780 A, ¢ = 20.296 A and y = 103.3°,
and a calculated crystal density of 1.562 g/cms. Maini et al. # attributed this difference to the

polymorphism of 2,5-PEF.
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Some of the relationships between thermal and structural properties in 2,5-PEF have already
been investigated, for instance to explain the complex behavior exhibited by this polyester
during isothermal crystallization. Two phases, called @’ and a, were identified by Stoclet et al.
>, Tsanatkis et al. ®. They evidenced that the selected experimental conditions have an
influence on the crystallization processes, the stability, and the eventual transformation of
2,5-PEF polymorphic crystalline structures. They also identified a new  phase obtained by
solvent crystallization. The parameters of all the unit cells observed for 2,5-PEF are reported

in Table VI.1 4.

Table VI.1: Polymorphic crystalline structures of 2,5-PEF and the corresponding structural
data reported from 4.

Parameters a form a' form p form
Structure Triclinic Monoclinic Monoclinic

a (A) 5.729 5.912 5.953

b (A) 7.89 6.913 6.600

c (A) 9.62 19.73 10.52

a(°) 98.1 90.0 90.0

B (°) 65.1 90.0 107.0

v (©) 101.3 104.41 90.0
Volume (A3) 385.85 780.84 394.30
Pcrystal (g/cm3) 1.567 1.549 1.482
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VI.1.1. «a form of 2,5-PEF

The crystalline structure of the a form observed in 2,5-PEF is displayed in Figure VI.1. The
polymer chain is aligned moves away in opposite directions with respect to the furanic ring
due to the orientation of the two ester groups. In particular, the backbone of the polymer
chains is aligned in the ¢ axis direction and lies roughly parallel to the (250) plane (see Figure

VI.1 (b) and (c)).

b % g =

a

Figure VI.1: 3D views of the chain arrangements in the unit cell of the a form of 2,5-PEF
crystalline structures: (a) along the b axis; (b) projection onto the c axis; (c) view that shows
chain sections. Oxygen atoms are in red. The Dotted line represents the intersection of the
plane (250) with the (a, b) plane. [Reproduced from 4]
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VI.1.2. ' form of 2,5-PEF

The a' form is the less stable crystalline form observed in 2,5-PEF. This pseudo monoclinic unit
cell has a volume that is double compared to the a form and hosts four repeating units
belonging to two paired polymer chains. Each repeating unit is in a “trans” planar
conformation in a 21 axis, as shown in Figure VI.2. The two polymer chains involved in the unit

cell are parallel to the (a, c¢) planes staggered by 3/12 of the c axis in the chain direction and

slightly bent.
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Figure VI.2: 3D views of the chain arrangement in the unit cell of the a’ form of 2,5-PEF
crystalline structures: (a) projection onto the b axis; (b) along the c axis; (c) projection onto
the a axis. [Reproduced from ]

VI.1.3. B form of 2,5-PEF

The crystal structure of the 8 form, which is generated by solvent-induced crystallization , is
displayed in Figure VI.3. Two planar molecules are contained in the monoclinic unit cell with
a volume slightly bigger compared to the a phase. Two flat chains lie parallel to the (a, c)
plane, shifted by 0.4 units in the c axis direction.

The f form may be a good candidate for comparison with the structure of the strain-induced

phase followed by in situ heat treatment, as reported by Stoclet et al. ’.
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(b)

(c)

C
Figure VI.3: 3D views of the chain arrangement in the unit cell of the 8 form of 2,5-PEF
crystalline structures: (a) along the b axis; (b) projection onto the c axis; (c) projection onto
the a axis. [Reproduced from ]

None of the crystalline structures observed for 2,5-PEF is isomorphous with respect to the
crystal lattice of PET.
Besides, the dimensions of the unit cells are also different. Nevertheless, the chain packingin

the a form of 2,5-PEF is similar to the chain packing in the unit cell of PET “.

The presence of several polymorphs for 2,5-PEF, as compared to the fact that PET shows no
polymorphism, could be associated with different factors, such as the intrinsic lower
symmetry of the furan ring (5 atoms including one oxygen) with respect to the benzene ring
(6 carbon atoms), which may generate different possible chain conformations, as well as the
lower chain mobility due to the higher rigidity of the backbones containing a furanoate with

respect to backbones containing a terephthalate ®°.
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VI.2. Comparison of PET and 2,5-PEF in terms of conformation

Araujo et al. ° recently explored the chain conformation and dynamics of 2,5-PEF, both in the
crystalline and amorphous regions, using a combination of vibrational spectroscopy and ab
initio calculations. In the crystalline phase, the 2,5-PEF polymer chains arrange in an extended
zig-zag arrangement. This strained syn"®“transt® conformation is unfeasible for single chains
but advantageous as the chains arrange to form a crystal, since it enables the formation of an
extensive array of C-H---O bonds which lock in place adjacent PEF segments. In the amorphous
regions, the 2,5-PEF polymer chains tend to coil following a statistical distribution of possible
microconformations, the most prevalent being the anti"®“Agauchef® helix. A significant energy
difference separates the helical amorphous chain from the extended crystalline motif, almost
3 times the difference found for PET. This is why the crystallization temperature of 2,5-PEF is
higher compared to PET, and the strain-induced crystallization requires higher stretching
ratios. According to Araujo et al. °, the a and 8 polymorphs are built from syn"®“Atranst® chains
interlocked by C-H--O hydrogen bonds. The packing differences between the a and S
polymorphs reflect on the carbonyl stretching band profile, which can therefore be taken as a
probe for the quick discrimination between 2,5-PEF polymorphs in highly crystalline samples.
Araujo et al. ? also showed, by recording Inelastic Neutron Scattering (INS) spectra, that the
vibrational modes involving the furanic ring (the “ring flipping” mode) and the glycolic moiety
(the “seesaw” mode) are related to a stiffer 2,5-PEF polymer chains, as compared to PET,

which is a feature contributing to the lower gas permeability of 2,5-PEF.

173



CHAPTER VI

VI.3.Comparison of PET and 2,5-PEF in terms of thermal

properties

Several values of the equilibrium enthalpy of melting can be found in the literature for PET
(AHS, = 117.5)/g, 135.8 J/g, and 140 J/g) >**. Groeninckx et al. ‘> used the Hoffman-Weeks
method to determine the equilibrium melting temperature T2 = 290 °Cfor PET crystals made
of fully extended polymer chains, and demonstrated by WAXS and SAXS that the melting
temperature increases only as a function of the lamellar thickening, because no alternative
crystalline phases were formed. The same paper reported that fully annealed PET can reach a
maximum degree of crystallinity of 60%. In a study on isothermal melt crystallization kinetics,
the transition from primary to secondary crystallization was found to occur at 35-40%
crystallinity, with a maximum rate of crystalline growth recorded at 175 °C 3. However, many
examples from the literature show how the crystal parameters and crystallization kinetics of
PET can be influenced by catalyst residues and by the possible presence of co-monomers,
which highlights the importance of the polymerization route on the observed behavior of the
fin