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Chapter 1

1.1 General Introduction

The irruption of plastics in the world has meant a revolution in all economic
sectors. Additionally, the contribution of polymers on technological development is
undoubted. The importance of polymers lies especially in the variety of utilities that
humans can give to these materials. The great versatility of polymers have allowed to
generate products with a certain simplicity such as plastic bags to products with a high
complexity of development, such as those used in medical applications, aeronautics
and construction, among others. LA clear example of the above is shown Figure 1.1,
which presents the percentage of plastics (with respect to the total of plastics required
for their transformation) used in each sector for the manufacture of products in

Europe (EU28+NO/CH).
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Figure 1.1. Distribution of European (EU28+NO/CH) plastics converter by segment in 2016.
Source: Plastics Europe Market Research Group (PEMRG) and Conversio Market & Strategy
GmbH.

Man-made polymeric materials have been under study since the middle of the
nineteenth century, the so-called synthetic polymers (synthesized in the laboratories).
23 As a consequence of the above, polymers are present in many foods or raw
materials that we consume, but also in textiles, in electricity or materials used for

construction. Polyurethanes and other everyday materials such as polystyrene,
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polyethylene, polypropylene or polyesters are used for different reasons because they
provide different and specific properties for each necessity. So, depending on each
polymer, its applications will be different and will be based on the required

characteristics of the final product (Figure 1.2).
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Figure 1.2. European (EU28+NO/CH) plastics converter demand by polymer types in 2016.
Source: Plastics Europe Market Research Group (PEMRG) and Conversio Market & Strategy
GmbH.

So undeniable there is a need for polymers in our daily lives that only in 2016
accounted for nearly 336 million tons worldwide. ! Reports of this same year indicated
that after China, Europe is the second region with the highest production of plastic
materials; in 2016 Europe produced 60 million tons of polymeric materials. *

However, despite all the advantages that polymer materials provide, it is a
reality that one of the biggest environmental problems that exist in the world is
related to contamination by plastics. 3 In this sense, solutions must be taken to tackle
environmental problems caused by plastics.

Several areas of research have been developed over the last few years. ® One of
them is the development of biodegradable polymers from renewable raw materials,
derived from plants and bacteria such poly (lactic acid) PLA or Poly (hydroxybutyrate)
PHB. " Besides being derived from biomass, these plastics are also compostable;
meaning that they decompose biologically by the action of microorganisms and end up
returning to the earth in the form of simple products that can be reused by living
organisms. Therefore, the production of this type of polymers shows a tendency to

3
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increase in the future but to date they account to less than 1 % of total plastic
production. 10

One of the great challenges for the science and technology of polymers in the
attempt to reduce pollution to the environment is to generate materials that fulfill the
function for which they are designed, without generating any residue in the
environment. In this sense, an area of research is dedicated to the synthesis of
copolymers made by combining non-biodegradable polymers with biodegradable
polymers, with the intention of producing polymers whose composition and structure,
allows to preserve the good mechanical, thermal properties, etc., in the materials. But
at the same time also allows the degradability of these by various environmental
factors. 1171
One of the polymers with wide applications and, therefore, one of those that
generates a large amount of non-biodegradable waste is polyethylene terephthalate
(PET). **” This material has been the subject of multiple studies with the intention of
copolymerizing it with other polymers that can give it a certain degree of degradability
but that do not diminish the good properties that characterize it. Some copolymers
that have been investigated are: PET-PLA, PET-co-alkykene succinates, PET-co-alkylene
dicarboxylates, PET-co-Poly (ethylenglycol), among others. 1872

In the plastics manufacturing process the use of catalysts is an essential factor
to generate materials with the quality required for each use (high molecular weights,
coloration, thermal properties, among others). %’ In spite of promoting in a very
effective way the polymerization of diverse materials, the classic catalysts used, have
environmental disadvantages such as: being non-biodegradable compounds, being
made of metals and having a certain degree of toxicity. %8 The above, together with the
fact that final products tend to have catalyst residues in their composition, makes it
necessary to develop new catalysts that become more environmentally friendly (less
toxic, easier to remove from final products and preferably biodegradable).

2632 and enzymes 3337 have emerged

In response to the above, organocatalysis
as an alternative to conventional organometallic catalyst because of their low or no
toxicity in comparison to organometallic counterparts. Therefore, it is believed that the
use of these two families of catalysts (organocatalysts and enzymes) is a more

sustainable alternative in comparison to the current catalysts employed in the plastic

4
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manufacturing process. Current investigations have shown that the use of
organocatalysis 2938747 op enzymes 337374851 can mediate the polymerization of a large
variety of homopolymers and copolymers demonstrating their feasibility for

polymerizations.

1.2 Objectives

Considering the background presented above, in this work, all possible factors
that will help to increase the degree of sustainability in the synthesis of polyesters is
considered. The first part of the thesis focuses on the sustainable synthesis of PET, the
largest produced polyester by far which account to near 30-40 million tons per year,
using step-growth polymerization methods. > In order to make the synthesis of PET
more sustainable and to reduce the impact of organometallic catalysts in the
environment, first the organocatalyzed synthesis of PET using dimethyl terephthalate
(DMT) as a monomer (material that can be obtained from the chemical recycling of

PET waste) >>°°

was investigated. The results demonstrate the feasibility of
organocatalysts to polymerize PET.

After demonstrating the organocatalyzed polymerization of PET, the
copolymerization of PET with PLLA was studied. The impact of the presence of
different PLLA contents in the degradability and in the properties of PET was analyzed.
While it was found that the copolymerization of PET with PLLA could be of great
interest due to the combination of properties from both homopolymers, the obtained
molecular weights were relatively modest due to the degradation of PLLA during the
harsh polymerization conditions.

Therefore, the copolymerization of PET with low molecular weight semi-
crystalline polyethers was investigated. These new copolymers were fully
characterized and showed the ability to produce multiblock copolymers with double
crystallinity. The double crystallinity was studied in detail and the effect of different
polyether compositions in the crystallization was deeply investigated.

The second part of the thesis was focused on the synthesis of PET like materials
by ring opening polymerization using enzymes. It showed the ability to produce

macrocycles in excellent yields using DMT as monomer in the presence of enzymes, to
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subsequently make polyesters. These enzymes not only favored the ROP of
macrocycles but also showed that tuning the reactions conditions were able to
promote the recycling by cyclodepolymerization (CDP) of polyesters formed from
macrocycles, which could be an effective way to reduce the impact of plastics on the

environment. >®>’

. It was also demonstrated that this process could be implemented
with monomers derived from biomass such as dimethyl furanoate (DMF). 138 The
study showed that the properties of the materials obtained were very similar to those
synthesized with DMT. These results indicate that both monomers (DMT and DMF)
despite coming from different sources are able to generate polymers with similar
properties suggesting that DMF could be a good sustainable alternative for DMT.

In order to further exploit the potential of ROP the synthesis of triblock
copolymers was explored, first the linear polyesters were obtained by ROP from
macrocycles and subsequently were copolymerized with PLA (obtained by ROP of
lactide during the copolymerization). The results show that using ROP approach well-
defined triblock copolymers could be obtained, the effect of PLA on the thermal
properties of the copolymers was studied.

This work is focused on synthesizing polymers from monomers derived from
PET waste and biomass, showing the feasibility of using organic catalysts and enzymes
(metal free catalysts) and the subsequent characterization of the obtained materials in
order to understand their structure and properties.

The above with the intention of serving as a base study for future research
focused on improving sustainability in the various synthetic routes for obtaining
polymers and with this help to reduce the environmental footprint left by the

manufacturing processes of plastics.

1.3 Structure of the Thesis

The PhD work has been divided into eight chapters. In chapter 1, a general
introduction is presented, which describes the origin of this work and refers to
everything related to this topic and that has been reported in the literature. In the

same chapter the objectives of the thesis are presented.



Chapter 1

In chapter 2 the synthesis of each of the polymers made in this work is
described; as well as the characterization techniques used for the study of these
polymers. In this chapter also some concepts related to the synthesis of polymers and
to the study of morphology and crystallization of materials have been written, with the
intention of a better understanding of some concepts used throughout the thesis.

In Chapter 3 a screening of different organocatalysts to polymerize PET and the
respective characterization of the materials obtained is reported. The study focuses on
the use of a monomer that can be derived from the chemical recycling of PET
(dimethyl terephthalate, DMT) for the synthesis of the different polymers using various
organocatalysts to find an organic catalyst with an effective catalytic activity to
promote the polymerization of this polyester.

Chapter 4 explains the synthesis and characterization of PET-ran-PLA
copolymers and the effect of PLA on the morphology and crystallization of PET. The
effect of different PLA ratios in the thermal properties as well as in the hydrolytic
degradation has been investigated.

In order to expand the studies related to the copolymerization in chapter 5, the
synthesis of PET-b-Polyether multiblock copolymers and the effect that polyether
causes on the thermal properties of PET and vice versa are described.

Chapter 6 describes the synthesis of cyclic oligoesters using DMT and their
subsequent polymerization to linear polymers and finally the cyclodepolymerization of
these linear polymers are shown; as well as the thermal characterization of the
obtained polymers. The synthesis of cyclic oligoesters using a monomer derived from
biomass such as DMF was also investigated.

The synthesis of triblock copolymers derived from L-lactide with PHT or PHF
and their respective characterization are reported in Chapter 7.

Chapter 8 summarizes the main accomplishments and challenges of this work.

Attached is also a section of annexes that complements what is shown in
chapters 3 to 7. Finally, a list of publications and a summary of the content of this

thesis are also included.
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Chapter 2

2.1 Materials

Dimethyl terephthalate (DMT, > 99%), ethylene glycol (EG, 99.8%), 1,3-
Propanediol (PG, 98%), 1,6 hexanediol (HD, 99%), titanium (IV) butoxide (TiBut, > 99%),
1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU, 98%), benzoic acid (BA, 99.5%), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), p-toluenesulfonic acid monohydrate (p-TSA,
98.5%), trifluoroacetic acid (TFA, 99%), methanesulfonic acid (MSA, = 99.5%) and (35)-
cis-3,6-Dimethyl-1,4-dioxane-2,5-dione (L-lactide, 98%) were purchased from Sigma-
Aldrich. Water was removed from the p-TSA before use. Novozyme 434 (Candida
antarctica lipase B) was a kind gift of Novozymes. L-lactide was supplied from Futerro.
2,5-furandicarboxylic acid (FDCA, 98%) was bought with Satachem Co. 4-
Dimethylaminopyridine (DMAP, 99%), Tetrahydrofuran (THF, 99.9%, Extra Dry) and
Dichloromethane (DCM, 99.9%) were provided by Acros. 1-(4-sulfobutyl)-3-
methylimidazolium hydrogen sulfate (BAIL, 98%) was obtained from Solvionic.
Methanol (CH30OH, 99.5%), anhydrous toluene (99.8%) and chloroform (CHCls, 99.9%)

were acquired from Fisher Scientific.

The DBU:BA catalyst at molar ratio of base to acid (1:1) was prepared following
the procedure reported by Coady et al. * TBD and MSA at molar ratio of base to acid
(1:1), were mixed to obtain a TBD:MSA catalyst due to its ability to form PET from

Bis(2-Hydroxyethyl) terephthalate. 2

Dimethyl furanoate (DMF) was previously synthesized following the method

reported by Gubbels et al. 3

The polyether used poly (1,6 Hexanediol) [poly (1,6 HD)], was previously

obtained according to the procedure reported by Andere et al. *
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2.2 Synthesis of Polymers

Chain growth and step-growth polymerizations are two distinctive
polymerization mechanisms in the production of polymers. The biggest difference
between both types of polymerization is the molecular weight dependence on the
extent of monomer conversion. During chain growth polymerization process, to
reactive intermediate (i.e. radical, anion, cation or metallocene) forms through an
initiation step. This reactive center reacts with a monomer, in a propagation step
transferring the reactive center to the end of the chain. Molecular weight growth
occurs through the consecutive addition of monomers until termination consumes the
reactive center (Figure 2.1). The overall concentration of high molecular weight
polymer chains and polymer dispersity index becomes reliant on % conversion. ° In
contrast, the mechanism of growth in step-growth polymerizations begins with the
formation of dimers from monomers then systematically increases in size to trimers

and tetramers until high molecular weights are achieved (Figure 2.1).°

Step-Growth Chain-Growth
, ‘ I > (or ’—} ) Monomers Q-
l Initiation
A C i f .
i .’: i I . ooyl o0
<4 'Y trimers,...
[ .’l. . Propagation
+n
e 0006e |
’ . ’ . . . .‘ Oligomer formation . . .
@0 + @
Y YRR Y™ |
ermination
1 so00
High molecular weight growth
2@

Figure 2.1. lllustration of mechanistic difference between step-growth polymerization and
chain growth polymerization. °

Polyesters (R-COO-R’) are an important class of polymeric materials. A wide
range of polymerization synthetic routes to polyesters are known, including the step-
growth polymerization of diacids and diols (and derivatives), the self-polycondensation
of hydroxyacid, or the ring-opening polymerization (ROP) of cyclic esters. (ROP) is a
type of chain-growth polymerization that allows for precise control over molecular

weights and dispersity and gives access to complex structure, such as block
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copolymers. > On the other hand, Entropically driven ring-opening polymerization (ED-
ROP) is a ROP of individual strainless macrocycles, or homologous families of strainless
macrocycles, at high concentration. ®® The reverse polymerization to the previous one
is the Cyclodepolimerization (CDP), it involves taking a dilute solution, typically <3%
w/v, of the appropriate polymer and establishing the RCE (Ring-chain equilibria). ©
Another way to obtain cyclic oligomers is the High dilution condensation (HDC), it
consists of carrying out condensation reactions between the end groups of linear
species at sufficiently low concentrations that intramolecular reactions are greatly
favored over intermolecular reactions. ® The formation of cyclic oligomers and the

opening of macrocycles depend on the equilibrium conditions of the ring-chain

_[_A B—]— cbp - C lA_B! ) +  plus the polymer
- X end groups

(Scheme 2.1).

o ED-ROP
Linear polymer x=1,2,3, etc
Macrocyclic oligomers
FAVORED BY (MCOs)
HIGH FAVORED BY
CONCENTRATION HIGH DILUTION

Scheme 2.1 A generalized ring-chain equilibrium.

In this thesis the step growth polymerization of polyesters and the ROP of polyester
will be explored for the synthesis of sustainable polyesters derived from DMT

monomer.

2.2.1 Synthesis of PET
2.2.1.1 Screening of Different Catalysts for PET Synthesis

The catalysts tested for PET polymerization were: TiBut, DBU:BA (1:1), DMAP,
TBD, DBU, p-TSA, BAIL and TBD:MSA (1:1). PET was obtained by reacting DMT (1
equiv., 0.015 mol, 3.0 g) with EG (1.4 equiv., 0.021, 1.3 g)) in the presence of 5 mol% of
catalyst (with respect to DMT). The reaction was performed in a tubular Schlenk flask
with glass key and equipped with a magnetic stirrer and the flask was heated in a
molten salt bath. This procedure was the same for each catalyst employed.

The polymerization reaction was carried out at 200 °C for 24 h at atmospheric

pressure, followed by 24 h under vacuum. During the reaction, an aliquot was taken at
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different reaction times to follow the conversion by FTIR. Finally, the polymer obtained
was diluted in a mixture of chloroform and trifluoroacetic acid (8:1, v/v), precipitated
an excess of methanol and collected by centrifugation. Then, the material was dried

under vacuum.

PET. 'H NMR (8ppm, CDCls/TFA, 300 MHz): 8.12 (4H, Ar-CH), 4.78 (4H, COO-CH,-CH,-
OCO, internal group), 4.63 (4H, COO-CH,-CH,-0-CH,-CH,-0OCO, dimer)/ (2H, COO-CH,-
CH,-OH, end group), 4.18 (2H, COO-CH,-CH,-OH, end group), 4.10 (4H, COO-CH,-CH,-
0O-CH,-CH,-0CO, dimer) and 4.02 (3H, COO-CHgs, end group).

2.2.1.2 Optimized PET polymerization

Following the procedure described previously for PET synthesis, but in order to
optimize the polymerization, DBU:BA (1:1) was used as catalyst in two reactions, the
first reaction was carried out at 240 °C for 24 h under atmospheric pressure followed
by 24 h under vacuum. The second reaction was carried out at 200 °C under
atmospheric pressure for 24 h and then the temperature was increased to 250 °C and
vacuum was applied for 4 h.

To complete the study, other reactions were carried out at 250 °C for 1 h under
atmospheric pressure and 4 h under vacuum. In this case, the catalysts employed
were: DBU:BA (1:1) and TBD:MSA (1:1). The same procedure than in the Screening of
different catalysts for PET Synthesis section was applied to the purification of PET.

A complementary study has been made under the latter conditions but using
500 ppm of catalysts, being TiBut, DBU:BA and TBD:MSA. In this purpose, a stock
solution (in dried THF) of 100 mg of the catalyst was realized for higher precision and
the corresponding quantity of 500 ppm mol% of this solution was added to DMT and
EG.

2.2.2 Synthesis of Random Copolymers
2.2.2.1 Synthesis of PLA (Poly (L-lactic acid))

PLA was synthesized in a round bottom flask equipped with a magnetic stirrer

where L-lactide (50 equiv., 0.139 mol, 20 g), 1,3-Propanediol (1 equiv., 0.0028 mol,
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0.21 g) as initiator and DBU:BA as catalyst (10 mol% with respect to L-lactide) were

mixed in the presence of DCM [0.139 L, calculated from (% =1 M)] under an

inert atmosphere at 25 °C for 24 h. Then benzoic acid was added to stop the reaction
while stirring continued for 30 min. The polymer obtained was precipitated in excess

methanol and collected by centrifugation and finally it was dried under vacuum.

PLLA. 'H NMR (8ppm, CDCls, 300 MHz): 5.14 (1 H, COO-CHCH;0, internal group), 4.33
(1 H, COO-CHCH30H, end group), 1.59 (3 H, COO-CHCH30, internal group), 1.47 (3 H,
COO-CHCH30H, end group).

2.2.2.2 Synthesis of PET-ran-PLA Copolyesters

The bulk polymerization of each copolyester was carried out in a tubular
Schlenk flask with glass key equipped with a magnetic stirrer, where DMT (1 equiv.,
0.015 mol, 3.0 g) with EG (1.4 equiv., 0.021 mol, 1.3 g) in the presence of 5 mol% of
catalyst (with respect to DMT) were mixed at 200 °C for 2 h at atmospheric pressure.
Maintaining the reaction conditions the PLLA was added to obtain compositions from
98/02 to 28/72 PET/PLA wt%. The amounts of DMT and EG were kept constant and the
amount of PLA was varied for each composition as follows (PET/PLA, g PLA): (98/02,
0.23 g), (95/05, 0.48 g), (93/07, 0.62), (92/08, 0.69 g), (91/09, 0.72 g), (90/10, 0.77 g),
(82/18, 1.86 g), (48/52, 2.17 g) and (28/72, 5.79 g). All components were mixed for 4 h
and then vacuum was applied for 24 h. The same procedure was followed in the
synthesis of each one of the copolyesters.

Each copolymer obtained was diluted in a mixture of chloroform (CHCl3) and

trifluoroacetic acid (TFA) (8:1, v/v), precipitated in excess methanol and separated

from impurities by centrifugation and then the material was dried under vacuum.

PET-ran-PLA. 'H NMR (6ppm, CDCl3/TFA, 300 MHz): 5.43 (Link Terephthalate-Lactide,
Ar-COO-CHCHsCO), 4.66 (Link Terephthalate-Ethylene glycol-Lactide, Ar-COO-CH,-CH,-
OCOCHCHs-0), 1.69 (Link Terephthalate-Lactide, Ar-COO-CHCHsCO).
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2.2.3 Synthesis of PET-b-Polyether Copolymers

The synthesis of each one of the copolymers was carried out in a tubular
Schlenk flask with glass key equipped with a magnetic stirrer, where DMT (1 equiv.,
0.015 mol, 3.0 g) with EG (1.4 equiv., 0.021 mol, 1.3 g) in the presence of the catalyst
DBU:BA (5 mol% with respect to DMT) were mixed at 250 °C for 1.5 h at atmospheric
pressure. Maintaining the reaction conditions the Polyether was added to obtain
copolymers of PET-b-Polyether with different compositions PET/Polyether wt%. To do
the above, the amounts of DMT and EG were kept constant and the amount of
Polyether was varied for each composition as follows [PET/Polyether, g Polyether]: for
PET/Poly (1,6 HD), (68/32, 0.48 g), (64/36, 1.08 g), (61/39, 1.86) and (34/66, 4.34 g).
The components were mixed for 1.75 h and then vacuum was applied for 4 h. The

same procedure was followed in the synthesis of each one of the copolymers.

Each polymer obtained was diluted in a mixture of chloroform (CHCl3) and
Trifluoroacetic acid (TFA) (8:1, v/v), precipitated in excess methanol and separated

from impurities by centrifugation; finally the material was dried under vacuum.

PET-b-Polyether. *C NMR (Sppm, CDCl3/TFA, 300 MHz): 134.77 (Polyether-
Terephthalate-Ethylene glycol, O-[CH,]¢-COO-CH-Ar-CH-COO-[CH,],-0-), 134.55 (Dyad
Polyether-Terephthalate-Polyether, O-[CH,]¢-COO-CH-Ar-CH-COO-[CH,]6-0-), 134.19
(Dyad Ethylene glycol-Terephthalate-Ethylene glycol, O-[CH,],-COO-CH-Ar-CH-COO-
[CH,],-0-), 133.97 (Ethylene glycol-Terephthalate-Polyether, O-[CH,]s-COO-CH-Ar-CH-
COO-[CH,],-0).

2.2.4 Synthesis of Polyesters from Cyclic Oligoesters and their Cyclodepolymerization
2.2.4.1 Synthesis of hexamethylene terephthalate and hexamethylene furanoate cyclic

oligomers c(HT),, c(HF), by enzymatic cyclization.

c(HT)x and c(HF), were synthesized by enzymatic cyclization using the
procedure reported by Sugihara et al. for the synthesis of aliphatic oligoesters. ° For

the case of c(HT), cycles, 1,6-hexanediol (1.02 equiv., 0.0105 mol, 1.24 g), dimethyl

g(DMT)
mL(toluene)

terephthalate (1 equiv., 0.0102 mol, 2 g) and toluene ( = 0.0029), were
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placed in a round bottom flask equipped with a nitrogen inlet, a condensation outlet
and a magnetic stirrer, and immersed in a thermostated oil bath heated at 90 °C. Then
immobilized lipase CAL B (100 wt.-% with respect to: g of HD + g of DMT, 3.24 g) was
added. This enzyme was previously dried under vacuum for 24 hours at 50 °C. One
aliquot was extracted at different reaction times (7 hours, 1 day, 2 days, 3 days, 4 days,
7 days) and, after removing the enzymes using a membrane syringe filter, were
characterized by *H NMR and HPLC. Finally the solution reaction was diluted with 1 ml
of chloroform per 3.4 ml of solution, filtrated with a filter plate and evaporated to
dryness under reduced pressure. The cyclic oligoesters, recovered as white products,
were placed in a vacuum desiccator and used without further purification for all
analysis and posterior enzymatic polymerization.

To synthesize cycles of c(HF), the previous procedure was followed, using: , 1,6-

hexanediol (1.02 equiv., 0.0110 mol, 1.30 g), dimethyl furanoate (1 equiv., 0.0108 mol,

g(DMF)

2 g) and toluene (—= = ="

= 0.0029), CAL B (100 wt.-%, 3.30 g). Control test

without enzymes were essayed under same experimental conditions.

¢(HT)x. 'H NMR (5ppm , CDCls, 300.1 MHz): 8.08-7.87 (4H, Ar-CH), 4.38 (4H, OCH,),
1.84 (4H, OCH,CH,), 1.63-1.54 (4H, OCH,CH,CH,).

¢(HF)x. *H NMR (8ppm , CDCls, 300.1 MHz): 7.19-7.18 (2H, Ar-CH), 4.34 (4H, OCH,), 1.81
(4H, OCH,CH3), 1.57-1.50 (4H, OCH,CH,CH,).

2.2.4.2 Synthesis of poly(hexamethylene terephthalate) (PHT) and poly(hexamethylene

furanoate) (PHF) from c(HT),, c(HF) cyclic oligomers by enzymatic polymerization.

PHT and PHF were obtained by enzymatic ROP using a slightly modified
procedure of Sugihara et al. ° To synthesize PHT, (1 equiv., 0.0060 mol, 1.5 g) of c(HT),,
(0.083 equiv., 0.00050 mol, 0.059 g) of 1,6-hexanediol and 1 ml of toluene (per 0.25 g
of added PHF cycles) were added to a round bottom flask equipped with a magnetic
stirrer, and immersed in a thermostated oil bath heated at 100 °C. Then immobilized
lipase CAL B (40 wt.-% with respect to g of c(HT)y, 0.6 g) was added and maintained at
this temperature for 24 h. Then chloroform was added to dilute the solid present in

the reaction solution and filtrated with a filter plate and evaporated to dryness under
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reduced pressure. The polymers obtained as white products were placed in a vacuum
desiccator and used without further purification for GPC and NMR analysis.

With the same procedure previously described PHF was also obtained, the
reagents used were: (1 equiv., 0.0063 mol, 1.5 g) of c(HF),, (0.083 equiv., 0.00052 mol,
0.062 g) of 1,6-hexanediol and CAL B (40 wt.-%, 0.6 g). Control test without enzymes

were essayed under same experimental conditions.

PHT. *H NMR (6ppm , CDCls, 300.1 MHz): 8.08 (4H, Ar-CH), 4.36 (4H, OCH,), 1.83 (4H,
OCH,CH3), 1.54 (4H, OCH,CH,CH,).
PHF. *H NMR (8ppm , CDCls, 300.1 MHz): 7.19 (2H, Ar-CH), 4.34 (4H, OCH,), 1.79 ,(4H,
OCH,CH;), 1.48 (4H, OCH,CH,CH,).

2.2.4.3 Synthesis of hexamethylene terepththalate and hexamethylene furanoate

cyclic oligomers c(HT),, c(HF), by enzymatic cyclodepolymerization.

g (PHT)
ml (Toluene) -

(0.00080 mol, 0.2 g) of previously synthesized PHT and toluene (

0.0029) were added to a round bottom flask with a magnetic stirrer and immersed in
a thermostated oil bath heated at 90 °C. Then inmobilized CAL B (100 wt.-%, with
respect to g PHT, 0.2 g) was added and maintained at this temperature for 3 days.
Then the reaction solution was diluted with 1 ml of chloroform per 3.4 ml of solution
and filtrated with a filter plate and evaporated to dryness under reduced pressure. The
cyclic oligoesters, recovered as a white product, were placed in a vacuum dessicator
and used without further purification for all analysis.

Following the same procedure above, PHF cycles were synthesized, where

g(PHF)
ml (Toluene) -

(0.00084 mol, 0.2 g) of previously synthesized PHF were used, toluene (

0.0029), CAL B (100 wt.-%, with respect to g PHF, 0.2 g). Control test without enzymes

were essayed under same experimental conditions.

¢(HT)x. 'H NMR (8ppm , CDCls, 300.1 MHz): 8.09-7.85 (4H, Ar-CH), 4.38 (4H, OCH,),
1.83 (4H, OCH,CH,), 1.62-1.54 (4H, OCH,CH,CHs,).

c(HF)x. *H NMR (8ppm , CDCls, 300.1 MHz): 7.19-7.18 (2H, Ar-CH), 4.34 (4H, OCH;), 1.81
(4H, OCH,CH3), 1.57-1.50 (4H, OCH,CH,CH,).

24



Chapter 2

2.2.5 Synthesis of Triblock Copolymers PLLA-b-PHF-b-PLLA and PLLA-b-PHT-b-PLLA

First, telechelic oligomers of Poly(hexamethylene terephthalate) (PHT) and
Poly(hexamethylene furanoate) (PHF) were synthesized following the procedure
described in 2.2.4.2.

PLLA-b-PHF-b-PLLA copolymers were synthesized in a round bottom flask
equipped with a magnetic stirrer, where Telechelic oligomer of PHF (1 mEq., 1.26
mmol, 300 mg) and TBD as catalyst (5 mol% with respect to L-lactide) were mixed with
each one of the next amounts of L-lactide with the intention of obtaining different
compositions of PHF/Lactic Acid, these amounts were: (1 mEq., 1.26 mmol, 182 mg),

(2mEq., 2.52 mmol, 363 mg) and (4 mEqg., 5.04 mmol, 726 mg). Then DCM [ml DCM =

mmol(L—lactide)]

Y was added and all components were mixed at 25 °C for 5 min. Then

benzoic acid was added to stop the reaction while stirring continued for 5 min. Finally
chloroform was added an then the polymer obtained was precipitated in excess
methanol and collected by centrifugation and then it was dried under vacuum. NMR
experiments were performed to corroborate the chemical structure and

microstructure of the copolymers.

Employing the same procedure previously described PLLA-b-PHT-b-PLLA
copolymers were also obtained. The reagents used were Telechelic polymer of PHT (1
mEg., 1.20 mmol, 300 mg), TBD catalyst (5 mol% with respect to L-lactide) and
different amounts of L-lactide: (1 mEq., 1.20 mmol, 174 mg), (2 mEq., 2.42 mmol, 348

mg) and (4 mEq., 4.84 mmol, 697 mg).

To complement the study, reactions with a large amount of L-lactide were
carried out, following the same procedure described, but with the quantities of
reagents that are mentioned below, to obtain PLLA-b-PHF-b-PLLA: Telechelic polymer
of PHF (1 mEq., 0.42 mmol, 100 mg), TBD (5 mol% with respect to L-lactide) and L-
lactide (16 mEqg., 6.72 mmol, 969 mg); for the case of PLLA-b-PHT-b-PLLA the
quantities used were: Telechelic polymer of PHT (1 mEg., 0.40 mmol, 100 mg), TBD (5
mol% with respect to L-lactide) and L-lactide (16 mEg., 6.45 mmol, 930 mg).

PLLA-b-PHF-b-PLLA: 'H NMR (300.1 MHz, CDCl;, 8ppm): 7.19 (s, ArH), 5.16 (m, CH
(LA)), 4.34 (t, OCH, (HF)), 1.79 (m, OCH,CH, (HF)), 1.58 (d, CHs (LA)), 1.48 (m,
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OCH,CH,CH, (HF)). 3C NMR (75.5 MHz, CDCls, & (ppm)): 169.6 (CO (LA)), 158.1 (CO
(HF)), 146.9 (ArC (HF)), 118.3 (ArCH (HF)), 69.3 (CH (LA)), 65.4 (OCH, (HF)), 28.5
(OCH,CH, (HF)), 25.5 (OCH,CH,CH, (HF)), 16.6 (CHs (LA)).

PLLA-b-PHT-b-PLLA: 'H NMR (300.1 MHz, CDCls, Sppm): 8.08 (s, ArH), 5.17 (m, CH
(LA)), 4.36 (t, OCH, (HT)), 1.82 (m, OCH,CH, (HT)), 1.58 (d, CHs; (LA)), 1.54 (m,
OCH,CH,CH; (HT)). 3C NMR (75.5 MHz, CDCl3, & (ppm)): 169.6 (CO (LA)), 165.8 (CO
(HT)), 134.1 (ArC (HT)), 129.5 (ArCH (HT)), 69.0 (CH (LA)), 65.3 (OCH, (HT)), 28.6
(OCH,CH, (HT)), 25.7 (OCH,CH,CH; (HT)), 16.6 (CHs (LA)).

2.3 Characterization Techniques

2.3.1 NMR Spectroscopy

'H NMR and *C NMR spectra were recorded on a Bruker DPX300 spectrometer.
For NMR analysis, polymers (PET, PET-ran-PLA and PET-b-Polyether) were dissolved in
a mixture of deuterated chloroform (CDCls) and trifluoroacetic acid (TFA) (8:1, v/v). In
the case of PLA and Polyether, these were dissolved in chloroform (CDCls), all the
spectra were referenced to CDCls. About 10 mg of sample in 0.6 mL of solvent were
used for *H NMR. For *C NMR analysis, samples of 40 mg in 0.6 mL of solvent were

prepared.

To analyze samples derived from HT and HF (cyclic and polymers), L-lactide and
triblock copolymers (PLLA-b-PHF-b-PLLA and PLLA-b-PHT-b-PLLA), *H NMR and “*C
NMR spectra were recorded at 300.1 MHz on a Bruker AMX-300 NMR instrument.
About 10 mg and 40 of sample for *H NMR and BC NMR respectively, were dissolved in
1 mL of deuterated chloroform containing a small amount of TMS internal reference
(only for PLLA-b-PHF-b-PLLA and PLLA-b-PHT-b-PLLA, 0.7 mL of deuterated chloroform
were used). Around 128 scans were collected and signal averaged with 32-K data
points. For determination of polyester end-groups by 'H NMR, an excess of
trichloroacetyl isocyanate (TAIl) (a drop) was added to the NMR tube containing 10 mg
of polyester samples dissolved in 1 mL of the deuterated chloroform. The reaction with

both hydroxyl and carboxyl end groups gave rise to two signals due to the imide NH
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groups at around 8.5 and 10.4 ppm, respectively. ° Due to partial overlapping of one
of the imidic NH groups in PHT, the amount of CH,OH end groups was calculated from
the 'H NMR spectra of non-added TAI sample. Spectra were processed with the

WINNMR Bruker program.

2.3.2 FTIR Spectroscopy

To analyze the samples by FTIR spectroscopy a Nicolet 6700 spectrometer
(Thermo Scientific) was used with golden gate single reflection ATR with a resolution of

4 cm™, a diamond crystal was employed.

In the case of PET samples, these were taken from the tubular Schlenk flask at
different reaction times and the obtained solids were analyzed. For PET-ran-PLA

copolymers the solids from the final products were studied.

2.3.3 Size Exclusion Chromatography (SEC)

To analyze PET and PET-ran-PLA, size exclusion chromatography was performed
at 40 °C by an Agilent equipment provided with a refractive index detector and
equipped with a precolumn HFIP-LG and two HFIP 804 and HFIP 803 columns from
Shodex packed with polystyrene-divinylbenzene. The samples were chromatographed

with a flow of 0.5 mL-min™ using 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) as solvent.

The molecular weight of PLA was determined by SEC analysis performed at 35
°C using Tetrahydrofuran as eluent with a flow of 1 mL/min in a Waters equipment
provided with an UV-visible detector and IR detector, with Styragel HR series of
columns (HR6, HR4, HR2).

In the case of the polyether, was analyzed by SEC analysis (Agilent PL-GPC 50)
using Shodex GPC HFIP-803 (300 x 8.0 mm), where the Chloroform was the eluent, at
50 °C and a flow rate of 1 mL/min with polystyrene standards.

Waters equipment provided with Rl and UV detectors, was used to measure
molecular weights of cycles and polymers (from HT and HF) and triblock copolymers

(PLLA-b-PHF-b-PLLA and PLLA-b-PHT-b-PLLA). HR5E and HR2 Waters linear Styragel
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columns (7.8 mm x 300 mm, pore size 103-104 A) packed with crosslinked polystyrene
and protected with a precolumn were used. For each sample, 100 pL of 0.1% (w/v)
sample solution was injected and chromatographed with a flow of 0.4 mL min-1.

Molar mass average and distributions were calculated against PMMA standards.

2.3.4 Hydrolytic Degradation

Samples of 20 mg each were dispersed in 20 mL of phosphate buffer (pH=7.4)
and incubated at 37 °C (1 °C) with stirring. At different time periods, samples of PET-

ran-PLA copolyesters were taken out, washed and dried for later analysis by NMR.

2.3.5 High —Performance Liquid Chromatography (HPLC)

HPLC analysis was performed at 25 °C in a Waters apparatus equipped with a
UV detector of Applied Biosystems, operating at 254 nm wavelength, and a Scharlau
Science column (Si60, 5 um; 250 x 4.6 mm). Cyclic oligomers (1 mg) were dissolved in
chloroform (1 mL) and eluted with hexane/1,4-dioxane 70/30 (v/v) at a flow rate of 1.0

mL min~%.

2.3.6 Matrix-Assisted Laser Desortion/lonization Time of Flight (MALDI-TOF)

(MALDI-TOF) MS spectra were recorded in a 4700 Proteomics Analyser
instrument of Applied Biosystems (Proteomics Platform of Barcelona Science Park,
University of Barcelona). Spectra acquisition was performed in the MS reflector
positive-ion mode. About 0.1 mg of sample was dissolved in 50 uL of DCM and 2 uL of
this solution were mixed with an equal volume of DCM solution of anthracene (10 mg
mL™"), and the mixture left to evaporate to dryness onto the stainless steel plate of the
analyser. The residue was then covered with 2 pL of a solution of 2,5-dihydroxibenzoic
acid in acetonitrile/H,0 (1/1) containing 0.1% TFA, and the mixture was left to dry

prior to exposition to the laser beam.
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2.3.7 Intrinsic Viscosity

The determination of the intrinsic viscosity was carried out following standard
UNE-EN ISO 1628 / 5-1986 (E) in a capillary viscometer. A solution with a polymer
concentration of 0.2 g/dL was prepared, the solvent used was a mixture of phenol and
1,2-dichlorobenzene (50/50 %w). The temperature of the bath to carry out the
measurements was 30 °C, a capillary viscometer type Ubbelhod was used. A
chronometer was used to measure the flow time, at least three measurements for

each sample were made.

The values reported in chapter 5 are the average of the values obtained from
the reduced viscosity and the inherent viscosity. Different authors report the formulas

to determine the different viscosities. !

2.3.8 Dynamic Mechanical Thermal Analysis (DMTA)

A Dynamic Mechanical Thermal Analyzer, Triton 2000 DMA from Triton
Technology, was used in a single cantilever bending deformation mode to carry out
Mechanical Dynamic Thermal Analysis (DMTA). DMA tests using material pockets to
analyze powdered materials, as well as the procedure to perform such tests has been
reported in the literature. ** In this work, material pockets were used. A material
pocket is a stainless-steel envelope that holds the sample. As stainless steel does not
have any relaxation or phase transitions over the temperature range of the
instrument, this is an ideal sample mounting material. To prepare the samples, the
powder material was put inside the metal pocket. Then, the pocket was folded in half,
closed to form a sandwich and placed in the DMTA. The samples were heated from -20
°C to 130 °C at a constant heating rate of 3 "C/min and frequency of 1 Hz. These tests
allowed detecting the glass transition temperature (Tg), given by the maximum peak in
loss tangent, tan o. This method was used to analyze the copolymers of the Chapter 4

(PET-ran-PLA) and the parent homopolymers that formed them.

The same procedure described above was used for measurements of the PET-b-

Polyether copolymers and their respective parent homopolymers (Chapter 5).
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Changing only the temperature range of the analysis, in this case was from -100 °C to

200 °C.

2.3.9 Differential Scanning Calorimetry (DSC)

The thermal behavior of the polymers was analyzed by differential scanning
calorimetry (DSC), employing a DSC 8500 (PerkinElmer). The instrument was calibrated
with indium and tin standards. The DSC scans were collected employing 4.5-5.5 mg

samples at heating and cooling rates of 20 °C/min under a nitrogen flow of 20 mL/min.

PET, PLA, PET-ran-PLA, Polyethers and PET-b-Polyether samples were analyzed
using a temperature range from -20 to 270 °C. On the other hand, cycles and linear
polymers derived from HT and HF; as well as the triblock copolymers (PLLA-b-PHF-b-
PLLA and PLLA-b-PHT-b-PLLA), were analyzed in a temperature range of -30-200 °C.

The peaks of temperatures of melting and of cold crystallization, T,, and T,
respectively, as well as the latent heats (4H,, and AH,.) reported in the results section
were taken from the second heating scans. Only in the case of Cyclic Oligoesters
(Chapter 6), the values of T,, and AH,,, were obtained from the first heating. The
reported values of the crystallization temperature (7.) and its corresponding latent
heat (AH,.), were taken from the cooling scans. The glass transition temperatures were
determined with a heating rate of 40 °C/min after rapidly quenching the sample

(ballistic cooling).
2.3.9.1 Non Isothermal studies

The non-isothermal measurements for samples of PET, PLA, PET-ran-PLA,

Polyethers and PET-b-Polyether were performed with the procedure described below:

1) Heat from 25 °Cto 270 °C at 20 °C/min. (First Heating).

2) Hold for 3 min. at 270 °C (to erase the thermal history).
3) Cool from 270 °C to -20 °C at 20 °C/min. (Cooling).

4) Hold for 1 min. at-20 °C

5) Heat from 25 °Cto 270 °C at 20 °C/min. (Second Heating).
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To analyze the cyclic oligoesters and polyesters derived from hexamethylene
terephthlate and hexamethylene furanoate, as well as the triblock copolymers (PLLA-b-
PHF-b-PLLA and PLLA-b-PHT-b-PLLA), the procedure described was the same, changing
only the maximum temperatures to be cooled and heated, at -30 C and 200 °C,

respectively.
2.3.9.2 Isothermal studies

For PET and semi-crystalline PET-ran-PLA copolymers, isothermal

measurements were performed using the procedure reported by Lorenzo et al. *?

1) Hold for 3 min. at 270 °C (to erase the thermal history).

2) Quench from 270 °C to a chosen isothermal crystallization temperature (T,) at
60 °C/min (to avoid crystallization during cooling to T)

3) Isothermal crystallization until saturation.

4) Heat from T.to 270 °C at 20 °C/min.

Because all the samples were able to crystallize on cooling, before starting with
the isothermal measurements, the minimum crystallization temperature for each
sample was determined. For this purpose, the sample was quenched from the melt
until a chosen T,, and it was immediately heated again until the melt. These steps were
repeated until it was observed that the heating from the chosen T, did not show any
enthalpy of fusion, where the T, that showed this characteristic in the subsequent

heating was the minimum crystallization temperature.

To make the isothermal measurements of samples with two crystallization
peaks, as is the case of copolymers of PET with polyether, the procedure described

below was carried out:

First for the PET in the copolymer:

1) Hold for 3 min. at 270 °C (to erase the thermal history).
2) Quench from 270 °C to a chosen isothermal crystallization temperature (T.) at

60 °C/min.
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3) Isothermal crystallization until saturation.

4) Heat from T.to 270 °C at 20 °C/min.

Where the values of T, correspond to values of crystallization temperatures of
the PET present in the copolymer, this means that these measurements were made in
a temperature range of 150 to 270 °C. Therefore, the polyether present in the
copolymer during these measurements was in the melt state. This protocol is

represented in Figure 2.2.
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Figure 2.2. Schematic representation of the thermal protocol employed for isothermal
crystallization experiments of PET in the copolymer.

On the other hand, for the isothermal studies of the polyether in the

copolymer, the following was done:

1) Hold for 3 min. at 270 °C (to erase the thermal history).

2) Cool from 270 °Cto a T, [T;= (T.of PET in the copolymer) - 40 °C] at 10 °C/min.

3) Hold for 10 min. at T; (to ensure that all the PET component in the copolymer
is crystallized)

5) Quench from T; to a T,; at 60 °C/min.

6) Isothermal crystallization until saturation.

7) Heat from to T, to T, [T,= (T, of Polyether in the copolymer) + 30 °C] at 20
°C/min.

8) Hold for 3 min. at To.
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9) Quench from T, to a T, at 60 °C/min.
10) Isothermal crystallization until saturation.
11) Heat from T, to T, at 20 °C/min.
For each copolymer the values of T; and T, are those corresponding to the PET
and polyether present in the copolymer. The T, is the crystallization temperature
selected for the polyether. The procedure described above for the isothermal

crystallization of Polyether is shown in Figure 2.3.

[Tttt trrtrryrrrrrrrrrrrrtrr
| 270 °C (3 min) J
T, of PET
>
3
3 3. -
>
T, of PET 1

Temperature (2C)

Time (m.in).

Figure 2.3. Schematic representation of the thermal protocol employed for isothermal
crystallization experiments of Polyether in the copolymer.

From step 1 to 5 the sample is conditioned to a temperature where the PET is
completely crystallized and then in step 6 the first isothermal crystallization of the
polyether is measured. Therefore, the measurement of isothermal crystallization of
the polyether starts in step 6 and continues in the successive steps. The latter is
indicated in the red box in Figure 2.3.

To find the minimum crystallization temperature, for PET and polyether the
same procedure described in previous paragraphs was followed, these measurements
were again made in the temperature range, in the case of PET where the polyether is
completely melted, and in the case of the polyether in the temperature range where

the PET is completely crystallized.
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2.3.10 Flash DSC

A Flash DSC 2+ (Mettler Toledo) is a measuring instrument for rapid differential
scanning calorimetry. This equipment was used to measure the glass transition
temperatures of some copolymers made from PET and Polyether. The flash DSC 2+ was
equipped with Huber TC-100 intracooler. The cooling rate was -4000 K/s and the
heating rate was 20 000 K/s.

Before each experiment, the sensor was conditioned and calibrated, after a
flow of nitrogen gas was applied to provide an inert atmosphere, maintaining a flow
rate of 80 mL/min. For a good contact between the sample and the sensor, the sample
was subjected to several heating and cooling runs from 25 to 270 °C (rate of 1000 K/s).

The samples were analyzed in a range of -90 to 270 °C.

The general procedure for measurements in every sample was:

1) Hold for 0.10 s at 270 °C (to erase the thermal history).
2) Cool from 270 °C to -90 °C at -4000 K/s (Cooling).

3) Hold for 0.10 s at -90 °C

4) Heat from -90 °C to 270 °C at 20 000 K/s (Heating).

The reported values of T, were taken from the heating runs. The results were

independent of sample mass. The STARe software was used to analyze the data.

2.3.11 Thermogravimetric Analysis (TGA)

Weight loss as a function of temperature was examined by a TGA Q500 (TA
instrument) under nitrogen atmosphere. Samples of 5-10 mg were heated from 40 to
600 °C at a rate of 10 °C/min.

2.3.12 Simultaneous Wide-Angle and Small-Angle X-ray Scattering (SAXS/WAXS)

The samples in capillaries were examined under non-isothermal conditions by

simultaneous WAXS/SAXS performed at beamline BL11-NCD at the ALBA Synchrotron
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radiation facility (Barcelona, Spain). In a Linkam THMS600 hot stage coupled to a liquid

nitrogen cooling system.

For PET-ran-PLA copolymers, the patterns were collected by cooling from 270
°C to 25 °C and subsequently heating from 25 °C to 270 °C. In the case of PET-b-
Polyether samples the patterns were collected by cooling from 270 °C to -20 °C and
subsequently heating from -20 °C to 270 ° C. The polyether patterns were collected by
cooling from 130 °C to -20 °C and subsequently heating from -20 °C to 130 ° C. In the
case of triblock copolymers of PLLA-b-PHF-b-PLLA and PLLA-b-PHT-b-PLLA, patterns
were collected by cooling from 180 °C to -30 °C and subsequently heating from -30 °C

to 180 ° C. All the measurements were carried out at a rate of 20 °C/min.

The energy of X-ray source was 12.4 keV (A=1.0 A). WAXS patterns were
recorded using a Rayonix LX255-HS detector with an active area of 85 x 255 mm? (pixel
size 40x40 umz), for PET-ran-PLA and PET-b-Polyether copolymers, the sample-to-
detector distance employed was 154.69 mm with tilt angle of 29.23°, to analyze
Polyethers, PHF, PHT, PLLA-b-PHF-b-PLLA and PLLA-b-PHT-b-PLLA the sample-to-
detector distance employed was 196.14 mm with tilt angle of 30.33°. On the other
hand the SAXS patterns were collected using Pilatus 1M detector (from Dectris), with
an active area of 168.7 x 179.4 mm? (pixel size 172x172 umz), the sample-to-detector
distance employed was 6730 mm with a tilt angle of 0°, for measurements of PET-ran-
PLA and PET-b-Polyether samples. When Polyethers, PHF, PHT, PLLA-b-PHF-b-PLLA and
PLLA-b-PHT-b-PLLA were analyzed the sample-to-detector distance employed was
6790 mm with tilt angle of 0°. The intensity profile was output as the plot of the
scattering intensity vs the scattering vector. The scattering vector was calibrated using

silver behenate (SAXS) and chromium (lll) oxide (WAXS).

2.3.13 Polarized Light Optical Microscopy (PLOM) and Atomic Force Microscopy
(AFM)

This technique was employed to study the morphology of PET-ran-PLA
copolyesters. PLOM was conducted with a Nikon Eclipse E600 POL microscope and a

Nikon digital camera DXM200. AFM was performed with a uTA™ 2990 Micro-Thermal
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Analyzer. In the case of PET and its copolymer derivatives of PET-b-polyether, the same
equipment was used with METLER hot stage with temperature control. Topography
images were obtained in contact mode with a current set point of -5 nA. A feedback
loop keeps the cantilever deflection constant at the selected set point value while
scanning. This is done by applying a voltage to the Z-piezo that was kept constant at 50
V. V-shaped silicon nitride probes (Applied NanoStructures, Inc., Mountain View, CA,
USA) with a cantilever length of 200 um and a spring constant of 0.046 N-m~* were
used. Depending on the size of the images (between 3 and 50 umz), the scanning rates
varied from 3 to 50 pum-s™. The images were processed using the pTAlab 1.01
software package. The tilting effect in height values was corrected by applying a
software leveling function, fitting a surface to the observed topography and then
subtracting the height values of the fitted surface pixel by pixel from those of the initial
image. In this study, a first order plane was used.

Copolymer film samples were prepared by solvent casting at room temperature
from solutions prepared by dissolving a known weight of each copolymer in a fixed
volume of HFIP (c = 25 mg/mL). All films were cast from 20 pL aliquots of the solutions
onto glass substrates. After solvent evaporation, the films were melted at
temperatures 10 °C above the corresponding melting point during 2 minutes, in order
to erase any previous history. Subsequently, the samples were isothermally crystallized
at the intermediate temperature between the glass transition (T,) and the melting
point (T,,) during 20 minutes. For PET and its copolymer derivatives of PET-b-polyether,
different isothermal crystallization protocols were applied to the samples; at T, (as
measured by DSC) and at two different levels of undercooling (AT=16 °C and AT=7 °C,

during 2 hours). After crystallization all samples were quenched to room temperature.

2.4 Theorical Concepts of Thermal Characterization of Polymers

To interpret appropriately the behavior of polymers, it is important to measure
their properties and know their structure, morphology and crystallization. But in
addition, you must also know the concepts and theories can be applied to the
experimental data in order to facilitate the understanding of the information provided

by the different characterization techniques.

36



Chapter 2

2.4.1 Crystallization in Polymers

The crystallization of polymers can be divided in:

(1)

(2)

14,15

Primary Crystallization: this crystallization has two steps: nucleation (i.e.
primary nucleation) and growth (i.e. secondary nucleation). Primary
nucleation can occur by spontaneous aggregation of polymeric chain
segments (homogenous nucleation) or by the attachment of chains into
existing heterogeneities (heterogeneous nucleation). After primary nuclei
are formed, these grow by secondary nucleation processes of chains that
progressively attach to the existing nuclei. The process of secondary
nucleation is also referred to as polymer crystal growth. When a polymer
crystallizes from the melt, primary crystallization ends when spherulites
impinged on one another. This typically occurs around the half-
crystallization time of the entire overall crystallization process.

Secondary crystallization: In this stage, the crystallization process slows
down and other processes can occur such as: the crystallization of
interspherulitic material after spherulites impinged on one another, the
crystallization of intraspherulitic material, in-filling of spherulites through
the secondary nucleation of daughter lamellae (intra-spherulitic
crystallization) and thickening of previously formed lamellae. Moreover, the
refinement of existing crystals, through the removal of lattice distortions

and a combination of thickening and re-crystallization are also possible.

Crystallization can occur only in a range of temperatures limited by the glass

transition temperature (T;) and the melting temperature (T,). It is known that the

nucleation rate (N) and the growth rate (G) do not depend in the same way on the

degree of supercooling. Normally, the maximum of N appears at higher supercooling

(see Figure 2.4), at these low temperatures the mobility of the polymer chains is

reduced and this favors the nucleation rate generating a greater number of crystals of

small size.

fewer nuclei are formed resulting in larger spherulites.

On the other hand, at higher temperatures the growth rate is favored and

14,15
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Temperature (2 C)

Figure 2.4 Representation of the nucleation rate (N) and the crystalline growth rate (G) as a
function of temperature. (Figure modified) **

2.4.2 Crystal Growth

The spherulitic growth rate is governed mainly by supercooling, a general
representation of the rate of crystal growth as a function of the crystallization
temperature is shown in Figure 2.5, in the figure it is observed that the growth rate
exhibits a bell shape curve with a maximum. The left hand side of the bell is dominated
by diffusion (high supercooling), here the diffusion of the chains tends to be more
difficult due to the closeness of the crystallization temperature with the glass
transition temperature (increase of the viscosity of the melt). On the other hand, the
right side of the bell is controlled by secondary nucleation, where the decrease of the
crystallization temperature (increase in supercooling) thermodynamically favors
spherulitic growth until diffusion becomes important and the maximum in the curve is

reached. *#*°

Nucleation 1
control

o Diffusion
control

T.(¢C)
Figure 2.5 Crystal growth rate (G) as a function of the isothermal crystallization temperature.
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When a polymer crystallizes from the melt, its transformation to the semi-
crystalline state follows nucleation and growth processes that can be monitored by
Differential Scanning Calorimetry (DSC) for instance. In this case, DSC can be used to

determine overall crystallization rates (that include both nucleation and growth).

2.4.3  Structure and Morphology of Polymers

Semicrystalline polymers formed from the melt generally consist of lamellar
crystals separated by amorphous regions (Figure 2.6). Axes of the chains are transverse
to the faces of the lamellae, which normally are 100-500 A in thickness; their lateral
dimensions are much larger. The regions between the crystal lamellae, measuring 50-
200 A in thickness, exhibit properties approximating to those of the amorphous, non-
crystalline polymer, although vestiges of order in the transitional regions are indicated
by various measurements. *°

Typically, the lengths of the polymer chains are many times greater than the
lamellar thickness. Hence, each molecule must pass through the same or different
lamellae many times. Chains normally fold and reenter the crystal. The manner in
which this requirement is met is obviously of the foremost importance in regard to the
molecular morphology of the crystal-amorphous interphase. Is well established, that
besides folding, chains protrude from the crystalline lamellae and proceed into the
interphase for a distance that is significantly beyond what may be regarded as the

surface of the crystal. *°

amorphous
polymer

crystalline
lamella

Figure 2.6 Schematic representation of a spherulite composed from lamellae and amorphous
. 17
regions.
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The semicrystalline polymers have a structure and morphology that can be
analyzed by techniques such as: WAXS / SAXS (Wide-Angle X-ray Scattering and Small-
Angle X-ray Scattering), PLOM (Polarized Light Optical Microscopy) and AFM (Atomic

Force Microscopy) among others.

Crystalline solids consist of regular three-dimensional arrays of atoms. In
polymers, the atoms are joined together by covalent bonds along the macromolecular
chains. These chains pack together side-by side and lie along one particular direction in
the crystals. It is possible to specify the structure of any crystalline solid by defining a
regular pattern of atoms that is repeated in the structure. This repeat unit is known as
the unit cell and the crystals are made up of stacks of these cells. In polymer crystals,
the unit cells are made up of the repeating segments of the polymer chains packed
together, often with several segments in each unit cell. The spatial arrangement of the
atoms is controlled by the covalent bonding within a particular molecular segment,
with the polymer segments held together in the crystals by secondary van der Waals
forces or hydrogen bonding. Since the polymer chains lie along one particular direction
in the cell and there is only relatively weak secondary bonding between molecules, the
crystals have very anisotropic physical properties. 18

When a crystal structure of a molecular compound is analyzed, both, the
relative positions of the atoms on the molecular repeat units and the arrangement of
these segments in the unit cell must be determined. This three-dimensional structure
is normally determined using X-ray diffraction, involving measurement of the positions
and intensities of all the diffraction maxima from a single crystal sample.

If a melt-crystallized polymer is prepared in the form of a thin film, either by
sectioning a bulk sample or casting the film directly, and then viewed in an optical
microscope using polarized light, a characteristic structure is normally obtained. It
consists of entities known spherulites that show a characteristic maltese cross pattern
in polarized light. A typical spherulite is shown in Figure 2.7. They are formed by
nucleation at different points in the sample and then grow as spherical entities; the
growth of the spherulites stops when impingement of adjacent spherulites occurs. 2

Figure 2.7 shows a spherulite viewed through crossed polars to reveal the typical
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Maltese Cross extinction pattern. This pattern is caused by the ability of polymeric

crystals to reorient the polarization direction of light as they are birefringent.

o 200pm

Figure 2.7 Single spherulite growing in isotactic polystyrene. *®

Spherulite size, number and morphology of each polymer depends on the
chemical structure, molecular weight, crystallization conditions and the density of

active nuclei present in the material.

2.4.4 Polymer Crystallization Theories

In this work two theories of crystallization were used, the Avrami theory and
the Lauritzen and Hoffman theory. The application of both theories to experimental
data obtained is shown in chapters four and five of this thesis. A brief description of

these theories is presented below:

2.4.4.1 The Avrami Equation

From the theory of Avrami several useful equations for the study of the
crystallization of polymers can be derived to understand crystallization kinetics and its
relationship with morphology. Equation 2.1 is the general Avrami relationship, taking
into consideration a constant nucleation rate and constant linear growth, 19 can be

14,2
expressed as: 4%

1=V (t—1t,) = exp (=K(t = t)"™) 2.1)
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where t is the experimental time, t, is the induction time before any
crystallinity develops, V. is the relative volumetric transformed fraction, n is the Avrami
index and K is the overall crystallization rate constant (i.e., it includes contributions
from both nucleation and growth). The Avrami theory usually provides a good fit of the
experimental data at least in the conversion range up to the end of the primary
crystallization, that is, up to the impingement of spherulites at approximately 50%
conversion to the solid semicrystalline state.

The parameter n (Avrami index) in the equation 2.1, is composed of two

terms:'*

n=ng+n, (2.2)

where ny represents the dimensionality of the growing crystals, which should
correspond to 1, 2 or 3 for one, two or three-dimensional entities. In the case of
polymers, only 2 and 3 are commonly obtained as they represent axialites (two-
dimensional lamellar aggregates) and spherulites (superstructural three-dimensional
aggregates), respectively. The time dependence of the nucleation is represented by n,.
Its values should be 0 or 1, where 0 corresponds to purely instantaneous nucleation
and 1 to purely sporadic nucleation. However, the nucleation may not be completely
sporadic or completely instantaneous, a fact that may lead to non-integer
contributions to the Avrami index. Table 2.1 summarizes the different values of n

derived from the combinations of ny and n,,.

Table 2.1 Description of the different values of Avrami index (n).

Avrami index (n) ny n, Description (ny/ n,)
1 1 0 Rod/Instantaneous
2 1 1 Rod/Sporadic
2 2 0 Axialite/Instantaneous
3 2 1 Axialite/Sporadic
3 3 0 Spherulite/Instantaneous
4 3 1 Spherulite/Sporadic
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The Avrami equation can be adjusted to adapt better to experimental polymer

crystallization data, where the relative volume fraction (V) is calculated as: 14

W
Vo=—7
We+=<(1-W,)
Pa

(2.3)

where p. and p, are fully crystalline and fully amorphous polymer densities,
respectively. W, is the crystalline mass fraction in the sample and is calculated from

the following equation: 1

_ AH(®)
¢ AH total

(2.4)

where AH(t) is the enthalpy variation as function of the time spent at a given
crystallization temperature and AH;,¢4; is the maximum enthalpy value reached at the
end of the isothermal crystallization process.

The half-crystallization time (ts50%), i.e., the time needed to achieve 50% of the
relative crystallinity of polymer; it is a parameter that can be used to express the

crystallization rate and is calculated as follows: 20

—In(1-V) ]1/n _ [—ln (0.5) ]1/n
K

oo = [ 25)

In order to obtain all the previous parameters, equation 2.1 is linearized and

14,2
represented as: *°

log[—In[1 -V, (t —¢t,)]] =logk + nlog (t—t,) (2.6)

From this equation some plots can be obtained, where the experimental data
were fitted to the Avrami equation using the Origin plug-in developed by Lorenzo et al.
2% One of these graphs is the Figure 2.8(a), where log[—In (1 — V)] is plotted versus

log (t —t,). If the crystallization kinetics follows the Avrami equation, then straight
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line is obtained. The Figure 2.8(b) shows the curve of isothermal crystallization from
experimental data vs. the curve obtained fitting the data to Avrami equation, and the
values of 75q0, (theoretical) vs 750, (experimental). The figure 2.8 demonstrates the

good fit provided by the Avrami equation to experimental data.

Avrami - Fitted Range Heat Flow Fit
(a) ; d Range, . . (b) e
-0.6F J 04}F
E oo
= Oo8f £
3 -3
> =)
= 1.0} S -
£ i
o 1.2} ..
o 3
i o
[Tou
1.4} ]
:‘|1:.> T50% Exp
16l J T50% Theo
-1.0 =

0.0 0.1 0.2 0.3 0.4 0 10 20
Log(t-t) Time (min)

(C) Relative Amorphous Fraction

(1 - Ve)-(t)

0
Log(t-t)

Figure 2.8. Plots obtained by Origin: (a) Representation of Avrami equation, (b) Isothermal
curve and (c)Untransformed relative amorphous fraction (1-V,), as a function of time.

2.4.4.2 Lauritzen and Hoffman Theory

According to classical crystallization theories, the temperature dependence of
the linear spherulitic growth rate (G) can be expressed by two exponential factors: the
molecular transport term and the nucleation term. On the other hand, the isothermal
crystallizations kinetics data can be analyzed with a variety of models in order to
qguantify the energy barriers associated with the nucleation and crystal growth, one of
these models is the Lauritzen and Hoffman (LH) model, which has the advantage of
providing analytical expressions for the growth rate as a function of supercooling. **

LH model is one of the few models that provides easy-to-use mathematical

expressions that are capable of describing well the experimental data (even though the
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physical meaning of some of the fitting parameters could be questionable) and

therefore it is widely employed.

The LH model equation is expressed as: *#*

G(T) = Gy exp (WZ*TOO)) exp (T:ﬁf) (2.7)

where G, is a growth rate constant, U* the activation energy for the transport
of the chains to the growing nuclei (1,500 cal/mol is generally used), R is the gas
constant, T. the isothermal crystallization temperature, T, is the temperature at
which chain mobility ceases and it is usually taken as (T, — 30) (K). AT is the
supercooling defined as (T3 — T.) where T is the equilibrium melting point. The
factor fis a temperature correction term equal to: 2T./(T; + T3); and K, is a
secondary nucleation constant, which is proportional to the energy barrier for
secondary nucleation. The parameter K, is equal to Kj, which is proportional to the
total energy barrier for the overall crystallization (i.e., for both nucleation and growth).

When the isothermal crystallization is determined by spherulitic growth
experiments, the energy barrier determined by applying the LH model refers
exclusively to secondary nucleation or crystal growth. Instead, when the inverse of
half-crystallization time 1/ tTgq9, values obtained from DSC isothermal overall
crystallization kinetic data is considered, both primary nucleation and crystal growth
are considered (G(T) in equation (2.7) is replaced by 1/ ts5q9). Therefore, the
energetic parameter obtained after applying any classical kinetic crystallization theory

to DSC data will include contributions from both processes.

2.4.5 Thermal Properties of Copolymers

Copolymer synthesis offers the ability to alter the properties of homopolymers
in the desired direction by the introduction of an appropriately chosen second
repeating unit. Properties, such as crystallinity, flexibility, T,, T, among other, can be

altered by forming copolymers. The values and sometimes even the directions of the
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property alteration differ depending on whether random, alternating, or block
copolymer are prepared.

In this sense, the crystallinity of a random copolymer is lower than that of
either of the respective homopolymers (i.e., the homopolymers corresponding to the
two different units) because of the decrease in structural regularity. The melting
temperature of any crystalline material formed is usually lower than that of either
homopolymer. The T, value will be in between those for the two homopolymers.

On the other hand, alternating copolymers have a regular structure, and their
crystallinity may not be significantly affected unless one of the repeating units contains
rigid, bulky, or excessively flexible chain segments. The T, and T, values of an
alternating copolymer are in between the corresponding values for the
homopolymers.

In the case of block copolymers, they show the properties (e.g., crystallinity, T,
T,) present in the corresponding homopolymers as long as the block lengths are not
too short. This behavior is typical since A blocks from different polymer molecules
aggregate with each other and separately, B blocks from different polymer molecules
aggregate with each other. This offers the ability to combine the properties of two very
different polymers into the one block copolymer. The properties of block copolymers
will be highly dependent on the possible micro-phase segregation of each block. The
segregation strength controls the structure and morphology of block copolymers. It is
defined by the product of the Flory-Huggins interaction parameter and the
polymerization degree. Therefore, phase segregation is more probable when the two

comonomers are chemically dissimilar and when the molecular weight is high.
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Chapter 3

3.1 Abstract

Industrially, poly(ethylene terephthalate) (PET) is produced using
organometallic catalysts which have shown excellent ability to promote the
polymerization at elevated temperatures. However, the catalysts remain permanently
in the fabricated item because their removal is very difficult both from a technical and
economical point of view. In this work, several organocatalysts have been evaluated as
alternative to the industrially applied organometallic catalysts for the bulk
polymerization of PET from dimethyl terephthalate (DMT) and ethylene glycol (EG) at
high temperatures. The effectiveness of the organic catalysts in PET synthesis is
evaluated by SEC, DSC, TGA, 'H NMR and FTIR spectroscopy. After screening various
organocatalyst families, the results demonstrate that the catalytic activity of 1,8-
Diazabicyclo[5.4.0]Jundec-7-ene: benzoic acid salt (DBU:BA) is competitive in
comparison with the conventional organometallic-based catalyst employed in PET
synthesis. This ionic salt combines the excellent catalytic ability of organic compounds
with the thermal stability of metal-based catalysts, resisting degradation up to >250 °C
which is close to the industrial polymerization temperature of PET. Moreover, the
dimerization degree of ethylene glycol in the presence of DBU:BA is significantly
reduced in comparison to organometallic catalysts which enhances the thermal
properties of the synthesized PET using DBU:BA. Thus, organic salts have shown to be
promising catalyst for the bulk polymerization of PET and in addition may be a viable

option to obtain metal-free PET.
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Flores, I.; Demarteau, J.; Miller, A. J.; Etxeberria, A.; Irusta, L.; Bergman, F.; Koning, C.; Sardon, H.
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170-17.
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3.2 Introduction

The large development of polymers in various fields has resulted in decades of
their application for several uses in our daily life. Poly(ethylene terephthalate) (PET) is
one of the most relevant polymers in the world, because of its high durability,
excellent mechanical properties, transparency, recyclability and good processability.
Moreover, this versatile material keeps a good balance of useful functional properties
and low cost. As a consequence of the above, PET has a wide demand in the
manufacture of products like textiles, packaging films, packaging products and
beverage bottles. This has led to an increase in the production of this polyester, e.g.,
the Global PET production reached a capacity of 27.8 million tons in 2015. !

PET can be prepared by a) the polyesterification of terephthalic acid with
ethylene glycol or b) by transesterification of dimethyl terephthalate with ethylene
glycol, or c) direct polycondensation of bis (hydroxyethyl) terephthalate or by d)

entropically driven ROP of oligoesters. *7

The use of catalysts and harsh
polymerization conditions, such as high vacuum in combination with high
temperatures, are a key factor in producing polymers with high molecular weights and
good mechanical properties.

The majority of catalysts used in the polymerization of PET are organometallic
such as antimony, germanium, titanium and other compounds, where antimony

trioxide is currently the most employed in the production of PET. >*®™!

In spite of
having high catalytic activities to synthesize high molecular weight PET, they also have
some disadvantages such as their non-biodegradability, in some cases their high
toxicity to the human health and environment and, most importantly, the difficulty to
be removed from the resulting polymer. 12 Consequently, as the catalyst remains in the
fabricated item, during the secondary melt fabrication process or mechanical recycling,
side reactions may happen leading to significant property deterioration. Therefore,
frequently mechanically-recycled PET generally ends up in secondary products. ****

In the last decade, extensive attempts have been carried out to reduce the
toxicity of organometalic catalysts using more benign catalyst systems. In this regard,

the utilization of fully organic compounds to promote step growth polymerizations is

gaining a lot of attention. While organocatalysis has demonstrated its utility in ring-
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opening, anionic, zwitterionic, step growth and group-transfer polymerizations, the
use of organocatalysis in polymerization reactions such as stepgrowth polymerizations
remain less explored in comparison to more traditional metal-based polymerizations. A
key reason for shifting to organocatalysts in polymerization reactions is their ability to
be effectively removed from resultant polymers. >~

Several organocatalysts have shown to be effective to catalyze
transesterification reactions such as 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) or
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). Although these catalysts have been reported
in the literature for the depolymerization of PET, ~*° the use of TBD and DBU in the
polymerization of PET has not been described.

One of the main limitations for the utilization of organocatalysts is their poor
thermal stability at temperatures that would be practical for PET polymerization and
therefore full or partial thermal degradation of the catalyst may occur during the
polymerization. *’ Recently, ionic compounds have emerged as an alternative for
carrying out polymerizations at high temperatures. For instance, Peruch et al. prepared
some DMAP-based protic ionic compounds to mediate the ROP of L-LA at elevated
temperatures. %8 Fradet et al. and Sardon et al. utilized some Brgnsted acid ionic liquid
to promote polyesterification and ring opening polymerizations, respectively. *3° The
ability of 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD): methane sulfonic acid (MSA) protic
ionic compound to catalyze PET depolymerization. 3! was recently demonstrated.

In this chapter, several organocatalysts have been evaluated as alternatives to
organometal-based catalyst for the bulk polymerization of poly (ethylene
terephthalate) from dimethyl terephthalate (DMT) and ethylene glycol (EG) at high
temperatures. Not only conventional organocatalyst such as DMAP, DBU, TBD or p-TSA
have been screened but also some ionic compounds, such as 1-(4-sulfobutyl)-3-
methylimidazolium hydrogen sulfate (Brgnsted acid ionic liquid) or DBU:BA and
TBD:MSA protic ionic compounds, have been investigated and compared to titanium
tetrabutoxide catalyst. This organometallic catalyst is widely used in the
polymerization of Poly (butylene terephthalate) (PBT), but also has been studied as an
alternative to reduce environmental impact in the synthesis of PET replacing the highly
toxic antimony based catalysts. ° The effectiveness of the organic catalysts in PET

synthesis is evaluated by SEC, DSC, TGA, *H NMR and FTIR spectroscopy.
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3.3 Results and Discussion

3.3.1 Screening of Different Catalysts for PET Synthesis

Organocatalyzed Polymerization of PET was carried out after mixing dimethyl
terephthalate (DMT) (1 equiv., 0.015 mol, 3.0 g) and ethylene glycol (EG) (1.4 equiv.,
0.021, 1.3 g) in a tubular Schlenk flask in the presence of 5 mol% of catalyst (Scheme
3.1a). The polymerization was performed in two steps. In the first step, the
transesterification between dimethyl terephthalate and ethylene glycol was performed
at 200 °C for 24 h obtaining oligomers. During the second step, the temperature was
maintained and solid state polymerization was continued applying high vacuum and
removing the excess of ethylene glycol and methanol, in order to obtain high
molecular weights. Different organic catalysts, such as organic acids, p-toluenesulfonic
acid (p-TSA) and 1-(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate (BAIL) and
commercial organic bases such as diazabicyclo-[5.4.0]Jundec-7-ene (DBU) or 1,5,7
triazabicyclo[4.4.0]dec-5-ene (TBD) and nucleophilic activator such as 4-
Dimethylaminopyridine (DMAP) and some ionic salts such as DBU:BA and TBD:MSA,
have been screened in the polymerization (Scheme 3.1b). All these catalysts have been

2-34
3234 3nd therefore

successfully used in transesterification reactions of cyclic esters,
have been selected for the synthesis of PET. For comparative purposes TiBut was also

included as polymerization control along with an uncatalyzed reaction.

(a)
Esterification Polycondensation
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o o n
DMT EG Oligomers PET EG
(b)
= 0\\ _OH
- N ° /\/\o il 0/\/\ S\\o
SOH T 8 usS T G RN
BAIL TiBut p-TSA
+ 9 N/ :
N—( o-8— N
J\ T
o
DMAP DBU:BA TBD:MSA DBU

Scheme 3.1 (a) Organocatalyzed synthesis of PET from DMT and EG (the main condensate is
CH;OH in step 1 and excess EG in the step 2) and (b) Catalysts employed in the Screening
Process.
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The polymerization was monitored by FTIR as shown in Figure 3.1 where the
infrared spectra of the samples obtained at different reaction times using TBD:MSA
(1:1) as catalyst are shown. As can be seen the absorbance of the band centered at
1430 cm™, * assigned to the asymmetric bending (8as) of the methyl groups attached
to terephthalate units decreases its intensity with the reaction and a new band
assigned to the symmetric bending (&8si) of the methylene groups attached to
terephthalate units appears at 1340 cm™' confirming the advance in the
polymerization.

PET
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Figure 3.1. Infrared Spectra showing the evolution of PET formation at 200 °C employing
TBD:MSA as catalyst.

The monomer conversion was determined using the relative area of this band
centered at 1430 cm™* vs. time for each polymerization using various catalysts. The
reaction with TiBut and the uncatalyzed reaction were included as reference to
evaluate the effectiveness of organic catalysts (Figure 3.2). It was observed that the
rate of polymerization was found to be highly catalyst dependent. Without a catalyst,
monomer conversion was less than 50% after 48 h and full conversion was not

achieved. Conversely, DBU, DMAP and the salt of DBU:BA exhibited conversions
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exceeding 90% after 5 h of reaction time, obtaining a conversion of >98% after 48 h.
This was a very favorable result compared to the conversions obtained from TiBut
(83% after 5 h and >98% after 48 h). TBD also catalyzed the PET polymerization (84%
after 5 h), with final conversion >97% after 48 h. The TBD:MSA (1:1) catalyst yields a
conversion of 53% after 5 h and the final conversion was slightly lower (93% after 48
h). Organic acids (p-TSA and BAIL) were found ineffective and gave rather low final
conversions of 52 and 38%, respectively, after 48 h. These results demonstrate that the
catalyst plays an important role in the polymerization and that the polymerization rate
seems to be higher when using DBU, DMAP and DBU:BA (1:1) rather than TiBut to

prepare PET.

-
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Figure 3.2. Conversion to PET at 200 °C monitored by FTIR.

To further confirm the PET synthesis, *H NMR was performed. Figure 3.3 shows
'H NMR of both monomers, viz. ethylene glycol (EG) and dimethyl terephthalate
(DMT), and the 'H NMR of PET after 48 h of synthesis using DBU:BA catalyst. >® As
expected, when the polymerization was completed, the characteristic peaks of the
ethylene glycol and DMT had disappeared while new peaks assigned to PET at 8.12
ppm (Ar-CH, peak 1) and 4.78 (COO-CH,-CH,-OCO, peak 2) appeared, confirming the
PET synthesis. Together with the signals associated with PET some low intensity signals
attributed to dimerization of EG during the polymerization at 4.63 ppm and 4.10 ppm
(CO0O-CH,-CH,-0-CH,-CH,-0OCO dimer) and some others attributed to PET chain ends at
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4.63 ppm and 4.18 ppm (COO-CH,-CH,-OH) and 4.02 ppm for the CH3 (COO-CH3) were

36,37
observed.
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Figure 3.3. "H NMR spectrum of a synthesized PET at 200 °C using DBU:BA as catalyst, recorded
in CDCl5/TFA; °C satellites (*).

To more precisely compare catalytic activities, kinetic studies were performed
for each catalyst. The reaction proceeded with overall second order kinetics with
respect to the monomers -d[M]/dt=k[DMT][EG], as confirmed by the linear
relationship between time, t and 1/(1-p), where p is the fraction of monomer
converted to polymer. Rate constants were obtained for each catalyst (Figure 3.4). The
organocatalysts DMAP, TBD and DBU:BA (1:1) showed higher rate constants than the
reference metal catalyst.

The high catalytic activity of organocatalysts for PET polymerization is clearly
demonstrated (Figure 3.4). Nevertheless, the molecular weights calculated by NMR
(Annex A) and measured by SEC (Table 3.1) show that the final molecular weights
obtained with organic catalysts are lower than those obtained with the reference
metal catalyst after 48 h, at least at 200 °C, while the conversions were similar (Table

3.1). A factor that may influence the molecular weight is the reaction temperature. For
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PET synthesis, it has been reported that temperatures above the melting temperature
of PET (>250 °C) are required to obtain decent molecular weights. 3839 With this in
mind, it was investigated if using higher temperatures the polymers could reach higher

molecular weights.
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Figure 3.4. Linear plot of 1/(1-p) as a function of time for the catalyzed polymerization
(at 200 °C). Koy was determined from the slope.

Table 3.1 Molecular weights, dispersities and degrees of conversion of synthesized PETs.

Catalyst Mg Mossee Mysee PP Conversion (%)
(kba)  (kDa)  (kDa)

None 1.8 1.3 2.3 1.8 49
TiBut 7.2 2.0 4.5 2.2 >98
DBU:BA (1:1) 5.2 15 3.1 20 >98
DMAP 3.8 1.4 2.9 2.1 97
TBD 4.2 1.1 3.1 2.8 97
DBU 4 1.2 3.2 2.5 >98
p-TSA 0.5 0.7 4.3 5.7 52
BAIL 0.6 0.3 2.7 8.3 38
TBD:MSA (1:1) 1.6 1.1 2.3 2.1 93

PET obtained at 200 °C.

®Calculated by NMR.

®Measured by SEC in HFIP against PMMA standards.
‘Final conversion determined by FTIR.

It is well known that one of the limitations of organocatalysts is their stability at
high temperatures. >’ As seen in Figure 3.5, when running the polymerization in the

presence of TBD, DMAP and DBU, the polymers were colored. lonic compounds could
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offer an interesting alternative due to their strong internal ionic interactions, which

increases their thermal stability. 33,40

In this sense, a higher thermal stability for the
two ionic compounds DBU:BA and TBD:MSA was assumed rather than DBU, TBD or
DMAP, which is confirmed by the absence of color after polymerization in the presence

of these two catalysts (Figure 3.5).

Y

TiBut TBD:MSA DBU:BA TBD DMAP DBU

Figure 3.5. Pictures of PET synthesized with different catalysts.

To further confirm the thermal stability and the absence of volatiles of these
two ionic compounds during polymerization, TGA analysis was performed for all
catalysts. In Figure 3.6, it can be observed that DBU:BA and TBD:MSA are stable above
200 °C, and therefore they were selected to continue with the screening and to
perform the PET polymerization at higher temperatures in order to try to increase the

molecular weighs.

v T v T v T v T v T v
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Figure 3.6. TGA of organocatalysts employed.
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3.3.2 Optimized Polymerization of PET

After screening some polymerization conditions, the best results in terms of
molecular weight and conversion were obtained running the polymerization in two
steps, mimicking the strategy used in the commercial synthesis of PET. In the first step
dimethyl terephthalate (DMT) (1 equiv., 0.015 mol, 3.0 g) and ethylene glycol (EG) (1.4
equiv., 0.021 mol, 1.3 g) were mixed in a tubular Schlenk flask in the presence of 5
mol% of catalyst (Scheme 3.1a) and the polymerization was run for 1 h at 250 °C. In
this first step PET oligomers were obtained by transesterification. In the second step,
high vacuum was applied for 4 h to push the conversion to higher values and to
increase the molecular weight by polycondensation. Using these polymerization
conditions the two most stable catalysts DBU:BA and TBD:MSA were tested for PET
polymerization and compared with TiBut. Although the catalyst TBD:MSA (1:1) gives
lower conversion and catalytic activity than DBU:BA (1:1), it is thermally more stable at
high temperatures and therefore this compound was also investigated in the

polymerization.

o (o}
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Figure 3.7. "H NMR spectra of (a) PET synthesized at 200°C and (b) PET synthesized at 250 °C.

As in the previous case NMR measurements were performed to confirm the

polymerization and to calculate the molecular weight of PET. Figure 3.7 shows a 'H

60



Chapter 3

NMR spectrum of the PET sample synthesized with DBU:BA (1:1) as catalyst at 200 °C
(a) versus the PET spectrum synthesized at 250 °C using the same catalyst (b). It can be
seen that the intensity of the signal corresponding to the protons of the end groups
(4.18 ppm for the COO-CH,-CH,-0OH and 4.02 ppm for COO-CHjs), decreases when PET is
synthesized at 250 °C (b), which indicates that the chains formed are longer and
therefore the number of end groups decreases. Also, the molecular weight of PET

synthesized at 250 °C is higher than that of PET synthesized at 200 °C.

Table 3.2 Molecular weight and thermal properties of synthesized PETSs.

Catalyst M.wwi®  Dimerization’® M, Dgc” LV T,C TS AH,,¢
(kDa) (%) (kDa) (di/g) (°C) (°c)  (/g)

At 200 °C

DBU:BA(1:1) 5.2 0.4 1.5 2 250.6 67 49

At 250 °C

TiBut 12 7.6 16.8 49 035 2361 70 35

TBD:MSA (1:1) 6.7 0.5 7.3 23 026 257.7 80 60

DBU:BA(1:1)  18.6 1.4 10.7 29 026 252 77 52

®Calculated by NMR. The dimerization is the degree of ethylene glycol that dimerized before
polymerization.

®Measured by SEC in HFIP.

“Determined by DSC.

From the NMR spectrum the molecular weight was calculated. The results are
shown in Table 3.2. In all cases, the molecular weight was greater when increasing the
temperature. With the TBD:MSA catalyst, the obtained NMR-based molecular weight
(M,=6.7 kDa) is lower than that obtained with TiBut (M,=12 kDa). Conversely, the
DBU:BA catalyst exhibits a molecular weight calculated by NMR (M,=18.6 kDa) greater
than that obtained with TiBut. To further analyze molecular weights, SEC analysis was
performed using hexafluoroisopropanol as eluent. The SEC-based number average
molecular weight obtained with the TiBut catalyst (16.8 KDa) is higher than that
obtained with DBU:BA (10.7 KDa). Nevertheless, the D value obtained with the TiBut
catalyst is quite high (4.9) for a polycondensation reaction (Theoretical value without
branching being D=2). This rather high D could be attributed to some side reactions
during PET polymerization in the presence of TiBut. It was reported that TiBut catalyst
possess strong affinity to coordinate with PET. Pilatti et al. assumed that this
interaction leads to branching, called “quasi networks”, and consequently to an

apparent increase of the molecular weight in the melt state which confirms also why
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the internal viscosity is higher in the case of TiBut.  This phenomenon could explain
not only the high D obtained using TiBut but also the lower molecular weight
calculated by NMR for TiBut. In addition, it was found that in the presence of TiBut the
dimerization rate was much higher (7%) than using both organocatalysts. As a
consequence, the high content of diethylene glycol units in the polymers can act as a
defect in the crystallization of the material and decrease the values in T,, and AH,. 42-44
Basically, any chemical group (different than the PET repeating unit) that is inserted
within the PET chains will interrupt the regularity of the PET macromolecules,
constituting defects along the chains. Such defects will limit the extent of crystallinity
and also the lamellar thickness that the crystals can achieve. As the lamellar thickness
is directly proportional to the melting point, the thinner the crystals the lower the T,
values.

In order to minimize the catalyst loading and to be competitive with industrial
PET preparation polymerizations were performed using 100 times less catalyst. As
expected the molecular weights (Annex A, Table A.1) were lower as the catalyst
loading was reduced. In spite of the decrease in the molecular weight, it should be
noted that the results for DBU:BA and TiBut were comparable even at low catalyst
loading.

Another important feature strongly determined by the quality of the produced
PET is its thermal behavior. Hence, the thermal properties of the different produced
PET samples were compared by DSC (Figure 3.8) and TGA (Annex A). Table 3.2 shows
the T, T, and AH,, values of the PET synthesized using the three different catalysts
(TiBut, TBD:MSA and DBU:BA) and the two different applied polymerization
temperatures.

It was found that the higher the polymerization temperature the higher the
molecular weight of PET and consequently the higher the Tm and AH,, in all cases.
Nevertheless, in the case of PET obtained using TiBut catalyst, for which the molecular
weight is the highest, it was found that both the T,, and the AH,, were relatively low.
This effect was also observed by Pilati et al. ** when using TiBut catalyst. They
concluded that the observed branching could interrupt the linear crystallizable

sequences of PET and accordingly the T,, and the heat of fusion (and concomitantly the
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degree of crystallinity). The melting point of the PET obtained with the TBD:MSA (1:1)

catalyst of 257.7 °Cis close to the melting point of commercial PET grades.

v LJ
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| PET-DBU:BA(1:1)
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Figure 3.8. DSC second heating scans for PET samples obtained with optimized reaction
conditions using different catalyst systems (250 °C).

To further confirm the similar thermal characteristics of PET synthesized with
organocatalysis, the thermal stability of the polymers was analyzed by TGA (Annex A).
These TGA results show that the thermal stability of the PET materials synthesized with

organic catalysts is similar to that of the PET synthesized with a metal-based catalyst. *°
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3.4 Conclusions

In conclusion, the ability to synthesize PET using organocatalysis has been
demonstrated. The protic ionic salt diazabicyclo-[5.4.0]Jundec-7-ene (DBU): benzoic
acid (BA) was found to efficiently activate the polymerization of dimethyl
terephthalate and ethylene glycol, while also producing high molecular weights,
comparable to organometallic catalyst. Moreover, it was found that although the
molecular weight in the presence of DBU:BA (M,=11 kDa) was slightly lower than using
TiBut (M,=16 KDa), the D obtained was greater in the case of TiBut than DBU:BA (4.9
and 2.9 respectively). It was demonstrated that this high D could be attributed to the
higher ability of TiBut to coordinate with PET. This interaction leads to branching and
consequently to an apparent increase of the molecular weight. Besides affecting the b,
the branching considerably affected the crystallization of PET reducing the T,, and 4H,,
of PET. On the other hand, the degree of dimerization can also influence the value of
Tm. In this sense, it was found that in the presence of DBU:BA catalyst PET with higher
crystallinity was produced.

The data obtained in this study reveal that organic ionic compounds have
potential for synthesizing metal free PET due to their thermal stability and catalytic
activity, and may be a step towards the recyclability of PET due to the absence of

metal contaminations.
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Chapter 4

4.1 Abstract

PET is a non-biodegradable polymer whose hydrolytic degradation can take
decades. Intensive research is being performed to accelerate its hydrolytic degradation
without significantly affecting its properties. In this work, PET was combined with PLA,
a well-known biodegradable polymer, and the effect of PLA content in the
crystallization of the PET component has been investigated in detail. In order to make
the process sustainable, PET was polymerized using monomers that can be derived
from PET chemical recycling (dimethyl terephthalate) and using organocatalysis (metal-
free catalysts). First, low molecular weight telechelic PLA was prepared from the
organocatalyzed ROP of L-lactide followed by step-growth copolymerization with PET
oligomers. The random copolymerization was confirmed by FTIR and *H NMR.

WAXS and SAXS demonstrated that PLA wunits interrupt the average
crystallizable PET sequences, decreasing its lamellar thickness, melting point and
crystallinity. The copolymers exhibited a micro-spherulitic PET morphology that
changed to axialitic at relatively high contents of PLA. Preliminary hydrolytic
degradation experiments demonstrate the potential degradation character of the
prepared copolymers. Considering the degradability of the copolymers obtained
together with the green synthetic route employed, the copolymers produced
represent a step towards revalorization of PET recycled monomers for the production

of sustainable materials.
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4.2 Introduction

Polyethylene terephthalate (PET) is one of the most widely used polymers due
to its combination of good mechanical, thermal and permeability properties. PET is
used for the manufacture of containers (beverages, oils, dairy products, cosmetics,
etc.), in practically any packaging format (jugs, bottles, tray). > In spite of the
available infrastructure for collecting and sorting PET products implemented
worldwide, only 20-30 % of PET is recycled, mostly by physical recycling methods,
leading to poor properties of recycled products that eventually end up in landfills or
incineration. As PET is not biodegradable and its hydrolytic degradation can take
decades, it generates a large amount of waste, which has caused pollution and
accumulation problems in different ecosystems. 7

In line with the above, one possibility to create new materials with higher
ability to degrade in the environment is by co-polymerizing PET with poly (lactic acid)
or PLA. PLA is a biobased and biodegradable polymer that can be obtained from
renewable sources (corn, starch, sugar). PLA has properties that can be compared with
other thermoplastic materials such as poly styrene (PS) and poly propylene (PP). ® On
the other hand, it has been shown that the incorporation of aliphatic chains within the
aromatic polyester tends to improve the degradability of PET. ’

The idea of combining the degradability of PLA with a polymer with superior
mechanical properties but not degradable like PET has been previously explored. '
However, in all these previous works, metal catalysts are used for the formation of
copolymers, and their residues are not environmentally friendly. * In recent years
various metal-free catalysts (organocatalysts) have been shown to be effective for the
preparation of various polymers and copolymers 152 that include PLA and PET
components. Within these organocatalysts, the protic ionic salt diazabicyclo-
[5.4.0Jundec-7-ene (DBU): benzoic acid (BA) is very interesting. This organocatalytic
system is effective in promoting the polymerization of PLLA. It has been recently
shown that it can also be effective in polymerizing PET, as it has the required thermal
stability at high temperatures. %%

In this work, the results of the synthesis and characterization of PET-ran-PLA

random copolyesters, made from low molecular weight telechelic PLLA and oligomers
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of PET (derived from dimethyl terephthalate, DMT, which can be obtained from PET
waste) are reported.

DMT was selected because it is one of the most successful monomers obtained
from the chemical recycling of PET by methanolysis. A promising trend in polymer
chemistry is to produce new polymers using plastic waste as the chemical source. This
waste should be perceived as a new resource that must be reincorporated into the life
cycle of plastics, thus completing a cycle in their circular economy. According to
estimates, the potential annual energy savings that could be achieved from recycling
all global plastic waste is equivalent to 3.5 billion barrels of oil per year. Industries for
sorting and recycling PET already exists, hence, PET is an ideal candidate for applying

. . 1,3,4,15,24-27
chemical recycling concepts. >4

Finally in order to make the process more
sustainable, the copolymers are formed using a metal-free catalyst (DBU: BA), i.e., an
organocatalyst. Apart from using a new green and sustainable novel approach towards
the synthesis of PET-ran-PLA copolymers by employing organocatalysis, their structure,
morphology and crystallization kinetics has been studied in detail by DSC, SAXS, WAXS,

AFM, DMTA and PLOM.
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4.3 Results and Discussion

4.3.1 Synthesis and Characterization of the Copolyesters

The synthesis of PET-ran-PLA copolymers was carried out in two steps. The
organocatalyst DBU:BA was selected because it has been reported to be effective for

the homopolymerization of both PLLA and PET. ****%*

Therefore, it is expected that it
displays catalytic activity favoring the formation of PET-ran-PLA copolymers.

First telechelic PLA (Poly (L-lactic acid)) was synthesized by ROP using DBU:BA
as catalyst, using 1,3-propanediol as initiator (1/50 ratio). The polymerization was

confirmed by ' H NMR following the diagnostic peaks related to the PLA formation

(Figure 4.1).
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Scheme 4.1. Organocatalyzed Synthesis of PET-ran-PLA.
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To further characterize the PLA homopolymer, SEC analysis was performed to
find that the experimental molecular weight (M, = 8.1 kDa) was similar to the targeted
one. Then, the synthesis of PET oligomers was carried out. Dimethyl terephthalate
(DMT) was reacted with excess ethylene glycol (EG) for 2 h, in the presence of the
same DBU:BA organocatalyst, to form PET oligomers. Afterwards, the preformed PLA

was added to the PET oligomers (Scheme 4.1) to complete the copolymerization.

To demonstrate that the copolymerization took place, detailed NMR studies
were performed. In Figure 4.1 the characteristic peaks associated with PET-co-PLA
copolymerization can be observed at 5.43 ppm, a signal attributed to the
Terephthalate-Lactide links, (Ar-COO-CHCH3CO, peak 1), 4.66 ppm for the
Terephthalate-Ethylene glycol-Lactide links (Ar-COO-CH,-CH,-OCOCHCHs-0, peak 2)
and 1.69 ppm assigned to Terephthalate-Lactide links (Ar-COO-CHCH3CO, peak 3).
781L12 £ rthermore, the characteristic peaks from PET units (8.12 ppm, Ar-CH and 4.78
ppm, COO-CH,-CH,-0OCO) and lactide units (5.28 ppm, COO-CHCH3O and 1.56 ppm,

COO-CHCH30) are presented in the NMR analysis. 12
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Figure 4.1. 'H NMR spectrum of PETg3PLA;; in CDCl3/TFA.

To further ensure the formation of PLA-co-PET copolymers, it was performed
an extraction of the copolymers in a solvent that was selective for PLA (CHCls) and the

PET/PLA composition was subsequently measured (Table B.1, Annex B). It was
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observed that the resulting composition was very similar to that observed when the
copolymers are diluted in CHCI3/TFA (a solvent mixture that dilutes both PET and PLA).

This result suggests that the materials prepared are indeed copolymers.

To further confirm the presence of PET and PLA, a qualitative analysis by FTIR
was carried out. In Figure 4.2, the scale expanded infrared spectra of different
copolymers are shown. As can be seen, the bands assigned to the C = O group
stretching appear at 1755 and 1718 cm™ for PLLA and PET respectively. Moreover, the
band belonging to the C-O-C asymmetric stretching of PLA appears at 1188 cm ™ and in
the case of PET it is observed at 1252 cm™. All these bands indicate the presence of

both types of units (PET and PLA) in the copolymer. "%

(C=0O)st (CO-Cjas ar=CH,
PLA_  PET PET  PLA PET

PET

PET,,PLA,,

PLA

1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 4.2. Infrared Spectra of Copolymers PET-ran-PLA.

After confirming the successful copolymerization between PET and PLA,
copolymers with different compositions have been prepared in order to investigate the
effect of different PLA ratios on the thermal properties and crystallization of PET. The

final composition was calculated using * H NMR spectroscopy.

Assuming that the formation of the copolymer is partially based on the
transesterification reactions between PET and PLA, and taking into account that such
reactions could produce isolated lactyl units, the PET/PLA ratio has been calculated

considering the lactyl group as the repeating unit following the expression below:
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4/
_ 4

(T) (4.1)

where (T) is the mole fraction of the terephthalate in the copolymer, A, B and
C the integrals of the signals at 8.12, 5.5-5.2 and 1.8-1.4, respectively. The final
compositions were similar to the targeted ones and compositions from 100 mol % of
PET to 13 mol % of PET were obtained. On the other hand, using 1 H NMR, the degree
of randomness (n) was calculated (Equation B-2, Annex B). The value in all copolymers

tends to 1 indicating that they are mostly random copolymers (n =1).

As will be shown later, PLLA looses the crystallization ability after being subject
to the copolymerization conditions employed here. Epimerization could lead to the
reduction of stereopurity. In case of racemization, the number of mmm sequences
would decrease, the >C NMR spectra are presented in Annex B. A simple analysis of
the carbonyl signals showed that, assuming Bernoullian statistics, P, decreased from
0.963 to 0.910 values for the PLA after copolymerization, meaning that epimerization

was occurring during the co-polymerization step. 29

Table 4.1 Composition, Degree of randomness and Molecular Weight of Polymers.

PET/ PLA
Sample % mass % mol n m,° Y/ PP
ratio® ratio® kDa kDa

PET 100/0 100/ 0 --- 1.35 2.95 2.2
PETgsPLAgs 98/02 95/05 0.95 1.3 3.05 2.3
PETggPLA; 95/05 88/12 0.98 1.5 3.45 2.3
PETg4PLA 93/07 84/16 1.14 1.2 4.3 3.6
PETg;PLA o 92/08 81/19 1.13 1.35 3.05 2.3
PET,oPLA; 91/09 79/21 112 - - -

PET,cPLA,, 90/10 76/24 114 186 49 26
PETe:PLA, 82/18 63/37 126 285 675 24
PET,cPLA, 48/52 26/74 135 435 975 22
PET,sPLAs 28/72 13/87 093 485 925 1.9
PLLA 0/100 0/100 -- 8.1° 9.7 1.1°

®Calculated by NMR. *Measured by GPC in HFIP against PMMA standards.
“Measured by GPC in THF according to PS standards (Curves in Sl).

In order to complete the characterization, the molecular weights and

polydispersity index (P) of each polymer synthesized was analyzed by SEC-GPC (Table
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4.1). In all cases, low or moderate molecular weights were obtained and it was found

an increase in molecular weight as the amount of PLA was increased in the copolymer.

The limited molecular weights obtained (both in PET and in the copolymers) are
probably due to the temperature at which the reactions are carried out (200 °C), since
it has been reported that for PET synthesis an increase from 200 to 250 °C in reaction
temperature, generates an increase in the molecular weight of the PET obtained.
However, in this work PET was copolymerized with PLA at lower temperatures than
desired (200 °C), as PLA tends to degrade at higher temperatures. It was found that
higher temperatures were completely inefficient for copolymerization, as PLA
degradation was highly pronounced. Therefore, the polymerization temperature
restrictions limited the growth of PET chains in the copolymerization process, as

reflected in the low molecular weights obtained.

4.3.2 Effect of PLA Content in the Thermal Properties of PET

Although PET has excellent thermal properties, its use may be limited in certain
applications because of the high crystallinity it can develop in the low molecular
weight range. As a result of the above, several investigations have reported PET
copolymers with poly (butylene succinate), poly (ethylene succinate), poly (lactic acid),
etc., with the aim of modifying the properties of PET especially in terms of its
crystallinity. These investigations show that the crystallization of PET is highly affected
by the presence of comonomeric chains randomly distributed along the chains. For
instance, Mufioz-Guerra et al. found that only copolymers containing 90 mol % or

more of ethylene terephthalate units were able to crystallize in PET copolymers. %3

32

The second DSC heating scans (the first heating scans, as well as the cooling
scans from the melt are shown in Annex B) of selected samples are shown in Figure
4.3, where the calorimetric properties exhibit large differences depending on
copolymer composition.

The PLA sample shown in Figure 4.3 is a neat PLA sample that was thermally

treated to simulate the conditions applied during copolymer synthesis. The DSC

78



Chapter 4

heating scan shows that the sample is incapable of crystallization (Figure 4.3), which
indicates that the reaction conditions (time and temperature) affect the crystallization
ability of PLA. As it is well known, a racemization larger than 4 mol% (content of D
greater than 4 mol%) is enough to significantly reduce the crystallization of PLA. 3n
this case, the racemization of PLA after the thermal conditions is slightly superior to

this value, thus, crystallization did not occur.
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Figure 4.3. DSC second heating scans for the PET-ran-PLA copolymers and the parent
homopolymers.

As explained above, the synthetic conditions employed also lead to a
randomized structure in the copolymers and they can be considered random
copolymers of PET and PLA. In fact, the DSC results are consistent with a random
structure in the copolymers, as the PET component was only able to crystallize for
copolymer compositions with 76 mol% PET or more. The decrease in T,, values, as PLA
content in the comonomer increases, is another evidence of the frequent interruptions
of the linear crystallizable sequences of PET repeating units by PLA repeating units. As
PLA cannot crystallize and has different chain repeating units, it is excluded to the
amorphous regions during PET crystallization, limiting the lamellar thickness obtained
and therefore the melting point of the PET crystals. Evidences for such decreases in

lamellar thickness were obtained by SAXS and will be presented below.
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The neat PET has a fairly low number average molecular weight that allows it to
crystallize until saturation during cooling from the melt (see Figure B.5, Annex B),
hence it does not display cold-crystallization during the second heating run. A similar
behavior is observed in the random copolymers until 16 mol% incorporation of PLA.
Beyond that, cold crystallization is observed in the second heating scans, indicating
that the sample was not able to crystallize fully during cooling from the melt at 20
°C/min.

Table 4.2 displays T, Tr, and Tgvalues. The latent heats of crystallization, fusion
and cold crystallization (AH. , AH;, AH.) shown in Table 4.2 are normalized values for
each sample that were calculated by dividing the enthalpy by the respective mass
fraction. In this same table, the value of AH,f is shown and this is obtained by
subtracting the value of the AH. from AH,, (taken from the same table). AH,r was
employed to calculate the degree of crystallinity of the samples at room temperature.

Figure 4.4 shows a summary of the non-isothermal calorimetric results where
T, Tm and the degree of crystallinity (X.) have been plotted as a function of PLA
content in the copolymers. The monotonic decrease in these three variables as a
function of PLA content and the fact that beyond 37 mol% of PLA the samples are
incapable of crystallization are all consistent with full exclusion of PLA units from the

crystallites developed by the PET component.

Table 4.2 Thermal Properties of Synthesized PET, PLA and PET-co-PLA copolymers.

Cooling 2", Heating
Sample Mass T. AH, Ui AH,, Ve AH.. AH,r Tq
fraction  (°C)* (/g (C° (/g (C° (/g (/g (C)f
PET 1 213.5 56 252.6 51 --- --- 51 99
PETosPLA,s 098 1971 54 2394 53 53 100
PETggPLA;, 0.95 182.1 48 229.2 48 --- --- 48 91
PETg4PLA 6 0.93 149.6 44 219.1 45 --- --- 45 93

PETg1PLA g 0.92 135.1 36 210 42 118.1 3 39 82
PET79PLAZ; 0.91 123.7 25 201.7 41 111.9 9 32 ---

PET,PLA;  0.90 125 6 1969 28 1382 16 12 81
PETe:PLA;;  0.82 — - 70
PET,PLA;,,  0.48 — - 60
PETiPLA;;  0.28 — - 63
PLA 139 16 1122 15 - 62
PLA** — - 56

’Determined by DSC. ®Obtained by DMTA. PLA** is PLA that was subjected to the same conditions
of time and temperature as the copolymer, but without the presence of PET.
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To corroborate that the crystallization observed in DSC corresponds to PET,
measurements were carried out by WAXS, to analyze the crystalline structure obtained
in the synthesized materials at different temperatures. Daubeny et al. determined the
crystal structure of PET from drawn fibers. The reported unit cell is triclinic, with a =

456A, b=5944,c=10.75A, a=981/2°, B =118, y=112°. %
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Figure 4.4. (a) Values of T,, and T, as a function of composition for PET-ran-PLA random
copolymers and (b) X.versus composition for PET-ran-PLA.

Figure 4.5(a) shows WAXS diffractograms taken at the synchrotron during
cooling a PET sample at 20 °C/min and are therefore comparable to the conditions
employed by DSC. The reflections observed in Figure 4.5(a) at 26 values of 10.69,
11.63, 14.15, 14.93, 17.11, 18.33, 21.40 and 27.80 correspond to diffraction from the
following crystalline planes within the PET triclinic unit cell: (011), (010), (111), (110),
(100), (111), (111), (105), thus proving (together with NMR and FTIR) that the PET was
obtained with the green synthetic route proposed here. 3

Figure 4.5(b) corresponding to the PETgsPLAgs copolymer shows intense
reflections that are also characteristic of PET, but also the total absence of peaks
corresponding to crystalline PLA. This behavior is also observed in the rest of the

semicrystalline copolymers that were synthesized (WAXS patterns for all copolymers

can be found in Annex B).
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Figure 4.5. Real time synchrotron WAXS diffraction patterns for samples (a) PET and (b)
PETgsPLAgs, cooled from the 270 °C to 25 °C at 20 "C/min.

The WAXS results are consistent with the DSC measurements, as it is observed
that when the amount of PLA in the copolymers increases, the intensity and area
under the PET crystalline peaks decreased (indicating a reduction in crystallinity
degree) while the temperature at which the materials started to crystallize from the
melt also decreased. This trend is already evident for the PET9sPLAgs copolymer (see
Figure 4.5(b)).

The exclusion of PLA comonomeric units from the PET crystal lattice was also
corroborated by the WAXS results. The lattice parameters obtained at constant
temperatures are insensitive to copolymer composition, a classic behavior of
comonomer exclusion (see Figure B.11, Annex B).

In some cases, DSC was not sensitive enough to measure the T, of some of the
semi-crystalline samples, as the change in C, associated with T, was very small.
Therefore, DMTA tests were employed to measure the T, values of all the samples
obtained, which are listed in the table 4.2 and represented in Figure B.13 (Annex B).
Only one a relaxation with high intensity (see the prominent maxima at temperatures
between 60 and 100 °C in Figure B.13) for all compositions was found. This a relaxation

is the mechanical manifestation of the T,. The observation of a single T, for all
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copolymers corroborates the random character of the copolymers. Due to this, it is
expected that they do not exhibit any phase segregation in the melt, a fact that was
corroborated by SAXS and shown later.

The T4 values of the copolyesters are in between the T, values of the two
parent homopolymers and are composition dependent. The trend in T, values versus
composition can be fitted to semi-empirical equations. Figure 4.6 shows the fit of the

experimental T, data to the Gordon Taylor equation (Eq. (4.2), which can be written as:

w1Ty,1+ ker (1 —wy)Ty,,
wy + ker(1—wy)

Ty, copolymer = (4.2)

where Ty,; and T,, are the glass transition temperatures of homopolymers 1
and 2, respectively; w; is the mass fraction of homopolymer 1 and kg is the Gordon-
Taylor parameter. 2 satisfactory fit was obtained with a k;7=10 indicating a behavior

which is also typical of random copolymers.
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Figure 4.6. T, values for the synthesized copolymers (PET,PLA,) as a function of the content of
PLA and their fitting with the Gordon-Taylor equation and the Fox equation.

In Figure 4.6 the Fox equation is also represented. It is clearly appreciated that
this equation does not provide a good fit for the trend observed in the experimentally

determined T, values versus composition. The Fox equation predicts a trend much
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closer to a simple rule of mixtures that is characteristic of random copolymers where
the two chemical repeat units are very similar. In the case of PET-ran-PLA, that is not
the case (one repeat unit is aromatic while the other is aliphatic) and stronger
deviations from a simple rule of mixtures are expected and described semi-empirically

by the Gordon-Taylor equation.

4.3.3 Isothermal Crystallization Kinetics

Spherulites constitute the most common morphological texture of polymers
crystallized from the melt. The nucleation and crystallization kinetics controls the
spherulitic texture, which in turn can greatly affect the mechanical properties of the
polymer. The observations performed by Polarized Light Optical Microscopy (PLOM)
indicated that the nucleation density was very high even for neat PET and very small
spherulites were observed. The nucleation density increased even further in the
copolymers. The morphological texture was therefore micrometric at sizes around 1
micron or less and growth rate measurements of superstructural structures like
spherulites was therefore impossible to carry out. The microspherulitic textures were

observed by AFM and are presented in a subsequent section.

As PLOM could not be used to study growth kinetics, DSC was used in order to
determine overall isothermal crystallization rates (which include both nucleation and

growth) of PET and the PET components within the copolyesters.

Figure 4.7(a) shows the inverse of the half crystallization time (1/t504), Which is
proportional to the experimentally determined overall crystallization rate (that
includes both nucleation and growth), as a function of isothermal crystallization
temperatures (T.) for neat PET and all copolyesters where the PET component was

able to crystallize.

The overall crystallization rate of polymeric materials is a complex function of
primary nucleation and growth. When it can be measured in a very wide temperature
range, the inverse of the half-crystallization time as a function of T, displays a bell

43,44

shape curve. At low supercoolings (right hand side of the bell shape curve), both

primary and secondary nucleation processes dominate the kinetics. As the driving
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force for crystallization increases, i.e., as supercooling increases, the crystallization rate
increases until a critical T, value is reached. At this critical T,, the crystallization rate
goes through a maximum as diffusion starts to dominate the crystallization kinetics.
The transport of chains to the growth front is increasingly retarded as melt viscosity
increases when temperature decreases. So, in this diffusion dominated part of the bell
shape curve (left hand side of the curve), at very large supercoolings, the crystallization

rate decreases with T, until it becomes zero at Tj.
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Figure 4.7. (a) Overall crystallization rate (1/tso%) as a function of isothermal crystallization
temperature (T.) and (b) Overall crystallization rate (1/tse%) as a function of the supercooling
(T°-T,), for neat PET and for the PET-ran-PLA copolymers.

The PET homopolymer sample prepared in this work has a very low molecular
weight (M,=2.950 g/mol) and that explains its very fast crystallization kinetics. Figure
4.7 shows that only data at low supercooling was collected, as any attempt to lower
the T, value resulted in crystallization during cooling to T, (which was performed at 60
°C/min). Therefore, only data belonging to the right-hand-side crystallization bell shape
curve was measured for this PET homopolymer sample. Its crystallization rate,
expressed as the inverse of the half-crystallization time, varied between approximately

0.24 and 0.55 min™ in a T, range of 225 and 231.5 °C. Lu and Hay reported values
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between 0.1 and 0.2 min™ for a T range of 213 and 222 °C. % These slower overall
crystallization rates are consistent with their higher molecular weight commercial PET
sample (M,,=16.000 g/mol).

Figure 4.7(a) shows that as the amount of PLA increases in the copolymers, the
T. range needed for crystallization decreases. This is consistent with the trend already
observed in the non-isothermal crystallization results (see Figure B.5, Annex B). As
explained above, when PET is randomly copolymerized with PLA, interruptions of the
linear crystallizable sequences by the PLA comonomeric units occur at random places
in the chains. As the amount of PLA increases, the concentration of “defects” (i.e., PLA
comonomeric units) also increases and the average crystallizable length of PET
sequences decreases.

It is anticipated that the equilibrium melting temperature of PET also decreases
as PLA comonomer is incorporated in the copolymer chains. The values of T have
calculated by the Flory-Huggins theory (see Annex B) and the data in Figure 4.7(a) has
been represented in Figure 4.7(b) as a function of supercooling. Only part of the
horizontal shift of the 1/750% versus T, curves in Figure 4.7(a) is related to the change in
T values (as calculated by the Flory-Huggins theory), as readily observed in Figure
4.7(b).

A remarkable and novel result is also shown in Figure 4.7(a). Notice how the
trend in crystallization kinetics with temperature, changes from nucleation control
(where the crystallization rate increases as T, decreases) to diffusion control (where
the crystallization rate decreases as T, decreases), when the amount of PLA increases
from 21 mol % to 24 mol %. This result is due to the high amount of PLA comonomer,
which almost reaches the maximum tolerable level for the crystallization of the PET
molecules in the copolymer, thereby hindering the diffusion of PET chains to the
crystallization front.

Figure 4.8 shows the dramatic decrease in PET final crystallinity (developed
during isothermal crystallization) as the amount of PLA in the copolymer increases,
evidencing topological restrictions of the average PET chain segments to crystallize.
The values reported in Figure 4.8 are normalized with respect to the weight PET
content in the copolymer. For the PET;sPLA,4 sample (whose weight composition is

90% PET and 10% PLA, see Table 4.1), approximately 14% of the PET sequences were
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able to crystallize (at 120 °C), according to Figure 4.8. Therefore, in this copolymer
sample, the final total crystalline content (i.e., PET crystals) after isothermal
crystallization at 120 °C was only 12.6% (i.e., the 14% of 90 wt%) and there were 87.4%
mixed molten PLA-ran-PET chains in the material. As crystallization proceeds from a
single melt phase, the diffusion of the shorter crystallizable PET chain sequences is the
slow step (or dominating step) in the overall crystallization kinetics of this particular

copolymer (as shown in Figure 4.7(a)).
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Figure 4.8. Percentage crystallinity (X.) of the PET component as a function of the isothermal
crystallization temperature (T,).

The Avrami and the Lauritzen and Hoffman theories provide useful analytical
equations that when properly handled represent valuable tools to understand
crystallization kinetics and its relationship with morphology. The Avrami equation, *°

can be expressed as: 43,46

1 V(£ — t,) = exp (=K (t — t,)") (4.3)

where t is the experimental time, t, is the induction time before any
crystallinity develops, V. is the relative volumetric transformed fraction, n is the Avrami
index and K is the overall crystallization rate constant. The experimental data were

fitted to the Avrami equation using the Origin plug-in developed by Lorenzo et al. 46
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The Avrami equation generally fits well the primary crystallization range. This is

why, the fits are usually performed at low conversion values (3-20%). *® An example of

the excellent agreement between the Avrami model and the experimental data is

shown in Figure 4.9. The experimental DSC isotherms were compared with the Avrami

predictions and an example is provided in Figure 4.9(a). The agreement is excellent in

the primary crystallization range (i.e., until approximately the peak value, where the

growing spherulites or axialites impinge on one another), as indicated by the

correlation coefficient of 1 in the limited conversion range of 3-20% in Figure 4.9(c).
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Surprisingly, the agreement is also very good in the secondary crystallization range, a
fact that maybe connected with the low molecular weight of the PET synthesized here.

The values obtained for K"

(isothermal crystallization rate constant) are shown
in Figure 4.10(a). The value of K has units of n”, i.e., they depend on the n value or
Avrami index value. Therefore, in order to be able to compare K values with
comparable units, K was elevated to the power 1/n. As K is proportional to the overall
crystallization rate, it has a tendency that is practically the same as the one shown in

Figure 4.7, also attesting for the good fit to the Avrami equation.
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Figure 4.10. (a) Isothermal crystallization rate constant (Kl/”) as a function of crystallization
temperature (T.) and (b) Avrami index (n) as a function of isothermal crystallization
temperature (T,).

Applying the Avrami equation, values of n (i.e., Avrami index) for neat PET and
PET phase in the copolymers were calculated and plotted in Figure 4.10(b), where it is
appreciated that a range of values from 2 to 2.8 were obtained. In principle, n=3 (or

n=2.5-3.4 which can be approximated to 3) indicates the presence of instantaneously
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nucleated spherulites or sporadically nucleated axialites, while n=2 is typically
associated in polymers with instantaneously nucleated axialites. Observations
performed by Polarized Optical Microscopy did show that even in neat PET, the
nucleation density was very high and therefore the superstructures observed were
very small, even at very high T, values, were small spherulites were indeed observed.
In such cases, the development of 3D spherulites is usually limited by the impingement
with neighboring superstructures and in many cases, axialitic structures can be
developed.

To complement the previous results and to check if the formation of spherulites
and axialites could be observed, the materials were studied by atomic force
microscopy (AFM). For each material, solvent cast films (see Chapter 2) were
crystallized isothermally from the melt. The crystallization temperature (7.) selected
for each sample is intermediate between T, and T,,. Figure 4.11 shows the topography
of pure PET versus PETgsPLA1,, where apparent spherulites are observed whose size is
around 1 um. As only the surface of the film is being observed by AFM, it is not easy to
distinguish between 3D or 2D lamellar packing, however the tight radial lamellar
packing is characteristic of spherulites. These images are very similar to those obtained

for PETgsPLAgs and PETg4PLA ¢ both at an optical and topographical level.

Figure 4.11. Micrographs observed by AFM for a film of (a) neat PET at T7.=190 °C and (b)
PEngPLAlZ at TC:160 °C.

An apparent transition from spherulites to axialites was observed in the
compositions of 81 to 79 mol % PET (Figure 4.12). It is expected that as the amount of
PLA in the copolymers increases, the development of 3D order becomes more difficult

and only axialites could be observed. The difficulty in developing 3D superstructures or
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spherulites arises when the linear crystallizable sequences get too short. These PET
sequences must find each other both intra and intermolecularly in order to develop
superstructures.

The information obtained by AFM and PLOM confirms that the PLA has a
significant effect on the crystallinity of the PET in the copolymers, therefore the
morphology and crystallization behavior of each sample is a function of the amount of

PLA present.

Figure 4.12. Micrographs observed by PLOM and AFM for a film of PETg;PLAg at 7.=148 °C (a,
c), where a spherulitic morphology is apparent, and PET,oPLA,; at T.=145 °C (b, d), where clear
axialites are observed.

The growth rate G(T) of the crystals can be predicted by the Lauritzen and

Hoffman theory which is expressed as: %/

R(T: TTM)) exp <TC_AKT9 ) (4

G(T) =G, exp(

where G, is a growth rate constant, U™ the activation energy for the transport

of the chains to the growing nuclei (1,500 cal/mol is generally used), R is the gas
constant, T, the isothermal crystallization temperature, T.. is the temperature at
which chain mobility ceases and it is usually taken as T,-30 (K). AT is the supercooling

defined as (T)) — T.) where T, is the equilibrium melting point. The factor fis a
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temperature correction term equal to: 2T./(T; +T%); and K, is a secondary
nucleation constant, which is proportional to the energy barrier for secondary
nucleation.

When the Lauritzen and Hoffman theory is applied to DSC data, G(T) in
equation (4.4) is replaced by the inverse of the experimental half-crystallization time
and the equation can then predict overall crystallization rates (which include both

8 Figure 4.7 shows the good fit of the experimental data to

nucleation and growth).
the LH theory (solid lines) for the overall crystallization rate. In this case, the parameter

K,

4 is equal to K7, which is proportional to the total energy barrier for the overall

crystallization (i.e., for both nucleation and growth). In this work, T,2 was calculated by
the Flory-Huggins theory for random copolymers assuming complete exclusion of PLA

comonomeric units (see Annex B).
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Figure 4.13. Values of k; derived from LH fitting plotted as a function of PLA content.

Figure 4.13 clearly shows that when the amount of PLA increases in the

copolymer the value of Kj is larger, indicating that the energy barrier to overcome for

nucleation and growth increases as PET average crystallizable sequences get shorter.
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4.3.4 Determination of Parameters derived by SAXS

In order to study the effect that introducing PLA sequences in PET chains has on
the lamellar periodicity (long period), as well as on the lamellar thickness of the
copolymers, SAXS experiments were carried out for all the copolymer synthesized.

Experiments similar to those carried out by WAXS were conducted using SAXS
(in fact, they were measured simultaneously at the synchrotron source). Figure 4.14
shows the SAXS results at different temperatures for (a) PET and (b) PETgsPLAgs
samples, where the Lorentz corrected intensity is plotted as a function of the
scattering vector q.

The SAXS curves exhibit a clear intense maximum due to the scattering caused
by the periodic lamellar stacks (i.e., long period). The intensity of this maximum
decreases as the amount of PLA increases in the copolymers. Such behavior indicates
that lamellar stacking is increasingly difficult as PLA content increases and crystallinity

degree decreases, as expected.
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Figure 4.14. Lorentz-corrected SAXS profiles for (a) PET and (b) PETosPLAys, with intensity as a
function of scattering vector. Data taken of samples cooled from the 270 °C to 25 °C at 20
°C/min.
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When the PET crystals in the copolymer melt, the SAXS curves do not display
any signal in Figure 4.14, indicating that a melt mixed phase is obtained, as expected

for random copolymers.

In all samples, the long periods (d*) at different temperatures were estimated

by Eq. (4.5) from gmaxValues taken from the Lorentz corrected plots (I*g” versus q).

21
d’ =

(4.5)

Qmax

Figure 4.15(a) shows that the value of d* at low temperatures is a function of
composition, as it tends to decrease with increases in PLA. This is expected for random
copolymers where comonomer exclusion dominates, as upon increasing PLA co-units,
the average linear crystallizable PET segments decrease in length causing a decrease in
both crystallinity and lamellar thickness, as represented in Figure 4.15(b) and explained
below. The long period also increased with temperature, as the amorphous content
increases, especially above 150 °C (data not shown), where melting can start in some

of the samples.
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Figure 4.15. (a) Long periods (d*) calculated from SAXS data as a function of temperature and
(b) lamellar thickness (/) calculated from WAXS/SAXS data as a function of temperature.
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Parameters such as the degree of crystallinity of each phase and the lamellar
thickness (/), can be calculated from the analysis of data obtained from WAXS, SAXS
and DSC. For the calculation of an average lamellar thickness (/) the following

approximation was used:
l=d" - X, (4.6)

where X, is the crystalline mass fraction and can be calculated from the
enthalpy of fusion of the phase under consideration (AH,,), the enthalpy of fusion of a
100% crystalline sample and the weight fraction of the phase under consideration (W)

using Eq. (4.7).

AH,,

X, =—m
¢ AHpaoomW

(4.7)

Table 4.3 show the values of X. determined by DSC by Eq.(4.7). From table 4.2,

AH ¢ was taken for each sample, which is the normalized value of the latent heat of
) AHp—AH¢ - 49
fusion (T) , then X was calculated by dividing AH,r by AHpm100%) (140 J/8).

Using these values the lamellar thickness (/) was calculated and plotted in Figure
4.15(b) as a function of copolymer composition.

The lamellar thickness values generally decrease when the amount of PLA
increases in these random copolymers as expected, since the average crystallizable
PET sequences are decreasing in length. As the lamellar thickness values depend on
the crystallinity degree employed to calculate them according to equation 4.6, the
degree of crystallinity by WAXS was also calculated (an example is provided in Annex B,
see Figure B.12). Table 4.3 lists the lamellar thickness calculated with crystallinity
values derived from both DSC and WAXS and the values and trends are fully consistent
with one another.

In order to complete the study, the average extended chain segments (L) of the
PET component within the copolymers was calculated. In order to determine these
values, the number of terephthalate units joined together belonging to the PET (L)

was required, which can be determined from * H NMR using the equation below:
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2
roan

(4.8)

where (T) is the mole fraction of terephthalate units in the copolymer and (LT)
is the molar fraction of the exchange dyad in the copolymer (the unit where lactyl or
LA is attached to the terephthalate unit), these parameters were obtained by NMR.

L+ values could explain the ability of copolymers to crystallize, as it will be seen
and the values are presented in Table 4.3. It is observed that the number average
chain length (L) of PET segments decreases when the amount of PLA increases in the
copolymer, as PLA breaks the regularity of the PET chains. It is also observed that PET
segments within the synthesized copolymers do not crystallize with extended chains (L
# I) and therefore, form folds when crystallizing. The number of folds (NF) tends to
decrease with the increase of PLA in the copolyesters, with the exception of the last
composition, where the lamellar thickness (/) is so small due to the low crystallinity of
the material that the average shorter chain can fold several times and does not follow
the trend of the rest of materials. Figure 4.16 schematically shows the behavior

described above.

Table 4.3 Long Period (d*), Crystalline Fraction (X.), Lamellar Thickness (/), Number average
sequential length (L7), Chain Length (L) and Number of Folds (NF).

X, X. [(nm) [(nm) NF  NF
Sample d* WAXS DSC WAXS DSC Ly  L(nm) WAXS DSC
PET 11210 031 036 35 41  -— 29 84 71
PETosPLLAGs 10728 030 038 32 41 191 21 64 51
PETssPLLAL 10.764 0.29 0.34 3.1 3.7 8.7 9 3 28
PETsPLlAss 10309 022 032 23 33 5.4 6 26 1.8
PET,6PLLA,,

9.834 0.09 0.08 0.90 0.8 3.6 4 44 5.0
- Values of Xc and d* calculated with data from WAXS and SAXS respectively at 25 °C.
-Values of L calculated by NMR.

- For Copolymers L=L; * 10.75 A (from unit cell of PET). 3

- In case of PET L=(Mn by NMR / 192) * 10.75 A.

- NF=L/I from this table.
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Figure 4.16. Changes in (/) and (L) as a function of the amount of PLA in the copolymer. The
scheme depicts how chain segments crystallize within the random PET-ran-PLA copolymers.
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4.3.5 Hydrolytic Degradation of Copolymers

Selected samples were subjected to hydrolytic degradation, as indicated in the
experimental part. The samples were periodically examined by NMR during 10 weeks
exposure to a phosphate buffer solution. Figure 4.17 shows how the PLA content in
mol% changes in the copolymers with incubation time. Except for the copolymer
sample with only 5% PLA, all others exhibit a decrease in PLA content as incubation
time increases. This indicates that the PLA repeating units covalently linked to PET
repeating units in the copolymers can be degraded by hydrolysis, thus showing the

partially degradable character of these copolymers.
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Figure 4.17. PLA content in the indicated copolymer samples determined by NMR as a function
of incubation time in a phosphate buffer (pH=7.4) solution at 37 °C.
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4.4 Conclusions

In this work, new PET materials potentially susceptible to hydrolytic
degradation were synthesized using organocatalysis, following a sustainable synthetic
route, where PET was copolymerized with bio-based PLA. The random
copolymerization was confirmed by 'H NMR and FTIR. Different PET-ran-PLA
copolymers were prepared and the structure, morphology and crystallization of the
PET component were studied. By DSC and WAXS it was found that the PET component
within the PET-ran-PLA copolymers was able to crystallize up to 24 mol % of PLA.
Nevertheless, the quality and quantity of these crystals were significantly affected by
the PLA content which considerably reduced the crystallization kinetics, as well as the
lamellar thickness measured by isothermal crystallization from the melt and SAXS
respectively. A novel result found, was the radical change from nucleation to diffusion
control, in the temperature dependence of the overall isothermal crystallization rate,
when the PLA content approached the maximum tolerable limit for PET crystallization.
It was found that the morphology of PET crystals could change from micron size
spherulites to axialites when increasing the PLA content, as the nucleation rate also
increased considerably by PLA incorporation.

Finally, preliminary hydrolytic degradation experiments were able to
demonstrate the partial degradation character of the prepared copolymers, as the PLA
component undergoes hydrolysis in a buffer phosphate at 37 °C after a few weeks
incubation time.

In addition, this work shows a way to take advantage of monomers derived
from chemical recycling of PET (such as DMT) to synthesize copolymers, giving an
added value to the waste generated from PET. On the other hand, the use of a bio-
based polymer, such as PLA that is obtained from renewable sources and is
biodegradable, leaves a lower ecological footprint than non-bio-based polymers. And
all the above in conjunction with the use of organic catalysts (metal-free) contributes

to finding synthetic paths that respect as much as possible the environment.
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Chapter 5

5.1 Abstract

Several works have studied the copolymerization of PET with other polymers
with the intention of modifying the properties of PET and making functional materials
for applications in which neat PET could not be used. In this work, PET was
copolymerized with polyether, following a green synthetic route. PET was polymerized
using dimethyl terephthalate (a monomer that can be derived from chemically
recycling PET waste) and using an organic catalyst (metal-free catalyst).

New materials (multiblock copolymers) were synthesized, where each
copolymer combines the properties of the two homopolymers (PET and polyether) and
exhibits properties different from those shown individually by the homopolymers.
Characterization techniques such as NMR, TGA, DSC, flash DSC, DMTA, WAXS and SAXS
were used to analyze the synthesized copolymers. The thermal properties and the
crystallization of these materials are strongly affected by the PET/Polyether
composition. For some compositions double crystalline materials were successfully
obtained. The copolymers showed a single phase in the melt state and one phase
segregation in the amorphous state. All copolymers present a micro-spherulitic

morphology.
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5.2 Introduction

The trend to combine two or more homopolymers with the expectation of
obtaining new materials (copolymers) with different properties from those of the
parent homopolymers has increased. In this sense, as polyethylene terephthalate (PET)
is one of the most popular polymers in the manufacture of multiple products, it has
been the subject of a large amount of research where it has been copolymerized with
various polymers to modify its properties, for example crystallinity, degradability and
degree of hydrophilicity, among others. !

One possibility is to copolymerize PET with other low molecular weigh polyols
in order to impart different properties to the PET. Among the different copolymers
studied, poly(ether ester) copolymers are a kind of interesting synthetic target because
they have a "hard" segment corresponding to PET (high T, and T,,) and another "soft "
segment corresponding to the polyether with (low T, and Tp,). 2 This union results in a
new material whose properties are not a simple function of the individual
components. 23 Moreover, the soft segment of polyethers and the hard segments of
PET can cohexist providing in some cases improvement in the mechanical properties,
toughness or chemical resistance of PET. * Due to the above, these materials have
aroused scientific and industrial interest, since they exhibit a rich variety of thermal
behaviors that are related to the composition and chemical structure characteristic of

2 . . .
328 However, to employ these materials in potential

the segmented copolymer.
applications, a basic understanding of their properties is necessary.

For instance, in the middle of the 20th century, Coleman copolymerized PET
with a polyether (polyethylene glycol, PEG) with the intention that PET in fiber form
would be more hydrophilic and therefore easier to colour. ’ These copolymers (PET-co-
PEG) have been studied by researchers whose work has focused on several aspects
(biodegradability, phase-change characteristics and shape-memory effects, in addition
to hydrophilicity). >>*%™

Understanding the behavior of these copolymers is complex, because several
probable reactions can occur in the process of formation of the copolymer and this

generates a large number of heterogeneities (several unions between the initial

monomers). ® On the other hand, the crystallization of copolymers with two
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3610 |n these

crystallizable blocks (PET and PEG), has been studied in some works.
systems where both segments (hard and soft) in the copolymer are able to crystallize,
the crystallization process is complex because each component (segment) affects the

2,3,10

properties of the other and vice versa, depending on composition. This means

that the copolymer structure can be manipulated and the properties of the material to
be obtained can be optimized, adapting them to specific applications. 89,11

Normally, poly(ether ester) copolymers are synthesized by condensation
polymerization of relatively low molecular weight telechelic polyether diols with

>%%% This process produces multiblock

polyester monomers at high temperatures.
copolymers with polyester which have shown the ability to co-crystallize. The
multiblock copolymers show double crystallinity and properties from the polyether
and PET segments, as revealed by DSC experiments. To date, all the multiblock poly
(ether ester) copolymers are based on polyethers with 2,3 or 4 methylene units. 24
8912 The main reason behind this limitation is that telechelic polyethers have been
solely prepared by the ring-opening polymerization of the corresponding cyclic ethers,
such as oxiranes, oxetanes, or tetrahydrofuran and using the aforementioned method,
larger size polyethers cannot be obtained because of the extreme stability of the cyclic

1371> pecently attention has been paid for the preparation of medium-to-long

ethers.
aliphatic polyethers by the bulk self-condensation of alcohols. This method allows the
preparation of telechelic polyethers with a number of methylene units ranging from 6
to 12 units and melting temperatures between 54 and 85 °C. *°

In this work PET and Polyether multiblock copolymers have been prepared
using telechelic polyether based on 6 methylene units. The copolymers were prepared
using an organic catalyst (DBU:BA). It is expected that using telechelic polyethers with
different methylene units the melting temperature of the soft polyether segment
could be varied on demand obtaining double crystalline poly (ether ester) copolymers
with tunable melting temperature. To understand the behavior of these materials, the

effect of the PET/polyether composition on the thermal properties of each of the

segmented copolymers obtained is analyzed.
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5.3 Results and Discussion

5.3.1 Synthesis and Characterization of Copolymers

With the intention of using organocatalysis to promote the copolymerization of
PET with polyether, an organic catalyst (DBU:BA) was selected based on its
demonstrated effectiveness in the homopolymerization of PET and the
copolymerization of PET with other polyesters. Y The synthesis of PET-mb-Polyether
copolymers by several stages was carried out. First, the dimethyl terephthalate (DMT)
was reacted with excess ethylene glycol (EG) in the presence of an organocatalyst
(DBU:BA) forming oligomers of PET for 1.5 h. Then, the polyether was added to PET
oligomers (Scheme 5.1) to complete the copolymerization. The Polyether has been
synthesized by the step-growth polymerization of 1,6 diols in the presence of MSA:TBD
catalyst as previously described. ® In order to obtain Poly (ether ester) copolymers
able to co-crystallize polyether with molecular weight of 3468 (g/mol) was employed in

the copolymerization.

HO.
\/\OH

EG
Catalyst
250 °C

E/@ﬁo/\/T ; Ho«{’\/\/\ﬁb

Poly (1,6 HD)
n

PET Polyether

Bulk

250 °C
High vacuum

o)
o) o o
L(©)L0/\/ Wo»{’\/\/\/
o X
(o] n m

Scheme 5.1. Organocatalyzed Synthesis of PET-mb-Polyether.
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To confirm the copolymerization between PET and the polyether 'H and “c
NMR were used. Figure 5.1 shows an 'H NMR spectrum of a copolymer of PET with
Poly (1,6 HD). After performing the polymerization, the characteristic peaks from PET
units (4.78 ppm, COO-CH,-CH,-0OCO) and Poly (1,6 HD) units (3.63 ppm, -O-[CH,-(CH,),4-
CH,-0-], 1.63 ppm, -O-[CH;-CH,-(CH,),-CH2-CH,-0-] and 1.34 ppm, -O-[(CH;),-CH,-CH,-

1817 1 addition, a new peak could be

(CH3),-0-] could be appreciated in Figure 5.1.
observed in the '"H NMR spectra related to the PET-mb-Polyether links at 4.40 ppm
(peak 1) assigned to Terephthalate-Polyether (Ar-CH-COO-CH,-CH,-CH,-CH,-CH,-CH,-O-
). On the other hand, the peak around 8.12 ppm suggest the presence of PET-mb-
Polyether links corresponding to Terephthalate-Polyether (Ar-CH-COO-[CH,]s-O-) and
Terephthalate-Ethylene glycol-Polyether (Ar-CH-COO-CH,-CH,-O-[CH,]¢-O-). However,
in this position the signal of PET-mb-Polyether link seems to be overlapped with the

Ar-CH signal corresponding to neat PET. Therefore, it is not convincingly possible to

assign a single signal to this position.

O
0.
CDCI3 HO & $ tH
| A Poly (1,6 HD)
o

L o
;

o
o oo O o‘[’\/\/\/c>
Q L(©)( L} *

e A B "
| L PET —b- Polyether

o °
@ WOA\? T
i o
| PET

n

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
3 (ppm)

Figure 5.1. 'H NMR spectrum of PET34Poly(1,6 HD)eg in CDCl3/TFA.

With the purpose of showing more clearly the PET bonds with polyether, B3¢
NMR tests were carried out. Some of these spectra are shown in Figure 5.2. Staring at
the signal corresponding to quaternary C of the aromatic ring, a different chemical
environment of the copolymer dyads is reflected. The signals at 134.55 and 134.19
ppm correspond to Polyether-Terephthalate-Polyether (PE-PE) and Ethylene glycol-
Terephthalate-Ethylene glycol dyads (EG-EG), respectively, while the signals at 134.77
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and 133.97 ppm correspond to interchange dyads: Polyether-Terephthalate-Ethylene
glycol (PE-EG or EG-PE). However, due to the fact that only copolymers rich in
polyether (%mol superior to 10) showed clearly these signals, two additional
copolymers were synthesized in order to characterize adequately the copolymer
microstructure: PETgsPoly(1,6 HD)g7 and PETy;Poly(1,6 HD)go. The spectra of these latter
compositions are shown in Figure 5.2, in addition, in this figure it is appreciated that
when the amount of polyether increases in the sample, the signal at 134.19 ppm

decreases, while the signal at 134.55 ppm increases.

fo) EG

EG O,
o\n/©)l\o/\/ e
"“I.o/\/

o PET 34Poly(1,6 HD)es
e

o PE
(o]
AN
- 0 o ™
NN
o)
o

PETo1Poly(1,6 HD)ss .

PETo3Poly(1,6 HD)s7

1355 1353 1351 1349 1347 1345 1343 1341 1339 133.7 133.5 133.3
5 (ppm)

Figure 5.2. °C NMR spectrum of PET-mb-Poly(1,6 HD) in CDCl3/TFA.

Once the successful copolymerization of PET with Polyether was demonstrated,
copolymers with different compositions PET-mb-Poly (1,6 HD) were prepared, with the
intention of comparing the properties of the copolymers and verifying if the
composition affects significantly the properties of the materials obtained.

The experimental values of number average sequential length (L) and the

degree of the randomness (1) were obtained using data from *C NMR (equations in
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Annex C). However, these experimental values were determined only for the three
copolymers shown in the Figure 5.2 (see Table C.1, Annex C) due to the factor, that the
intensities of the signals corresponding to the interchange PE-EG dyad were very small
in the copolymers with less than 9 % mole of polyether. Thus, the error involved in the
calculation of the Ljand n parameters was large leading to erroneous values.

In Table C.1 (Annex C), it is appreciated that for the copolymers shown in Figure
5.2 the value of n tends to 1 indicating that ethylene glycol and polyether are reacting
randomly with terephthalic units. Taking into account the polymeric nature of
polyether, the random reaction leads to the formation of a multi-block copolymer,
where each of the different blocks forming the copolymer are randomly distributed.
Considering that all the obtained experimental values of n were close to 1, for
compositions of 9 to 80 mol% of polyether present in the copolymer, it seems feasible
to suppose that copolymers with a molar percentage of polyether between 0 and 9 %
will also have a random character. This assumption allows calculating the theoretical
number of average sequence length for copolymers with molar percentages lower
than 9 % of polyether. The results are shown in Table 5.1. In the case of PET-mb-
Poly(1,6 HD) copolymers, the parameter Lgg, which represents units of PET, decreases
from 38 to 10, in a range of Poly(1,6 HD) content from 0 to 10 mol%, while Lpe varies

from 1 to 1.1, which means that practically all the polyether units are isolated.

Table 5.1 Composition, Number average sequential length and Intrinsic Viscosity of Polymers.

PET / Polyether Number average
sequential length®

Sample % mass % mol Les Lpe n° LV.E Mn*
ratio® ratio® (PET) | (Polyether) (dL/g) KDa
PET 100/0 100/0 --- --- --- 0.23 (+ 0.02) 3.5
PETePoly(1,6 HD)s, 68/32 97.4/2.6 386 1.03 —  031(+0.01) 49
PETgPoly(1,6 HD)ss 64/36 97/03 334 1.03 0.40 (+ 0) 5.0
PET,Poly(1,6 HD)ss 61/39 96.5/3.5 289 1.04 0.42 (+0.02) 4.9
PET:,Poly(1,6 HD)gs 34/66 90/10 104  1.11 0.99 0.45(+001) 4.4
Poly(1,6 HD) 0/100 0/100 --- --- --- 0.10 (+ 0.02) -

®Calculated by NMR only for PET34Poly(1,6 HD)g sample. For the rest of copolymers, assuming
their random character, theoretical values are given. In the case of Ly the second decimal is
given in order to show the produced small changes. ®Measured by viscosimetry. “Determined by
GPC in HFIP against PMMA standards for PET and copolymers.

To measure the molecular weights of the copolymers by GPC, first a solvent

(HFIP) that diluted both components of the copolymer (PET and polyether) was used,
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however this solvent degraded the polyether and therefore the measurements
obtained were erroneous. On the other hand, when a solvent (CHCl3) that only
dissolves the polyether was used, only very low molecular weight chains were
obtained and the rest of the chains remained unparsed. For this reason, the intrinsic
viscosity of the materials was measured.

Table 5.1 shows the values of intrinsic viscosity (I.V.) for homopolymers and
copolymers, it can be seen that for the series of copolymers of PET with Poly 1,6 HD
the viscosity seems to increase, which could be related to an increase in molecular
weight of the copolymers when the polyether is bound to PET.

The intrinsic viscosity of the copolymers obtained is generally larger than those
of the homopolymers. This result can also be taken as a proof that PET and the
polyether are copolymerized and as a consequence generate materials with viscosities

higher than those of the parent homopolymers.

5.3.2 Non-isothermal Properties

The thermal stability of the obtained polymers was studied and the TGA results
are reported in Figure 5.3(a). Figure 5.3(b) shows that the thermal stability of the
copolymers depends on their composition. Furthermore, it is appreciated that
increasing the amount of polyether in the copolymer generates a decrease in the
thermal stability of the materials.

To analyze the thermal properties of the synthesized materials, tests were
carried out using differential scanning calorimetry (DSC). In Figure 5.4, two types of
polyethers are shown, neat Poly (1,6 HD) (without heat treatment) and Poly (1,6 HD)
that was thermally treated to simulate the conditions applied during copolymer
synthesis. The curves show that the T,, of the treated polyether is lower as compared
to that of the untreated polyether. This is confirmed by the information reported in
Table 5.2 and what is shown in Figure 5.5 (a), where it can be seen that the value of T,
and T. are lower for the thermally treated polyether vs the untreated polyether. In
addition, in Figure 5.5(b), it is also observed that the degree of crystallinity (X;) of the

polyether decreases when it is subjected to the heat treatment. All the above indicates
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that the reaction conditions (time and temperature) affect the thermal properties of

the polyether.
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Figure 5.3. (a) TGA of Copolymers PET-mb-Poly (1,6 HD) and (b) Temperature at which the
copolymers lose 5 and 50% of their weight.

PET-mb-PEG multi-block copolymers have been reported in the literature,
where PET segments act as the crystalline region and PEG segments as the amorphous
region. 89 In addition to the above, there are also some works that apart from the non-
isothermal crystallization, analyze more details of the thermal behavior of these
materials. #*>%8710

So far, no PET-mb-polyether copolymers have been reported in the literature
with a polyether of a repeating unit with more than 4 methylene groups. In this sense,
this work shows copolymers of PET linked to a polyether with a chain size never used
before (6 carbons), where multi-block copolymers were obtained.

In Figure 5.4, the DSC heating curves (second heating scans) obtained from the
homopolymers and copolymers of PET-mb-Poly (1,6 HD) are reported. All compositions
show curves with two melting peaks, except for the PETggPoly(1,6 HD)s,. For this
composition, the melting peak of the polyether phase is almost undetectable as shown

in Figure 5.4 and Table 5.2. In the rest of the copolymers where two melting peaks are

appreciated, one corresponds to the PET phase and the other belongs to the Polyether
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(first heating and cooling are shown in Annex C). It is observed that when the amount
of polyether increases in the copolymer, the peak intensity corresponding to the
polyether component increases and the peak intensity corresponding to the PET

component decreases.

- L M L v ] v T v T x
-k PET
[ _PETggPoly(1,6 HD),, /\——

"""" FBET Pol /\.—:
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Temperature (2C)

Figure 5.4. DSC second heating scans for the PET-mb-Poly (1,6 HD) copolymers and the parent

homopolymers.

In addition, it is observed that when the amount of PET increases in the
copolymer, the T,, of the polyether crystals decreases. This could be due to the fact
that the PET phase crystallizes first upon cooling from the melt, and if its content is
large, it can induce confinement effects on the polyether chains that limit its
crystallization and lamellar thickness (which is proportional to T,,). On the other hand,
when the amount of polyether increases, the T,, of the PET crystals decreases as the
average length of the linear crystallizable PET sequences decrease, as determined by

NMR and reported in Table 5.1. 35,10
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Table 5.2 Thermal Properties of Synthesized Polymers.

Cooling 2nd. Heating
PET Polyether PET Polyether
Sample T. AH, T. AH, Tm AH, Tm AH,
(O° (/e (O (/g (O (/) (C° (s)
PET 1979 -54 - - 252 53 - -

PETesPoly(1,6 HD)3,  185.5  -66 1.3 -6 246.1 62 427 6

PETgPoly(1,6 HD)3s  183.9  -62 244 -25 241.3 56 49.7 28

PETsPoly(1,6 HD)3s 1775  -51 283 -56 2386 49 52.3 56

PET3,Poly(1,6 HD)s  160.6  -44 30.7 -71 227.1 38 519 74

Poly(1,6 HD) - - 39.4 -130 - - 56.8 141

Poly(1,6 HD)* - - 309 -100 - - 47.7 110

’Determined by DSC. *It is Polyether that was put to the same conditions of time and
temperature as the copolymer, but without the presence of PET.

*AH.and AH,, are normalized values, were calculated by dividing the enthalpy by the respective
mass fraction of the component that crystallizes (PET or Polyether)

Table 5.2 displays Tc and T,, values. AH,, was employed to calculate the degree
of crystallinity (X;.) of the phases (PET or Polyether) at room temperature. X, can be
calculated from the enthalpy of fusion of the phase under consideration (AH,,), the
enthalpy of fusion of a 100% crystalline sample and the weight fraction of the phase

under consideration (W) using Eq. (5.1).

AH.
= —m (5.1)
AHm(lOO%)]/V

Xc
The value of AHm009%) for polyether was calculated following the procedure
reported in the literature [250 J/g for Poly (1,6 HD)]. '8 In the case of PET the value was
taken from Physical Properties of Polymers Handbook (140 J/g). *°
The results of the non-isothermal analysis of the polymers obtained can be
summarized in Figure 5.5, where T, T,, and the degree of crystallinity (X;) have been
plotted as a function of the polyether or PET content in the copolymers. Figure 5.5(a)
shows that by increasing the content of polyether in the copolymer the T,, and T, of
the PET component decrease. The effect of the polyether component on the
crystallization of the PET component in the copolymer is that at the temperature that
the PET phase crystallizes, the polyether phase is in the melt. Therefore, in principle, if

the polyether component is immiscible with the PET component, one would not expect
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any influence on the PET phase, unless its quantity would be lower than 20%. Two
reasons may explain a melting point depression of the PET component: a) the average
sequence length of PET segments in the copolymer decrease with the increase in
polyether or b) the copolymers are miscible in the melt. In this way, the polyether
chains could act as a plasticizer for the PET crystals when they melt. The fact that the
crystallinity of the PET component decrease with increases in polyether content is also
an evidence of a decrease in crystallization ability, that could be compatible with

smaller average PET sequences in the chain.
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Figure 5.5. (a) Values of T,, and T, as a function of composition for PET-mb-Poly (1,6 HD) and
(b) X.versus composition for PET-mb-Poly (1,6 HD). (The points indicated with DP, are values of
the thermally treated polyether).

On the other hand when the amount of PET increases in the copolymer, the T,
and T, of the polyether decrease and the crystallinity dramatically decreases. The PET
phase crystallizes first and forms crystals that restrict the mobility of the polyether
covalently bonded chains. A topological confinement effect is produced that increase
with the amount of PET in the copolymer. >*** |n the literature it is reported that for
block copolymers formed by PET and PEQ, the crystallization of the PET blocks exerts a
strong influence on the crystallization process, crystallinity and on the final soft

segment morphology (PEO). >
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The behavior of the obtained PET-mb-Poly (1,6 HD) copolymers can be
described as follows: above the melting point of the PET, the copolymer forms a single
phase melt. As the temperature is decreased, the PET blocks crystallize while the
polyether chains remain in the melt state. When the temperature is further reduced to
T<T,, (Poly (1,6 HD)), the segments of Poly (1,6 HD) also crystallize, and a double
crystalline copolymer is generated. A similar behavior has been reported for

copolymers of PET with PEO. *

5.3.2.1 Phase Separation in Block Copolymers

Some authors have reported that when there are block copolymers where
different macromolecules (PET or PBT and PEG) are covalently bound, macrophase
separation cannot take place, however a microphase separation can occur. This
separation is favored by the increase in molecular weight of Polyester or Polyether
that form the copolymer. But if the molecular weight remains constant, an increase in
the amount of PET in the copolymer causes an increase in crystallinity which can favor
a microphase separation. 912

The T, of the segments (PET and Polyether) that form the copolymer is usually a
characteristic parameter for evaluating the microphase separation in many segmented
copolymer systems and gives important information about the microphase structure. It
has been reported that in PET copolymer systems with PEG, the T, value of the PEG
present in the copolymer is usually higher than that of pure PEG, which indicates the
existence of a mixture in the amorphous phase containing both segments (PEG and
non-crystallized segments of PET), where the PET segments reinforce the soft phase
and this increases the T, of the PEG. *

Analyzing the effect of the polyether component on the T, of the PET
component in the copolymer (PET and PEG), it has been reported that the motion of
molecules and chains of PEG in the rubbery state can influence significantly the glass
transition of PET, decreasing the T, of PET in the copolymer in comparison with the T,

of the PET. 1+%°
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Figure 5.6. T, values of copolymers PET,Poly (1,6 HD), as a function of Polyether content in the
copolymer (by DMTA).

DMTA tests were employed to measure the T, values of all the samples
obtained, which are listed in Table 5.3. Two T, are appreciated in Figure 5.6 for the
copolymers obtained. Figure 5.6 shows that some PET-mb-poly(1,6 HD) copolymers
exhibit two T, values corresponding to a PET rich phase and a Poly(1,6 HD) rich phase.
The T, values corresponding to the PET rich phase tend to decrease as the polyether
content increases and are all lower than those of neat PET. This indicates that a PET
rich phase is formed, where a small amount of polyether chains are dissolved in PET
and therefore plasticize and depress the T, value. On the polyether composition side,
the T4 of the polyether in the copolymer tends to increase when the amount of PET
increases, at least for some of the values, also indicating the formation of a polyether

rich phase that contains a small amount of PET chains.

Table 5.3 Glass Transition Temperature of the PET-mb-Poly (1,6 HD).

DMTA flashDSC
PET Polyether PET Polyether
T, (°C) T, (°C) T, (°C) T, (°C)

PET 106 - 104 -
PETesPoly(1,6 HD);,  92.4 - 91.9 -31.5
PETe,Poly(1,6 HD)3s 59 -7 -—- -
PET¢,Poly(1,6 HD)3o 56 41 —_ .
PET3,Poly(1,6 HD)ss  44.5 -44 37.9 -52.8
Poly (1,6 HD) -40 -59.6
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The DSC measurements were useful to detect both crystallization and melting
transition, but because of the high crystallinity content in the copolymer samples, the
T, was not detected. Therefore, ultra fast DSC was performed in a FlashDSC 2
equipment by Mettler Toledo. The rates employed were -4000 K/s and 20 000 K/s for
cooling and heating, respectively. The samples were analyzed in a range of -90 to 270
°C. The flashDSC was used to rapidly quenched the materials and taking advantage of
the much lower crystallinity determining T, values (the curves of these tests are shown
in Figure C.3, Annex C). In Figure 5.7 it can be seen that the two copolymers
[PETesPoly(1,6 HD)s, and PET34Poly(1,6 HD)gg] show two T, suggesting that there is a

microphase separation in the copolymer amorphous phase.
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Figure 5.7. T, values of some copolymers PET,Poly (1,6 HD), as a function of Polyether content
in the copolymer.

On the other hand, the values of T, obtained by flash DSC (Table 5.3) are very
similar to those obtained by DMTA, therefore both techniques can be useful for T,

measurements in this type of segmented copolymers.

5.3.3 Isothermal Crystallization Kinetics

The crystallization kinetics of the double crystallizable block copolymers is very

interesting and may be different from that of crystallizable block copolymers or semi-
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crystalline homopolymers. However, such crystallization behavior is commonly
complicated due to the concurrent effects of several factors, such as confinement,
geometry, glass transition temperature, morphology among others.

In the present work, the isothermal crystallization of neat PET and PET-mb-Poly
(1,6 HD) of different compositions has been measured by DSC. Figure 5.8(a) shows the
inverse of the half crystallization time (1/tsp%4), Which is proportional to the
experimentally determined overall crystallization rate (that includes both nucleation
and growth), as a function of isothermal crystallization temperatures (T,) for neat PET
and all copolymers where the PET component was able to crystallize. At the
crystallization temperatures employed to crystallize the PET component, the polyether
chains are in the melt state (Figure 2.2, experimental section).

Figure 5.8(a) shows that neat PET crystallizes faster than the PET blocks present
in the copolymers. In addition, the crystallization rate decreases as the amount of

polyether in the copolymer increases.
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Figure 5.8. (a) Overall crystallization rate (1/tso%) as a function of isothermal crystallization
temperature (T.) and (b) Overall crystallization rate (1/tse%) as a function of the supercooling
(T,°-T,), for neat PET, neat Poly (1,6 HD) and for the PET-mb-Poly (1,6 HD) copolymers
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It is anticipated that the equilibrium melting temperature of PET should also
decrease as the polyether is incorporated in the copolymer chains. The values I~
were determined and the data in Figure 5.8(a) has been represented in Figure 5.8(b) as
a function of supercooling. It can be appreciated that the curves as a function of
supercooling are closer together (the range in terms of temperature interval is
narrower as compared to the range in T, values), as the supercooling will consider the
thermodynamic differences between the copolymers.

In this work, the crystallization rate of the polyether components in the
copolymers was determined after a previous crystallization of the PET component, as
explained in the experimental section (Figure 2.3).

Figure 5.8(a) shows the crystallization behavior of the poly (1,6 HD) component
present in the copolymers vs the pure polyether. The crystallization rate of the
polyether blocks in the copolymers is slower than that of the homopolymer and also
when the amount of PET in the copolymer increases, the crystallization rate of the Poly
(1,6 HD) chains decreases. The previously formed PET crystals are probably restricting
the crystallization of the polyether phase. It is expected that the equilibrium melting
temperature of Polyether also decreases as PET is incorporated in the copolymer
chains. With experimental values of T,,’ the data in Figure 5.8(a) has been represented
in Figure 5.8(b) as a function of supercooling.

If the two components are miscible, both in the melt and in the amorphous
state, then it is possible that PET chains crystallize from homogeneous chains, forming
spherulites that grow until impingement. The internal region of such spherulites
contain PET lamellae plus interlamellar amorphous regions formed by melt polyether
chains covalently bonded with the PET chains. Not all PET chains crystallize. In fact only
a minority since the crystallinity of the PET component decreases with polyether
content in the copolymer, from around 45% down to 10% as shown in Figure 5.9.
Inside the previously formed PET spherulitic templates is where the polyether blocks
have to crystallize. In these interlamellar PET regions, the polyether chains will be
confined and their confinement will increase as PET increases in the copolymers,
thereby restricting their crystallization ability. A similar behavior has been observed in

melt miscible block and random copolymers. %22
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Figure 5.9 shows the crystallinity of each of the segments (PET and Polyether) in
the copolymer during the isothermal crystallization. Despite some fluctuations in the
values, in general terms, the crystallinity is greatly reduced when the content of the

component under consideration decreases within the copolymer.
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Figure 5.9. Percentage of crystallinity (X.) as a function of the isothermal crystallization
temperature (T,) for PET-mb-Poly (1,6 HD).

The Avrami and the Lauritzen and Hoffman theories are usually employed to fit

23 24,25

crystallization kinetics data. The Avrami equation, ° can be expressed as:

1=Ve(t—t,) = exp (=K(t —t,)") (5.2)

where t is the experimental time, t, is the induction time before any crystallinity
develops, V. is the relative volumetric transformed fraction, n is the Avrami index and
K is the overall crystallization rate constant. The experimental data were fitted to the
Avrami equation using the Origin plug-in developed by Lorenzo et al. **

The Avrami equation generally fits well the primary crystallization range. This is
why, the fits are usually performed at low conversion values (3-20%). * An example of
the good agreement between the Avrami model and the experimental data of PET
(neat PET and PET component in the copolymer) is shown in Figure 5.10(a,b). The
experimental DSC isotherms were compared with the Avrami predicted ones. The

agreement is excellent in the primary crystallization range (i.e., until approximately the
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peak value, where the growing spherulites or axialites impinge on one another), as
indicated by the correlation coefficient of 1 in the limited conversion range of 3-20%,
but also beyond 20% as experimental and fitted curves are overlapped on each other

in Figure 5.10(a,b) until at least 50% conversion.

(a) Neat PET (b)PET,Poly (1,6 HD),,
Heat Flow Fit Heat Flow Fit
, L) L) L) P L) L) L) L) — | ' v L) v L) . v L) v L)
E ‘ E
E t
o o
£ — Fit £ —Fit
o Exp o Exp
=2 1 = 1
o o
° °
c c
1] 1 w J
% T50% Theo — 2.016 min g Foow o = 365 min
E 500 Ep = 227 min 7 E Ts0% Exp 1.327 min 4
© ©
] ]
e i I I L L L L L L ] es i I : L L h
0 2 4 6 8 10 12 14 16 18 0 2 .4 6 8
Time (min) Time (min)
(c) Neat Poly (1,6 HD) (d)PET,Poly (1,6 HD),,
Heat Flow Fit Heat Flow Fit
L) L) L) L)
t 7 £ 00F
E E
o : o
£, £
o : o 04}
S : S 0.4
o : o
T : ko)
[ = : c
w : w .08} tme, =0328min T
H o = 1244 min ] H 33, 0 = 0543 i
T 40 0 = 1-268 min T :
© 3 i = 1.2} | ]
o j @ :
T i 1 1 I i 1 I I
0 2 4 0 2 4 6
Time (min) Time (min)

Figure 5.10. Experimental Data compared with fits to the Avrami equation for (a, b) neat PET
and PET segment in PETs;Poly(1,6 HD)3, respectively. (c, d) neat Poly (1,6 HD) and Poly (1,6
HD) segment in PETs;Poly(1,6 HD)3o, respectively.

In the case of neat polyether a good fit between the Avrami model and the
experimental DSC data was also observed until at least 50% conversion (Figure
5.10(c)). On the other hand, Avrami seems to fit well only for the primary
crystallization (3-20% conversion) of the polyether segment in the copolymer. Above
20% the fit between the Avrami model and the experimental data has certain

deviations which are shown in Figure 5.10(d). These deviations may be due to the fact
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that the polyether crystallizes in the presence of semi-crystalline PET, which seems to
affect the crystallization process of the polyether.

For both PET and Poly (1,6 HD) present in the copolymers, parameters derived
from isothermal crystallization were obtained. The values obtained for K (isothermal
crystallization rate constant) are shown in Figure 5.11(a). The value of K has units of n°
1, i.e., they depend on the n value or Avrami index value. Therefore, in order to be able
to compare K values with comparable units, K is elevated to the power 1/n. As K" is
proportional to the overall crystallization rate, it has a tendency that is practically the
same as the one shown in Figure 5.8(a).

Applying the Avrami equation, values of n (i.e., Avrami index) for neat polymers
(PET and Polyether) and PET and polyether components in the copolymers were
calculated and plotted in Figure 5.11(b). It is appreciated that for PET, a range of values
from 2 to 3.2 were obtained. In principle, n=3 (or n=2.5-3.2 which can be
approximated to 3) indicates the presence of instantaneously nucleated spherulites or
sporadically nucleated axialites, while n=2 is typically associated in polymers with
instantaneously nucleated axialites.

Figure 5.11(b) also reports Avrami index values for neat polyether and for the
polyether blocks within the copolymers. Values between 3 and 4 were obtained for the
neat Poly(1,6 HD), which correspond to instantaneous and sporadic nucleated
spherulites respectively. On the other hand, a very interesting behavior has been
found for the polyether phase of two copolymers examined. The Avrami index first
decreases to 2 in the case of the copolymer with 34% PET, indicating that only 2D
crystals can be formed instantaneously within the previously crystallized PET
superstructural aggregates (which correspond for this copolymer to axialites). Then a
dramatic reduction of the Avrami index is observed as n values of 0.91 to 1.5 are
obtained for the copolymer with 61% PET. In this case, Avrami indexes of 1 or lower
have been extensively reported for confined crystallization in the minority phases of
diblock copolymers and also in the case of nanocomposites with very large amounts of

. 26-2
nano-fillers. 2°%°

The reason for this behavior is related to the difficulties experienced
by confined materials to be nucleated. When this happened, the nucleation becomes

the slow step or dominating step in the overall crystallization kinetics, as growth tends
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to be much faster than nucleation. Therefore, the crystallization kinetics transforms

into a first order kinetics dominated by nucleation.
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Figure 5.11. (a) Isothermal crystallization rate constant (K*") as a function of crystallization
temperature (T.) and (b) Avrami index (n) as a function of isothermal crystallization
temperature (T.), for PET-mb-Poly (1,6 HD).

The growth rate G(T) of the crystals can be predicted by the Lauritzen and

Hoffman theory which is expressed as: 30

—K

R(T:TT@Q P (mﬁ;c) (53)

G(T) = Gy exp (

where G, is a growth rate constant, U* the activation energy for the transport
of the chains to the growing nuclei (1,500 cal/mol is generally used), R is the gas
constant, T, the isothermal crystallization temperature, T, is the temperature at
which chain mobility ceases and it is usually taken as T,-30 (K). AT is the supercooling

defined as (T)) — T.) where T, is the equilibrium melting point. The factor fis a
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temperature correction term equal to: 2T./(T; +T%); and K, is a secondary
nucleation constant, which is proportional to the energy barrier for secondary
nucleation.

When the Lauritzen and Hoffman theory is applied to DSC data, G(T) in
equation (5.3) is replaced by the inverse of the experimental half-crystallization time
and the equation can then predict overall crystallization rates (which include both
nucleation and growth). *! Figure 5.8(a) shows the good fit of the experimental data to
the LH theory (solid lines) for the overall crystallization rate. In this case, the parameter

K,

4 is equal to K7, which is proportional to the total energy barrier for the overall

crystallization (i.e., for both nucleation and growth). In this work, T,0 was obtained

from experimental data.
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Figure 5.12. Values of k/ derived from LH fitting plotted as a function of Poly (1,6 HD) content.

Figure 5.12 shows the value of K; depending on the amount of Poly (1,6 HD) in
the copolymer. For Poly (1,6 HD) when the amount of polyether increases in the
copolymer the value of Kj is lower, indicating that the energy barrier to overcome for
nucleation and growth decreases as the average crystallizable sequences of Poly (1,6
HD) are longer. For PET, the energy barrier seems to be greater in all copolymers
versus neat PET, which indicates that the polyether complicates the PET component
crystallization process. The results are consistent with both the isothermal

crystallization kinetics and the non-isothermal behavior of the copolymers, as
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crystallization of each component within the copolymer is always slower and more

difficult than for the neat components.

5.3.4 Determination of parameters derived by WAXS

To analyze the crystalline structure of the materials, these were characterized
by WAXS. In the case of homopolymers [PET and poly (1,6 HD)] their diffractograms
are shown in Annex C, where each homopolymer exhibits a unit cell type, in the case of
PET a triclinic unit cell is appreciated and in the case of the polyether a monoclinic cell
is observed. In both cases the crystalline planes characteristic of each one are

16,32-37

appreciated (Table 5.4). In this same table the diffraction spacings (d) were

calculated according to Bragg’s Law. These results are consistent with the crystalline

structures reported for PET and poly (1,6 HD) in the literature. **3*3%%

Table 5.4 Values of g, 26, Crystalline Planes and dy,, of Homopolymers.

PET

1 11.63 10.94 011 0.540
2 12.59 11.84 010 0.499
3 15.36 14.47 111 0.409
4 16.18 15.24 110 0.388
5 18.51 17.46 100 0.339
6 19.84 18.71 111 0.317
7 23.02 21.75 111 0.273
8 29.68 28.16 105 0.212
Poly (1,6 HD)

9 14.01 13.19 020 0.449
10 17.04 16.06 110 0.369

Figure 5.13 shows WAXS results for PETg4Poly(1.6 HD)sg and PET34Poly(1.6
HD)es, where the appearance of reflections corresponding to both homopolymers can
be seen (Table 5.4). With respect to the PET component, it can be seen that the
intensity of its reflections is larger in Figure 5.13(a) vs Figure 5.13(b), suggesting that
when the composition of the polyether increases, the amount of PET crystals in the
copolymer decreases as expected. On the polyether side the opposite effect occurs.

From the above, it can be said that depending on the PET/polyether

composition the intensity of the reflections of both components in the copolymer will
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be more or less appreciated, considering that both components affect the crystallinity
values. This behavior is appreciated in the diffractograms of the series of copolymers

formed by PET and Poly (1,6 HD) and shown in the Annex C.
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Figure 5.13. Real time synchrotron WAXS diffraction patterns for samples (a) PETg,Poly (1,6
HD)36 and (b) PET34Poly (1,6 HD)gg, cooled from the 270 °C to -20 °C at 20 °C/min.

In summary, X-ray diffraction has shown that the crystalline structure of
copolymers exhibits two types of unit cells: the triclinic unit cell corresponding to PET
and the monoclinic unit cell corresponding to Poly (1,6 HD), corroborating the
presence of both homopolymers in the copolymer, which had already been shown by
NMR and DSC.

When the temperature is above the melting point of both components, a
bimodal amorphous halo can be observed for both copolymers (notice the absence of
crystalline reflections, i.e., sharp peaks) in Figure 5.13. This Figure also shows the
gradual appearance of both PET and polyether reflections as the samples are cooled

from the melt, depending on the crystallization temperature of each of the materials.
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Because the difference in T. between the components is large, the sequential
appearance of PET and polyether reflections is clearly visible.

The average interplanar distance (dp) for all reflections in every copolymer was
calculated using Bragg's law. The values of dpy taken at constant temperature are
generally independent of composition as the variations observed are not significant

(Figure 5.14).
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Figure 5.14. Interplanar distance (d,y) for all reflections at 25 °C.

The results obtained by WAXS demonstrate the presence of PET and Poly (1,6

HD) crystals in the copolymers.

5.3.5 Determination of parameters derived by SAXS

In order to study the behavior of the lamellar periodicity (long period) of a
segmented copolymer, such as the PET-mb-Poly (1,6 HD), as well as the lamellar
thickness of the copolymers, SAXS experiments were carried out at the same
measurement conditions as the WAXS (in fact, SAXS/WAXS were measured

simultaneously at the synchrotron source).

Figure 5.15 shows the SAXS results at different temperatures for (a)
PETs4Poly(1,6 HD)3s and (b) PET34Poly(1,6 HD)es samples, where the Lorentz corrected
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intensity is plotted as a function of the scattering vector q. PETe4Poly(1,6 HD)3s exhibits
clear intense maximum due to the scattering caused by the periodic lamellar stacks
(i.e., long period). The intensity of this maximum is due to both PET and polyether
crystalline lamellar components. At temperatures above 60 °C, only PET component
lamellae cause the scattering, as the polyether component is in the melt. At
temperatures below 60 °C, the maximum intensity is a mixture of periodic lamellar
stacks of PET and polyether components. The temperature of 60 °C is taken in relation
to the results of Table 5.2, which indicate that the melting point of the polyether is
around 50 °C, this means that above 60 °C the polyether is completely molten. The
above can also be corroborated by reviewing the SAXS of the homopolymers and the

WAXS results (Annex C).
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Figure 5.15. Lorentz-corrected SAXS profiles for (a) PETgPoly(1,6 HD)ss and (b) PET3,Poly(1,6
HD)es, With intensity as a function of scattering vector. Data taken of samples cooled from the
270 °Cto -20 °C at 20 °C/min.

On the other hand in Figure 5.15(b), two peaks can be observed which do not
correspond to two diffraction orders (as they are not located at g values which are

twice each other, as for first and second order). In this case, it could be possible that
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one peak is due to the scattering from PET lamellae and the other to polyether
lamellae. However, there are temperatures where a single signal is appreciated and
can correspond to the PET and polyether together or only to the PET depending on the
temperature of measurement.

In Figure 5.15 it is also appreciated that when the crystals of the copolymers
are melted the SAXS curves show no signal, indicating that there is no phase
segregation in the melt state in the copolymers. This behavior was appreciated in the
rest of the copolymers synthesized (Annex C). This demonstrates that the copolymers
prepared here form a single phase melt, as their segregation strength is too low.

The segregation strength that could exist between PET and Poly (1,6 HD) was
calculated (yN). First, the Flory-Huggins interaction parameter (x) between PET and

poly (1,6 HD) was determined using the following equation: 2

4 )
X= ﬁ (61 —82) (5.4)

where V; is the molar volume of the solvent (m3/mol), R is the gas constant
(8.314 J/K*mol), T is the temperature (298.15 K) and &;,8, are the solubility

2 1o apply this equation to PET-

parameters of solvent and solute respectively (J/m?)
Polyether system, it is necessary to consider the PET as the solute and the Polyether as
the solvent. The value of §; was calculated by the Method of Hoftyzer and Van
Krevelen using the data and the procedure reported in the literature (19.03
(MJ/m3)?). * In the case of PET, &, was obtained from tables (20.5 (MJ/m?)*?). * On
the other hand V; for Polyether was calculated from V; = m/p (9.523E-05 m*/mol).
Considering all the parameters previously describe, the interaction parameter x was
calculated and value of x=0.08 was obtained. The book of Hiemenz and Lodge reports

that when the value predicted by Equation 5.4 is less than 0.3, Equation 5.5 is much

more reliable for estimating the value of x. *®

v, ,
X =75 (81— 8,)* + 0.34 (5.5)
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Because the value of  calculated with the Eqg. 5.4 was less than 0.3, the value

considered for x was determined with the Eq., 5.5, the new value obtained was x=0.42.

The value of N (total degree of polymerization) was calculated by equation 5.6:

_ (Mny x®y) + (Mng * Pp)
~ (Mnry * @,) + (Mnrg * ®p)

(5.6)

where Mny, is is the molecular weight of the PET block, Mng is the molecular
weight of the polyether block (3468 g/mol), @, and @ are the molar fractions of PET
and polyether respectively, present in the copolymer. Mnry is the molecular weight of
the repetitive unit of PET (192 g/mol) and Mnrg is the molecular weight of the
repetitive unit of Poly(1,6 HD) (100 g/mol). The values of N were calculated for every

copolymer and the results are shown in Table 5.5.

Table 5.5 Molecular weights, N and YN of Copolymers.

Sample Mn° (g/mol) N XN

PET block
PET¢sPoly(1,6 HD);, 7411 36 15.1
PETe,Poly(1,6 HD)3g 6413 34 14.4
PET¢;Poly(1,6 HD)ss 5549 33 13.9
PET;,Poly(1,6 HD) 1997 32 13.5

®Calculated by Mn=(Lgs from Table 5.1)*(192 g/mol)

The segregation strength (yN) between PET and Poly (1,6 HD) was calculated
multiplying x by N. The results are appreciated in Table 5.5. In a diblock copolymer,
(xN) is the parameter that controls the segregation between blocks A and B. Generally
segregation is classified into three regimes: weak, intermediate and strong. There is no
well-defined criterion to separate these regimes, however there are works that discuss
this issue, the articles reported by Matsen and Bates, indicate that yN <10 represents a
copolymer without phase segregation, when yN=12 indicates the beginning of a weak
to intermediate segregation and a value of yN=50 indicates the beginning of a
segregation from intermediate to strong. ***

For all copolymers, the yN values are below 50 which indicate a weak to

intermediate segregation strength in these systems, tending more to weak
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segregation, because the values of yN are closer to 12. This means that a miscible or
weakly segregated state in the melt would be predicted for a PET-mb-Poly(1,6 HD)
diblock copolymer. As the polymers prepared here are multiblocks, the presence of
multiple covalent bonds between PET and Poly(1,6 HD) will increase the miscibility of
the system. So, it is reasonable to assume that in the melt state, these multiblock
copolymers should be in a single phase, as will be demonstrate by SAXS experiments.
Considering the data obtained by SAXS, the long periods (d*) at different
temperatures were estimated by Eq. (5.7) from gma values taken from the Lorentz

corrected plots (I*qg* versus q).

21T
d’ =

(5.7)

qmax

Figure 5.16(a) shows the value of d* in a range of temperatures as a function of
the composition. Long periods tend to increase with temperature, as lamellae melt and
are separated by increasingly larger amorphous intervening layers. This expected
behavior can be observed for all materials in Figure 5.16(a).

It can be seen that all copolymers exhibit trends with two types of behavior in
Figure 5.16(a). It seems that below 60 °C copolymers tend to have a behavior similar to
the homopolyether, however the value of long period (d*) corresponds to both PET
and polyether components, that is, the long period value of each component cannot
be given separately. The behavior of neat polyether in Figure 5.16 (a), suggests that
the homopolymer is already melted above 55 ° C. Hence, above 55 ° C the values of d*
in the copolymers correspond only to PET.

Parameters such as the degree of crystallinity (X;) and the lamellar thickness (/)
of each copolymer are shown in Figure 5.16(b) and (c) respectively. These parameters
were calculated from the analysis of data obtained from WAXS and SAXS. For the

calculation of an average lamellar thickness (/) the following approximation was used:

l=d* X, (5.8)
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As the lamellar thickness values depend on the crystallinity degree according to
equation 5.8, the degree of crystallinity by WAXS was also calculated (an example is

provided in Annex C).
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Figure 5.16. (a) Long periods (d*) calculated from SAXS data as a function of temperature, (b)
degree of crystallinity (X.) calculated from WAXS data as a function of temperature and (c)
lamellar thickness (/) calculated from WAXS/SAXS data as a function of temperature.

The values of the lamellar thickness in Figure 5.16(c) include the lamellar
thickness of the polyether and the PET, i.e., a single value of (/) represents the sum of
the lamellar thickness of the PET plus the lamellar thickness of the Polyether. The same
goes for the value of the degree of crystallinity (X.), where in the Figure 5.16(b), the
crystallinity of the copolymer at a given temperature is the sum of the crystallinity of
the PET plus the crystallinity of the Polyether.

In Figure 5.16(b, c) it is clearly appreciated that below 60 °C, lamellae of PET
and Polyether are present in the copolymer, which leads to a crystallinity formed by
lamellae of both components in the copolymer (PET and polyether). Above 55 °C, the
values of lamellar thickness and degree of crystallinity in the copolymer correspond
only to the PET component, since the only existing lamella at these temperatures
would be those of PET.

In order to clarify at what temperature ranges there is a mixture of PET and
polyether crystals or only PET crystals, the degree of crystallinity at different

temperatures was obtained by DSC using Eq. (5.1).
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Figure 5.17 shows the degree of crystallinity of the polyether and PET
separately at different temperatures (during the heating of the samples), it can be
clearly seen that below 60 °C both the PET and the polyether component present a
certain degree of crystallinity which means that below this temperature lamella of
both components are present in the copolymer. The above corroborates what is
shown in Figure 5.13 with data obtained from WAXS. From 60 °C onwards it is
observed that the crystallinity of the copolymers is due solely to the PET component,
since the polyether present in each of the copolymers is already in the melt state. In
addition, this Figure 5.17, was useful to distinguish which components (PET and

polyether) give the crystallinity to the copolymers under a given temperature range.
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—&— PET,,Poly(1,6 HD),; —p—PET,,Poly(1,6 HD)gg
A PETg,Poly(1,6 HD),,  —@=PET4,Poly(1,6 HD)gg
0.5 —mm——m——b—r—-a—ivf—r——r—r—r—

A A A A A rew ]
L4

0 20 40 60 200 220 240 260
Temperature (2C)

Figure 5.17. (X.) Calculated from DSC data at different temperatures for PET-mb-Poly (1,6 HD)
copolymers.

Even though by DSC it is possible to distinguish the crystallinity of each one of
the components, the lamellar thickness (/) of each one of the components separately,
cannot be calculated because according to the Eq. 5.8 the value of / depends on both
the degree of crystallinity (X.) and the long period (d*), where the value of this last
parameter obtained by SAXS contains contributions from both PET and polyether

components (below 55 °C).
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Figure 5.18. A schematic drawing of the formation of the PET-mb-Polyether.
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Considering all the results shown in the previous pages, in Figure 5.18 shows an
approximate scheme of how the semi-crystalline structure develops in these multi-
block copolymers. In the melt state, both PET and Polyether chain segments within the
multi-block copolymer form a single phase, as demonstrated by SAXS. Subsequently,
the copolymer is cooled to a temperature at which only PET segments can crystallize
forming lamellae (whose periodicity was determined by SAXS) arranged in spherulites.
On the other hand, the polyether chains remain in the melt together with some PET
chain segments that did not crystallize in the interlamellar regions within the PET
spherulitic templates. Upon further cooling, the polyether chain segments are able to
crystallize inside the previously formed PET spherulites. During crystallization, the
amorphous regions of both components undergo phase separation, as two Tgs are

detected by DMTA and FlashDSC measurements.

5.3.6 Morphology

The materials obtained were analyzed by Polarized Light Optical Microscopy
(PLOM) and Atomic Force Microscopy (AFM). As can be seen in Figure 5.19, PET
samples show a micro-spherulitic morphology, independent of the degree of

undercooling.

a)

0.00 nm 0.00 nm

1500.02

1499.96 nm

Figure 5.19. Morphological details of PET sample crystalized at T, (left) and AT = 7 °C (right) by
optical microscopy (a) and AFM (b).
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On the contrary, the polyether samples in Figure 5.20 show a clear axialitic
morphology. In Figure 5.21, the morphological aspects of the copolymer samples PET-
mb-poly (1,6 H,D), with variable PET/polyether content ratio can be observed. Neither
PLOM nor AFM indicate any differences in copolymer samples morphology with

different polyether content.

0.00 nm

Figure 5.20. Morphological details of polyether sample quenched at room temperature by
optical microscopy (a) and AFM (b).

In summary, similar morphological features have been found for all copolymer
samples prepared at the different thermal conditions regardless of the amount of
polyether in the copolymers. All copolymer samples show a micro-spherulitic
morphology completely dominated by PET, even for the compositions rich in
polyether. These results corroborate the morphological model depicted in Figure 5.18.
As the PET component is the first to crystallize from a homogeneous melt, it forms
micron size spherulitic templates (filled with molten PET chains and polyether chains)
that grow until impingement with one another. Because the size of the spherulitic
templates is so small, it is very difficult to observe differences, as the dominant feature

is the external “skeleton” or micro-spherulitic templates.
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Figure 5.21. Morphological details of copolymer PET-mb-Poly(1,6 HD) samples crystalized at T
optical microscopy (left) and AFM (right).
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5.4 Conclusions

PET-mb-polyether copolymers were synthesized and characterized. The
materials showed that both components in the copolymer (PET and Polyether) are able
to crystallize at their respective crystallization temperatures giving rise to a double
crystalline polymeric material. The thermal properties of the copolymers were affected
by the PET/Polyether composition, resulting in multiblock copolymers with different
crystallinities and different ranges of glass transition temperatures. The crystallization
rate of each of the components in the copolymer was largely dependent on
PET/polyether composition.

These copolymers appear to have a very low segregation between the
components that form them, in the melt state, as they are characterized by low
molecular weights. Therefore, the copolymers exhibit a single phase in the melt.
However, upon cooling from the melt, and after the PET phase is able to crystallize,
phase segregation occurs within the amorphous phases in the copolymer, as evidenced
by the presence of two Tys.

In this work, PET-mb-Polyether copolymers with different ratios PET/Polyether
were obtained. Therefore, a library of new materials adapted to various applications
can be obtained by simply modifying the PET/Polyether composition which plays an
important role on the thermal properties of the materials.

It should be noted that a micro-spherulitic morphology was found for all
copolymer samples regardless polyether content present in the copolymers, as the PET
component is the first to crystallize from a mixed melt forming micro-spherulitic

templates that totally dominate the resulting morphology.
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Chapter 6

6.1 Abstract

Cyclic oligomers of hexamethylene furanoate and hexamethylene terephthalate
were obtained from 1,6-hexanediol and the corresponding methyl esters using
Candida antarctica Lipase B (CALB) enzyme catalyst. HPLC, MALDI-TOF MS and NMR
analyses showed that mixtures composed from cyclic dimer up to heptamer were
obtained almost quantitatively. Subsequently, these cycles were polymerized by ring
opening polymerization (ROP) mediated by CALB to obtain semi-crystalline polymers.
In addition, it has been shown that the polymers obtained from the ROP process could
be transformed into cyclic oligomers in high vyields using enzymatic

cyclodepolymerization, thereby recycling the polymer in a circular biosynthetic path.
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Aliphatic Polyesters by Enzymatic Ring Opening Polymerization of Cyclic Oligoesters and Their
Cyclodepolymerization for a Circular Economy. ACS Appl. Polym. Mater. 2019, 1 (3), 321-325.
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6.2 Introduction

The production of plastics obtained from petrochemical resources is not
sustainable. * Physical or chemical recycling is among the possible solutions associated
with the disposal of plastic waste. In the latter case, after the recycling process,
monomers are obtained which can be used again to obtain the polymers, allowing a
circular alternative for these residues. * In the case of aromatic-aliphatic polyesters
such as PET, different chemical recycling methods have been proposed to obtain the
monomers such as methanolysis, glycolysis, hydrolysis or aminolysis. * For aliphatic
polyesters Chen et al. * developed a method in which changing the reaction conditions
could select the direction of the chemical equilibrium toward the formation of cyclic
monomer or polymer, allowing the preparation of polyesters with infinite recyclability.
A similar idea was used by Shaver et al. > to prepare a new biodegradable aromatic-
aliphatic polyester by ROP that could be easily depolymerized to monomer using a very
active aluminium salen catalyst.

One of the most interesting approaches where the reaction conditions can be
used to select the direction of the monomer-polymer equilibrium is the entropically
driven ring opening polymerization of macrocycles (ED-ROP). Macrocycles with 14 or
more atoms have very small transannular interactions so that the negative Gibbs free
energy required for their opening is mainly due to the positive entropy generated by
the increase in conformational flexibility entailed in the polymerization. This situation
can be reverted at high dilutions where the translational entropy of the macrocycles
prevails and the equilibrium shifts to the formation of the cycles. °® For instance, the
ROP of cyclic oligoesters, which is mainly entropically driven, has been explored as a
clean route for the synthesis of high molecular weight polyesters. The almost athermal
character of these reactions has been corroborated by the work of He et al., ° which
reported small values of AHp between -1 and -2 kJ-mol™ and values of AS, between 10
and 17 J-mol*K? for some alkylene terephthalate cyclic oligomers, which were
calculated from cycles/polymer equilibrium concentrations at different polymerization
temperatures. In this reaction, as opposed to polycondensation, no by-products are
generated, and high molecular weight polymers can be obtained in short reaction

times. '° The reaction can be catalyzed by metallic, ** organometallic ** and organic *3
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1% The main drawback of this methodology is that, the

catalysts or enzymes.
synthesis of the cyclic oligomeric precursors is laborious, affords low yields and in
some cases acid chloride derived reagents are used to obtain the initial macrocycles.

Cyclic oligoesters derived from aliphatic diols such as ethylene glycol, 1,4-
butanediol or 1,6-hexanediol and aromatic diacids, such as terephthalic or
furandicarboxylic acids, have been usually obtained by high dilution condensation
(HDC) of diols and acid dichlorides or by cyclodepolymerization (CDP) in solution at

1217720 1y these cases the final products are contaminated by linear

high temperatures.
oligomeric species that have to be removed by column chromatography or by other
techniques, such as selective precipitation, if high molecular weight polyesters want to
be produced by ROP. *"~%°

Although the enzymatic synthesis of cyclic aliphatic oligoesters, *® and the use
of enzymes for preparation of aliphatic polyesters from different macrolactones, such

2122 the use of

as globalide or pentadecalactone has been reported in the literature,
enzymes for the production of more interesting technological aliphatic-aromatic cyclic
oligoesters or polyesters has been scarcely studied. > Only a few reports mention the
possibility of formation of cyclic oligomeric species as side products in the enzymatic
polymerization of dimethyl furanoate and diols of different lengths. **

In this contribution, the synthesis of cyclic oligomers of hexamethylene
terephthalate and hexamethylene furanoate is reported. An enzymatic reaction using
Candida antarctica lipase B enzyme was performed by avoiding the use of acid chloride
derived reagents. These cycles were obtained in high yields and they were found to be
able to polymerize with the concourse of the same enzyme. Additionally, the ability of
CALB to favor the cyclodepolymerization of the polyesters upon selection of the

appropriate conditions was shown, thereby corroborating that these cycles could be

recovered in high yields, opening a recycling pathway for further polymerization.
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6.3 Results and Discussion

The chemical route followed for the synthesis of hexamethylene furanoate and
hexamethylene terephthalate cyclic oligomers, their cyclopolymerization, and their
recovery by cyclodepolymerization is depicted in Scheme 6.1.

The first step was to synthesize cycles from 1,6 Hexanediol (HD) combined with
dimethyl terephthalate (DMT) or dimethyl furanoate (DMF), later the cycles were
opened by ROP to obtain the linear polymers. The linear polymers were then taken to

be cyclodepolymerized and cyclic oligomers obtained again.

HD
Ho/\/\/\/OH Toluene O
(high dilution)
N __90°C _ c(HF)X Ar
c(HT
CAL B O oHT) (A H
I Il 0
H3C_O_C_AI'_C_O_CH3
Toluene Toluene
Ar: <© ;@ (high dilution) | cALB | (high concentration)
U 90 °C 100 °C
F T
A0 AT
0 hid
O Ofn
PHF (Ar: F)
PHT (Ar: T)

Scheme 6.1. Enzymatic synthesis of ¢(HF), and c¢(HT), cyclic oligomers, their
cyclopolymerization and the cyclodepolymerization of their respective polyesters

The cyclization reaction was carried out in toluene solution under mild and high
dilution conditions in the presence of enzymes. Its evolution was followed by HPLC and
'H NMR analysis of aliquots taken at scheduled times.

The presence of small amounts of cyclic oligomers mixed with other species,
such as short linear oligomers, was detected after 7 hours of reaction. However, after
1 day of reaction, the non-cyclic structures fully disappeared (Annex D, Figures D1 to
D4). 'H NMR spectra showed the almost complete disappearance of signals
corresponding to the methyl and hydroxymethylene protons after 1 day of reaction. To

further confirm the non-presence of linear structures, HPLC and GPC analysis were
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performed, confirming that only cyclic species were present. To evaluate the
thermodynamics of the process, the reaction was maintained for 7 days, during this
period, ROP reactions or changes in the content of the different cycle species were not
observed, indicating that the thermodynamic equilibrium was reached from the first
24 hours of reaction (1 day), see Figures D5 and D6 (Annex D). The presence of CALB
was essential because no reaction was observed in the absence of this enzyme after 7

days (Annex D, Figures D7 and D8).

o(HF),
o(HF)

3 c(HF), c(HF), c(HF), «d

o(FT) n | (c)
M NC 1) (HT)

,,,,, S ——a UL " 118 )

(a)

5 10 15 20 25 30 35

Time (min)

Figure 6.1. HPLC chromatograms of the crude product obtained after 7 days of enzymatic HDC:
a) ¢(HT), and c) c(HF),, and after 3 days of enzymatic CDP: b) ¢(HT), and d) c(HF),.

More detail evaluation of HPLC crude reaction products after 7 days (Figure 6.1)
reveals that cyclic oligomeric species from dimer to hexamer for the hexamethylene
furanoate and to heptamer for the hexamethylene terephthalate derivatives were the
main products. In addition, it is clearly observed that their relative contents rapidly
decreased with cycle size in both cases in accordance with a thermodynamically
controlled process as described by Jacobson-Stockmayer model, in which the
concentration of cyclics obtained is proportional to approximately the 5/2 power of
cyclic size. 2 It has to be mentioned that the content of cyclic dimer was clearly
superior for the c(HF), cycles than for c(HT),. It seems that the furanoate 2,5
substitution, as compared to the terephthalate 1,4 substitution favors the ring closure
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of smaller cycles for the former. A similar effect has been observed for PBT cycles
obtained by CDP, where the content of cyclic dimer was lower than predicted by both,
a modified Jacobson/Stockmayer ?® and RIS theories and attributed to its high ring
strain. %’ No linear oligomers were detected at longer retention times. The assignment
of different HPCL peaks was carried out by comparison with the MALDI-TOF MS
spectra obtained from these samples (Annex D, Figures D9 and D10). On the other
hand, the content of the different oligomeric c(HT), cycles was not far from that
obtained by cyclodepolymerization of PHT in solution at high temperatures using

organometallic catalyst. *®

9 O Il 4 1 3
-C - \O/\/\/\/O\
L/ o(HF), 2 3
4 c(HF)\X 1
CHCI3\ o CHF): c(HF),
d
-2 R
SO “ L
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7151717+ T+ T 71 T 717 LI L B N B BN B B R |
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Figure 6.2. 'H NMR of the crude product obtained after 7 days of enzymatic HDC (down) and 3
days of enzymatic CPD (up). a) and b) ¢(HT),, c) and d) c(HF),.

The results obtained by HPLC were corroborated by *H NMR (Figure 6.2). In
these spectra, signals due to small cyclic species, such as dimers, appeared clearly
resolved and downfield and upfield shifted for the interior methylenes (3) and
aromatic protons (4,5) respectively. Such displacements were, most probably due to
the magnetic anisotropy effects caused by the electrons circulation in the aromatic
rings, an effect that has been observed in other related cycles. 17,28

The thermal stability of the synthesized cycles was evaluated by TGA analysis

under inert atmosphere. The TGA thermograms in Figure 6.3 show that both types of
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cycles were thermally stable up to around 250-270 °C. They decomposed in a single
step with temperatures of maximum decomposition rate at 379 and 389 °C for c(HF)y

and c(HT), respectively, and with remaining weights at 600 °C about 3 wt% (Table 6.1).
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Figure 6.3. TGA analysis of c(HF),, c(HT),, and PHF, PHT derived polymers.

DSC data recorded from as synthesized samples showed that both types of
cyclic oligomers display endotherms at around 92-93 °C. These peaks are broad due to
the melting of the different size crystallites belonging to different cyclic species and
showed melting enthalpies of 24 and 41 J g™ for c¢(HF), and c(HT), respectively (Figure
6.4).

After the first heating treatment both type cycles were not able to crystallize
and flat thermograms were observed in the second heating scans (Annex D, Figure
D11). The thermal properties observed allow concluding that these cycles could be
processed for bulk polymerization by ROP at temperatures between 100-250 °C in the
presence of a catalyst.

The suitability of ¢(HT), and c(HF), to be polymerized by ROP in the presence of
CALB to give PHT and PHF polyesters, respectively, was then evidenced. As most of ED-
ROP, the polymerization could be carried out at higher monomer concentration.
Hence, the reaction was accomplished at 100 °C using higher cycles concentration.
After 24 h, polymers with weight average molecular weights of 8.9 and 15 Kg mol™

were attained for PHT and PHF respectively (Table 6.1). Control test carried out
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without enzymes showed that no reaction took place under same conditions and the

cyclic oligomers were recovered at the end of reaction. The polyesters showed

dispersities around 1.7-2.5, which are in accordance with the values observed for

polymers obtained by entropically driven ring opening polymerization. 67

T =146 °C

I~ m

Heat Flow Endo up (W/g)

0.5 Wig

50 100 150
Temperature (2C)

Heat Flow Endo up (W/g)

0.5 Wig

T =93°C

50 100

150

Temperature (2C)

Figure 6.4. DSC thermograms of c(HF), and c(HT), cyclic oligomers (1st. heating) and their PHF

and PHT derived polymers (2nd. heating).

Table 6.1. Molecular weights and thermal properties of ¢(HT),and c(HF), cyclic oligomers and

PHT, PHF derived polymers.

Sample
Molecular Weights TGA
First heating  Second heating
M? M, M, °TS ™74 RS T, Tm A4H, Tm  AHm
kDa kDa kDa (°C)  (°Q) (%) (°C) (°C) (g’ (O (g
c(HT), - - - - 305 389 2.6 - 93 41 - -
c(HF), - - - - 277 379 3.2 - 92 24 - -
PHT 105 3.6 89 25 356 393 1.3 11 148 51 136/147 6/35
PHF 6.9 9.1 150 1.7 335 382 1.6 15 147 75 146 60

® M, determined by '"H NMR and using trichloroacetyl isocyanate (TAl) derivatizing agent (Annex D, Figures D14

and D15). %
an, M., and dispersities determined by GPC.

‘ Temperature at which 5% weight loss was observed in the TGA traces recorded at 10 °C min™.

dTemperature of maximum degradation rate.
 Remaining weight at 600 °C.
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PHT and PHF polyesters were recovered as white powders and characterized by
'H NMR (Figure 6.5). Signals due to cyclic oligomers disappeared, whereas new signals
characteristic of linear species were detected. Moreover, a small triplet at 3.6 ppm was
observed and assigned to the -CH,0H end group.

The thermal stability of PHT and PHF polyesters here obtained was found to be
slightly higher than that of their respective cyclic oligomers (Figure 6.3). The onset
temperature increased around 50 °C and the maximum decomposition rate
temperature around 3 °C in both cases (Table 6.1). In accordance with data reported
for these polymers in the literature, PHT showed better thermal stability than PHF. %3
DSC scans recorded for these polyester samples are depicted in Figure 6.4 and showed
that both of them were semicrystalline polymers with melting temperatures of 147
and 146 °C for PHT and PHF, respectively, not far from those observed for the same

polyesters obtained by melt polycondensation. *%**
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Figure 6.5. 'H NMR of PHF (top) and PHT (bottom) obtained by enzymatic ROP of c(HF),, and
c(HT), respectively.
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The two melting peaks observed for PHT may be due to the presence of
different polymorphs or to a crystalline reorganization process taking place during the
heating scan. ' Samples recorded at different heating rates showed these two peaks
with almost no differences in both melting temperatures and enthalpies (Annex D,
Figure D11). Further experiments are needed to ascertain their precise origin (e.g.,
WAXS as a function of temperature). The glass transition temperatures determined
from rapidly melt quenched samples were around 11 and 15 °C for PHT and PHF

respectively.

To determine if this enzymatic process could be used as a recycling tool, a
preliminary essay with samples of previously synthesized polyesters were subjected to
cyclodepolymerization in solution in the presence and absence of CALB. This CDP
reaction, carried out under conditions similar to those used for enzymatic cyclization,
was followed by 'H NMR (Annex D, Figures D12 and D13). Both 'H NMR (Figure 6.2b
and 6.2d) and HPLC data showed that, in the presence of CALB, oligomeric cycles were
obtained almost quantitatively after 72 hours of reaction, being the dimer the
predominant species for PHF and the trimer for PHT (Figure 6.1b and 6.1d). The linear
polymer was recovered at the end of reaction in the absence of CALB enzyme, showing

its biocatalytic effect for the intramolecular transesterification reaction.
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6.4 Conclusions

In summary, it can be concluded that cyclic oligoesters derived from dimethyl
terephthalate and dimethyl furanoate and 1,6-hexanediol can be obtained in high
yields by enzymatic cyclization. The successful polymerization of these cycles by
enzymes has been proven, and even more interestingly, the cyclodepolymerization
that converts the polyester into cyclic oligoesters has been also demonstrated. The
approach here described can be extrapolated to the synthesis of other cycles of higher
industrial interest, such as those derived from ethylene glycol or 1,4-butanediol and
aromatic diesters, which are usually obtained by HDC or CDP. One drawback of these
enzymatic reactions is that longer reaction times are required to be accomplished if
compared with those assisted by metallic or organometallic catalysts. This limitation is
susceptible to being solved by using a more efficient enzyme able to work at higher

temperatures.
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Chapter 7

7.1 Abstract

Two series of new triblock copolymers of the ABA type were successfully
obtained using an organic catalyst (metal-free catalyst) to promote copolymerization.
In both series A is poly (lactic acid) (a biobased polymer). In the first series B is poly
(hexamethylene terephthalate) which was polymerized using dimethyl terephthalate
and in the second series, B is poly (hexamethylene furanoate) which was synthesized
with dimethyl furanoate (monomer derived from biomass).

The materials obtained were characterized from the molecular, thermal and
structural point of view by NMR, viscosimetry, TGA, DSC, WAXS and SAXS. The results
obtained show that the PLLA bound to PHT or PHF forming the triblock copolymers
does not crystallize. PHT and PHF blocks can crystallize and their thermal and structural
properties (T, T, X. and lamellar thickness) do not depend on PLLA content until PLLA
concentration is very high and topological restrictions difficult crystallization. PLLA
copolymers with PHT or PHF show a single T, suggesting that the components are
miscible in the amorphous state. On the other hand, a single phase in the molten state
was appreciated in almost all copolymers, showing the miscibility of the components in

the molten state.
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7.2 Introduction

The concern for the current environmental conditions and especially for those
caused by the contamination of plastics, has generated interest in the production of
biodegradable and/or biobased polymers.1 Biobased polymers reduce the
environmental footprint caused by the manufacture of plastics, on the other hand
biodegradable polymers at the end of their life cycle tend to disintegrate and this helps
to reduce the amount of plastic waste in landfills. *

In this sense, poly (lactic acid) (PLA) is one of the polymers that have gained
large popularity because it is biobased, biodegradable and has good properties for
some applications in the packaging industry and in the biomedical field. ™ However,
several studies have focused on improving their properties by mixing PLA with other
polymers to form copolymers, where copolymerization offers the opportunity to adapt
the final properties of the materials. *In chapter 4 it is shown that one potential
method to improve the properties of PLA is to combine it with aromatic polyesters
such as PET to enhance the thermal stability and mechanical properties. Nevertheless,
it is found that due to the harsh polymerization conditions for polycondenstaion
(above 200 C), PLA tended to epimerize decreasing substantially the molecular weight
of the final copolyesters.

Ring Opening Polymerization is another method to prepare polyesters from cyclic
monomers. Although this procedure has been used for the synthesis of a great
diversity of polymers, its application to the preparation of aromatic-aliphatic
polyesters is less studied. The milder reaction conditions required and the
minimization of undesirable sub-products, are appreciated advantages of ROP over
conventional polycondensation. Thus, Mufioz et al., employed this method for the
preparation of random copolymers based on PCL-co-PHF.

In this sense, it is believed that the ROP could be highly suitable to obtain well
defined aliphatic-aromatic copolyesters based on PLLA. These copolymers containing
in their chemical structure PLA have shown potential as compatibilizers in polymer
mixtures. >~

As shown in the previous chapter, Poly (hexamethylene terephthalate) (PHT) is

an aromatic polyester with good mechanical properties and chemical resistance could

165



Chapter 7

be successfully prepared from the polymerization of macrocycles by enzymes. ® The
presence of the flexible hexamethylene segment in the polyester chain, generates that
the PHT has a relative low melting temperature (140 °C), which could be an advantage
during material processing and for ROP process. >*° Similarly, poly (hexamethylene 2,5-
furan dicarboxylate) (PHF), has similar properties together with the advantage this
monomer is derived from renewable sources. Due to its good properties, this polymer
can be used in some applications where polyesters such as terephthalates are usually
employed. 113 \While the polymerization was demonstrated, the ability to obtain well
defined telechelic low molecular weight polyesters that can be further employed for
the ROP of other esters has not been studied.

In this work, ABA triblock copolymers were synthesized using metal free
approaches. First, the synthesis of cyclic oligomers of hexamethylene terephthalate
and hexamethylene furanoate by enzymatic reaction using Candida antarctica lipase
B(CALB) enzyme was carried out as in the previous chapter followed by the controlled
ROP of these macrocycles to obtain low molecular weight telechelic polyester diols.
These macrodiols were further employed for the ROP of L-LA in order to obtain triblock
copolymers with different PLLA contents. The thermal behavior of the materials was
analyzed to understand the effect of the composition of PLLA-b-PHT-b-PLLA or PLLA-b-

PHF-b-PLLA on the properties of the copolymers.
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7.3 Results and Discussions

7.3.1 Synthesis of Triblock Copolymers

In this chapter, the triblock copolymers were synthesized using TBD as catalyst,
due to the effectiveness shown by this catalyst to copolymerize PLA with other

%13 pye to the above, it is expected that the

polymers and form triblock copolymers.
TBD has a catalytic activity that promotes the formation of triblock copolymers (PLLA-
b-PHT-b-PLLA and PLLA-b-PHF-b-PLLA).

First, the oligomers derived from HT or HF, were synthesized according to
procedure described in detail in chapter 6. Where it is mentioned that telechelics from
HT and HF were obtained by ROP using CALB as a catalyst, a diol (1,6 Hexanediol) was

employed as initiator (1/12 ratio). The polymerization of both telechelics was

confirmed by 'H NMR and their characteristic peaks are observed in the Figures 7.1

and 7.2.
. .0
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Scheme 7.1. Synthesis of Triblock Copolymers.
The obtained telechelics had a theoretical molecular weight of 3,000. When

making the calculation of the experimental molecular weight by NMR the value of M,

was similar to the theoretical. After this characterization that corroborated the
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formation of low molecular weight telechelic polyester diols, the corresponding
oligomers (PHT or PHF) were used as initiator for the ring opening polymerization of L-
lactide in the presence of the TBD catalyst. Due to the fact that the telechelic oligomer
has two hydroxyl end groups, the final copolymer is expected to have an ABA triblock
structure (Scheme 7.1) if no transesterification takes place during the ROP process.

The copolymerization reaction was followed by both GPC and NMR. 'H NMR
spectra of PLLA-b-PHAr-b-PLLA triblock copolymers (Figures 7.1 and 7.2) revealed that
the hydroxyl end groups of the telechelic oligomers acted as initiators in the ROP of L-
lactide. Signals corresponding to the methylene end groups of PHT and PHF downfield
shifted as a consequence of the esterification reaction taking place with the lactide
monomer. No signals were observed at 3.66 for both series indicating that all end

groups initiated the ROP of lactide monomer.

T™MS

a
I Sk
2 L PLLAg4PHT 5
L }bk A PLLAsDPHTzo
) 1 A, f A PLLAgPHT;,

J’LK l PLLA5{PHT,
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A . A fUL L PHT diol
— o T T prr s s st e ™
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Figure 7.1. '"H NMR spectra of PHT diol and PLLA-b-PHT-b-PLLA copolyesters with peak
assignments.

The copolymer composition (Table 7.1) was determined by integration of
signals appearing at 5.15 ppm corresponding to the methine protons of lactate units
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and signals appearing at around 4.30 and 4.15 ppm corresponding to a and a’
methylenes respectively of the hexamethylene furanoate and hexamethylene
terephthalate units.

In order to confirm the triblock structure of the copolymers obtained, B¢ NMR
spectra were carried out for both series. Figures E1 and E2 (Annex E), show full *C
NMR spectra for PLLA-b-PHAr-b-PLLA copolymers with peak assignments. As it is well
documented, carbonyl as well as non-protonated aromatic carbons are very sensitive
to sequence distributions. % In the spectra of both series, signals due to carbonyls of
PHT and PHF blocks appear as single peaks (Figure 7.3), which indicates that no
transesterification took place during ROP of L-lactide initiated by the telechelic PHT
and PHF oligomers. On the other hand, the carbonyl signal of PLLA blocks appears split
as a consequence of monomer racemization during polymerization. This splitting was

more evident as the molecular weight increased or triblock copolymer was enriched in

d
[OMOMDWO
|. ¢ 2 0 © Oln

lactate units.

™S
c

| Jb\] LJL PLLAg4PHFos
j‘U\)L |
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!
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Figure 7.2. "H NMR spectra of PHF diol and PLLA-b-PHF-b-PLLA copolyesters with peak
assignments. (*) Signals of methanol and silicon oil impurities.
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Figure 7.3. °C NMR spectra of a) PHT diol and PLLA-b-PHT-b-PLLA copolyesters and b) PHF diol
and PLLA-b-PHF-b-PLLA copolyesters in the region of carbonyl peaks.

GPC chromatograms for both series are compared in Figure 7.4. For both PHT
and PHF telechelic oligomers, broad bands with dispersity index (b) of 2.2 are observed
at high volume elution. On the other hand, it is clearly observed that these bands are
clearly displaced at lower retention times by copolymerization and this displacement is
more evident as the copolymers increase the content in lactate units. Monomodal
bands with lower values of b were observed for both series, indicating that L-lactide
monomer is exclusively initiated by both PHT and PHF telechelic oligomers. Number
and weight average molar masses and dispersity index P obtained from these

chromatograms are collected in Table 7.1.

a) PLLA,,PHT,q b) PLLA94PHfos PLLA, PHF,,
300, [ PLLAGPHT, 300} /] PLLAGPHF,
250 [ PLLAGPHT,, \ AR PLLA,PHF

-~ PLLA_ PHT, 250
200 200
o 150 T 150
100 100
50 50
0 L 0

16 20 24 16 20

Retention Time (min) Retention Time (min)

Figure 7.4. GPC chromatograms of a) PHT and PLLA-b-PHT-b-PLLA copolyesters and b) PHF and
PLLA-b-PHF-b-PLLA copolyesters.
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Table 7.1 Composition, Molecular Weight and Block Lengths of Synthesized Polymers.

NMR GPC
Sample % mass ratio % mol ratio a
HT Lactic HT Llactic -t Mn Mn M b
PHT 100 - 100 - - 3300 1650 3600 2.2
PLLA5PHT,9 77 23 49 51 07:14:07 4400 3650 6750 1.8
PLLAgPHT3, 64 36 34 66 14:14:14 5350 4750 9150 1.9
PLLAgoPHT,g 46 54 20 80 28:14:28 7550 7400 12650 1.8
PLLAG4PHT g6 18 82 6 94 110:14:110 19300 18800 29000 1.5
HF Lactic HF Lactic L-PHF-L
PHF 100 - 100 - - 3900 4750 10500 2.2
PLLAs,PHF43 71 29 43 57 11:16:11 5440 7050 12250 1.7
PLLAG;PHF33 62 38 33 67 16:16:16 6350 8300 13000 1.6
PLLAsgPHF,, 48 52 22 78 30:17:30 8400 9650 15600 1.6
PLLAg,PHFgg 17 83 6 94 116:14:116 20200 22600 31800 1.4

® Number of L units [poly (lactic acid)] and number of repetitive units of PHT or PHF present in the blocks.

7.3.2 Thermal Characterization

The obtained triblock copolymers were thermally characterized. The thermal

stability of materials made with PLLA and PHT as well as the materials made with PLLA

and PHF showed similar trend. In both cases, it is observed that when the amount of

PLLA in the copolymers is increased, the thermal stability decreases (Figure 7.5).

However, when the amount of PLLA present in the copolymer is 94%, the thermal

stability seems to increase and closely resembles that of pure PLLA. *’
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Figure 7.5. TGA of (a) triblock copolymers PLLA-b-PHT-b-PLLA and (b) triblock copolymers

PLLA-b-PHF-

b-PLLA.
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Both copolymer families showed two stages of degradation, the first stage
could be attributed to the PLLA and the second to the PHT or PHF present in the
copolymer. To corroborate the above, a comparison between the percentage by
weight of PHT and PHT present in each copolymer (Table 7.1) versus the amount in
weight that remains at the end of the first stage (Figure 7.5), can be performed. For
example, the copolymer with 51 mol % of PLLA has 77 % by weight of PHT according to
Table 7.1, this same copolymer in the Figure 7.5(a) at the end of the first stage (the
PLLA has degraded) appears to have a remaining weight of approximately 76%, which
corresponds to the PHT present in the copolymer. This comparison can be applied to
the rest of the copolymers, where the weight percentage values obtained in Table 7.1
are similar to those shown in Figure 7.5.

On the other hand in Figure E.3 in Annex E, the temperatures at which the
materials loose 5 and 10% of their weight (Tss and Tsox), respectively are observed. It is
appreciated that by increasing the amount of PLLA in the copolymer the values of Tsy
and Tspq4 tend to decrease. But, when the amount of PLLA present in the copolymer is
94%, the values seem to increase.

The data shown above suggest that in both series of copolymers the PLLA
affects the thermal stability of the PHT or PHT to a point where the amount of PLLA is
so large that from this point the copolymer tends to have a thermal stability very

similar to neat PLLA.

Table 7.2 Thermal Properties of Triblock Copolymers.

DSC
Cooling Second heating
Ty T. AH, Te AH,. Tm AH,  AHg¢e

Sample

(') (g (e (Q ()/g) (°C) (U/g) (/)
TelechelicPHT -8 1053  -46 - - 139.2 46 46

PLLAs;PHT 0 16 1044  -48 - - 138.9 49 49
PLLAGPHT, 35 1024  -47 - - 139.8 44 44
PLLAgPHT 0 32 93 -50 - - 139.7 48 48
PLLAG,PHT ¢ 43 534 -11 645 13 1346 33 20
TelechelicPHF -5  91.8 -57 1225 1 141.3 59 58
PLLAs;PHF 3 13 838 62 - - 138.9 62 62
PLLAg,PHF3; 18 76 13 793 40  135.8 60 20
PLLA,gPHF», 18 736 -10 86.3 46 136.7 52 6
PLLAg;PHFs 45 - - 114.5 -8 138.1 12 4
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The thermal properties of the copolymers from PLLA with PHT or PHF (T, Ty,
T., T.c and AH) were measured using differential scanning calorimetry (DSC). The values

of these parameters are shown in the Table 7.2. In this table AH., AH,, and AH.. are
normalized values (i.e. AH = AWH, where W is the mass fraction of the phase that

crystallizes). From this same table AH,,r represents the value the subtraction of (AH,, -
AHc).

DSC second heating scans are shown in Figure 7.6 for the PLLA-b-PHT-b-PLLA
triblock copolymers. In these triblock copolymers, it was found that the PLLA blocks
are not able to crystallize (this was corroborated by WAXS and will be shown below).
The glass transition temperature is observed around 30 °C followed by melting at much
higher temperatures (around 140 °C). The melting transition occurs when PHT crystals
melt. On the other hand, the presence of a single T, could suggest that the PLLA and

PHT components are miscible in the amorphous state.

Heat Flow (W/g) —=

0.5 Wig

0 40 80 120 160
Temperature (2C)

Figure 7.6. DSC second heating scans for the PHT and PLLA-b-PHT-b-PLLA.

Two melting peaks, or a bimodal melting peak, are observed in neat PHT and in
two of the copolymers. These double melting peaks can be assigned to the melting of
two different PHT polymorphs. According to literature, it has been reported that PHT
exhibits more than one melting peak. This is because this polymer crystallizes in three

crystalline forms: a, B and y, where depending on the thermal conditions to which the

173



Chapter 7

crystal has been exposed before a measurement the formation of different
polymorphs can be expected. 91822

It has been reported that when the PHT is annealed at temperatures close to
140 °C or higher, the beta form tends to be more stable. On the other hand, when the
PHT is annealed at low or moderate temperatures (<140 °C), there is a mixture of
crystals of the alpha and beta forms. There is a third crystalline form (y), which is
usually found in solvent-induced crystallization at room temperature. °'%%2

In this work prior to the measurements in DSC, the materials were annealed at
200 °C for 3 minutes, in order to erase their thermal history, from the above and
according to the literature it is expected that the DSC scan will show two melting peaks
corresponding to a beta crystalline (B) form. ®> Wu et al., report a peak around 145 °C
and another of 138 °C, where the higher value is usually considered as the melting

point of PHT, these values can vary depending on the molecular weight and the cooling

and heating conditions of the samples. °
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Figure 7.7. For PLLA-b-PHT-b-PLLA copolymers: (a) Values of T, and T, as a function of
composition and (b) X, versus composition composition.

Figure 7.6 shows a PHT with two peaks, one corresponding to the melting point
of the polymer (140 °C) and another next value below the T, (123 °C), this
corroborates what is described in the previous paragraph, indicating that the form
for PHT is observed in Figure 7.6. In this same figure, for the copolymers with two

peaks, it can also be suggested that they are due to the PHT polymorphism and that -
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form is the one that predominates in these materials. However, to corroborate the
above WAXS studies were carried out and are described below.

In the case of copolymers with 80 and 94 mol % of PLLA, only one melting peak
is observed, this could be related to the high amount of PLLA in the copolymer (Figure
7.6). The thermal properties (T, and T;) of the PHT versus the copolymers formed are
similar to each other, indicating that the PLLA does not affect crystallization behavior
to a high degree (Figure 7.7.). On the other hand, the crystallinity of the PHT block
does not vary with composition except when 94% PLLA is present in the copolymer
(Figure 7.7(b)). The percentage crystallinity (X.) was calculated by dividing AH,
(obtained from the cooling run) by AHS, (142.7 J/g for PHT) and then multiplying by
100%. * During cooling all polymers exhibited a single crystallization peak (Figure E.4,

Annex E).
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Figure 7.8. DSC second heating scans for the PHF and PLLA-b-PHF-b-PLLA.

The series of copolymers made from PLLA and PHF was also thermally
characterized. Figure 7.8 shows the thermal behavior of neat PHF and the PHF block
within the PLLA-b-PHF-b-PLLA triblock copolymers. All materials exhibit melting
endotherms. Above 57 mol% of PLLA, a pronounced cold crystallization exotherm is
observed in the copolymers, indicating that the sample is not able to fully crystallize

during the previous cooling run. Cold-crystallization processes (with rather low
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associated enthalpies) are also observed in the DSC heating scan of neat PHF at
approximately 80 °C and just before melting at 120 °C.

In this series of copolymers the thermal properties (T,, and T.) as well as the
crystallinity (X;) are affected by the presence of PLLA (Figure 7.9), where the trend
suggests a decrease of these parameters when the amount of PLLA in the copolymer
increases, except for T, values. This can be explained by the cold-crystallization and
reorganization processes that occur during the heating scans. To calculate (X.) a value
of AHS, (143 J/g) was taken from the literature. ** During cooling from the melt, neat
PHF and the PHF block within the copolymers exhibited a single crystallization peak

(Figure E.5, Annex E).
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Figure 7.9. Thermal transitions for PLLA-b-PHF-b-PLLA copolymers: (a) Values of T,, and T.as a
function of composition and (b) X, versus composition.

7.3.3 Characterization of the Crystalline Structure

7.3.3.1 PLLA-b-PHT-b-PLLA Copolymers

The structural characterization was performed by WAXS for both polymer
series. For the copolymers derived from PHT with PLLA, it was first shown that only
PHT crystals were formed, as their different crystalline forms are appreciated in the

9,18,19

diffractogram (Figure 7.10). In addition, the crystalline parameters characteristic
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of this homopolymer are shown in Table 7.3, and they all match with those reported in

the literature. %%°

Table 7.3 Crystal cell parameters and crystal forms of PHT.

Crystal form designations a B Y
Crystal geometry monoclinic triclinic triclinic
a(nm) 0.91 0.48 0.53
b(nm) 1.72 0.57 1.39
c(nm) 1.55 1.57 1.55

Figure 7.10 shows that depending on the temperature a specific PHT
polymorph (alpha, beta or gamma) predominate in the structure, which is coherent
with that described in several works %%,

A comparison can be made in Figure 7.10 (a) and (b) between the temperature
dependence of the crystalline structure of neat PHF and the PHF block within
PLLAs,PHT49 copolymer respectively. The presence of PLLA blocks affects the
crystallization of PHT block. For example, at 24 °C, the crystalline forms exhibited by
neat PHT are different from that shown by the copolymer (Figure 7.10 (b)), but it is
also observed that the variety of crystalline forms appreciated in the PHT decrease in
the copolymer.

Table 7.4 shows the values obtained from 20, crystalline planes and the

diffraction spaces (dp, calculated according to Bragg's Law) for the PHT. These values

are in accordance with those reported by different authors. 9,18-20,24,25

Table 7.4 Values of g, 26, Crystalline Planes and dy, of PHT.

Crystal form designations q(nm™) 20 Planes  dpg(nm)
B. 5.11 4.80 1.23
V2 8.56 8.05 0.734
B: 11.66 10.97 - 0.539
Ya 12.25 11.53 100 0.513
Bs 13.08 12.31 100 0.480
Ol 14.08 13.25 200 0.446
B, 14.65 13.79 101 0.429
Og 15.11 14.23 130 0.416
Bo 15.60 14.69 - 0.403
Bio 16.40 15.45 110 0.383
Y11 17.10 16.11 120 0.367
s, 18.46 17.41 131 0.340
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The WAXS results of the whole series of copolymers indicate that when the
amount of PLLA in the copolymers increased, the intensity of the crystalline peaks
decreased while the temperature at which the materials started to crystallize from the
melt also decrease. In the case of the copolymer with 94 mol% of PLLA, no
crystallization peak was exhibited in the diffractogram. The diffractograms of the rest

of copolymers are shown in the Annex E.
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Figure 7.10. Real time synchrotron WAXS diffraction patterns for samples (a) PHT and (b)
PLLAs;PHT,s, cooled from 180 °C to -30 °C at 20 "C/min.

In order to study the effect that the PLLA has on the lamellar periodicity (long
period), as well as on the lamellar thickness of the copolymers, SAXS experiments were
carried out for copolymers derived from PHT and PLLA. Figure 7.11 shows the SAXS
results at different temperatures for (a) PHT and (b) PLLAs;PHT49 samples, where the
Lorentz corrected intensity is plotted as a function of the scattering vector g.

The materials exhibited a clear intense maximum due to the scattering caused
by the periodic lamellar stacks (i.e., long period). The intensity of this maximum

decreased as the amount of PLLA increased in the copolymers. In the melt state,
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except for the copolymer with 94% PLLA, all copolymers do not exhibit any signal,
indicating that there is no phase segregation and there is a mixed phase in the melt
(Annex E). In the case of the copolymer with 94% of PLLA, a signal in the melt state is
appreciated, which suggests the existence of phase segregation in the copolymer

(Figure E.11, Annex E).
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Figure 7.11. Lorentz-corrected SAXS profiles for (a) PHT and (b) PLLAs;PHT,s, with intensity as a
function of scattering vector. Data taken of samples cooled from the 180 °C to -30 °C at 20
°C/min.

The segregation strength that could exist between PHT and PLLA was calculated
(xN). First, the Flory-Huggins interaction parameter (y) between PHT and PLLA was

determined using the following equation: 26

|4
X =77 (61— 6,)° (7.1

where V; is the molar volume of the solvent (m3/mol), R is the gas constant

(8.314 J/K*mol), T is the temperature (298.15 K) and &;,6, are the solubility
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12 16 apply this equation to PHT-

parameters of solvent and solute respectively (J/m?)
PLLA system, it is necessary to consider the PHT as the solute and the PLLA as the
solvent. The value of §; was calculated by the Method of Hoftyzer and Van Krevelen
using the data and the procedure reported in the literature (20 (MJ/ma)l/z). " The
same procedure was applied to calculate &, (PHT), the value obtained was 21.9

(MJ/m3)2. %7 On the other hand V; for PLLA was calculated from V; = ™M/5 (5.95E-05
m>/mol). Considering all the parameters previously describe, the interaction
parameter x was calculated and value of x=0.09 was obtained. The book of Hiemenz
and Lodge reports that when the value predicted by Equation 7.1 is less than 0.3,

Equation 7.2 is much more reliable for estimating the value of x. %
4 )

Because the value of x calculated with the Eq. 7.1 was less than 0.3, the value
considered for x was determined with the Eqg. 7.2, the new value obtained was x=0.43.

The value of N (total degree of polymerization) was calculated by equation 7.3:

_ (Mny x®y) + (Mng * Pp)
— (Mnry * @) + (Mnrg * &p)

(7.3)

where Mny, is is the molecular weight of the PHT block (calculated by Mn= Lpyr
from Table 7.1*248 g/mol), Mng is the molecular weight of the PLLA block (calculated
by Mn= Lp,  from Table 7.1*72 g/mol), @, and @5 are the molar fractions of PHT and
PLLA (this molar fraction is calculated considering the block of PHT bound to only one
block of PLLA, that is, an AB link.) respectively, present in the copolymer. Mnr, is the
molecular weight of the repetitive unit of PHT (248 g/mol) and Mnrg is the molecular
weight of the repetitive unit of PLLA (72 g/mol). The values of N were calculated for

every copolymer and the results are shown in Table 7.5.
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Table 7.5 N and yN of PLLA-b-PHT-b-PLLA.

Sample N XN
PLLAs1PHT,9 13 6
PLLAGPHTS, 14 6
PLLAgoPHT 19 8
PLLAg4PHT g 81 35

The segregation strength (yN) between PLLA and PHT was calculated
multiplying xy by N. The results are appreciated in Table 7.5. In a diblock copolymer,
(xN) is the parameter that controls the segregation between blocks A and B. Generally
segregation is classified into three regimes: weak, intermediate and strong. There is no
well-defined criterion to separate these regimes, however there are works that discuss
this issue, the articles reported by Matsen and Bates, indicate that yN <10 represents a
copolymer without phase segregation, when yN=12 indicates the beginning of a weak
to intermediate segregation and a value of yN=50 indicates the beginning of a
segregation from intermediate to strong. 28,29

In this case, the copolymers are triblock of the ABA form; therefore the
parameter yN is calculated for the interaction between one block A and one block B,
that is, one side AB, considering that the other side BA has the same interaction yN. In
all copolymers, the yN values are below 50 which indicate a weak to intermediate
segregation strength in these systems. For copolymers with less than or equal to 80%
PLLA, the value of yN is less than 10, suggesting no segregation in these copolymers.
On the other hand, a value of 35 for yN is appreciated when the copolymer has a 94%
PLLA which indicates that in this composition segregation between the components of
the copolymer (PHT and PLLA) is more likely to occur. This corroborates the results of
SAXS for this composition.

For every sample, the long periods (d*) at different temperatures were
estimated by Eq. (7.4) from gmex values taken from the Lorentz corrected plots (1*q?

versus g).

2T
d*

(7.4)

Qmax
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Figure 7.12 shows that the value of d* at low temperatures is a function of

composition. The long period also increased with temperature, as the amorphous

content increases, especially above 80 °C, where melting can start in some of the

samples.
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Figure 7.12. Long periods (d*) calculated from SAXS data as a function of temperature for

PLLA-b-PHT-b-PLLA.

Parameters such as the degree of crystallinity of each phase and the lamellar

thickness (/), can be calculated from the analysis of data obtained from WAXS, SAXS

and DSC. For the calculation of an average lamellar thickness (/) the following

approximation was employed:

l=d" X,

Table 7.6 For PLLA-b-PHT-b-PLLA

Thickness (/).

(7.5)

: Long Period (d*), Crystalline Fraction (X.) and Lamellar

Xc Xc [(nm) |(nm)

Sample d* WAXS DSC WAXS DSC
PHT 13597 018 032 245 435
PLLAs:PHT4 16.197 0.20 0.34 3.23 5.50
PLLAGPHT;, 18.404 0.27 0.33 4.96 6.07
PLLAgPHT, 20.294 -- 035 -  7.10
PLLAGPHTys  — —  0.08 -

- Values of Xc and d* calculated with data from WAXS and SAXS respectively at 25 °C.
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Table 7.6 shows the values of X. determined by DSC. Using these values the
lamellar thickness (/) was calculated (Table 7.6). As the lamellar thickness values
depend on the crystallinity degree according to equation 7.5, the degree of crystallinity
by also estimated by WAXS (an example is provided in Figure E.12, Annex E). Table 7.6
lists the lamellar thickness calculated with crystallinity values derived from both DSC
and WAXS.

The WAXS results indicate that the PLLA does not crystallize and that the only
block capable of crystallizing is the PHT, this corroborates what is shown in the DSC
scans, where only peaks corresponding to PHT are appreciated (Figure 7.6). The degree
of crystallinity (X.) in the copolymers does not seem to vary much when the amount of
PLLA is increased, this behavior is observed below 80% PLLA, above this composition
(94% PLLA), the degree of crystallinity decreases remarkably (Table 7.6 and Figure 7.7
(b)).

The SAXS technique reflects only the diffraction caused by the PHT lamellae,
where as the PLLA content increases in the copolymer, these lamellae are more
separated from each other and therefore the value of long period (d*) increases. The
above is related to the fact that when increasing the amount of PLLA the amorphous
region increases generating more separation between the lamellae present in the
system.

From the above, the values of lamellar thickness (/) correspond only to PHT, in
Table 7.6 it can be seen that the value of / changes slightly, this is due to the molecular
weight of the PHT block in all the copolymers is the same, therefore this parameter
should not vary significantly. This is also related to the fact that values of T,, and T, that
are due solely to PHT do not vary significantly in the copolymers; this behavior is only
appreciated for compositions of up to 80% of PLLA. When the copolymer has more
than this amount of PLLA, for example 94%, the properties and parameters related to

the crystalline phase (PHT) show a marked decrease.

7.3.3.2 PLLA-b-PHF-b-PLLA Copolymers

On the other hand the copolymers made of PHF and PLLA were also

characterized by WAXS. The crystal type of the PHF is triclinic B-form and its crystalline
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parameters are reported in the Table 7.7 and are consistent with those reported in the
literature. = In Figure 7.13(a), the characteristic peaks of the PHF are shown and are

consistent with those reported in the literature.

Table 7.7 Values of q, 26, Crystalline Planes and dy,, of PHF.

q(nm™) 20 Planes  dpq(nm)
9.77 9.19 002 0.643
12.13 11.41 011 0.518
17.69 16.67 100 0.355

The neat PHF and copolymer PLLAs;PHF,3, respectively, are shown in Figure
7.13 (a, b) it is observed that PLLA causes an effect in the crystallization of PHF, for
example at 25 °C the intensity of the peaks seems to decrease in the copolymer versus
the homopolymer. On the other hand, the temperature at which the materials started
to crystallize from the melt also decreases when PLLA is present in the copolymer. In
the case of the copolymer with 94 mol% of PLLA, no crystallization peak in the
diffractogram was obtained. The diffractograms of the rest of copolymers are shown in

the Annex E.
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Figure 7.13. Real time synchrotron WAXS diffraction patterns for samples (a) PHF and (b)
PLLAs,PHF,3, cooled from the 180 °C to -30 °C at 20 "C/min.
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For this series of copolymers made with PLLA and PHF, SAXS experiments were
also carried out, Figure 7.14 shows the SAXS results at different temperatures for (a)
PHF and (b) PLLAs,PHF43 samples, where the intensity is plotted as a function of the

scattering vector g.
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Figure 7.14. Lorentz-corrected SAXS profiles for (a) PHF and (b) PLLAs;PHF,3, with intensity as a
function of scattering vector. Data taken of samples cooled from the 180 °C to -30 °C at 20
°C/min.

The copolymers showed a clear intense maximum due to the scattering caused
by the periodic lamellar stacks (i.e., long period). The intensity of this maximum
decreased as the amount of PLLA increased in the copolymers. In the melt state, all
copolymers do not exhibit any signal, this means that there is no phase segregation
and there is a mixed phase in the melt (Annex E).

The segregation strength that could exist between PHT and PLLA was calculated
(xN), following the procedure described for the copolymers of PLLA/PHT. The value
of §, (PHF) was calculated by the Method of Hoftyzer and Van Krevelen using the data

1/2)

and the procedure reported in the literature (20.3 (MJ/m3)*?). ¥ The interaction

parameter x was calculated and value of x=0.002 was obtained (with Eq. 7.1), the value
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was less than 0.3, therefore the equation 7.2 was applied and the new value of x was
0.34.

The value of N (total degree of polymerization) was calculated by equation 7.3,
where Mny is is the molecular weight of the PHF block (calculated by Mn= Lpyr from
Table 7.1*238 g/mol) and Mnr, is the molecular weight of the repetitive unit of PHF
(238 g/mol). The values of N were calculated for every copolymer and the results are

shown in Table 7.8.

Table 7.8 N and yN of PLLA-b-PHF-b-PLLA.

Sample N XN
PLLAs,PHF43 15 5
PLLAg;PHF33 16 5
PLLA,gPHF,, 22 7
PLLAg4PHFgg 87 30

The segregation strength (yN) between PLLA and PHT was calculated
multiplying x by N. In all copolymers, the yN values are below 50 which indicate a weak
to intermediate segregation strength in these systems. For copolymers with less than
or equal to 78% PLLA, the value of yN is less than 10, suggesting no segregation in
these copolymers. On the other hand, a value of 30 for YN is appreciated when the
copolymer has a 94% PLLA which indicates that in this composition an intermediate
segregation between the components of the copolymer (PHF and PLLA) can happen.
By the SAXS technique no segregation was observed in the molten state, suggesting
that the system tends more to weak segregation (not appreciated) or no segregation.

The long periods (d*) at different temperatures for each sample were
estimated by Eq. (7.4) from gmex values taken from the Lorentz corrected plots (1*q?
versus qg). Figure 7.15 shows that the value of d* at low temperatures is a function of
composition. The long period increased with temperature, as the amorphous content
increases, especially above 80 °C, where melting can start in some of the samples.

With compositions above 67% of PLLA the intensities in SAXS are in some
temperatures so small that it was not possible to measure the value, however in Figure
7.15, the data of some temperatures are appreciated where it was possible to obtain a

value.
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Figure 7.15. Long periods (d*) calculated from SAXS data as a function of temperature for
PLLA-b-PHF-b-PLLA.

Table 7.9 shows the values of X. determined by DSC (calculus described in
previous paragraphs) and values of X. determined by WAXS. The lamellar thickness (/)

was calculated (Table 7.9) using values of X, determined from DSC and WAXS.

Table 7.9 For PLLA-b-PHF-b-PLLA: Long Period (d*), Crystalline Fraction (X.) and Lamellar
Thickness (/).
Xc Xc [(nm) |(nm)
Sample d* WAXS DSC WAXS DSC

PHT 11178 035 040 391 447
PLLAGPHFss 13311 040 043 532 5.72
PLLAPHF  — 018 009 -—  —
PLLAGPHFy,  — 004 007 -—  —
PLLAGPHF0g  —— -  — -

- Values of Xc and d* calculated with data from WAXS and SAXS respectively at 25 °C.

The Table 7.9 clearly shows how the crystallinity decreases with the PLLA
content in the sample when the amount of PLLA is above the 67% in the copolymer,
the lamellar thickness value (l), seems to change slightly in the composition with 57%

PLLA versus the homopolymer, this is expected since the PHF block has the same
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molecular weight in all the copolymers. For the rest of the compositions the signals of
d* were not determined by the low intensity presented in the measurements.

The results by WAXS and DSC confirm that the only block that crystallizes in the
copolymers is the PHF. SAXS showed the diffraction corresponding to the crystalline
phase (PHF) and it is expected that the long period increases with the PLLA content,
which can be attributed to the fact that an increase in PLLA generates a greater
amorphous zone, which translates into greater separation between the lamella
formed.

Comparing the block of PHT versus the block of PHF, in the block of PHT the
properties decrease markedly above 80% of PLLA, while the properties of the PHF
begin to have changes above 57% of PLLA. These results could suggest that the PHT
compared to the PHF seems to be less affected in their properties when the amount of

PLLA is increased in the copolymers.
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7.4 Conclusions

Triblock copolymers made from PLLA with PHT or PHF were obtained, where
the triblock structure was checked by NMR and the absence of racemization was
observed. Each copolymer formed has a different PLLA block length. In addition, both
series of copolymers have in their structure blocks that may be susceptible to
degradation (PLLA), but also the polymer of the central block, PHT or PHF, is made
from monomers derived from plastic waste or renewable sources, respectively.
Therefore, these triblock copolymers follow the sustainability line in their synthesis
route.

The behavior shown by the copolymers indicated that the PLLA is unable to
crystallize in both series, i.e. in PLLA-b-PHT-b-PLLA or PLLA-b-PHF-b-PLLA copolymers.
From the above, the PHT and PHF are the crystalline phases appreciated in the triblock
copolymers. The amount of PLLA present in the copolymers appears to slightly affect
the properties of the copolymers up to a maximum amount, above which the
properties decrease markedly.

Even though the properties and behavior shown by both families of copolymers
to be linked with PLLA appear to be similar to each other, it is noteworthy that
copolymers made with PHT tolerate a greater amount of PLLA before showing
significant impact on their properties, in comparison with the copolymers made with

PHF.
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Chapter 8

Conclusions

The application of different approaches to obtain polymers derived from DMT
allowed the development of various synthetic routes that through metal-free catalysts
generated a variety of polymers and copolymers with different properties.

The data obtained in the Chapter 3 reveal that organic ionic compounds have
potential for synthesizing metal free PET due to their thermal stability and catalytic
activity. The protic ionic salt diazabicyclo-[5.4.0]Jundec-7-ene (DBU): benzoic acid (BA)
has proven to be an efficient organocatalyst to produce PET of molecular weights
comparable to those produced with organometallic catalyst.

New PET materials potentially susceptible to hydrolytic degradation were
synthesized using organocatalysis, following a sustainable synthetic route, where PET
was copolymerized with bio-based PLA (Chapter 4). Different PET-ran-PLA copolymers
were prepared and the structure, morphology and crystallization of the PET
component were studied. An interesting result found, was the radical change from
nucleation to diffusion control, in the temperature dependence of the overall
isothermal crystallization rate, when the PLA content approached the maximum
tolerable limit for PET crystallization. It was found that the morphology of PET crystals
could change from micron size spherulites to axialites when increasing the PLA
content, as the nucleation rate also increased considerably by PLA incorporation.

PET-mb-Polyether copolymers with different ratios PET/Polyether were
obtained in Chapter 5. The materials showed that both components in the copolymer
(PET and Polyether) are able to crystallize at their respective crystallization
temperatures giving rise to a double crystalline polymeric material. The thermal
properties of the copolymers were affected by the PET/Polyether composition.
Therefore, modifying the PET/Polyether composition a library of new materials
adapted to various applications can be obtained. These copolymers appear to have a
very low segregation in the melt state because they exhibit a single phase in the melt.
However, phase segregation occurs within the amorphous phases in the copolymer, as
evidenced by the presence of two Ty. It should be noted that a micro-spherulitic
morphology was found for all copolymer samples regardless polyether content present

in the copolymers.
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In Chapter 6, cyclic oligoesters derived from dimethyl terephthalate and
dimethyl furanoate and 1,6-hexanediol were obtained in high yields by enzymatic
cyclization. The successful polymerization of these cycles by enzymes has been proven,
and even more interestingly, the cyclodepolymerization that converts the polyester
into cyclic oligoesters has been also demonstrated. The approach described can be
extrapolated to the synthesis of other cycles of higher industrial interest, such as those
derived from ethylene glycol or 1,4-butanediol and aromatic diesters, which are
usually obtained by HDC or CDP.

The obtaining of triblock copolymers made from PLLA with PHT or PHF has
been demonstrated in chapter 7. Copolymers formed have a different PLLA block
length. The behavior shown by the copolymers indicated that the PLLA is unable to
crystallize in both series, i.e. in PLLA-b-PHT-b-PLLA or PLLA-b-PHF-b-PLLA copolymers.
From the above, the PHT and PHF are the crystalline phases appreciated in the triblock
copolymers. The amount of PLLA present in the copolymers appears to slightly affect
the properties of the copolymers up to a maximum amount, above which the
properties decrease markedly. It is noteworthy that copolymers made with PHT
tolerate a greater amount of PLLA before showing significant impact on their
properties, in comparison with the copolymers made with PHF.

It is important to highlight that this work is a base study for future research that
follows the line of synthesizing polymers with metal-free catalysts, using monomers
from renewable sources and additional features that reduce the ecological footprint

that plastics manufacturing processes leave in the environment.
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Figure A.2. "H NMR in CDCl3/TFA of PET synthesized with TiBut as catalyst at 200 °C.
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Figure A.3. 'H NMR in CDCl5/TFA of PET synthesized with DBU:BA(1:1) as catalyst at 200 °C.
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Figure A.4. "H NMR in CDCls/TFA of PET synthesized with DMAP as catalyst at 200 °C.
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Figure A.5. "H NMR in CDCl3/TFA of PET synthesized with TBD as catalyst at 200 °C.
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Figure A.6. '"H NMR in CDCls/TFA of PET synthesized with DBU as catalyst at 200 °C.
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Figure A.7. 'H NMR in CDCl5/TFA of PET synthesized with TiBut as catalyst at 250 °C.
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Figure A.8. "H NMR in CDCl/TFA of PET synthesized with TBD:MSA (1:1) as catalyst at 250 °C.
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Figure A.9. Thermogravimetric analysis of PET synthesized (at 250 °C) with different catalysts.

Table A.1 Molecular weights synthesized PET with 0.05 mol% calculated by *H NMR.

Catalyst M (by NMR)
kDa
TiBut 3.0
TBD:MSA (1:1) 3.6
DBU:BA (1:1) 2.4
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Figure B.2. 'H NMR Spectrum of PLLA vs. PLA.
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Figure B.4. DSC first heating scans for polymers samples.

204



Annex B

=

| PETg5PLA5

[ PETggPLA,,

PET,,PLA, V ]

[ PET,,PLA,,

[ PET,PLA,,
. ———
| L PET,4PLA,, .

Heat Flow Endo up(W/g)

1 W/g

0 50 100 150 200 250
Temperature (2C)

Figure B.5. DSC cooling scans for polymers samples.
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Figure B.6. WAXS diffraction patterns of PET cooled from the 270 "C to 25 °C at 20 °C/min.
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Figure B.9. WAXS diffraction patterns of PETgPLA;s cooled from the 270 °C to 25 °C at 20
°C/min.
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Figure B.10. WAXS diffraction patterns of PET;sPLA,; cooled from the 270 °C to 25 °C at 20
°C/min.
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Figure B.11. Interplanar distance (dxy) for all reflections at 25 eC.

Measurements at different temperatures in WAXS were made for each of the
polymers. The average interplanar distance (dpy) for all reflections was calculated using
Bragg's law. The values of dyy taken at constant temperature were not affected by
copolymer composition (Figure B.11). The invariance of djy values corroborates the

total exclusion of the PLA comonomer units from the crystallites formed by PET.
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Figure B.12. Degree of crystallinity (X.) for PET-co-PLA copolymers.
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Figure B.13. DMTA of Copolymers synthesized at different compositions (PET-co-PLA).

T4 values for copolymers with amounts larger than 37 mol% PLA are very close
to one another, and their tan & plots tend to overlap. For this reason, Figure S15 shows

only data for copolymer samples with PLA contents of 37 mol % and lower.
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Figure B.14. Values of T,,° versus PLA content.

Values of T, for each one copolymer were calculated using the Flory theory,
where Flory developed an equation to find the equilibrium melting temperature of

random copolymers, assuming the complete exclusion of B counits (noncryztallizable
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counit) from the crystalline lattice of the cryztallizable unit (A). * The equilibrium

melting point of the copolymer [T;,,(X5)] expressed as:

! ! = R In(1—-X B—-1
ﬁ_Tm(XBf(AH%) a(l=%z) (=D

where T2 is the homopolymer equilibrium melting temperature, AHJS, is the
homopolymer heat of fusion, Ris the universal gas constant and Xz is the mole

fraction of the noncrystallizable B counit.

Equation B-2. Calculation of the Degree of Randomness.

2(LT)

(RGN e

where (T) is the mole fraction of the terephthalate in the copolymer, (L) is the
mole fraction of lactyl o LA in the copolymer and (LT) is the molar fraction of the
exchange dyad in the copolymer (unit where lactyl or LA is attached to the

terephthalate unit), these parameters were obtained by NMR.

Table B.1 Composition of PET/PLA in different solvents.

Copolymer diluted in Copolymer diluted
CHCI; /TFA in CHCl,

% mol of Copolymer | % mol of Copolymer
PET PLA PET PLA
95 05 76 24
88 12 75 25
84 16 77 23
81 19 74 26
79 21 75 25
76 24 73 27
63 37 61 39
26 74 25 75

13 87 12 88
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Equation C-1. Calculation of the EG-Polyether molar relation.

The molar fraction between both dyols has been calculated from *H NMR using
the intensities (A;) of signals at 4.78 and 4.40 ppm for EG and polyether units,
respectively, using:

A4.78

(EG) = ——— -1
An7g + Asao
Equation C-2. Calculation of the Degree of Randomness.
2(PE-EG
( ) -2

T=2(€G) = (PE)

where (EG) and (PE) are the mole fractions of the EG and PE units, respectively.
(PE-EG) is the mole fraction of the so-called interchange dyad unit: PE-EG. (PE-EG) has
been calculated from the aromatic quaternary carbon of the terephthalic unit.

Equation C-3. Number Average Sequential Length

The experimental values of the number of ethylene terephthalate units (Lgg) and
polyether terephthalate units (Lpg) were determined using the equation below: !

_ 2(EG) _2(PE)
EG ™ (pe-eG)’ “PE T (PE-EG)

(C-3)

Equations (C-3) have used to determine L; values in copolymers where
interchange signal gives a reliable intensity: 9-81 molar % of polyether.

In random copolymers these equations can written in this way:

1 1

b = e T o)

(C—4)
Assuming their random character, equations (C-4) have used to calculate

theoretical L; values in copolymers with low contents of polyether: 0-9 molar % of
polyether. *
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Figure C.1. DSC first heating scans for PET-b-Poly (1,6 HD) copolymers.

Heat Flow (W/g) —»

4wig

—
_PET

b PETggPoly(1,6 HD),, v ]

-

PETg,Poly(1,6 HD)y, ]
L -\ d
[ PET,Poly(1,6 HD)yq ]
L ~ ¢
- PET,,Poly(1,6 HD), ,

[V

Heat tratated Poly (1,6 HD) 9

I U Neat Poly (1,6 HD) 1

0 50 100 150 200 250
Temperature (°C)

Figure C.2. DSC cooling scans for PET-b-Poly (1,6 HD) copolymers.
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Figure C.4. WAXS diffraction patterns of PET cooled from the 270 °C to -20 °C at 20 °C/min.
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Figure C.7. WAXS diffraction patterns of PET4;Poly(1,6 HD)3, cooled from the 270 °C to -20 °C at
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Figure C.8. SAXS diffraction patterns of PET cooled from the 270 °C to -20 °C at 20 "C/min.
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Figure C.9. SAXS diffraction patterns of Poly (1,6 HD) cooled from the 130 °C to -20 °C at 20
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Figure C.10. SAXS diffraction patterns of PET¢sPoly(1,6 HD)s, cooled from the 270 °C to -20 °C
at 20 °C/min.
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Table C.1 Number average sequential length (L;) and randomness (n).

PET / Polyether Number average
sequential length®
Sample % mass % mol Leg Loe n°
ratio® ratio® (PET) (Polyether)
PET34Poly(1,6 HD)gg 34/66 90/10 10.4 1.11 0.99
PETysPoly(1,6 HD)yy 03/97 38/62 1.4 2.32 1.13
PETy;Poly(1,6 HD)gg 01/99 18/82 1.1 4.95 1.13
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7 days
1 3 days
L_/L/\/ 2 days

LN A1 day

e

AL

7
1,17 | " 4 22" 33"
M A 7 hours
4
J 1 \-gL o 3
. Initial
4.0 3.5 3.0 2.5 2.0 1.5

3 (ppm)

Figure D.2. 'H NMR spectra of crude reaction product of enzymatic reaction of 1,6-hexanediol
and dimethyl furanoate at different reaction times. (*) Signals from solvent used in the

reaction and water from deuterated chloroform.
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Figure D.4. 'H NMR spectra of crude reaction product of enzymatic reaction of 1,6-hexanediol

and dimethyl terephthalate at different reaction times. (*) Signals from solvent used in the

reaction and water from deuterated chloroform.
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Figure D.7. '"H NMR spectra of DMF (a), HD (b), and crude reaction product of enzymatic
reaction of 1,6-hexanediol and dimethyl furanoate after 7 days of reaction in absence (c) and
presence (d) of CALB enzyme. (*) Signals from impurities, solvent used in the reaction and
residual signal from deuterated chloroform.
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Figure D.9. MALDI-TOF MS spectra of c(HF), cycles recovered the day 7 of reaction.
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Figure D.10. MALDI-TOF MS spectra of c(HT), cycles recovered the day 7 of reaction.
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Figure D.12. 'H NMR spectra of a) PHF and crude reaction products obtained after 3 days of
CDP b) without CALB enzyme added and c) with CALB enzyme added.
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Figure D.13. 'H NMR spectra of a) PHT and crude reaction products obtained after 3 days of
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Figure E.1.°C NMR spectra of PHT and PLLA-b-PHT-b-PLLA copolyesters with peak
assignments.

f CHCly | a b
9 ¢ | I i
— L PLLAgsPHFog

L M L PLLA;gPHF;;
v L. : l PLLAG;PHF3;
[ i | ] . J PLLA5,PHF 45
CH,OH
L1 I PHF
1o | 140 | 120 | 1o e | e 4o | 90

3(ppm)

Figure E.2. °C NMR spectra of PHF and PLLA-b-PHF-b-PLLA copolyesters with peak
assighments.
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°C/min.

Intensity (a.u)

ﬂ

-28.1 °C |
-0.2 °C
25.7 °C 4
39.5 °C

9.4 °C 1
79.2 °C -

gy
99.2°C |

119.1 °C7

r
138.9 °C

8.8 °C |
177 °C

[ -

5

10 15 20 25 30 35

q (nm)
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Figure E.10. SAXS diffraction patterns of PLLAgPHT,, cooled from the 180 °C to -30 °C at 20
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Figure E.11. SAXS diffraction patterns of PLLAgPHTys cooled from the 180 °C to -30 °C at 20
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Figure E.15. WAXS diffraction patterns of PLLAg,PHFqs cooled from the 180 °C to -30 °C at
20°C/min.
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Figure E.16. SAXS diffraction patterns of PLLAgPHT;, cooled from the 180 °C to -30 °C at 20
°C/min.
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Figure E.17. SAXS diffraction patterns of PLLA,sPHF,, cooled from the 180 °C to -30 °C at 20
°C/min.
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Figure E.18. SAXS diffraction patterns of PLLAg,PHFys cooled from the 180 °C to -30 °C at 20
°C/min.
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Resumen

Resumen

A lo largo de estos ultimos afilos muchas investigaciones se han enfocado en
intentar hacer sintesis de polimeros de forma mas sostenible, ya sea usando diversos
mondmeros provenientes de fuentes renovables o incluso de residuos plasticos; asi
como también evitando el uso de solventes de alta toxicidad y reemplazando los
catalizadores comunes por catalizadores no metdlicos que son mas amigables con el
medio ambiente.

Siguiendo la linea del desarrollo sustentable, diversos trabajos muestran el
reciclado de polimeros (mecanico, quimico o la recuperacién de energia) como una
alternativa para reutilizar los plasticos al final de su ciclo de vida y disminuir la cantidad
de residuos dispuestos en vertederos. En este sentido, algunos investigadores han
encontrado en el reciclado quimico de polimeros una fuente de materia prima
(mondmeros), la cual puede ser usada posteriormente para obtener nuevos
materiales. Algunos trabajos incluso, han intentado hacer lo mas sostenible posible el
propio proceso de reciclado, reduciendo o evitando el uso de solventes, recuperando
los catalizadores para el reciclado, entre otras cosas.

Otra linea de investigacidn que ha emergido como necesidad para solucionar
problemas ambientales generados en el proceso de sintesis de materiales, es el
estudio de catalizadores que sean menos contaminantes que los catalizadores
metalicos usados actualmente. Aqui, el término organocatalisis ha sido usado para
indicar el uso de catalizadores orgdnicos en la sintesis de un polimero. Una gran
cantidad de autores han dedicado su tiempo a investigar y encontrar catalizadores
organicos que sean capaces de sintetizar polimeros con la misma capacidad catalitica o
incluso mejor que los catalizadores metdlicos. Los catalizadores orgdnicos han
mostrado ser bastante efectivos para polimerizar y copolimerizar una gran cantidad de
materiales, ofreciendo la ventaja de no dejar residuos en el producto final lo que se
traduce por un lado en productos con una alta pureza y por otro lado en la ausencia de
residuos téxicos que podrian terminar en el ambiente. Estos catalizadores orgdnicos
versus los catalizadores metalicos parecen ser una opcién que deja una menor huella

ambiental.
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En este sentido, este trabajo reporta la sintesis de polimeros implicando
diversos elementos que otorgan a la ruta sintética de obtencién de los materiales un
alto grado de sostenibilidad.

El primer capitulo es una introduccién que describe el origen del trabajo
desarrollado y todo lo reportado en literatura en relacién a los polimeros sintetizados
en esta tesis, asi como el contenido de la tesis de forma genérica

Un segundo capitulo muestra los materiales usados, el procedimiento de
sintesis de cada polimero y las técnicas de caracterizacién para analizar todos los
polimeros sintetizados, ademds en este mismo capitulo se incluyen conceptos
empleados a lo largo del trabajo que son utiles para entender mds facilmente algunos
temas y que ayudan a ampliar el panorama teérico.

Para obtener los diversos polimeros se han utilizado catalizadores organicos y
enzimas, ambos libres de metal en su composicidn. Por otro lado se han usado dos
mondmeros sostenibles, por un lado el dimetil tereftalato (DMT) que puede ser
obtenido como producto del reciclado quimico de residuos de PET y por otro lado el
dimetil furanoato (DMF) que es obtenido a partir de la biomasa. Todos estos
elementos en conjunto son una alternativa para disminuir el impacto ambiental
durante la sintesis de los materiales y al final del ciclo de vida de los polimeros.

En el tercer capitulo de la tesis se lleva a cabo un estudio para encontrar un
catalizador organico que favorezca la formacidn de PET, para lo cual diversos
catalizadores organicos son probados y comparados con un catalizador metalico.
Diversas técnicas de caracterizacion fueron empleadas para el andlisis, como son:
resonancia magnética nuclear (NMR), espectroscopia infrarroja de transformada de
Fourier (FTIR), analisis termogravimétrico (TGA), calorimetria diferencial de barrido
(DSC), entre otras. Se evalud la actividad catalitica de los catalizadores organicos, asi
como el grado de conversidn para polimerizar PET. Con esta informacién en conjunto,
se demostré que existen catalizadores organicos con una actividad catalitica similar o
incluso mejor que un catalizador metalico para sintetizar PET. También se analizaron
los pesos moleculares obtenidos con cada uno de los catalizadores evaluados
empleando cromatografia por exclusion de tamafio (SEC), donde se observo que
algunos catalizadores organicos producian PET con pesos moleculares similares o mas

altos que los del PET hecho con catalizadores metalicos. Un estudio de la estabilidad
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térmica de los catalizadores fue también hecho y se encontré que algunos
catalizadores organicos son estables térmicamente a altas temperaturas (=250 °C).

Con el objeto de darle cierto grado de degradabilidad al PET que es un polimero
no biodegradable, en el capitulo 4 se sintetizaron copolimeros de PET con un poliéster
biodegradable y biobasado (PLA) usando un catalizador organico (DBU:BA). La
formacion del copolimero PET-ran-PLA fue demostrada por *H NMR y posteriormente
los copolimeros fueron caracterizados por DSC para obtener sus propiedades térmicas
(Tm, Tc and AH,,). La cristalizacion y morfologia de los copolimeros fueron también
analizadas por DSC, microscopia de fuerza atdomica (AFM) y microscopia 6ptica de luz
polarizada (PLOM) y ambas caracteristicas mostraron ser dependientes de la
composicion PET/PLA. Se observo que el PLA tiene un efecto sobre la cristalinidad del
PET y a medida que la cantidad de PLA era mayor en el copolimero el espesor lamelar
del PET tendia a disminuir. Se uso la técnica del analisis térmico dindmico-mecdnico
(DMTA) para medir la T, donde los copolimeros obtenidos mostraron una sola Ty,
indicando la formacién de un sistema miscible, por otro lado al ajustarse los valores de
T4 a la ecuacion de Gordon-Taylor se dedujo que eran copolimeros al azar. Estudios de
rayos X de angulo grande y dngulo pequeiio (WAXS y SAXS), develaron que solamente
el PET era capaz de cristalizar, también, que el PLA inhibia la cristalinidad del PET y que
ambos componentes (PET y PLA) eran miscibles en el fundido. Se hicieron pruebas de
degradacidon que mostraron que los copolimeros podrian ser parcialmente degradables
bajo condiciones de hidrdlisis.

Nuevamente con la intencidn de modificar las propiedades del PET y haciendo
uso de catalizadores orgénicos, se sintetizaron copolimeros de PET-b-Polieter, donde el
polieter empleado fue previamente sintetizado bajo una ruta quimica sostenible. Este
estudio es desarrollado en el capitulo 5, donde por >C NMR se verifico la unién del PET
y el polieter formando un copolimero multibloque. La T, de estos materiales fue
medida por DMTA y para algunos casos se uso también la técnica de flash DSC con la
intencién de corroborar la miscibilidad en el estado amorfo de los componentes que
formaban el copolimero (PET y polieter). Estos copolimeros mostraron dos picos
cristalinos, uno correspondiente al PET y el otro al polieter. Las propiedades térmicas
de cada uno de los componentes en el copolimero fueron analizadas y se encontré que

el polieter tiene un efecto sobre las propiedades del PET y viceversa. Estudios
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isotérmicos de estos materiales fueron llevados a cabo y revelaron también que la
velocidad de cristalizacion del PET es afectada por el Polieter y viceversa. Los
difractogramas de mediciones de WAXS/SAXS exhibieron que ambos componentes
(PET y Polieter) son capaces de cristalizar en el copolimero, en sus rangos de
temperatura de cristalizacion respectivos, ademas la miscibilidad en el fundido de los
componentes fue observada. La morfologia de estos copolimeros no pudo ser
observada por PLOM debido a la formacién de microesferulitas. Los materiales
obtenidos son de gran importancia pues tienen propiedades diferentes a las mostradas
por los homopolimeros que los forman.

En el capitulo 6, siguiendo con la idea de polimerizar el PLA con un polimero
donde el DMT (mondmero) fuese usado, se decidid sintetizar poli (hexametileno
tereftalato) (PHT), donde debido a la condiciones de reaccién se uso una enzima como
catalizador. La sintesis empezd con la obtencién de ciclos a partir de DMT y 1,6
hexanediol, una vez que los ciclos fueron formados se caracterizaron por NMR,
cromatografia liquida de alta resolucion (HPLC) y espectroscopia de masas MALDITOF
para corroborar la existencia de ciclos y la ausencia de polimeros lineales.
Posteriormente, se tomaron esos ciclos y se abrieron por ROP (Ring Opening
Polymerization) para formar el poliéster PHT. El polimero fue caracterizado por NMR
para verificar la desaparicién de ciclos. Una vez en este punto de la sintesis y
encontrando que el PHT no es biodegradable, pensamos que una forma sostenible de
reutilizar este polimero era reciclarlo mediante ciclodepolimerizacién, una técnica que
consiste en convertir los polimeros lineales en ciclos. De lo anterior se decidié
ciclodepolimerizar el PHT y obtener ciclos. Nuevamente se caracterizo el producto por
NMR, HPLC y MALDITOF para confirmar la obtencién de ciclos y la desaparicién de
grupos terminales pertenecientes al polimero lineal. Las caracteristicas térmicas de los
materiales fueron analizadas por DSC y TGA, los resultados revelaron que las

propiedades térmicas de los polimeros lineales eran superiores a las de los ciclos.

Durante el desarrollo de los materiales anteriores, surgié la pregunta de qué
pasaria si el monédmero DMT no estuviese disponible y si se podria sustituir por otro
qgue diera polimeros de propiedades similares a las obtenidas cuando se usa el DMT,

pero manteniendo la sostenibilidad de la fuente de origen del mondmero. Con esta
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informacién se encontré que el dimetil furanoato (DMF), es un mondmero proveniente
de la biomasa que podria sustituir al DMT. De lo anterior, se sintetizaron todos los
polimeros anteriormente descritos (ciclos, polimeros lineales y ciclos provenientes de
la ciclodepolimerizacién de polimeros lineales) usando el DMF como mondémero,
obteniendo ciclos de Hexametileno furanoato y poli (hexametileno furanoato) (PHF).
Estos materiales, fueron también caracterizados por las técnicas descritas para los
polimeros derivados de DMT. Las propiedades térmicas mostraron también ser
mayores para los polimeros lineales que para los ciclos.

En el capitulo 7, se describe la sintesis de copolimeros tribloque usando L-
lactida y PHT o PHF como materiales de partida. Para confirmar la formaciéon de la
estructura tribloque se uso *C NMR. Se midieron los pesos moleculares por GPC de
los copolimeros obtenidos. Por TGA se estudio la estabilidad térmica de los materiales
y se observo que a medida que aumenta la cantidad de L-Lactida en el copolimero
disminuye la estabilidad. Las propiedades térmicas fueron obtenidas por DSC, los
resultados indicaron que los valores de las propiedades térmicas de los
homopolimeros (PHT o PHF) versus las propiedades de los copolimeros eran muy
similares entre si, a excepcién de la T, cuyo valor depende de la composicion y parece
incrementar con el aumento de L-lactida presente en el copolimero, por otro lado la
cristalinidad parece ser afectada cuando la cantidad de L-lactida presente en el
copolimero incrementa. Lo anterior es también corroborado en los difractogramas de
WAXS/SAXS, donde es apreciado claramente que la cristalinidad en el copolimero
parece disminuir en composiciones con una gran cantidad de L-lactida, ademas es
observado la ausencia de cristales de PLLA vy solo se aprecian picos cristalinos
correspondientes al PHT o PHF. En el caso del PHT puro y sus copolimeros se puede
apreciar el polimorfismo de este homopolimero y cédmo dependiendo de la
composicion en el copolimero unas fases cristalinas (a,f y y provenientes del PHT) son
mas estables que otras. Una T, fue exhibida por todos los copolimeros lo que sugiere
que los componentes del copolimero (PLLA con PHT o PHF) son miscibles en el estado
amorfo; por otro lado a ciertas composiciones una sola fase en el fundido fue
observada lo que indica la existencia de miscibilidad entre los componentes del
copolimero en el estado fundido. Unicamente las composiciones con un alto contenido

de PLLA parecen tener una tendencia a presentar de una débil a moderada
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segregacion en el estado fundido. Estos copolimeros tribloque presentan una gran
versatilidad para modificar sus propiedades en funcién de la composicién y podrian ser
probados para compatibilizar mezclas de tereftalatos con PLLA.
Los resultados mas relevantes de este trabajo son descritos en el capitulo 8.
Todos los resultados mostrados en los capitulos anteriores son
complementados con graficos, tablas y ecuaciones que estan en la secciéon de Anexos.
Previo a este resumen, una lista de publicaciones hechas durante el periodo de

doctorado ha sido incluida.
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