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Abstract

The present thesis focuses on the study of the relationship between the thermal properties of
poly (L-lactic acid) (PLLA) and its foaming behavior.

PLLA is the most extensively studied and used biodegradable and renewable thermoplastic
polyester, due to its potential to replace conventional petrochemical-based polymers. It is
biocompatible, derived from annually renewable resources, and is used in a variety of industrial
fields, which include films for packaging or agriculture, biomedicine, or for production of foams.
Besides being used for tissue engineering and medical implants, PLLA foams have several additional
applications such as thermal and sound insulation in construction and food packaging industry.

PLLA has also few shortcomings. One of the most serious is its low crystallization kinetics,
which limits a wider industrial application of this biopolymer. Common procedure to overcome this
drawback includes blending with plasticizers or addition of nucleating agents. Moreover, the great
variety of PLLA foams applications depends on the foam structure in terms of their density and
morphology, both in the dimension and the distribution of cells within the material. The addition of
external nucleating agents has been proposed also in this case, as a solution to tune foam morphology.
But, despite the positive effects of the heterogeneous nucleation both of crystals and bubbles
conveyed by nucleating agents, compounding with different polymers or the inclusion of particles of
a different material can make the biodegradation process harder and may alter the biocompatibility
of the polymer.

Thus, in this thesis, three methodologies to tune both thermal properties and foam
morphology preserving the purity and homogeneity of the material, i.e., without the addition of
external agents, are presented.

In order to enhance crystallization rate of PLLA, a structural modification of the polymer
chain, by addition of side chains of the same chemistry, has been attempted. The aim is to obtain a
branched structure where fast-crystallizing short branches can favor overall crystallization. A PLLA
branched copolymer, where branches are made of optically pure PLLA, has been synthetized. Its
crystallization kinetic is much higher than both the starting commercial PLLA grade, and a blend
having the same nominal composition.

Partial crystallization of the polymer before or during foaming represents a key issue in
foaming technology. Polymer crystals are well known to behave as heterogeneous nucleation sites
for bubble formation, enhancing cell nucleation during foaming. However, at the same time, large

degrees of crystallization increase stiffness of the polymer, resulting in a depression of the expansion



ratio. However, fine tuning of crystallization may favor design foam morphology. An ideal situation,
which implies a high number of very small crystals with the lowest possible crystal fraction has been
studied in this thesis, by controlled development of nano-sized ordered chain aggregates, known as
homogeneous crystal nuclei, before foaming.

Annealing glassy PLLA in the glass transition temperature range allows formation of
homogeneous crystal nuclei, which enhance/accelerate subsequent crystallization upon raising the
temperatures by reducing the energy barrier needed to create new surfaces. The large advantage of
homogeneous nuclei, compared to existing crystals, is the absence of initial crystallinity which,
coupled to their very high density per unit volume, should provide an enormous number of sites for
bubble growth.

Experiments of foaming glassy PLLA annealed for various times have been conducted.
Results showed that proper choice of nucleation time and nuclei density have favorable and desired
effects on foam morphology. Hence it is demonstrated, for the first time, that homogeneous crystal
nuclei can successfully promote not only the known crystal nucleation, but also nucleation of
bubbles, thus allowing to increase expansion ratio and tune foam morphology.

It needs to be underlined that such studies require precise temperature/pressure control
during experiments, not attainable with the available instrumentation, since variation of internal
pressure cause sizable change of the temperature of the pressure vessel. Therefore, part of the
research work has been devoted to design and construction of a novel pressure vessel, where
temperature fluctuations upon variation of internal pressure are minimized.

With the gained knowledge on interplay between crystals and gas in PLLA foaming, the final
part of the research has been dedicated to the effect of CO, on chain reorganization of the polymer.
At low temperature (around room temperature), CO, can induce formation of a metastable
mesophase, named o"-form that, upon further heating, transforms to stable a.-crystals.

Both melt-quenched and annealed PLLA were exposed to low CO, pressures at room
temperature for short period of time not exceeding 20 minutes to induce mesophase formation, which
is known to increase with saturation time. The kinetics of formation CO,-induced mesophase was
studied in a PLLA containing homogeneous crystal nuclei, then non-isothermal crystallization of
PLLA containing both homogeneous crystal nuclei and mesophase has been investigated. It all lead
to a deeper knowledge on how thermal treatment and CO, conditioning represent fast, green and

cost-effective ways to tune crystallization kinetics of PLLA.



Chapter 1

Introduction

1.1 The importance of biodegradable plastics

The history of synthetic polymers has its roots in the early 20th century. In 1907, the first
synthetic plastic was produced by the Belgian chemist Leo Baekeland in New York, by mixing
phenol and formaldehyde in the presence of a catalyst. Heating this mixture under pressure, he
obtained a thermosetting polymer. In a few years the material, named “Bakelite” after him, became
a commercial success finding application mainly in electrical insulation.

In 1945, Yarsley and Couzens published a book named “Plastics” praising it as the most
promising material with almost inexhaustible possible applications [1]. In the final chapter of their
book, they predict what they called plastic age with the figure of a plastic man whose life is
surrounded by plastic in any field and in any age of its life, from his birth, with toys and teething
rings, to his death, with coffin made of plastic.

The huge growth of industrial production of plastics started soon later, in the mid 1950s,
thanks to the world-famous Ziegler-Natta catalyzers [2], developed during the collaboration of Karl
Ziegler and Giulio Natta, and peaked with the synthesis in 1954 of isotactic polypropylene, which
paved the way to production of stereospecific polymers patented as Moplen.

After this milestone, the production of plastics has continuously increased since 1950 at an
average of 8.7% per year, growing from 1.7 million tons to approximately 370 million tons in 2019
[3], confirming the prediction made by Yarsley & Couzens in 1945.

This massive production of plastics is mainly due to their versatility of properties, which
widen the range of applications. The advent of plastics brought remarkable benefits and its
characteristics of lightweight, easiness in production and processing, high thermal and electrical
insulation, chemical and corrosion resistance and shatterproof, make plastic the ideal substitute to

different materials such as glass or metal in many applications for daily life. The revolution of plastics



influenced all aspects of human life, from transports, helping in increasing the lightness of vehicles,
to food packaging, allowing to control storage atmosphere and preservation of goods [4]. People
embraced the advent of plastic and disposable products. Emblematic is the photograph published on
a 1955 number of LIFE magazine in an article entitled "Throwaway Living" (Figure 1.1), where a

family celebrates the dawn of single-use products that cut down on household chores.

Figure 1.1. Throwaway Living, article published on LIFE magazine in 1955

Plastics represent not only an improvement in life quality of billions of people, but the plastic
industry is also fundamental for Europe’s economy. All the industrial sectors involving plastics, from
the raw producers to third use manufacturers and recyclers, employ over 1.5 million people in
Europe, through more than 55000 companies, with a contribution on European public finances which
in 2019 reached more than 30 billion euros [3].

According to Plastics Europe Market Research Group (PEMRG) and Conversio Market &
Strategy GmbH, in 2019 global plastics production almost reached 370 million tons with almost 58
million tons produced in Europe. The biggest end-use markets are represented primarily by
packaging, with the almost 40% of plastic converters demand and building and construction with a
demand of 20% on a total European demand of 51 million tons. This is summarized in Figure 1.2,

which reports European plastic demand distribution by resin type, estimated in 2019 [3].
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Figure 1.2. European plastics demand distribution by polymer types in 2019
(source: Plastic Europe 2020)

As evidenced in Figure 1.2, most plastic materials are fossil-based, and in Europe about 4-
6% of the overall consume of oil and gas is related to plastic production. Despite the benefits enjoyed
from the advent of “plastic era”, the massive use of plastics brought together with innovative
solutions also fundamental drawbacks affecting the environment.

Together with the rapid consumption of non-renewable resources, waste disposal of post-
consumer plastics represents an important issue. There are three possibilities for the end-of-life
plastic management: energy recovery, recycling and disposal in landfills. Even if the evolution of
post-consumer waste treatment has increase in recycling of 100%, in energy recovery of 77% and a
decrease in landfill disposal of 44%, since 2006 [3], the goal of zero landfilling fundamental to
achieve the circular economy of plastics, is still far away. As estimated by Plastic Europe, from the
total amount of 29.1 million tons of plastic waste collected in Europe in 2018, 42.6% was treated for
energy recovery, 32.5% was recycled and 24.9% was disposed in landfills [3].

As mentioned above, the most important demand for end-user market is represented by
packaging, with an annually request of approximately 20 Million tons. This field of application, with
its natural characteristic of single-use, obviously represents the main source of plastic waste, with a
total amount of 17.8 Mt collected in 2018. This represents about 60% of total amount of plastic
waste, and the vast majority of this post-consumer waste was recycled.

Thus, improving recycling and energy recovery are not the only solutions to the plastic
pollution problem. In the recent decades, strong attention was paid to the production of plastics from
renewable resources. In the long term, the world would see a decoupling of plastic production from
fossil resources. As a result, the greater part of plastics will be produced from alternative feedstocks

in the future, such as recovered oils or secondary plastics, responsibly sourced biomass, or even CO,.



According to European Bioplastics, a plastic material is defined bioplastic if it is bio-based
(i.e. produced from biomasses such as corn starch or sugarcane), biodegradable (i.e. can be converted
into water, carbon dioxide and compost from microorganisms present in nature) or presents both
features at the same time.

Following the combinations of these two features, bioplastics can be classified into three
main groups: i) bio-based non-biodegradable plastics, such as bio-based polypropylene (PP), or
polyethylene terephthalate (PET); ii) plastics that are both bio-based and biodegradable, like
polylactic acid (PLA) and polyhydroxyalkanoates (PHA); and iii) fossil-based biodegradable
plastics, as poly(butylene adipate-co-terephthalate) (PBAT).

Production of bioplastics still represents 1% of the total produced plastics, but the bioplastics
market is predicted to fast grow in the near future. As stated by European Bioplastics in collaboration
with Nova-Institute, the global production capacities of bioplastics are predicted to grow from around
2.11 million tons in 2019 to approximately 7.6 million tons by 2026 [5].

Bioplastics have significant potential as their mechanical and thermal properties are
comparable to those of oil-based plastics and can be easily altered to impart desirable attributes [6].
This, coupled to a processing involving a simple adjust of the process parameters of conventional
plastic processing technologies, gives a wide range of disposal options for bioplastics. Figure 1.3
reports the global production capacities of bioplastics in 2021. The largest market segment for
bioplastics is packaging with 48%, comprising both flexible and rigid packaging, followed by

consumer products, textiles agriculture and automotive.
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Figure 1.3. Global production capacities of bioplastics 2021 by market segment.

Source: European Bioplastics

Initially, numerous alternative or bio-based plastics were produced from agricultural product

such as potatoes, corn and sugarcane [7]. But, owing to the wish to save the land for food production,



the focus of the research for bio-based polymers precursors moved from food-based feedstocks to
biomasses and renewable resources.

Non-biodegradable bioplastics can be recycled or incinerated like the fossil based traditional
plastics [8] thus biodegradability is an important motivation for the progress of bio-based polymers.
Nowadays many researchers are focusing on development of bio-based and biodegradable plastics
which can be degraded through microbial activity by composting them at domestic or industrial scale
creating a paradigm for a zero-waste circular economy [9] with a biodegradability that is determined
based on the route and rate of degradation [10].

In conclusion, plastics have provided innovative solutions to society’s ever-changing
requirements and demands. After one century of history, allow humans to reach a wide range of
functional and aesthetic necessities, improving the quality of life. Regrettably, plastics carry with
improvements in lifestyles also the awful drawback of pollution due to the large use of this material,
coupled with its hard waste disposal. Global politics and science is looking for a solution, working
to solve this issue by increasing recycling, reuse and reduction in use of oil-based, non-biodegradable
plastics. About this, bioplastics represents a high potential material in solving the pollution problem.

European Commission has recognized the important role of bio-plastics in the bio-economy
and their importance in reaching the circular economy of plastics. Research on bioplastics is still
growing, working to improve their properties and processing to reach the high performances of

conventional plastics.

1.2 Poly (L-lactic acid)

Poly (L-lactic acid) (PLLA) is an aliphatic thermoplastic bio-based polyester, produced from
renewable resources such as corn starch and sugar beets [11-13]. It is derived from lactic acid (LA),
an organic molecule naturally produced from plants, animals and microorganisms [14]. Its
attractiveness is due to its physical properties similar to those of many petroleum-based plastics, and
to its biodegradability to carbon dioxide, water, and humus-like matter [11,15-17].

LA was first extracted in 1780 by the Swedish scientist C.W. Scheele in sour milk, but its
industrial production started after 1881, when it was obtained by fermentation [18]. LA is the
simplest 2-hydroxycarboxylic acid with a carbon atom, thus exists in two enantiomeric forms, L-LA

and D-LA, as shown in Figure 1.4 [19].
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Figure 1.4. Structures of L- and D-Lactic Acid

Generally, LA can be produced chemically from hydrolysis of acrylonitrile, resulting in a
racemic mixture of the two optical isomers [20], or from fermentation of sugars. Sugars used for LA
fermentation include starch, lactose, glucose and maltose produced by corn and potatoes resulting in
optically pure products [21].

The first attempt of polymerization of LA was attempted in 1845 through the poly-
condensation of LA by the French chemist Pelouze in 1845. This process leaded to PLLA with low
molecular weight ranging from 800 to 5000 g/mol [22]. In 1932 W.H. Carothers, Du Pont’s chemist
inventor of nylon, improved the production process. In two hours at 250-270°C, LA was transformed
in a resinous mass with an approximate molecular weight of 3,000 Da [23]. In 1954 Du Pont
produced a high molecular weight PLLA and applied for patent Carother’s invention with the aim of
enter the industrial production. The high costs limited the production of PLLA until 1989, when P.
Gruber developed for Cargill Inc. key processes for conversion of LA into lactide, and processes and
technologies for purification and polymerization/devolatilization of lactide [24]. Then, production of
PLLA became massive. According to Grand View Research, the global PLLA market size was
valued at USD 525.47 million in 2020, and it is expected to grow at a compound annual growth rate
of 18.1% from 2021 to 2028 [25].

The main synthesis routes of PLLA, via direct condensation, or azeotropic dehydration
condensation from LA, or a two-step synthesis via lactide formation and ring opening polymerization

from lactide, are sketched in Figure 1.5.
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Figure 1.5. Synthetic pathways for the production of PLLA from LA

The direct condensation is an equilibrium reaction, thus is difficult to remove trace of water
in the late stages of polymerization which limit the ultimate molecular weight achievable by this
approach [11]. To solve this issue, Mitsui Toatsu Chemical patented in 1995 an azeotropic distillation
process using a high-boiling solvent to directly remove water during the esterification process [26].
However, high molecular weight PLLA is mostly produced via ring opening polymerization of dimer
lactide [21,27-29].

PLLA is currently used in many application fields thanks to its cost-property balance [2] and
for its good processability and biocompatibility. PLLA has a melting point (7},) of 155-180°C and a
glass transition temperature (1) of 55-65°C [19,30-32]. The thermal degradation temperature of
PLLA is estimated around 307-310°C [33]. Deriving from a chiral monomer, PLLA has a chirality
at a-carbon atom of the LA (see Figure 1.4), hence L- and D- isomers and a racemic mixture of the
two are possible. Commercial PLLA grades commonly consist of a mixture of D- and L-LA with a
D- LA content of 2-4% making PLLA a random copolymer with chemical and physical properties
that can vary because of the chiral carbon atom. A wide range of thermal and mechanical properties
and degradation rates can be achieved just by varying the composition of the copolymers or the
molecular weight. As an example, by decreasing L- isomer content, the melting temperature
decreases; in fact, a PLLA copolymer with a 4% of D- isomer has a T}, of 155-160°C and a 7, of 55-
60 °C [34].

PLLA can biodegrade in nature by hydrolysis (both enzymatic and non-enzymatic) [35-37]
to water, carbon dioxide and humus-like matter and in the human body to the natural metabolite L—
LA, thanks to the ester groups in its chain that make the polymer susceptible to enzymatic attack [38]
and can undergo to hydrolysis. The degradation rate is dependent on chirality [22], on molecular
weight and on crystal structure and morphology [39]. The large influence of crystallinity on
properties and degradation of PLLA brought to wide research efforts on crystallization kinetics and

crystal morphology.



Upon different thermal and mechanical treatments, PLLA can crystallize in three structural
form named a-, -, and y-, with different helix conformation and cell symmetries. a-form is the most
stable and develops upon melt or cold crystallization and from solution spinning [40]. The
conformation is a left-handed 105 helix packed in an orthorhombic unit cell [41]. Upon mechanical
stretching, PLLA crystallizes in B-modification. Uncertainties are still present on the structure of the
B-form, the latest hypothesis reports a frustrated packing of three 3, helix chains in a trigonal unit
cell [42]. y-form is obtained via epitaxial crystallization on hexamethylbenzene substrate and is
characterized by two antiparallel helices with 3, conformation packed in an orthorhombic unit cell
[43]. Besides these three main structural form, PLLA exhibits also two disordered structural a-forms,
named a'- and a''-. The o'-form has conformational disorder (condis crystal) and grows upon melt or
cold crystallization at low temperatures, below 110-120 °C [40,44-47], whereas crystallization at
higher temperatures leads to formation of a-modification. o'’-modification, often addressed as PLLA
mesophase, has much larger degree of disorder; it can develop upon mechanical drawing at 10 K
above its T, [48-50], in presence of chain mobility accelerators [51] or upon treatment with carbon
dioxide (COy) [52-54].

PLLA crystallization via crystal nucleation, growth and perfection has been widely studied
[55-57]. As typical for semicrystalline polymers, crystal morphology is affected by crystallization
path, with huge differences in morphology for crystals grown upon cold crystallization (i.e. when
heated from below 7,), or upon cooling from the melt, mostly due to the different nucleation
mechanism [58,59].

Crystal nucleation can be either heterogeneous or homogeneous. if nucleation occurs on
surfaces/heterogeneities, then it is called heterogeneous crystal nucleation. Heterogeneous nucleation
often is energetically favored since the total interfacial stress/energy at the nucleus/melt boundary is
lower than in case of homogeneous nucleation, in particular at low supercooling of the melt. The
critical size of the nucleus and the free-enthalpy barrier, both decrease with melt-supercooling, that
is, with increasing thermodynamic driving force for the phase transition.

If crystallization occurs at high supercooling or by heating from below the glassy state,
crystallization starts from the so-called homogeneous nucleation: Small ordered entities made of a
few parallel chain segments, called homogeneous crystal nuclei, aggregate until reaching a
supercritical size and initiate crystal growth [58,59]. Homogeneous nucleation results in a much
faster crystallization rate, with the formation of a very high number of small, less perfect crystals,
and a crystallinity degree usually comparable with that attainable by crystallization upon cooling
from the melt and a density about 10° times larger [60,61]. The kinetics of homogeneous nucleation
has also been recently investigated for PLLA, and detailed knowledge of the effect of molar mass,

chain structure on their development kinetics and thermal stability is now available.[62—65].
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The slow crystallization kinetics is probably the major weak point of PLLA, as it complicates
industrial processing to attain semi-crystalline products with the needed performance in terms of
mechanical, thermal and transport properties [66,67]. Common procedures to improve crystallization
kinetics of PLLA include variations on the formulation by addition of nucleating agents, blending
with plasticizers or modifications in the chain structure as ramification by means of chain extenders.

Under industrial melt processing conditions, crystallization most often proceeds via
heterogeneous nucleation. In order to enhance the crystallization rate, nucleating agents are
frequently added to polymer formulation, with most commonly used nucleating agents detailed in
literature reviews [33,68]. Unfortunately, most nucleating agents are not bio-based, nor
biodegradable. For instance, talc is a highly efficient, as it can improve the half-time of crystallization
of PLLA by more than one order of magnitude [56,69] but is not bio-based. Some bio-based
compounds have been tested as nucleating agents for PLLA, revealing an ability in enhance the
crystallization rate of PLLA, but with an efficiency not comparable to talc [69-71].

Crystallization rate can be enhanced also with addition of plasticizers, which shift 7, to lower
temperature, increasing chain mobility, thus enhancing crystallization rates. Effective plasticizers for
PLLA are also broadly studied, most common ones include Polyethylene Glycol (PEG) [72,73]
Acetyl trietyl citrate (ATEC) [69], Trietyl Citrate (TEC) [74,75], Tributyl Citrate (TBC) [76,77], and
also CO, [78-81].

Chain branching may also have positive effects on crystallization kinetics. The effect of
chain branching on crystallization rate depends on the degree of branching and on branch length [82—
85] and the crystallinity of the branched polymer can be controlled by tailoring the length of the side
chains [86]. In particular, Long Chain Branching (LCB) is well known to have a significant effect
on crystallization properties and even a small amount of LCB can improve crystallization kinetics
and increase crystallization temperature, by increasing the number of nucleating sites [82,87—89].
The branching points, which can be regarded as a point of intersegmental connection, as well as
chain directional change at branching points, are also expected to disturb the segmental mobility for
the nuclei formation and/or the growth of crystallites [26], and there is a critical degree of branching
below which crystallization rate of PLLA can be enhanced [25].

Crystallization kinetics of PLLA is a hot research topic, since crystal structure, fraction and
morphology can strongly influence the applications of PLLA, as mentioned above. PLLA is
commercially used as packaging material, or in single-use disposable items. Being biocompatible,
bioresorbable and safe for contact with biological tissues, one of the main field of applications is the
biomedical one. PLLA finds uses in tissue engineering [86], cardiovascular devices [87,88] and as
drug delivery system [89,90]. Regarding the techniques used for processing PLLA, in the biomedical
field as for skeletal tissue engineering, devices and sensing applications, the most used are 3D

printing [91], electrospinning [68] and foaming [93,94]
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1.3 Poly(L-lactic Acid) Foaming

Foams are materials made by two phases in which one is in the gaseous state. Among the
existing foams, polymeric foams are widely produced because of the wide set of properties that arise
from their cellular structure which give them a large range of tunable properties.

According to the Smithers’ Annual Report on polymeric foam market, in 2021 the polymer
foams market is estimated to reach 29,357 thousand tons and is expected to grow to 37,254 thousand
tons in 2026 with a growth rate of 4.9% over this period [95]. In 2020 the largest part of the market
was held with 51% by polyurethane which is used in industrial sectors such as automotive and
construction, followed by the 37% of polystyrene used for packaging.

Due to the possibility of being designed, cut and fabricated to hold any shape, accommodate
any weight and absorb shock to protect delicate products, among all the polymer processing, foams
are one of the most used in packaging industry. As an example, polyurethane (PU) is a relatively soft
foam, useful for fragile and lightweight items or for those sensitive to vibration. Conversely,
expanded polystyrene (EPS) is broadly used in food packaging industry due to its low production
cost, excellent properties and low weight. Besides the environmental and pollution problems caused
by its extensive consumption [96], EPS can also be harmful for human, since styrene, its monomer,
is a causal agent of various diseases including cancer [97-99].

Coupling such a broad market, with the need in the reduction of oil-based non-biodegradable
plastics, replace the commodity polystyrene and polyurethane foams with bio-based polymeric foams
would be environmentally very attractive. Among bio-based polymers used in the production of
foams for packaging, biodegradable polyesters as polyvinyl alcohol and PLLA are extensively used
in blends, mainly with starch, giving products with good properties [100,101].

In addition to packaging, foams produced from biodegradable polymers are widely used as
sound and thermal insulators in construction but also as medical devices, as tissue scaffolds or drug
delivery. However, bio-based foams still have poorer properties like water and moisture resistance,
or mechanical, thermal and barrier properties, if compared to conventional oil-based polymer foams
[102,103]. Thus, research is focusing on improving properties to reach the excellence of conventional
plastics.

Polymer foams are generally produced by the addition of a chemical or a physical blowing

agent [104]. The use of chemical blowing agent often makes the whole process and the final cell
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structure hard to be controlled, hence current research is mainly focused on physical blowing agents
like supercritical fluids. Most commonly used one is CO,, due to its pressure—tunable properties,
which provides opportunities in controlling polymer-fluid interactions [105].

There are three main foaming technologies: extrusion foaming, bead foaming and injection
molding foaming. They are all conducted by dissolving the physical blowing agent in the polymer
matrix. After the dissolution of CO,, cell nucleation and growth occurs trough a rapid pressure drop
or an increase in the temperature. The thermodynamic instability generated by the process,
determines the expulsion of the dissolved gas from the polymer matrix with sudden formation of
bubbles. The stabilization of the cells occurs upon vitrification, or by crystallization of the polymer.

There are various key factors to be controlled to reach the success in a foaming experiment.
The diffusivity of the blowing agent, which depends on molecular architecture and on chain
configuration and interactions of the polymer, and influences concentration of the gas in the polymer
matrix; the interfacial tension and the variation in the characteristic temperatures, i.e glass transition,
crystallization and melting temperatures; rheological properties of the polymer during the whole
process.

The first documented attempt of PLLA foaming was reported in 1996 by Mooney et al. [106]
with batch foaming technique, followed by an early extrusion foaming conducted in 2000 by
compounding PLLA and starch [107]. Starting from then, PLLA foaming has attracted interest and
is commercially established with several patents as bead foams, mostly owned by Synbra Technology
BV (BioFoam®) [108] and BASF SE (ecovio"EA) [109].

There is a wide range of applications for PLLA foams, such as packaging material, panels
and sandwich composite cores, sound insulating element and construction [104]. The use of PLLA
in foaming is limited by processing instability, caused by cleavage of the chains and decrease in
molecular weight, due to thermal, oxidative and hydrolytic degradations [110]. Additional
shortcomings that may limit processability of PLLA include low melt viscosity [111], low
crystallization rate, brittleness and low impact resistance. Crystallization rate can be improved by
using chain extenders to create a branched structure [112], blending with oligomeric PLLA [113]
and compounding PLLA with different additives as plasticizers or nucleating agents [114,115] as
summarized above.

The use of supercritical CO, (scCO,) i.e. CO, at pressures and temperatures above the critical
point, is not limited to physical blowing agent in foaming PLLA, but it can be used also as a medium
to alter crystallization behavior of PLLA. scCO, can influence, in fact, the crystalline properties of
the polymer [116-119], since it can swell and plasticize it, leading to a depression of the 7, [120].
This leads to an increase in the chain mobility at processing temperature, and then to an easier
reorganization of polymer chains, which results in a faster crystallization of the polymer. Enhancing

crystallinity of PLLA can improve the low melt strength, and extend the range of applications [121].
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This plasticization effect of CO, has been explained via a decrease in the activation energy required
for the crystallization process while gas pressure increases [79,122,123], this means that the
reduction in the interfacial tension of polymer/gas mixture, facilitates the creation of a new interphase
in the amorphous phase [79].

The increased chain mobility favored by CO; not only increases the crystallization rates of
PLLA, but can also induce formation of a mesophase, named o'’-modification, as detailed [53] in
paragraph 1.2, above. It has been demonstrated that mesophase not only accelerates crystallization
of PLLA by increasing the nucleation density [54], but also influences the crystals morphology,
because crystallization proceeding via CO,-induced mesophase leads to mnon-spherulitic
morphologies consisting of nano-rods [52].

The assortment of uses for PLLA foams depends on the morphology of the foams that can
be obtained in the dimension varying from nano-foams to micro-foams, shape and distribution of
cells within the material, and shape of the walls between cells. Aspects governing foam morphology
are the rheological properties and the microstructure, i.e. crystal morphology and chain
reorganization, of the polymer which can in turn be tuned by different strategies. Blending with
different polymers, such as LDPE, to create miscible or immiscible systems altering the
crystallization behavior can improve microcellular foaming behavior of the polymer [124]. Chain
branching by means of chain extenders can increase PLLA molecular weight, melt viscosity and
elasticity, resulting in fine and uniform foam morphology with an increase in the expansion ratio
[93,125-128]. Also the introduction of stereocomplex crystallites (SC) [133] can influence foam
morphology; the presence of SC enhances the melt strength of the polymer, resulting in foams with
circular round cells and a reduced cell coalescence and collapse, with a wider foaming process
window. The influence of stereoregularity of the chain was also studied: a decreasing the D-lactide
content, the crystallization rates increase and are further enhanced by the plasticizing effect of CO,
[130] and this may result in a higher expansion ratio and smaller cells [117].

One extensively studied methodology to control the foam morphology is to add nucleating
agents which, similar to what happens in the crystal nucleation, reduce the energy for the nucleation
process leading to an increase in the bubbles nucleation rate [131]. The route of foaming PLLA
nanocomposites is widely followed to obtain micro-foams with a high cell density, where
nanoparticles included in the polymer matrix act as heterogeneous nucleating sites for bubbles. Many
nucleating agents have been tested giving a favorable effect on foaming by reducing cells average
diameter and enhancing cell density. As example, a PLLA composite containing 3 wt% of halloysite
develops 2*10° cells/cm’® [132], talc increases cell density by an order of magnitude and improves
the uniformity of cell size [133], while and addition of 5 wt% of modified silica nanoparticles
increases the cell density by ~ 80 times respect to neat PLLA foams [134]. Despite the favorable

effect on cell nucleation obtained by compounding with additives or polymers, these methods can
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alter the biodegradation and biocompatibility of the material. Then, for biomedical and better
biodegrading applications, an internal nucleating agent could be ideal.

According to heterogeneous nucleation theory, crystals already present or developed upon
solubilization/foaming can promote bubble nucleation during foaming [81]. CO, segregates in the
interphase between crystal and amorphous fraction and the number of cells increases with spherulite
density and surface area [135] with a result, in terms of expansion ratio, even better if compared to
branching. When crystallized, foamed linear PLLA exhibits a higher expansion ratio compared both
to the amorphous one, while crystallization on branched PLLA increases the stiffness of the polymer
at low foaming temperatures and leads to a rise in the viscoelastic properties at high temperatures,
resulting in a lower expansion ratio [81]. It was also found that increasing CO, pressure and
saturation time, the induced crystallinity degree increases and the pore structure of foams varies with
the crystallinity degree. A higher crystallinity increases the stiffness of the polymer resulting in a
reduced cell growth and further expansion, while a lower amount of smaller crystals promotes both
cell nucleation and growth, enhancing the expansion [140].

Tuning the induced crystallinity, different novel morphologies can be obtained, such as
layered, core-skin and interconnected structures [136]. The dimension and morphology of the
crystals are significant in the cellular structure; larger spherulites lead to round objects surrounded
by elongated cells, while smaller spherulites cause stamen like cells [137]. Controlling the saturation
temperature or pressure affects crystal morphology. Formation of spherulites at low crystallization
temperatures (80 - 100 °C) leads to a uniform and closed cell structure, while increasing foaming
temperature to 120 °C the unstable crystalline structure disappeared and an open cell structure has
obtained [138]. This is due to the various crystal modifications which can develop in dependence of
thermal history [139]; the efficiency of cell nucleation changes for different degrees of crystal
perfection and crystal forms. Imperfect o'-crystals grown in presence of CO, lead to a more efficient
cell nucleation respect to that exerted by more regular a-crystal. After cell nucleation on the surface
of imperfect a'-crystals nano-cellular foams have been obtained, with a micro/nano transition
temperature for PLLA at 117 °C [140].

The results reported until this point, could let the reader look at the broadening of
crystallization window and the enhancement in crystallization rates of PLLA as the perfect route to
improve foaming efficiency. Unfortunately, an increase in the crystal fraction, favored by dissolution
of the foaming agent at high pressure, can interfere with foam formation [116,135,136] reducing the
sorption of scCO; and increasing the stiffness of the polymer which hinders expansion [141].

Despite the efficiency of prior crystallization of the polymer in promoting bubble nucleation,
the crystal fraction should be not too high, as it can hinder cell expansion. An ideal situation would
imply partial ordering of the polymer, with a high number of crystals able to promote onset of

foaming, whose dimension is so small that the overall crystal fraction before foaming process is
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limited. Such ideal situation may be attained with formation of very small ordered chain aggregates,
with large surface/volume ratio, not leading to sizable crystallinity, but able to promote bubble
growth. One example may be provided by homogeneous crystal nuclei (HCN). HCN, detailed in
Section 1.2, are small parallel chain aggregates that develop upon annealing semicrystalline
polymers, including PLLA, at temperatures close to 7, and can act as nucleation sites for crystal
growth, generating a large number of crystals with a high surface/volume ratio. The most important
characteristic of homogeneous crystal nuclei is a negligible initial crystallinity of the polymer
containing HCN [55], because at nucleation temperature crystal growth is almost negligible and the
developed crystal fraction is not even measurable [142].

Another type of ordered structure with large surface/volume ratio is PLLA mesophase, also
discussed in Section 1.2, which develops in a nanorod morphology that is maintained upon transition

to stable a-crystals. This difference in the crystal morphology is expected to influence foaming.
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1.3 Aim of the work

Starting from the need to find an ecological and economic solution to improve the properties
of biodegradable polymers and to optimize the morphology of their foamed products and make them
comparable to the efficiency of common plastics, the aim of this thesis is to offer a methodology that
allows to tune these characteristics quickly and without adding external components to PLLA.

The strategy is to modify both the crystallization properties of the polymer and the
morphology of the foam, by exploiting thermally-induced chain reorganization and the interactions
between polymer chains and CO,. This work focuses on the influence of internal nucleating agents
to enhance both crystallization and bubble nucleation, exploiting the interplay between crystals and
bubble nucleation in foaming PLLA with CO,.

In Chapter 2, a study on the influence of radical branching on the crystallization kinetics of
PLLA is described. Optically pure PLLA short chains, with low molecular weight were radically
branched to a commercial poorly crystallizing PLLA. The efficiency of the grafting reaction was
evaluated, and the influence of branching on crystallization rates and crystal nucleation efficiency
was studied. The optically pure branches act as molecular nucleating agents, leading to a cooperative
crystallization which enhances the crystallization rates of the polymer. In other words, this represents
a successful attempt to improve thermal properties of PLLA without the use of different chemicals.

In Chapter 3, the study focuses on exploiting homogeneous crystal nuclei as heterogeneous
nucleation sites for bubbles. A method to produce a mono material PLLA foam with a morphology
tunable just by a thermal pre-treatment is presented. After an evaluation of nuclei density and on
their influence on crystal fraction of the polymer, homogeneous crystal nuclei as enhancers in PLLA
physical foaming are studied to understand their influence on foam morphology and expansion ratios.

In Chapter 4, the work goes on the other side of the mirror and focuses on the influence of
CO; on crystallization behavior of PLLA. Preliminary results on kinetics of mesophase growth as a
function of gas pressure and sorption time are reported, and the interplay between the mesophase and
homogeneous crystal nuclei on crystallization kinetics are studied. Due to the need of an optimal

thermal control, also the design of a new batch foaming reactor is presented.
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Chapter 2

Enhancement of crystallization Kinetics
of poly(L-lactic acid) by grafting with

optically pure branches'

2.1 Introduction

Poly(L-lactic acid) (PLLA) is the most extensively studied and used biodegradable and
renewable thermoplastic polyester, due to its potential to replace conventional oil-based polymers
[1,2]. PLLA is produced by ring-opening polymerization of lactide, the cyclic dimer of lactic acid
(LA) [3-5]. The latter, 2-hydroxypropanoic acid, CH;—CH(OH)-COOH, is a naturally occurring
organic acid that was discovered in sour milk in 1780 [4]. Lactic acid has an asymmetric carbon
atom, which results in two optically active forms called L-lactic acid (L-LA) and D-lactic acid (D-
LA). Commercial PLLA grades are produced from a mixture of both isomers, most commonly
containing 96-98% of L-isomer. The presence of both L-LA and D-LA segments in the polymer chain
makes PLLA a random copolymer, hence its properties are largely affected by the co-unit content
[6-8].

LA can be produced either from petrochemical resources or from annually renewable
feedstocks. The first process involves hydrolysis of lactonitrile, a byproduct of acrylonitrile

production, and results in a racemic L-LA / D-LA mixture, which is a severe weakness [9]. The

! The work presented in this chapter has been published as: Longo A., Dal Poggetto G., Malinconico M.,
Laurienzo P., Di Maio E. and Di Lorenzo M.L, 2021. Enhancement of crystallization kinetics of poly(L-lactic
acid) by grafting with optically pure branches. Polymer 227, 123852. DOI:
https://doi.org/10.1016/j.polymer.2021.123852
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second process relies on microbial fermentation and can generate almost optically pure L-LA or D-
LA [4]. This process has a number of additional advantages, namely the use of renewable
carbohydrate biomass as feedstock, and low energy consumption due to low temperature processing.
For these reasons, almost all lactic acid produced globally comes from microbial fermentation
technology.

Despite the several favorable properties, PLLA has a few drawbacks that have limited so far
a wider commercial exploitation. The slow crystallization kinetics is probably the major weak point
of PLLA, as it hampers the attainment of degrees of crystallinity suitable for the mechanical, thermal
and transport properties, among others, required in several commercial products [1,2]. It also affects
foaming, with PLLA foams being of large industrial interest for biological and medical applications
(e.g., tissue engineering and medical implant materials) [10-13]. As typical for random copolymers,
chain composition largely affects crystallization kinetics of PLLA, which becomes increasingly
slower with the decrease of stereoregularity of the polymer chain [7,14—16]. However, the high cost
of purification of the monomer limits production of highly stereoregular PLLA [4,5], i.e. of a faster
crystallizing polymer.

Huge research efforts have been devoted in the latest two decades to improve crystallization
kinetics of PLLA. Major successful routes include variation of formulation, eg. by the addition of
nucleating agents and/or plasticizers, and a tailored chain structure, which may involve branched or
multi-arm architectures that also largely affects processing and foaming behavior.

Several literature reports indicate that long-chain branching (LCB) has a significant effect
on polymer crystallization, and that a small amount of LCB can increase the number of nucleus sites,
resulting in a higher rate of crystallization [17-20]. In the case of PLLA, both an enhancement and
a diminution of crystallization rate have been observed, determined by the degree of branching and
the branch length [20-27]. The branching points, which can be regarded as a point of intersegmental
connection, as well as chain directional change at branching points, are also expected to disturb the
segmental mobility for the nuclei formation and/or the growth of crystallites [26], and there is a
critical degree of LCB below which crystallization rate of PLLA can be enhanced [25].

Blending with oligomeric PLLA can lead to a faster crystallization rate, as it results in an
enhanced chain mobility due to a decrease of the glass transition temperature (7,) [28,29]. Tailored
blending of a poorly stereoregular, high molar mass polymer with a low molar mass one produced
from pure L-LA, can exploit both favorable effects of blending with low molar mass component, and
its faster crystallization rate. In fact, a marked improvement of crystallization rate was demonstrated
by blending a typical commercial PLLA, with high molar mass (120 kDa) and containing 4% of D-
isomer, with a PLLA grade of high stereoregularity, made of pure L-isomer, and a much lower molar
mass of 4 kDa [30]. Both crystal growth rates and nucleation kinetics were sizably improved. The

faster nucleation rate was linked to the easier crystallization of the regular short chains, which start
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to crystallize at higher temperature than the long molecules of the high molar mass polymer, acting
as crystal nuclei for the subsequent crystal growth that involves both species [30].

As mentioned above, chain branching can also have positive effects on crystallization rate,
but, to our knowledge, the effects of branching on crystallization rate of PLLA has been investigated
only for polymers where the branches and the main chain have the same L-LA/D-LA ratio. It may be
possible that branches made of optically pure L-LA can enhance crystallization rate of a poorly
stereoregular grade with high molar mass, similarly as found for the blends.

In order to compare the effect of a varied chain structure with the effect of blending, a
branched PLLA was prepared using the same PLLA commercial grade of Ref. [30] as main chain,
i.e. a high molar mass polymer containing 4 % D-isomer, with side branches made of pure L-LA of
the same molar mass of the diluent used in Ref. [30]. The graft copolymer was prepared by initial
functionalization of PLLA with itaconic anhydride (IAH), followed by reaction of grafted anhydride
groups with a tailor-made hydroxyl-terminated, optically pure PLLA, with molar mass M, 4,000 Da.
Itaconic anhydride was preferred to the most commonly used maleic anhydride (MAH) [31-33], not
only because the C=C double bond located out of the anhydride ring makes IAH more reactive than
MAH towards radical grafting, but also because IAH can be derived from renewable resources, hence
the resulting graft copolymer remains fully bio-based [34,35].

Details of polymer synthesis and characterization are presented below, together with analysis
of crystallization kinetics, where crystal growth and overall crystallization rates are compared to the
neat polymer, as well as to a blend made of commercial PLLA containing 4 wt% of D-isomer, and
optically pure PLLA with molar mass M, 4,000 Da, where the blend has the same nominal
composition of the graft copolymer. The aim is to define the effects of chain architecture, apart from

the influence of the same pendant groups on crystallization kinetics of PLLA

2.2 Materials and methods

Materials

A commercial PLLA grade (c-PLLA) with L-isomer content of 96 % and melt-flow index of
6 (210 °C/2.16 kg), grade name PLA Lx175 [36] was kindly provided by Total Corbion (The
Netherlands). Before processing, the polymer was dried in a vacuum oven overnight at a temperature
of 60°C to remove excess of moisture and avoid degradation. Pure L-lactide (LLA), also kindly
provided by Total Corbion (The Netherlands), was dried, prior to use, under high vacuum in presence
of P,Os for 20 h. Chloroform, dichloromethane, ethanol, acetone, diethyl ether, and 1,2-

dichlorobenzene were purchased from Romil as HPLC grade. Itaconic anhydride (IAH), Luperox

31



101 (L;o1), tin(IT) 2-ethylexanoate (Sn(Oct),), sodium hydride (NaH) and Disperse Red 1 (DR1) were
purchased from Sigma Aldrich and used without further purifications. 1-decanol (Sigma Aldrich)

was dried for 20 h over molecular sieves 3 A before use.

Synthesis of PLLA-g-PLLA copolymer

Synthesis of hydroxyl-terminated PLLA with molar mass 4,000 Da

Hydroxyl-terminated PLLA with molar mass 4000 Da (PLLA4) was synthesized by ring-
opening polymerization using L-lactide as monomer, Sn(Oct), as catalyst and 1-decanol as initiator.
Based on literature data [3—5], the monomer to initiator ratio was set at 27.75, with the aim to obtain
a value of M, around 4,000 Da.

In a round bottom flask, 10.09 g (0.07 mol) of LLA were charged. After monomer melting,
the initiator (0.4 g, 0.0025 mol) and then the catalyst (760 pL) were added and the reaction was
carried out for 24 h at 120 °C under argon atmosphere. The product was solubilized in 15 mL of
chloroform and precipitated in a large excess of ice cold diethyl ether. The final polymer was filtered
and dried under vacuum overnight. (yield = 88 %).

"H-NMR: 0.88 ppm (-CHjdecanol> t, 3H),1.27ppm (-CH; gecanol, m, 14H),1.58 ppm (-CHj prpa,
d, 168H), 4.35 ppm (>CH-OHp 1A term> 9, 1H), 5.17 ppm (-CHp1a, g, S6H). Mn evaluated by NMR=
4104 Da.

Functionalization of PLLA with Itaconic Anhydride by radical grafting

In order to prepare copolymers with controlled grafting degree, c-PLLA was functionalized
with IAH [33,35]. Reaction was performed using a Brabender-like apparatus Rheocord EC of Haake
Inc. (Vreden, Germany), using 98.7 wt% of c-PLLA, 0.8 wt% of IAH, and 0.5 wt% of peroxide L¢;.

The reaction was carried out at 190°C and 30 rpm mixing rate. c-PLLA was loaded and
melted for 2 minutes, then IAH was loaded into the chamber and the mixture was homogenized for
1 minute. Lastly, the initiator L,¢; was added and the reaction was carried out during mixing for the
next 6 min. The reaction product was purified by dissolving in 1,2-dichlorobenzene (concentration
10 wt %) at 180 °C using a reflux condenser, precipitated in a large excess of ethanol and then washed
in ethanol for three times to remove unreacted c-PLLA. The supernatant containing unreacted
monomer (IAH) was removed by filtration and the final product was dried overnight at 60°C under
vacuum.

The dried product was washed in acetone at room temperature for 48h to selectively remove
low molar mass degradation products and any residues of unlinked IAH. The solvent was removed
after sedimentation and the purified product (PLLA-IAH) was dried under vacuum and used for

further characterization and branching reaction.
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Coupling reaction of PLLAy with PLLA-IAH

PLLA-IAH (1.00 g, corresponding to 4.90 - 10” mol of IAH) was dissolved with dry
dichloromethane (25mL) in a round bottom flask at 60°C under argon atmosphere. A solution of
PLLA4 (0.27 g,5.13 - 10° mol) in 15 mL of dichloromethane containing 0.0012 g (5.13 - 10 mol)
of NaH (corresponding to a molar ratio PLLA4/NaH = 1/1) was prepared separately, and maintained
under continuous stirring at room temperature until hydrogen bubbling stopped (around 20 minutes).
The two solutions were then merged and stirred under argon stream at 60°C overnight. The mass
ratio between PLLA-IAH and PLLA corresponds to 80/20 w/w. The final solution containing the
crude product was first centrifuged to remove insoluble impurities, then concentrated by rotavapor
and finally poured in cold hexane to precipitate the product. (yield= 90 %).

To estimate the mass of unreacted PLLA4, and to remove any other side reactions products
involving degradation of polymers, the final product was dissolved in chloroform and dialyzed in a
dialysis membrane (cut-off 12,000 Da) against chloroform for 48h to ensure a complete extraction.
Then the dialysis membrane was removed and the washing chloroform containing unreacted PLLA
and any side reaction product was evaporated by rotavapor. The amount of the recovered residue was
weighed and found less than 1% wt of total initial mass, indicating the high efficiency of the reaction

and absence of side and degradation reactions.

"H NMR analysis

'H and "*C NMR spectra were recorded on a Bruker Avance DPX-400 apparatus operating
at 400 MHz. Sample concentrations were about 0.7% (w/v) in CDCls.

Gel permeation chromatography

Gel permeation chromatography (GPC) analysis was performed with a GPC Max Viscotek
equipped with a Malvern TDA with refractive index (RI), right angle laser light scattering (RALS),
low angle laser light scattering (LALS) and intrinsic viscosity (/V) detectors. Samples were dissolved
and eluted in THF (Romil) at flux of 0.8 ml min™, with injection volume of 100 pl, concentration of
5 mg mland analyzed through a column set composed by a precolumn and two columns Phenogel
Phenomenex, with exclusion limits 10° and 10° Da.

All samples were evaluated with triple point calibration (polystyrene standard M, = 101,252
Da and M,, = 104,959 Da).

GPC OmniSEC software allows to evaluate the weight average number of branches per
macromolecule (B,) of a polydisperse sample and the branching frequency (A) considering c-PLLA

as linear reference. B, is calculated starting from Eq. 1
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where g' is the intrinsic viscosity contraction factor and [#], and [#]; are the intrinsic
viscosities of branched and linear samples, respectively. The parameter g' is correlated to the radius

of gyration contraction factor (g) by the following equation (Eq. 2)

g =g° ()

where ¢ is the shape factor, which is taken to be 0.75 [37].
The relation between the number of branches per molecule B, and the contraction factor is

described by the following Zimm—Stockmayer equation (Eq. 3) [37]
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The branching frequency (1) is calculated as follows (Eq.4):
Bn
A=100R—— @)
Mw

where R is the molecular weight of the repeating unit (72 Da) and Mw is the molecular weight

of the polymer.

Fourier Transform Infrared Spectroscopy

Functional groups characteristics of PLLA-IAH were observed via Fourier Transform
Infrared Spectroscopy (FTIR), using a PerkinElmer FTIR Spectrometer Model Spectrum 100, in
reflection mode. The instrument is equipped with a PerkinElmer Universal Attenuated Total
Reflectance (ATR) sampling accessory with a diamond crystal. Each spectrum was determined as
average of 16 individual scans, each one recorded at a resolution of 4 cm™'. Chloroform was used as

solvent to prepare cast films for FTIR-ATR analyses.
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UV-Vis spectroscopy

The effective amount of IAH grafted on PLLA chains was quantified via UV-Vis analysis.
UV-Vis absorption spectra were recorded in the 200 - 800 nm range, at a 0.5 nm/s scan rate, using a
Jasco UV-Vis spectrophotometer Mod. V570. DR1was used as chromophore.

The chromophore solution was prepared by dissolving 0.07 g of DR1 in chloroform, then
stoichiometric amount of NaH was added to deprotonate DR1. Once bubbling of hydrogen stopped,
this solution was mixed with 1g of PLLA-IAH in 25 ml of chloroform and the reaction was carried
out for three days. The product, named PLLA-IAH-DR1, was precipitated and washed several times
in cold diethyl ether until the UV-vis spectrum of the washing solution showed no more presence of
dye, then vacuum dried for 24 hours at room temperature. Absorbance was measured for a solution
with a concentration of 6 * 10° M (20mg/mL) of PLLA-IAH-DR1, and compared with a solution at
the same concentration of DR1 in chloroform. The amount of IAH grafted onto the polymer

backbone was determined by means of Lambert-Beer equation:

A= ¢bc )

where 4 is absorbance at 475nm, ¢ is the molar absorption coefficient of DR1, b is the molar
path that amounts to 1 cm in the specific configuration used, and c is the molar concentration of the
solution. Molar absorption coefficient of DR1 was determined by measuring the absorbance of
solutions at different concentration, attained by progressive dilution of a DR1/CHCl; solution with
initial molar concentration of 5-10% M (0.16mg/ml). Interpolating the absorbance values
corresponding to the maximum of the absorption peak of DR1 at 475 nm, a molar absorption

coefficient of DR1 in chloroform was calculated as € = 8.03 L mol'em™.

Preparation of PLLA-IAH/PLLA 4 blends

Binary blends with the same nominal composition of the branched polymer were prepared
by solution casting using chloroform (0.04g/mL), to attain films with a thickness of about 200 um.

Once the solvent was evaporated, the samples were further dried under vacuum for 24 h.

Thermal analysis

Thermal properties of the samples were investigated using a Perkin-Elmer Pyris Diamond
DSC, equipped with an Intracooler II as cooling system. Temperature and energy calibration was

performed with a high purity indium standard.
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To analyze isothermal crystallization kinetics, the samples were melted at 200 °C for 2 min,
then cooled to the desired crystallization temperature (7,) at 30 K min™'. The same melting conditions
were used to investigate non-isothermal crystallization analysis: the various formulations were
melted at 200 °C for 2 min, then cooled at 30 K min™ to 160 °C, followed by cooling at 4 K min™ to
room temperature. Glass transition was analyzed after melting at 200 °C for 2 min, followed by fast
cooling at the programmed rate of 100 K min™ to 0 °C, then heating at 20 K min™".

Dry nitrogen was fluxed as purge gas at a rate of 30 mL min™'. A fresh specimen was used

for each analysis. All the experiments were repeated three times to ensure reproducibility.

Optical microscopy

A Zeiss Axioskop polarized-light optical microscopy (POM) and a Linkam THMS 600 hot
stage were used to measure spherulite growth rates. A thin film of each sample (thickness less than
10 um) was obtained by squeezing between two circular Linkam cover slips on a hot stage and
manually pressing. For the analysis of crystallization kinetics, the samples were melted at 200 °C for
2 min, then cooled at 30 K min™ to 7.. Nitrogen gas was fluxed in the Linkam hot stage to limit
degradation.

A Scion Corporation CFW-1312C Digital Camera coupled with Image-Pro Plus 7.0 software
(Media Cybernetics) was used to capture images at a pre-defined sampling rate. Spherulite radii were

plotted as a function of time to obtain spherulite growth rates by linear fitting.

2.3 Results and Discussion

Synthesis and characterization of PLLA-g-PLLA 4 copolymer

Functionalized PLLA can be prepared following two main strategies: ring opening
polymerization (ROP) of selectively modified lactides, or post-polymerization modification [3-5].
The latter consists in preparation of new materials through modification of pre-synthetized polymer
precursors, and is preferred as it allows to characterize the initial polymer before functionalization
and to tune the degree of modification. In this work, a graft PLLA copolymer of predefined structure
and composition was synthetized in two steps: in the first step a functional group (IAH) was
introduced along the main chain of c-PLLA through radical grafting, and in the second step a pre-
synthetized PLLA4 was covalently bonded as side branches by nucleophilic attack of the terminal
hydroxyl of PLLA4 previously activated with sodium hydride [38], to the B-carbonyl of anhydride,

which has less steric hindrance. The synthetic route is illustrated in Figure 2.1.
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Figure 2.1. Synthetic route to PLLA-g-PLLA 4

In the first step, the radical grafting of IAH was performed in a Brabender-like apparatus,
operating in mild conditions with low percentages of reactants, in order to limit side reactions and
degradation. This was followed by multistep purification, as detailed above, to eliminate all by-
products and, in particular, low molar mass PLLA chains [34,35]. Confirmation of successful
grafting was obtained by FTIR and GPC, and degree of modification was quantified by UV-Vis as
discussed below.

PLLA with molecular weight around 4 kDa was synthesized by classical ROP
polymerization of LLA, using 1-decanol as initiator. The molecular weight was controlled by the —
OH/LLA molar ratio in the feed and calculated by the ratio between the intensities of the resonance
associated with >CH—OH proton of PLLA terminal at 4.35 ppm and the resonance of -CH proton of
the repeating unit at 5.17 ppm in the NMR spectrum.

The second step concerns the binding of PLLA4 to the carbonyl group of IAH. Due to the
purpose of the present work to make a comparison between the effect on crystallization kinetics of

chain branching with respect to blending of a low amount of higher stereoregular PLLA [30], the
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desired amount of PLL A4 branches should not be higher than 20 wt%. Therefore, a PLLA-IAH with
low amount of IAH, corresponding to 0.5 wt%, was chosen to obtain the desired branching degree.

Before the second step of synthesis, the amount of IAH grafted on PLLA chains was
quantified. To prove the presence of grafted IAH on PLLA chains, PLLA-IAH was analyzed via
FTIR-ATR. Unfortunately, most of IAH absorption bands overlap with PLLA ones. Absorption band
at 1750 cm™ related to C=0 stretching vibrations of cyclic anhydrides is fully hidden under the C=0
stretching vibration of PLLA and this, together with low concentration of IAH, hampers the use of
this band to prove the presence of grafted anhydride.

In order to overcome these problems, it was attempted to normalize both c-PLLA and PLLA-
IAH spectra to the band at 1167 cm related to the C—C vibrations between CHj; and tertiary carbon
of PLLA backbone. As reported in Ref. [35], where non-reacted PLLA is compared to PLLA
containing 5 and 10 wt% IAH, this normalization should allow to detect an increase in the intensity
of C=0 stretching band from neat c-PLLA to PLLA-IAH. Unfortunately, this variation could not be
appreciated in our samples, where concentration of IAH is only 0.5 wt%, too low to show a
perceptible difference between the two spectra in analysis, as demonstrated in the insert of Figure

2.2.
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Figure 2.2. FTIR spectra of IAH, c-PLLA and PLLA-TAH

Focusing on the wavenumber range of 2800-3100 cm™, FTIR spectrum of PLLA-IAH shows
two absorption bands at 2854 and 2925 cm™ which, according to Ref. [35], can be assigned to CH,—
functional groups of the grafted anhydride. Even if these bands are not present in the spectrum of
pristine c-PLLA, they cannot uniquely prove the effectiveness of grafting reaction, which could be

related also to CH,— terminal groups generated by a chain scission reaction. However, mild
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polymerization conditions and a low [L¢;] have been selected to reduce the chance of side reactions,
then purification of PLLA-IAH in acetone for 48 h selectively extracts low molar mass chains,
therefore most of any chain scission products are removed in this step. These considerations support
the effectiveness of grafting reaction.

Figure 2.3a shows the 'H NMR spectra of PLLA-IAH and PLLA-g-PLLA,. In both spectra,
besides the peaks associated to the main polymer chain [39], the small signal at 2.5 ppm (denoted as
“a” in the Figure), absent in PLLA spectrum (not shown), is related to grafted IAH, as it can be
attributed to the -CH,- of the anhydride ring, generally located in the region 2-3 ppm [33].
Furthermore, the absence of the resonance characteristic of -C=CH, protons of free anhydride in the
range 4.5-5.5 ppm supports the occurrence of chemical grafting of IAH on PLLA chains. In PLLA-
g-PLLA4 spectrum, three new peaks attributed to grafted PLLA4 are observed at 3.75, 1.27 and
0.88 ppm. The resonance at 3.75 ppm can be assigned to the —CH- proton of the terminal unit of
PLLA. conjugated to IAH (denoted as “b” in the Figure) and is specific to the occurrence of a
chemical link between IAH and PLLA4 The peaks at 1.27 and 0.88 ppm are respectively attributed
to -CH,- and -CHj; protons deriving from 1-decanol used as ROP initiator of PLLA4. BC NMR
analysis of PLLA-g-PLLA4 confirms the occurrence of grafting and coupling reactions. The
spectrum (Figure 2.3b) shows, besides main chain signals (C=0, 169.61 ppm; CH, 69.02 ppm; CHs,
16.65 ppm), the peaks relative to carbonyls (e', 169.36 and e, 169.15 ppm) and CH-CH, (d’, 66.72,
and d, 65.72 ppm) of anhydride, and to aliphatic carbons from 1-decanol in PLLA4 (35-20 ppm
range).

All these evidences, together with the absorption bands reported in FTIR spectrum,

corroborate the efficiency of grafting and coupling reactions.
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Figure 2.3b. ’C NMR spectrum of PLLA-g-PLLA
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Due to the low intensities of IAH signals, NMR could be not accurate for a reliable
quantitative evaluation. Liu et al. [40] suggested an alternative method for quantification of grafted
anhydride by means of UV-Vis spectroscopy. Thus, in order to determine the functionalization
degree, the product was analyzed with UV-Vis spectroscopy, after conjugation of PLLA-IAH with
DR1 chromophore. DR1 was chosen for the high solubility and for the presence of a reactive -OH
located far from the amino-4-nitroazobenzene chromophoric unit. This feature leads to only
negligible variation in terms of A,y after reaction with PLLA4. The reaction scheme is presented in
Figure 2.4. The reaction was carried out with an excess of chromophore in order to saturate all
anhydride groups with DR1. The synthesis pattern is analogous to the one previously described. DR1
was coupled to the carbonyl of anhydride via nucleophilic addition, after activation of the —OH group

of DR1 with sodium hydride:

HO
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PLLA-IAH-DR1

Figure 2.4. Synthetic pathway to PLLA-IAH-DR1

The reaction product was washed several times with diethyl ether, until the UV-Vis spectrum
of the washing solution was found free of dye. This purification ensures the separation of
unconjugated DRI, thus is possible to assume that the amount of DR1 determined via UV-Vis is
conjugated to PLLA-IAH.

UV-Vis absorption spectra of DR1 and PLLA-IAH-DRI1 are compared in Figure 2.5. Both
spectra show the typical absorption band of DR1 in chloroform at wavelength 475 mm, due to

interaction between azo functionality (-N=N-) and the attached aromatic moieties [41]. This
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absorption peak is present both in DR1 and in the PLLA-IAH-DR1 spectra, providing evidence of
the effectiveness of grafting reaction. More importantly, it allows to quantify the amount of IAH
grafted onto the polymer backbone. The grafting degree of IAH on c-PLLA backbone results to be
0.5 wt%.
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Figure 2.5. UV-Vis spectra of PLLA-IAH-DR1 and DR1

Further information on the efficiency of grafting reaction comes from analysis of GPC data,
presented in Table 1, which compares weight-average molar mass (M,,), number-average molar mass
(M,), molar mass at peak of the distribution curve (M,) and intrinsic viscosity (/}) of c-PLLA, PLLA-
IAH, PLLA4 and PLLA-g-PLLA4. Table 1 shows a sizable decrease of M, upon addition of IAH to
c-PLLA, which suggests some degree of chain degradation occurring upon functionalization reaction
concerning mostly low molecular weight fraction of polymer. This behavior is confirmed by a

decrease in M,, and by an increase of M,,

Table 2.1. Molar mass distribution and intrinsic viscosity of commercial and synthesized samples

Sample M, (kDa) M, (kDa) M, (kDa) 1V (dL/g)
c-PLLA 104 69 83 1.6
PLLA-IAH 122 33 110 0.75
PLLA 5.6 4.2 4.9 0.45
PLLA-g-PLLAy 191 52 110 0.54
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Despite PLLA-g-PLLA 4 shows higher values of M,, and M, than c-PLLA, it has a lower IV
suggesting the presence of branching [42]: the volume occupied by a branched structure is lower
than that occupied by a linear structure, which results in a lower /V for the branched polymer. GPC
data were used to derive Mark-Houwink plots, which relate molar mass to 7V [43], as presented in
Figure 2.6. Mark-Houwink equation describes a power law relation between molecular weight and
intrinsic viscosity, which is linear in the case of linear polymers. Branched polymers display
deviation from linearity related to branching [42], with the deviation increasing with the branching
number.

As seen in Figure 2.6, the commercial grade (c-PLLA, green curve) shows the highest /7,
due to the looser conformation in the eluent of the linear polymer (higher hydrodynamic volume)
with respect to the modified polymers; grafting with itaconic anhydride (PLLA-IAH, black curve)
leads to a slightly lower /V in the high M,, range, attributable to some branching arising from radical
recombination mechanisms, according to ref. 35. Intrinsic viscosity further decreases upon reaction
with PLLA4 (PLLA-g-PLLAy, red curve). Not only PLLA-g-PLLA4 shows the lowest IV, but it
also displays a more curved downward profile in the high molecular weight range, which is
characteristic of branched polymers [42].

Branching leads to an increase in the molecular density of the polymer, which is reversely
proportional to /V, and the radical grafting is more probable to occur for higher molecular weights.
So, increasing the molecular weight, the chance of branching points increases and the differences
between linear and branched polymer are more evident. Thus in the high Mw range, the Mark-
Houwink line of PLLA-g-PLLA4 curves downward because the sample has a lower hydrodynamic
volume due to a more compact conformation in the solvent [42] proving a higher efficiency of
grafting reaction in this My, range. Furthermore, through GPC software it was possible to evaluate
the average number of branches per macromolecule (B,) and the branching frequency (A) as 11.05
and 0.416, respectively, which correspond to an average value of one branch every 240 repeating

units.
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Figure 2.6. Mark-Houwink plot of c-PLLA(green), PLLA-g-PLLA4 (red)

Thermal properties and crystallization Kkinetics of PLLA-g-PLLA 4 copolymer

From the data reported and discussed above we can reasonably assume that the synthesized
PLLA-g-PLLA4 sample presents a random distribution of branches made of optically pure PLLA
segments, grafted onto a PLLA backbone with lower optical purity. The thermal properties and the
crystallization behavior of the synthesized sample were compared to PLLA-IAH, as reference, and
to a blend containing the same mass composition of the graft copolymer, i.e., made of 80 wt% of
PLLA-IAH and 20 wt% of PLLA4. The latter comparison was performed as an effort to investigate
the influence of branched chain architecture on crystallization kinetics. As detailed in Ref. [30],
blending c-PLLA with a highly stereoregular PLLA oligomer results in a sizable increase of both
nucleation and crystal growth rates. Therefore, any measured variation in crystallization kinetics of
the branched polymer may in principle be ascribed the presence of short stereoregular chains, which
favor crystallization even if not covalently bonded to the main PLLA chain.

Figure 2.7 presents the thermal analysis of these PLLA-based formulations. Data were
measured upon heating at 20 K min™, after cooling at 100 K min"'. PLLA-IAH displays a glass
transition (7,) centered at 61 °C, typical of PLLA [1], coupled to a small enthalpy relaxation
endotherm due to the different heating and cooling rates used [44]. Blending PLLA-IAH with OH-
terminated PLLA oligomer made of pure l-isomer units (sample coded as “blend”) results in a marked
decrease of T, down to about 55 °C, with a similar decrease in 7, observed also in the PLLA-g-
PLL A graft copolymer (sample coded as “graft”). The measured diminution of 7, in the blend is in

line with literature data of PLLA blends with comparable composition, when a high molar mass
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PLLA is blended with low molar mass grades [29,30], with the latter often added to PLLA
formulation as plasticizers [28,45—49]. Similar decreases of T, have been reported also for branched
polymers, compared to linear chains of similar molar mass, and arise from the higher free volume

due to the increased number of chain ends in the branched architecture [50-52].
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Figure 2.7. Heat flow rate plots of PLLA-based formulations, upon heating at 20 K min.

Above T, PLLA-IAH displays a broad cold crystallization exotherm, centered around 130
°C, followed by a melting peak at 153 °C. The cold crystallization exotherms of the blended and
grafted formulations are markedly anticipated, compared to the linear grade, being centered around
110-112 °C. This is followed by a double melting peak at 150-160 °C, typical of PLLA containing
both a'- and a-crystals, or a'-crystals that transform to a-modification upon heating [1,7,8]. The
double endotherm is not seen in PLLA-IAH plot, due to the high crystallization temperature that
leads to growth of a-crystals [1,7,8]. The initial, qualitative indication of the faster crystallization
kinetics of the samples containing short stereoregular sequences is confirmed by the DSC plots
measured upon cooling at 4 K min™, presented in Figure 2.8. The blended and grafted formulations
display only minor differences in the experimental data, with a sharp crystallization exotherm
appearing on cooling. Conversely, the linear polymer shows a broad and weak exotherm, which is

also delayed compared to the other grades.
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Figure 2.8. Heat flow rate plots of PLLA-based formulations, upon heating at 20 K min.

Quantitative data on overall crystallization rate of the samples are displayed in Figure 2.9,
which shows the half-time of crystallization (t,) as function of the isothermal crystallization
temperature (7;). Data are compared to commercial PLLA, as received (c-PLLA) and melt processed
in Brabender mixer (c-PLLAp,). The blended and grafted grades display a much lower crystallization
time compared to the plain linear polymer, as well as to the polymer reacted with IAH, indicating
their sizable faster crystallization. Data gained for the blended and grafted compositions mostly

overlap within experimental uncertainty, with minor differences observed only at temperatures where

the crystallization rate is lower.
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Figure 2.9. Half-time of crystallization (1) as function of crystallization temperature.
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Comparison of the data presented in Figures 2.7-2.9 reveals that the overall crystallization
rate is markedly faster in all the samples, compared to the data reported in Ref. [30], which are also
displayed in Figure 2.9. It is likely that the grafting reaction with itaconic anhydride in the Brabender
mixer causes unwanted incorporation of particles that act as nucleating agents for PLLA
formulations. In fact, after melt processing commercial PLLA displays a much faster crystallization
rate (c-PLLAp, vs. c-PLLA plots). Crystallization rate data of c-PLLAp, and PLLA-IAH overlap
within experimental uncertainty, probing not only that the faster crystallization rate of PLLA-IAH
compared to c-PLLA is due to melt processing, but also that PLLA-IAH can be used as reference to
compare the effect of blending and grafting on crystallization kinetics.

The varied nucleation density caused by melt processing is revealed by optical microscopy
analysis. The optical micrographs of PLLA-IAH prepared by Brabender mixing and of PLLA-g-
PLLA., both dissolved in chloroform to attain cast film, are compared in Figure 2.10 to c-PLLA
film attained by casting only. The micrographs refer to samples isothermally crystallized at 140 °C.
A much higher nucleation density is obvious in the melt-processed samples, which causes the faster

crystallization of the reacted polymer seen in Figures 2.7-2.9.

c-PLLA PLLA-IAH
Figure 2.10. Optical micrographs (crossed polars) of PLLA formulations during isothermal crystallization at

140 °C.

The isothermal spherulite growth rates (G) of PLLA grafted with IAH, plain, blended with
OH-terminated oligomer, and grafted with same oligomer, are presented in Figure 2.11. G values are
limited to 7. > 115 °C, as at lower temperatures the very high nucleation density complicates the
attainment of reliable data. Experimental data are compared to spherulite growth rates of pristine c-
PLLA, taken from Ref. [30], and with the same polymer after melt processing (c-PLLAp,). G data of
both c-PLLA and c-PLLAp, overlap, within experimental uncertainty, with G values of PLLA grafted
with itaconic anhydride. Not only this confirms that the much faster crystallization rate of PLLA

containing anhydride units detailed above, is caused by the enhanced nucleation, but provides the
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additional information that anhydride units randomly dispersed in the PLLA chains do not sizably
disturb growth of PLLA crystals. Conversely, a significant increase in spherulite growth rate is

observed in the blended formulation, which is even more marked in the copolymer.

—&— PLLA-IAH
—A— Blend
31 —&— Graft
--0-- c-PLLA
E --- c-PLLA
E 2
S
2
(O)
14
0 .

120 130 140
Temperature (°C)

Figure 2.11. Spherulite growth rates of PLLA formulations.

As demonstrated in Ref. [30], in the blended formulation the stereoregular and more mobile
entangled short chains of the OH-terminated oligomer start to crystallize at a higher temperature
upon cooling, or in a shorter time upon isothermal crystallization, compared to the commercial PLLA
of low stereoregularity and high molar mass. These crystals act as nuclei for the growth of PLLA
crystals that contain both blend components which, in turn, is also facilitated by the presence of short
chains. It can be hypothesized that a similar nucleation mechanism occurs in the graft copolymer,
with an initial crystallization of the highly stereoregular side chains, whose crystallization kinetics is
higher than that of the chain backbone, since the latter contains d-isomer units that act as chain
defects interfering with crystal ordering. After primary nucleation, also a faster spherulite growth is
observed, higher in the case of graft copolymer. Both increases can be rationalized taking into
account that addition of short PLLA chains results in a lower 7§, especially in the blends, which
facilitates transport of crystallizable chains in the melt across the liquid—solid interface, due to the
higher chain mobility at parity of temperature. However, the increase in G is even more marked in
the graft copolymer than in the blend, which suggests that additional effects need to be taken into
account.

For long polymer molecules, the rate determining step of crystal growth has been named
‘molecular nucleation’ [53]: when a new polymer molecule is added to a crystal, first a small part of
it nucleates on the growing substrate, then the remaining part of the chain is drawn from the entangled

melt [54]. For both blend and graft copolymer, crystallization is initiated by the short stereoregular
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sequences. In the blend, once crystal nuclei made of stereoregular oligomers are developed, each
long PLLA chain must attach to growing crystals (the ‘molecular nucleation”) before further chain
ordering can lead to crystal growth. If in the graft copolymer the crystal nuclei are made of the short
side chains, chemically bonded to the long PLLA backbones, the latter are already attached to the
crystal surface, hence not need the molecular nucleation step for the subsequent crystal growth. This
results in a faster crystal growth, as shown in Figure 2.11, even faster than in the blend, at parity of
Ts.

In other words, the synthesis of a graft copolymer with a well-defined length and amount of
side chains by means of a tailored chemistry can provide an efficient way to attain a faster
crystallization rate of PLLA, even higher than that attainable for a blend with the same nominal

composition.

2.3 Conclusions

A PLLA with a tailored amount and length of side branches randomly distributed along the
main chain was synthesized by radical functionalization with IAH and subsequent coupling with
short and optically pure PLLA chains able to enhance crystallization rate. The functionalization
degree, determined by UV-vis spectroscopy is 0.5 wt%. The optically pure PLLA4 branches were
introduced via nucleophilic attack to the IAH and the decrease in intrinsic viscosity combined with
a deviation from linearity for high molecular weight in the Mark-Houwink plot of the graft copolymer
proved the presence of branching, with an average value of one branch every 240 repeating units,
randomly distributed along the PLLA chain.

Chain functionalization with IAH does not sizably vary the thermal properties of the
polymer, nor the crystal growth rate, and the only measurable effect of an enhanced nucleation rate
is due to unwanted incorporation of impurities upon processing. Compared to a binary blend with
the same nominal composition, the graft copolymer displays a higher spherulite growth rate, which
was rationalized in terms of molecular nucleation. The latter is a rate-limiting step in polymer
crystallization, which is not needed in the copolymer, where the optically pure short side chains that
crystallize earlier act as molecular nuclei for the subsequent attachment of the main chain backbone
to the crystals.

The enhancement of crystallization kinetics of poly(L-lactic acid) by copolymerization with
optically pure branches has been demonstrated to date only for the chain architecture and
composition detailed in this manuscript, i.e. for a graft copolymer made of side chains of M, = 4,000
randomly attached to a main chain on average every 240 repeating units. It is likely that

crystallization rate of PLLA may be further improved beyond the results detailed here, by proper
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variation of side chains, in terms of chain length, density and composition. Furthermore, since the
glass transition is only barely affected by chain architecture and composition, even faster
crystallization rate can be attained by adding specific components to the formulation, i.e. by addition
of plasticizers, beyond other specific additives like nucleating agents, paving a path to overcome one

the main drawbacks of PLLA that have limited so far its wider commercial exploitation.
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Chapter 3

Heterogeneous bubble nucleation by
homogeneous crystal nuclei in poly (L-

lactic acid) foaming®

3.1 Introduction

Production of plastics is increasing day by day [1] and recently the theme of plastic pollution
is attracting a great research interest. Bio-based plastics are becoming increasingly important in
industry as environmentally benign substitutes of plastics derived from fossil resources [2].

Poly (L-lactic acid) (PLLA) is an environmental friendly thermoplastic polyester [3]. It is
bio-based and its production from biomasses releases a lower amount of carbon dioxide with respect
to the production of oil-based plastics [4]. PLLA can biodegrade in nature to carbon dioxide, water,
and humus-like matter [5—7] and in the human body to the natural metabolite 1-lactic acid, thanks to
the ester groups in its chain that make the polymer susceptible to enzymatic attack [8]. Being also
biocompatible, PLLA finds applications in tissue engineering and biomedicine as medical implants
[9]. Besides medical applications, PLLA is used in a variety of industrial fields, which mainly include
food packaging [10], agriculture, thermal and sound insulation in construction [11], reflectors in LED
lamps [12], 3D printing, in bulk or foamed form [2]. In particular, PLLA foam use is expected to
grow in the near future, as promising substitute to oil-based plastics foams (e.g., polystyrene foams)
[13][14]. PLLA foams are most commonly produced using CO, as a physical blowing agent [9,15]

with a wide range of applications related to their versatility in terms of foam densities and cell

* The work presented in this chapter has been published as: Longo A., Di Maio E., Di Lorenzo M.L, 2022.
Heterogeneous bubble nucleation by homogeneous crystal nuclei in poly (L-lactic acid) foaming.
Macromolecular Chemistry and Physics 2100428. DOI: https://doi.org/10.1002/macp.202100428
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morphologies, and the corresponding vast scenario of structural and functional properties has been
well documented in the scientific and technical literature [13,15-18].

Designing cell morphology of the foams in terms of cell number density, dimension and
other features like open/closed character, wall/strut ratio and anisotropy, has been proven effective
in tuning both the functional and structural properties. Numerous strategies are available to control
the processes of nucleation, growth and stabilization of foam bubbles that lead to the final cell
morphology. In particular, the initial formation of bubbles, i.e bubble nucleation process, can be
enhanced by the use of interfaces which ease their formation by reducing the nucleation energy
barrier, as described in the context of classical (heterogeneous) nucleation theory [19,20].

Polymer compounding of PLLA with different natural and synthetic additives [21-23] and
blending with other polymers have been reported as effective ways to exploit the heterogeneous
bubble nucleation mechanism [15]. Presence of additives facilitates the heterogeneous nucleation at
interfaces, where phase boundaries can act as nucleation sites for bubbles [24]. Incorporation of
nucleating agents such as halloysite [25], microfibrillated cellulose [26], talc [27], modified silica
nanoparticles [28], or hydroxyl functionalized graphene [29], have been proven effective on foaming,
by reducing cells average diameter and enhancing cell number density. Unfortunately, the addition
of fillers or other components to PLLA also alters the purity of the polymer, making recycling and
biodegradation of the material more difficult, and may also influence its biocompatibility.

External additives (of different nature) are not the only entities which may act as
heterogeneous nucleation sites. In fact, in semi-crystalline polymers, the interface between crystal
and amorphous phase (of the same, neat polymer) has been proved effective as nucleating agent [15].
Numerous experimental papers addressed this issue and quantitative data correlate the number and
size of cells with spherulite density and surface area [30,31] along with the modeling papers
interpreting the role of the crystal/amorphous interphase. Despite the promotion of bubble nucleation,
the presence of crystals along all the foaming stages may also be detrimental, sometimes preventing
a fine tuning of the foam structure. In fact, crystal formation not only enhances bubble nucleation,
but leads also to a decrease of the average CO, amount in the system, as CO, can be dissolved only
in the amorphous areas. This in turn leads to a reduction of the fraction of sample that can undergo
bubble formation, thus limiting expansion [32]. Furthermore, crystals act as physical crosslinks
among the macromolecules, soon (i.e. at few percent crystalline fraction) inducing a viscosity
increase which is unsuitable for the bubble growth. In other words, despite the favorable effect on
bubble nucleation, crystal formation on foaming is mostly avoided, also considering the difficulty in
controlling the crystalline fraction that may evolve rapidly at foaming processing conditions. In this
context, it is worth of note the important effect of strain and of its rate on the crystallization, which
is known as flow-induced crystallization (FIC). FIC is particularly effective in extensional (rather

than shear) deformation regimes, which are in fact the ones exerted by the polymer between two
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growing bubbles. As a semi-crystalline polymer, foaming of PLLA requires a careful selection of
processing variables, to cope with the negligible blowing agent solubility in the crystal phase, the
divergent viscosity of the system during crystallization, and the interaction and mutual nucleating
effect of crystals and bubbles [30,33,34], not an easy, reproducible and industrially scalable task.

Despite the above difficulties in foaming semi-crystalline polymers, in this manuscript we
propose a novel procedure to exploit some features of polymer crystallization that may allow
attaining foams with tailored morphology, avoiding at the same time, sizable crystal formation before
foaming. Similar to foaming, polymer crystallization proceeds via crystal nucleation and growth
[35,36]. Nucleation can be heterogeneous, when crystals grow upon external surfaces, cavities, or
cracks of insoluble particles, or homogeneous, when few parallel polymer chain segments, called
homogeneous crystal nuclei (HCN) aggregate and reach a supercritical size that is sufficiently stable
to initiate crystal growth on their surface [35,36]. Compared to heterogeneous nucleation, the density
of HCN is about 10° times larger [37], and crystals grown from HCN may be so small to grow not
to the typical lamellar/spherulitic shape, but to a nodular morphology of nanometer size [38].

One important feature of homogeneous crystal nucleation is that HCN can grow to
supercritical size at temperatures where crystal growth rate is negligible [39], which implies that a
proper choice of experimental conditions can allow to develop structures that can favor bubbles
growth, without measurable formation of crystals [40].

The kinetics of formation of HCN has been recently investigated for PLLA, and detailed
knowledge of the effect of molar mass, chain structure on their development kinetics and thermal
stability is now available [41-44][45]. Based on these literature information, we have explored the
feasibility of HCN as nucleation sites for bubble growth in PLLA foams, with preliminary results
detailed in this manuscript. Since HCN may promote growth of both crystals and bubbles, and since
CO; largely enhances crystal growth rate, care must be taken to tailor processing conditions, in order
to limit crystal growth before expansion, as discussed below. PLLA was chosen to test this novel
foaming route, but the present approach may be applied also to other foamable semi-crystalline

polymers.
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3.2 Materials and Methods

Materials

A commercial PLLA grade with l-isomer content of 96% and melt-flow index of 6 g - (10
min)" (210°C/2.16 kg), grade name PLA Lx175 [46] was kindly provided by Total Corbion (The
Netherlands). Before processing, PLLA was dried in an oven at 60°C under vacuum overnight. To
have a uniform sample size, PLLA pellets were compression molded with a Carver Laboratory Press
at a temperature of 190°C for 2 min, without any applied pressure, to allow complete melting. After
this period, a pressure of about 20 bar was applied for 2 min. Successively, the press plates equipped
with cooling coils were cooled to room temperature. Slabs with thickness of 0.5 mm were obtained,

which were then cut into disks of a diameter of 5 mm with a hollow punch.

Sample Preparation

A Perkin-Elmer Pyris Diamond DSC, equipped with an Intracooler II cooling system that
allows cooling rates high enough to attain a fully amorphous PLLA and ensures an optimal
temperature control and the reproducibility of the nucleation process was used to prepare samples
with different HCN density, as well as for the subsequent crystal growth.

The instrument was calibrated in temperature and energy with a high purity indium standard,
dry nitrogen at a rate of 30 ml-min”" was used as purge gas.

Samples were melted at 200°C for 3 minutes, followed by rapid cooling to 0°C at a rate of
100 K-min™' to attain amorphous PLLA. Literature data indicate that cooling at this rate to below 7},
can prevent nuclei formation in a PLLA grade of My, = 120 kDa and containing 4 % d-isomer [43].
Based on the procedure reported in Ref. [41], after cooling to 0°C, the samples were heated to 60°C

at a rate of 100 K-min™' and annealed for various nucleation times, t,= 0.5, 2 and 4 hours.

Thermal analysis

The power-compensated DSC, described above, were used for thermal analysis of foamed
and un-foamed samples.

The efficiency of nuclei formation was evaluated using Tammann's two stage crystal nuclei
development method, which consists in evaluating HCN formation after their growth to crystals at
higher temperature [47,48]. Specifically, after nucleation at 60°C for various ¢,, the samples were
heated at 100 K-min™ to 120°C and allowed to crystallize at 120°C for 3 min, then rapidly cooled to

0°C at a rate of 100 K-min™' to prevent additional formation of crystals.
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Thermal properties of the samples, before and after foaming, were analyzed upon heating at
20 K-min™'. To gain precise heat capacity data from the heat flow rate measurements, each scan was
accompanied by a reference empty pan run. Each measurement was repeated three times to ensure

reproducibility.

Preparation of PLLA foams

Foaming was conducted in a batch autoclave named “minibatch” extensively described in
[49] using CO, as blowing agent (SOL Group, Italy). The autoclave consists in a chamber with
approximate volume of 1 cm’, equipped with a Pt100 temperature sensor (TR1IM, GEFRAN) to
control the temperature by a PID controller (Ascon. New England temperature solutions, Attleboro,
MA, X1), a gas dosing port connected to a syringe pump 500D (Teledyne Isco, Lincoln, NE) and a
pressure transducer (F031047, GEFRAN) used to measure the pressure. The pressure release system
consists of a pneumatic electrovalve (TSR-20, TruTorq Actuators), designed to ensure a fast
depressurization rate of the order of 10 MPa-s"'. Samples were charged by a port equipped with a
quick connection to allow fast sample removal operations.

Autoclave temperature was set to 120°C and the sample was placed in the chamber after pre-
set temperature was reached, to limit crystallization before foaming. CO, was injected into the
autoclave to reach a pressure of 10 MPa. Samples were saturated for 3 minutes, then the pressure
was released to atmospheric pressure (0.1 MPa) at a rate of 50 MPa-s” to obtain foamed samples.
Considering the available diffusivity data of PLLA/CO; system [15], 3 minutes can be considered
sufficient to attain a uniform CO, concentration within the 0.5 mm thick slab, since the characteristic
diffusion time (tp) is:

_ (0.5/2mm)? ~ (1)

T, = —— ~10%s
Dco,-pLLA

where DCOZ—PLLA =6 10_3 mm2 . S_l.
The thermal and pressure protocol used for PLLA foaming is sketched in Figure 3.1. Sample
codes are reported in Table 3.1, where samples analyzed before foaming are identified by a "B" and

the foamed formulations are identified by an "F", and followed by number referring to #,.
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Figure 3.6. Scheme of the employed thermal and pressure protocol for PLLA foaming.

Table 3.1. Sample codes

Sample t, (h) Foaming
B-0 0 No

B-0.5 0.5 No

B-2 2 No

B-4 4 No

F-0 0 Yes
F-0.5 0.5 Yes

F-2 2 Yes

F-4 4 Yes

Scanning electron microscopy

Foam morphology was evaluated using a FEI Quanta 200 FEG Scanning Electron
Microscope. Before analysis the foams were blade cut and double sputtered/coated with an Au-Pd
alloy using a Baltech Med 020 Sputter Coater System, then mounted on aluminum stubs.

The number density of nucleated cells, Ny, was calculated by [50]:
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3/ 2
Ny = (Tl /A) 2 @ (2)
where 7 is the number of cells counted in 4, the area of micrograph and ¢ is expansion ratio

calculated as:
_ PBuik 3)
PFoam

where pp. and pro.m are bulk densities of neat PLLA and of foamed sample (in g-cm'3)

respectively measured according to ASTM-D1622-03.

X-ray Diffraction (XRD)
X-ray diffraction spectra were collected with a PANalytical X’PertPro diffractometer
equipped with a PIXCel 1D detector, under CuKa radiation. Sample spectra were collected in the

range 5-40° 20, with a step size of 0.013° 20 and counting time of 20 s per step.

Optical Microscopy

A Zeiss Axioskop Polarized Optical Microscope (POM) equipped with a Linkam THMS 600
hot stage and a Scion Corporation CFW-1312C Digital Camera was used to quantify crystal
nucleation. Images were captured with Image-Pro Plus 7.0 software (Media Cybernetics). A thin film
of PLLA was obtained by squeezing samples between two glass slips on a hot plate, and then thermal
treated using the same thermal protocol detailed before: amorphous PLLA was annealed at 60°C for
various #,, then heated to 120°C for 3 min in a hot stage. At the end of the crystallization step, samples
were quenched in liquid nitrogen to stop further crystal growth. Nitrogen gas was fluxed in the hot
stage during thermal treatment to prevent degradation. The optical micrographs were used to evaluate

the spherulite number density (Sy) per unit area, evaluated upon an area of ~ 1-10” cm®.
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3.3 Results and discussion

Literature data on nucleation kinetics of PLLA indicate that, for a grade with melt flow index
6g- (10 min)'1 (210°C/2.16 kg) and containing 4 % of d-isomer, i.e. with similar molar mass and
stereoregularity of the polymer used here, the onset time of crystal nucleation is around 0.3 h at 60°C
[43]. Based on this piece of information, three different 7, were selected, from 0.5 to 4 h, and the
efficiency of crystal nucleation was quantified using Tamman's method [47,48], with samples
maintained at 120°C for 3 min to allow spherulite growth after HCN formation.

The apparent specific heat capacity data (c,) of PLLA annealed at 60°C for various ¢, then
crystallized at 120°C is presented in Figure 3.2. Sample B-0, i.e. the polymer quenched from the melt
to below 7, and immediately reheated to 120°C, displays a step-like increase of the heat capacity at
60°C due to glass transition and, on further heating, a small endotherm centered around 160°C
revealing melting of crystals grown at 120°C. Annealing at 60°C before crystallization at 120°C
leads to an increase of the area of the melting peak, which becomes more pronounced with the
increase of ¢, (samples B-0.5, B-2, B-4). This is due to an increased fraction of crystals grown at
120°C within the pre-defined crystallization time of 3 min, and is paralleled by a progressive decrease

of the heat-capacity step at T, due to the lower amorphous fraction.

c, [J-g"K']

50 100 | 150
Temperature [°C]

Figure 3.7. Apparent heat capacity (c,) of PLLA after annealing at 60°C, followed by isothermal

crystallization at 120°C, measured upon heating at 20 K-min™'.

Integration of the endothermic peaks and comparison with enthalpy of melting of 100%

crystalline PLLA [51] yields the crystal fraction (X¢), with data reported in Table 3.2. Crystallinity

62



of PLLA sizably increases with ¢,, from X¢ = 0.07 for B-0 to X = 0.28 for B-4. These data indicate
that progressive increase of ¢, leads to a corresponding increase of the density of HCN, which in turn

favors growth of a larger number of spherulites, and results in a higher X¢, in line with literature data

[41-43,52,53].

Table 3.2 Xc of PLLA developed after annealing at 60°C for ¢,, followed by isothermal crystallization at
120°C for 3 min.

Sample Xc
B-0 0.07
B-0.5 0.14
B-2 0.21
B-4 0.28

The variation of the density of crystal nuclei caused by the different 7, was confirmed by
polarized optical microscopy (POM). Since HCN are not visible with POM, Tamman’s two-stage
nuclei method has been exploited also in this analysis. The optical micrographs shown in Figure 3.3,

illustrate the influence of ¢z, on PLLA morphology.

Figure 3.8. POM micrographs of PLLA cold crystallized at 120°C for 3 min after aging at 60°C for various
t,: a) B-0; b) B-0.5; ¢) B-2; d) B-4.

The optical micrographs of Figure 3.3 display, for all samples, PLLA spherulites with about

6.5 um diameter developed after 3 min of isothermal crystallization at 120°C. Moreover, the
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spherulites number density (Sp) increases with #,. This increase is quantified in Figure 3.4, which
displays Sy as function of z,. On the same plot, the variation of X with ¢, (data retrieved from Table
3.2), is also shown for comparison. Sy progressively increases of about one order of magnitude from
B-0 to B-4, and is paralleled by a corresponding increase of X for samples subjected to the same
thermal history, which in turn is linked to the higher number of crystals growing on HCN. In other
words, POM analysis, in line with DSC data, confirm that the chosen experimental conditions lead
to a sizably varied number density of HCN with increasing ¢, at 60°C, in agreement with literature

data [36].
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Figure 3.4. S, (black circles) as a function of #, at 60°C, determined from optical micrographs of Figure 3.3,

compared with X¢ (red squares) measured by DSC plots of Figure 3.2.

In foaming experiments, PLLA samples annealed for various ¢, at 60°C were utilized. In this
case, the crystallization was conducted in the autoclave under CO, pressure at 10 MPa, 120°C for 3
minutes. The resulting foamed samples, F-0 to F-4 were analyzed in terms of cellular morphology
and expansion ratio. The cellular morphology of obtained foams is illustrated in Figure 3.5. F-0 and
F-0.5 display a uniform morphology, with only some slight reduction in bubble size of sample
nucleated for 0.5 h before foaming. When PLLA is maintained for longer time at 60°C, the foam
morphology becomes bimodal, with the formation of two types of cells, as seen in Figures 3.5-C and
3.5-D: large bubbles developed in the bulk, and much smaller cells grown in a “stamen-like cell
structure”, where round entities corresponding to PLLA spherulites appear surrounded by several
elongated cells [54]. This morphology reveals heterogeneous nucleation of cells on a bubble

nucleating site, which in this case is the spherulite [54]. The spherulites were grown before foaming,
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during the sorption step. Looking at Figure 3.4, which reports the optical micrographs of PLLA
spherulites grown at 120°C for 3 min in N, at atmospheric pressure after homogeneous crystal
nucleation at 60°C, a ¢, = 0.5 h leads to only a minor increase of crystal nucleation density, which
rationalizes the similar morphology of the foams displayed in Figures 3.5-a and 3.5-b. Conversely,
a marked increase of crystal nucleation density is revealed after annealing PLLA at 60°C for longer
times, ¢, > 2 h: these HCN grow to small spherulites during the 3-minute sorption of CO,, and act as
solid substrate/interface for bubble growth. The average diameter of the spherulites seen in Figure
3.5 is around 20 = 10 pum, only slighter larger than the same spherulites grown at the same
temperature for the same time under N, at atmospheric pressure (see Figure 3), whose diameter is
6.5 um, as reported above. The somewhat higher size of the spherulites seen in Figure 3.5 is to be
linked to the faster spherulite growth rate of PLLA in the presence of CO,, which plasticizes the

polymer, as well documented in the literature [55-57].

Figure 3.5. SEM micrographs of PLLA foamed after annealing at 60°C for 7, ranging from 0 to 4 h, followed
by 3-minute sorption of CO, at 10 MPa and 120°C: a) F-0; b) F-0.5; ¢) F-2; d) F-4.

The electron micrographs of Figure 3.5 were used to calculate the average cell size, measured

averaging the larger and smaller diameters of elongated bubble, and number density of nucleated

cells, Ny, reported in Figure 3.6. The patterned data points reveal the overall increase of Ny with ¢,,
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whereas the close and open data points distinguish cells grown in the bulk and in the stamen-like
regions, respectively. On the same plot, the average cell size data are also presented, again with open
and close symbols for samples that display a bimodal morphology and hatched data referring to the
average value. Increasing ¢, leads to an overall increase of bubble number, whose average size also
progressively decreases with ¢,. Sample F-4, foamed after HCN development for 4 h at 60°C, displays
the largest Ny (1.1 - 10’ cells-cm™) and the smallest cell size both in the bulk and in the stamen-like
regions, with a decrease of bubble size of 2 orders of magnitude in the stamen-like regions, compared

to F-0.
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Figure 3.6 N, (black circles) and cell size (red squares) of foams as a function of #,. The close and open
symbols refer to bulk and stamen regions, respectively, the hatched data are the total Ny and average values

for cell size.

Data of expansion ratio (¢), i.e. the ratio between density of bulk and foamed PLLA (eq. 3),
are presented in Table 3.3. A non-monotonic variation of ¢ is evident from the data, as sample F-0.5
displays a remarkable gain in expansion ratio compared to F-0, with ¢ that decreases in PLLA

foamed after longer ¢,.
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Table 3.3. Expansion ratio of PLLA foams

Sample Q
F-0 7.75
F-0.5 24.8
F-2 15.5
F-4 20.7

Additional information on the effect of annealing at 60°C before foaming is revealed by
comparison of the volume fraction of the cells, estimated from SEM micrographs, with degree of

expansion. Having determined Ny both in bulk (Ny,, . ) and stamen-like (Ny,, .. ) areas, and having

measured the corresponding representative cell diameter (Sizegy,, and Sizesigmen ), it 1S possible to
estimate the total void volume (V) by combining the volume of the two different type of cells (v,
and Vmen). By normalizing Vy, one may infer about the contribution to expansion by large and small
cells to justify non-monotonic effect of #, on ¢.

Partial v values of bulk (vg,) and stamen (Vsume,) cells are presented in Figure 3.7 as function
of ¢,. On the same plot, the expansion ratio data, taken from Table 3.3 are also shown. Both v, and
¢ display similar non-monotonic trend with #,, with a much higher volume and larger expansion
attained when PLLA is foamed after annealing at 60°C for 0.5 h. It is also clearly visible how small
stamen cells contribute in a small way to V', and therefore to expansion, possibly justifying the
reduced expansion at larger ¢,.

To further rationalize the large expansion and volume of sample F-0.5, crystallization
kinetics of PLLA needs to be taken into account. As shown in Figure 3.2, annealing PLLA at 60°C
for 0.5 h before crystal growth at 120°C, leads to an only minor increase in X¢, whereas sizable
increase in crystallinity takes place when the polymer is annealed at 60°C for longer ¢,. By recalling
that the crystalline phase is impermeable to the blowing agent, in samples with low X¢ only a minor
reduction of CO; sorption takes place when the polymer is placed within the foaming reactor at
120°C under CO, at 10 MPa. Conversely, in samples with larger X, the amount of blowing agent is
reduced.

It is worth to remember to the reader that data shown in Figure 3.2 were measured under N,
flow at atmospheric pressure which has negligible effect on crystallization kinetics with respect to
the plasticization due to CO, [56]. This makes the comparison between X gained during DSC or

microscopy analysis and during the overall foaming process only qualitative.
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Fig 3.7. vp,y (filled circles), vsume: (empty circles) and ¢ (squares) as functions of z,

To complete details of the feasibility of the proposed method, thermal and structural analysis
of PLLA foams are presented in Figures 3.8 and 3.9. Figure 3.8 illustrates the heat capacity plots of
PLLA foams, whose morphology is illustrated in Figure 3.5. The various foams display only minor
differences in thermal output, all having a X¢ around 0.34, slightly higher when compared with B-4
(Xc=0.28). Despite the varied initial crystallinity before foaming, flow-induced crystallization (FIC)
occurs upon bubble development, and results in a comparable development of crystal fraction in all
the analyzed samples. It is worth to note that the polymer further crystallizes upon DSC heating for
all samples, as revealed by the cold crystallization exotherm centered around 110°C, well visible for

all samples.
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Figure 3.8. Apparent specific heat capacity (c,) of PLLA foams, measured upon heating at 20 K-min™.

X-ray diffraction analysis of the foams is exampled in Figure 3.9 for sample F-4, being
similar to X-ray diffraction patterns of the other foamed samples. The diffraction pattern shown in
Figure 3.9 is typical of a-crystal modification of PLLA: the spectrum presents main diffraction peaks
at 20 = 16.5 and 19 °, plus a reflection at 22.2 °, which is observed only in PLLA containing a-
crystals, and the reflection at 24.5 © characteristic of a'-crystals is absent [58,59]. The X-ray profile
of Figure 3.9 is in agreement with literature data, which indicate that foaming of semi-crystalline
PLLA leads to growth of a-crystals, even in the presence of nucleating sites [60,61], proving the
proposed strategy of foaming PLLA in the presence of HCN does not affect structural properties of
PLLA foams.

Intensity [a.u.]

10 20 30 40

20 [°]

Figure 3.9. X-ray diffraction pattern of PLLA foamed after annealing at 60°C for ¢, = 4 (sample F-4).
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3.4 Conclusions

PLLA slabs with a thickness of 0.5 mm were homogeneously nucleated by annealing at T,
for a t, varying from 0.5 to 4 h. The increase in ¢, results in an increased spherulites number density
Sy, grown on homogeneous nuclei. Nucleated samples were physical foamed at 120°C and 10 MPa
of CO, with a sorption time of 3 minutes. The foams display minor differences in thermal properties,
all having a X¢ around 0.34 and the same oa-crystals form of the neat polymer.

The morphology of the foams was observed with SEM and the increasing in ¢, leads to a
monotone decrease in cell size and larger bubble density. A nucleation for ¢, 0.5 results in a minor
increase on the cell nucleation density on the surface of HCN, while samples with #, 2 and 4 h, show
a bi-modal morphology with the formation of two different types of cells, bigger in the bulk and
smaller stamen-like cells surrounding growing spherulites. The expansion ratio ranged from 7.75 to
24.8 with the maximum value for the sample nucleated for #, = 0.5 h. This is rationalized with the
presence of HCN in sample with 7, = 0.5 h leads to a minor increase in X¢. Conversely, samples with
t, > 2 show the nucleation of cells on the surface of growing spherulites, resulting in a higher
crystallinity and, therefore, in a reduced amount of blowing agent.

The enhancement in foam expansion ratio and morphology due to the presence of
homogeneous crystal nuclei, corroborate the advantages of this method to improve foaming of
PLLA, avoiding the addition of heterogeneous additives, thereby preserving its biodegradability and
biocompatibility.
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Chapter 4

CO;-induced mesophase: An easy and
green method to tailor crystallization

kinetics and morphology in PLLA

4.1 Introduction

Poly (L-lactic) acid (PLLA), as biodegradable polyester, has great potential as substitute to
oil-based plastics. The wideness of applications range, which goes from disposable plastics for
packaging to foaming for medical engineering [1-6], depends on its biocompatibility and
biodegradability, together with macroscopic physical and mechanical properties of the polymer
which, in turn, are governed by crystalline structure/morphology parameters [6—9], including
crystallinity [10,11] and polymorphism [12—-14]. For instance, a specific polymorph improves
mechanical and barrier properties [12—14] and a higher degree of crystallinity enhances thermal
stability [15,16] but lowers biodegradation ability [7,10,17]. This double effect brings the need in
research for an easy way to tune crystalline structure/morphology of the polymer.

As detailed in the previous chapters of this thesis, there are different methodologies to
improve PLLA crystallization rates, which include addition of plasticizers [18—20] or compounding
the polymer with nucleating additives [18,21,22]. Keeping an eye on recycling and biocompatibility
of PLLA, the addition of external agents and the blending with a different material needs to be
avoided to keep these fundamental properties of the material unaltered.

Ways to improve the crystallization ability of PLLA with no need to compound with external
additives are represented by using transient plasticizers as CO, [23-25], modify the chain structure
by means of chain extenders [26,27], blending with optical pure, low molecular weight PLLA

[28,29], or thermal annealing the polymer at temperatures close to its glass transition temperature
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(T,). The latter promotes aggregation of short chain segments, called homogeneous crystal nuclei
(HCN), resulting in a much higher crystallization rate upon heating [30—32] as reported in Chapter
3, where HCN have been exploited also as heterogeneous nucleating agents for bubbles in PLLA
foaming.

Chapter 2 of this thesis details a successful attempt to enhance crystallization kinetics of a
slowly crystallizing commercial PLLA grade, by means of radical branching of short chains made of
optically pure, low molecular weight PLLA. The fast crystallizing short branches act as molecular
nucleating agents, enhancing crystallization rate of the commercial PLLA, which results in improved
thermal properties, keeping, at the same time, the chemical purity of the material unaltered [33].

Even if improving crystallization kinetics of PLLA by means of modification of the chain
structure proved to be effective in tailoring the properties of the material, this process has the
drawback of not being easily and fast tunable. Each chemical modification produces a material with
different thermal properties, which means that, when there is the need of a different crystallization
rate, a new reaction with different reagents and parameters is required.

The ideal situation would be a process that helps tuning crystalline structure/morphology of
PLLA in a fast and economic way, like sample pre-treatment, or modification of process parameters.

Similar to other thermoplastic polyesters, PLLA displays crystal polymorphism [34,35].
Depending on thermal and mechanical treatments, PLLA can crystallize into three different crystal
forms named a-, B-, y-. The a-form is the most stable one, and grows upon melt or cold
crystallization, or solvent evaporation, and has two crystal modifications named o'- and o'~ [13,14].
In addition to these polymorphs, PLLA is also able to co-crystallize with CO, [36,37] and some
organic solvents [17-19] under specific conditions, to form clathrate structures. When PLLA is
exposed to high pressure CO, at temperatures below 50 °C, PLLA/CO, complex crystals develop
[38], where CO, molecules are encapsulated in a cavity and surrounded by four PLLA chains in the
crystal unit cell [36]. Complete removal of CO,, e.g. by degassing at room temperature, leads to the
emptied form of PLLA-CO, complex, known as a'-modification [36]. Both PLLA-CO, and the
emptied form o''-crystals are disordered and have a looser chain packing compared to the thermally
stable a-crystals [36]. Such disorder allows their easy identification by infrared spectroscopy, as
detailed below. Other disordered PLLA mesophase was also reported to develop upon tensile
drawing at temperatures around 65-90 °C, as a disorder-order transition directly correlated with a
critical strain or orientation of the amorphous chains [39—41]. Mesophase formation can be promoted
also by blending or copolymerization [42], but this inevitably leads to some negative aspects such as
incompatibility, deterioration of homogeneity and alteration of biocompatibility. PLL A mesophases,
either produced by CO, exposure or by strain, are metastable and transform to the ordered a- phase
with increasing temperature above 90 °C [42]. It has been demonstrated that mesophase not only

accelerates crystallization of PLLA [43,44] upon subsequent heating, but also influences crystal
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morphology [44,45]. In fact, crystallization attained via CO,-induced mesophase may lead to either
micro-spherulites or nano-rods, depending on temperature and CO, pressure, with transition from
micro-spherulites to rod-like nanostructures occurring around 15 °C under 7-15 MPa CO, and around
30 °C under 3 MPa CO, [46].

Some literature data on the effect of mesophase on the isothermal crystallization behavior
and on crystal morphology of PLLA are available [44,45,47], but most studies are limited to
formation of CO,-induced mesophase at temperatures as low as 0 °C and upon long saturation times,
of a few hours at 0 °C. In this chapter, we detail formation of PLLA mesophase at room temperature,
after short saturation times of a few minutes, and the effect of the mesophase on thermal properties
of PLLA. Structural rearrangements of PLLA chains are induced by keeping an initially amorphous
polymer under CO; at pressures of 3-6 MPa for various times, and the influence of pressure/time on
non-isothermal formation of a-crystals is investigated.

As discussed and detailed in the previous chapter, chain rearrangements leading to nano-
sized order domains of a few parallel chain segments can be induced in PLLA by annealing at
temperatures around 7. These nano-sized order domains, known as HCN, can promote the onset of
crystal growth of PLLA, accelerating the overall crystallization kinetics. The influence of HCN of
formation of a'- or a-crystals of PLLA (depending on crystallization temperature) is actually well
detailed in the literature, but to our knowledge no literature data on the influence of prior annealing
at 7, on CO,-induced mesophase of PLLA are available, hence preliminary data are also presented
in this chapter. Finally, the combined influence of HCN and CO,-induced mesophase on
development of a-crystals of PLLA is also analyzed and discussed.

Formation of CO,-induced mesophase at room temperature with short saturation time, of
only a few minutes, opens up the possibility of producing CO,-induced mesophase under conditions
affordable with any pressure vessel. This procedure appeals as an economic and fast process to tune
mesophase fraction, and thus crystallization kinetics and morphology of PLLA, using a green and
clean technology that does not involve external compounds that may alter polymer purity, and in turn

biodegradability.
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4.2 Materials and Methods

Materials

A commercial PLLA grade with L-isomer content of 96 % and melt-flow index of 6 g - (10
min)™ (210 °C/2.16 kg), grade name PLA Lx175 [48] was kindly provided by Total Corbion (The
Netherlands). Before processing, PLLA was dried in an oven at 60°C under vacuum overnight. To
have a uniform sample size, PLLA pellets were compression molded with a Carver Laboratory Press
at a temperature of 190°C for 2 min, without any applied pressure, to allow complete melting. After
this period, a pressure of about 20 bar was applied for 2 min. Successively, the press plates equipped
with cooling coils were cooled to room temperature. Slabs with thickness of 0.5 mm were obtained,

which were then cut into disks of a diameter of 5 mm with a hollow punch.

Sample preparation and mesophase growth

Samples were thermally treated in a Perkin-Elmer Pyris Diamond DSC, equipped with an
Intracooler II cooling system, as in Chapter 3 of the present thesis. Samples were melted at 200°C
for 3 minutes, followed by rapid cooling to 0 °C at a rate of 100 K-min™' to attain amorphous PLLA.
To obtain samples containing various amounts of homogeneous crystal nuclei, after cooling to 0 °C,
the samples were heated to 60°C at a rate of 100 K-min™ and annealed for various nucleation times,
t,= 0.5 and 2 hours.

The mesophase was developed in the batch autoclave named “minibatch” used to prepare
foam samples in Chapter 3 of the present thesis and extensively described in [49] and in the “optic
foaming” batch autoclave (see Supporting Information for description) using CO, as blowing agent
(SOL Group, Italy). All the experiments were conducted at room temperature (7omp). Samples were
placed into the chamber and the CO, was injected to reach the desired pressure and samples were
saturated. Four different pressures and four different saturation times (z,) have been tested, as reported
in Table 4.1.

After saturation with CO,, the pressure was released and treated samples were degassed

under air atmosphere for one week prior to measurement, to attain o"-mesophase.
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Table 4.1. Sample code and process parameters

Sample t, (h) | 6 MPa 5MPa |4 MPa 3 MPa
t; (min) | #;(min) | ¢, (min) | ¢ (min)

t,0 Pt |0 1 1]3 1 |3 1|3
3 5120 |5 |20 |5 )20

1,05 P ¢, |05 1]3 1|3 1|3
5120 |5 |20 |5 )20

t2 Pt |2 3 3 3
Measurements

The presence of mesomorphic chain organization in the samples was tested via FTIR-ATR
spectroscopy with a PerkinElmer FTIR Spectrometer Model Spectrum 100 equipped with a
PerkinElmer ATR accessory with a diamond crystal. Each spectrum is an average of 16 individual
scans and has been recorded with a resolution of 4 cm™.

The power-compensated DSC, described above, was used for thermal analysis of samples.
Thermal properties were analyzed upon heating from 0 to 200 °C at 20 K-min™'. Each heat flow rate
measurement was repeated three times to ensure reproducibility and the data were analyzed after

normalization.

4.3 Results and discussions

Mesophase formation revealed by FTIR-ATR

After CO, treatment, samples were analysed via FTIR-ATR spectroscopy to confirm the
presence of mesophase. Crystalline PLLA presents an absorbance band at 922 cm™ characteristic of
o- or a'- form, assigned to the coupling of the CHj; rocking mode with the C—C backbone stretching,
which is sensitive to the 105 helix chain conformation [50]. The mesophase influences the infrared
spectra in the wavelength range between 950-850 cm™. For strain-induced mesophase, a shift to 918
cm’' of this peak has been found [39], and reported also in case of CO,-induced mesophase, both
emptied and clathrate forms [38,43—45]. Also the band at 870 cm’ associated to the vibrational mode
of C-COO bond [51] can be used to detect the presence of mesophase, as it shifts to higher

wavenumbers with increase in the structural order of the polymer [43,52].
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Since the FTIR-ATR analysis allows to evaluate the structure of the sample surface with a
depth of few pm, the following results are not quantitative, but only a qualitative evaluation of an
increase in the structural order in the form of mesophase or crystalline a-form is reported.

We first investigate the effect of different pressures on melt quenched PLLA. Figure 4.1
shows the FTIR-ATR spectra of melt-quenched sample treated for 7, 3minutes with CO, at different

pressures (¢,0 P_3).

Absorbance (u.a.)

T J T ; T T T T T T T
960 940 920 900 880 860

Wavenumber (cm'l)

Figure 4. 1. FTIR-ATR spectra of sample t, 0 conditioned with CO, at different pressures for t; 3min

The untreated sample (¢, = 0) shows no mesomorphic/crystalline band at 918-922 cm’!
confirming the amorphous nature of the sample. By treatment with CO,, the band at 870 cm™, shifts
to higher wavenumbers, indicating an increase in the structural order. Treatment with CO, up to 5
MPa evidences formation of the mesomorphic band at 918 cm™, which shifts to higher wavenumbers
in case of sample treated with 6MPa, suggesting presence of also a-crystals in this sample. That
means the formation of mesomorphic phase instead of a-crystals is favored at 7, by a 3 min
treatment with CO, up to 5 MPa, while an increase in the pressure promotes crystallization in a-
form.

The influence of homogeneous crystal nuclei on mesophase formation is presented in Figure
4.2. Samples with different amounts of homogeneous crystal nuclei, developed at 60 °C for ¢, = 0,
0.5 and 2 hours, were treated with 5 MPa of CO, for ¢, = 3 min. Dotted curves referring to the polymer

not conditioned with CO; (¢, = 0) are also reported for comparison.
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Figure 4. 2. FTIR-ATR spectra of samples with t, = 0, 0.5 and 2h conditioned with 5SMPa of CO, for t, =
3min (solid curves). Samples t, = 0 and 0.5 untreated with CO, (dotted curves).

Results presented in Figure 4.2 show that mesophase is not present before treatment with
CO,, since the band at 918 cm™ is not visible in melt quenched and #, = 0.5 untreated samples (dotted
black and red curves respectively). This results was a priori unexpected, since appearance of a FTIR
band at 918 cm™ was reported for amorphous PLLA subjected to prolonged aging at 51 °C [43].
After ¢, = 3 min in presence of 5 MPa of CO,, a shift in the band at 8§70 cm™ occurs and all the three
samples display the mesomorphic band at 918 cm™, indicating and increase in the structural order in
form of mesophase. The three treated spectra do not display any sizeable difference or shift in
wavenumbers, leading to the conclusion that HCN already present in the samples do not affect the

kinetics of formation of the mesophase under the chosen experimental conditions.

Influence of CO;-induced mesophase on non-isothermal crystallization of PLLA

Since mesophase is known to increase the crystallization rate of PLLA, samples were studied
via differential scanning calorimetry to clarify the effect of CO, conditioning on non-isothermal
crystallization of PLLA. As before, all samples were degassed at room temperature for one week
before analyses, to allow release of CO, and attain a”-mesophase. First, the influence of CO, pressure
and #; on melt quenched PLLA is studied, then the analysis focuses on the interplay between HCN
and mesophase on thermal properties of PLLA. Figure 4.3 shows heat flow curves of melt quenched

PLLA (¢, = 0) treated with CO, from 3 to 6 MPa for different ¢,.
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Figure 4. 3. Heat flow curves upon heating at 20K - min™ a) melt quenched sample t, 0_t; 0 b)
sample t, 0 conditioned with CO, at different pressures for various t,

Upon heating at 20 K-min™', melt quenched sample (Fig 4.3 a) displays the typical T, ¢ of
amorphous PLLA around 60°C, without other significant thermal event in the temperature range of
analysis (0 — 200 °C). Conversely, CO,-treated samples display multiple main transition: 1) 7; ii)
cold crystallization at temperature (7,) peaked around 100-120°C; and iii) crystal melting with main
peak centered at 160°C (7,). In all the samples, 7, is followed by one or two endothermic peaks: the
one at lower temperature (55-60 °C) is associated to enthalpy recovery [53—55], the one at higher
temperature (around 63 °C) is possibly linked to the mesophase [39,45].

The double endothermic peak at T, can be associated also to the presence of both
interspherulitic and intraspherulitic amorphous phases [56]. The low temperature transition is related
to a bulk like non-confined process, while the higher endothermic peak is assigned to an amorphous
phase confined between spherulite lamellae. This is confirmed by the presence of a peak at higher
temperature in the heath flow curves of samples treated at pressures above 3MPa, where the
amorphous phase is confined between crystals grown during conditioning, as demonstrated by results
showed in Figure 4.6.

However, the experimental data gained to date do not allow quantitative analysis of the
thermal events in this temperature range, for which thorough investigation is planned, via
temperature-dependent infrared spectroscopy and X-ray diffraction analysis, coupled with
conventional and temperature-modulated calorimetry.

Results shown in Figure 4.3 b, reveal an influence of ¢, on crystallization rates. At parity of
CO, pressure, T, progressively decreases by increasing ;. The CO, conditioning enhances mesophase
formation, which in turn promotes crystallization by the formation of local ordering.

Not only ¢ is a key feature to control the amount of mesomorphic chain reorganization, but

also gas pressure influences the crystallization rates. As shown in Figure 4.4, for sample ¢, = 0 treated
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with CO; for t; = 3 min, 7, substantially shifts to lower temperatures by increasing the pressure from

3 to 5 MPa and the exothermic peak becomes sharper.

~ Endo

3 MPa

T
0 50 100

Temperature (°C)

Figure 4. 4. Heat flow curves of sample t, 0 conditioned for t; 3min by varying CO, pressure

The increase in CO; pressure determines an increase in the gas sorption rates and in the gas
concentration within the polymer. Then, an increase in the gas pressure improves the chain mobility
and reorganization in the form of mesophase which in turn enhances crystallization rates.

Sample treated with 6 MPa of CO, for t; = 3 min (¢,0_6_t3), displays a different behavior.
No cold crystallization peak is detected, indicating that the sample does not crystallize upon heating.
This result, coupled with the shift in the mesomorphic/crystalline band from 918 to 921 cm™ in the
FTIR-ATR spectrum, suggests crystallization of the polymer into o-modification during CO,
treatment. The same thermal behavior is displayed after a 5 minutes treatment under 5 MPa pressure,
as showed in Fig 4.3.

This effect of CO, conditioning on 7., measured as the temperature of the peak, for the melt

quenched sample is rationalized in Figure 4.5.
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Figure 4. 5. T, of initially amorphous PLLA (#, = 0) after CO, conditioning at the indicated pressures, as a
function of ¢,. Data were derived from DSC curves shown in Figure 4.3 b.

It is clearly seen that 6MPa pressure is more effective in decreasing 7. at low ¢, than the other
pressures, since after 1 minute treatment it lowers 7, by 30 K if compared to sample treated with CO,
at 3 MPa. This sizable enhancement in the crystallization rate displayed at high pressures such as 6
MPa carries also, as a drawback, that the maximum exposure time to CO, is reduced, hence fine
tuning of the crystallization properties is limited. For # higher than 1 minute under 6 MPa of CO,, or
3 minutes for a pressure of 5 MPa, samples crystallize in the stable a-modification form within the
pressure vessel, which reduces the possibility of adjusting crystallization kinetics under higher
pressures. By increasing treatment time, the lowest 7, of 95°C is reached after a treatment under 4
MPa for a ¢, of 20 minutes. Results shown in Figure 4.5 suggest that the crystallization kinetics can
be easily tuned by varying CO, pressure and exposure time.

Some crystallization in a-form can be detected in nearly all analyzed samples, and quantified
by comparison of the enthalpy of melting (AH,,) and enthalpy of cold crystallization (AH.), measured
by integration of the corresponding endothermic/exothermic peaks of the DSC plots shown in Figure

4.3. Data are presented in Figure 4.6 as a function of ¢,.
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Figure 4. 6. AH,, — AH, of initially amorphous PLLA (z, = 0) after CO, conditioning at the indicated
pressures, as a function of #. Data were derived from DSC curves shown in Figure 4.3 b.

AH,, values higher than 0 reveal melting of a-crystals developed in the pressure vessel,
which adds to melting of crystals formed upon DSC heating. CO, treatment leads not only the growth
of the clathrate structure which evolves into the emptied form of PLLA-CO, complex, but also to
formation of a-crystals. This coexistence of o"-modification and a-form is displayed in different
amount by the samples treated at each pressure.

This behavior is particularly evident after the conditioning at high pressures, like 5 or 6 MPa
with, as an example, a value of AH,, — AH, equals to 22 J-g"' after 1 minute conditioning under 6
MPa of CO,. Samples conditioned with 4 MPa of CO, display an initial absence of a-crystals
developed during CO, treatment, with AH,, — AH, values increasing with .. Conversely, conditioning
under pressure of 3 MPa leads to minor, if any, growth of a-crystals within the pressure vessel, as
demonstrated by AH,, - AH. values near to zero after every ¢. The role of a'’-mesophase in
accelerating growth of a-crystals in PLLA is probed by comparison of samples containing no a-
modifications (30-40 MPa, ¢, =1 min), which all evidence a sizable a cold crystallization exotherm,
with the i.e. initially amorphous polymer, only quenched from the melt without exposure to CO,,
(Figure 4-3-a) that reveal no sign of cold crystallization upon heating, and obviously of no crystal
melting. However, the influence of small amounts of a-crystals in promoting further crystal growth

upon heating needs to be defined and separated, for a full understanding of the role of a'’-mesophase
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in accelerating crystallization rate of PLLA. Therefore, further experiments are planned, using lower
CO; pressures and/or treatment times, to attain samples containing a”-mesophase only, in
combination with WAXS and FTIR analyses, needed to probe the absence of measurable amounts

of o’-crystals.

Interplay between o'’-mesophase and HCN

Combined effect of mesophase and HCN on crystallization kinetics of PLLA was
investigated by thermally annealing the polymer at 60 °C for ¢, = 0, 0.5 and 2 hours to form HCN,
followed by conditioning under CO, at various pressures at room temperature, and degassed for one
week, for a'’-mesophase formation. Figure 4.7 shows the influence of coupling thermal pre-treatment
and mesophase formation on crystallization rates, by treating samples with different ¢, for a # of 3
minutes under pressures from 3 to 6 MPa. Since for the aim of this research, ¢, = 3 min represents the
best balance between fastness in experiments and yield in mesophase formation, the results are

discussed by fixing ¢ to this value.
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Figure 4. 7. a) Heat flow curves of samples with #, 0, 0.5 and 2h conditioned for ¢, 3min by varying CO,
pressure; b) 7. derived from DSC curves shown in Figure 4.6 a as a function of ¢, and CO, pressure

The DSC plots are presented in Figure 4.7-a, whereas the exothermic peak temperatures are
plotted as function of nucleation time at 60 °C (z,) in Figure 4.7-b. Comparison between AH,, and
AH, indicates partial crystallization of the polymer in a.-modification due to CO; conditioning in the
pressure vessel. AH,, — AH, amounts to 17, 1, and 0 J/g, when PLLA is treated for 3 min with CO,
at 5, 4, and 3 MPa, respectively, independently of #,. This indicates that prior formation of HCN does
not affect crystallization of PLLA in a-crystals in the presence of CO,. The influence of #, on

crystallization peak temperature upon DSC heating also appears minor, compared to the much faster

88



crystallization kinetics attained by variation of CO, pressure, but still some effect appears evident
from the data shown in Figure 4.7. The presence of HCN in samples #, = 0.5 and ¢, = 2 determines a
faster crystallization when compared to #, = 0 sample at the same pressure. Both in case of CO,
conditioning under 4 and 5 MPa, nucleated samples display a decrease in 7, of about 5 K. In case of
3 MPa pressure, conversely, the broadness of the exothermic peak does not allow a precise estimation
of 7., which appears roughly constant at around 130°C.The exothermic peak at 7, = 0 appears larger
than in the samples containing HCN, a result that deserves further investigation for a thorough

rationalization.

4.3 Conclusions

PLLA samples with a thickness of 0.5 mm were conditioned at room temperature with CO,
pressure from 3 to 6 MPa then degassed, to study the influence of o"-mesophase on thermal
properties and crystallization kinetics of PLLA. In addition, preliminary results about the influence
of previously developed HCN on mesophase formation was shown. FTIR-ATR analysis revealed the
appearance of a band related to CO,-induced mesophase in all the samples, except for the one
conditioned for ¢, > 3 under 6 MPa, where the polymer completely crystallizes in the form of a-
crystals during conditioning. This indicates that the upper limit in the processing conditions for
mesophase growth at ambient temperature is represented by 1 minute when a CO2 pressure of 6 MPa
is applied.

The thermal properties of PLLA containing o'-mesophase were studied by DSC to
investigate the influence of both #, and CO, pressure on the crystallization rate of PLLA. The cold
crystallization peak temperature 7, decreases by increasing £ and conditioning pressures, indicating
that the mesomorphic chain reorganization to a-crystals is favored by higher CO, concentrations
within the sample. The study of interplay of HCN and mesophase on thermal properties revealed an
influence of HCN in lowering 7, of about 5 K if compared to melt-quenched polymer, but very minor
differences are displayed by increasing the nucleation time at 60 °C beyond 0.5 h, at least under the
chosen experimental conditions.

The study presented in this chapter provides the basis of a novel, cost-effective and green
process to tune thermal properties of PLLA. The short time and low pressures needed to reach highly
enhanced crystallization rates, pave the way for a methodology to widen PLLA application by easy
changing processing conditions in a few minutes and with a reduced amount of gas with the added

value of a tuning of properties at a controllable level.
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4.4 Supporting Information

The optic foaming

Initial attempts to foam aged PLLA in the mini-batch pressure vessel revealed some
limitation of the equipment on the temperature control. In particular, the samples experienced large
temperature variation during the pressurization stages. We hence designed a new pressure vessel,
which we called “optic foaming”, that must satisfy three main functions: i) optimal temperature
control, ii) reproducibility of the experiments and iii) optical access to the samples during processing.
Furthermore, the designing approach was to minimize the volume available to the blowing agent, to
reduce thermal disturbance during the steep pressure changes (at both pressure increase and decrease)
and to minimize the optical disturbance of the high-density blowing agent, subjected to thermal
fluctuations, unavoidable during the foaming operations.

To achieve an optimal temperature control, one important feature of this design is
represented by the heating system. The pressure vessel is equipped with an oil bath heating system
and an internal recirculating jacket. Together with the temperature control, test reproducibility also
requires a precise pressure control during all the processing stages. To this aim, another important
feature of the optic foaming pressure vessel design is the use of two two-ways solenoid valves
activated by electric actuators for the gas inlet and the gas discharge. The use of this system is
required to avoid any effect of the manual operator in case manual valves are utilized. Last, but not
least, the optical access, which is also the novelty of this system, allows optical microscopy analysis,
under pressure and temperature both in static and dynamic (scanning) mode. The optical access is
achieved by installation of two optical sapphire windows and a sample holder designed to allow the

image acquisition both under reflected or transmitted light.

Design and apparatus

The apparatus is showed in Figure S4.1. It consists of a hollow cylinder with an external
diameter of 70mm and an inner diameter of 30 mm and a height of 45 mm resulting in a volume of
4 cm’. The top access port is used for the introduction of the sample and is equipped with a quick

connection to ensure fast introduction and removal of the sample.

90



Figure S4. 1. Optic foaming equipment

Two ports on the sides connected to two high pressure solenoid valves activated by electric
actuators (Keihin Valve Corp. Mod. SSPDH3-4015-8GUJ-X), used for the gas inlet and discharge.
Both valves can be further equipped with a needle valve for flow reduction.

A detailed picture of the bottom is showed in Figure S4.2 to show the access ports. The five
ports are occupied by: 1) thermal oil tubes (oil inlet and outlet); 2) an optical sapphire window for
the light source in transmittance experiments; 3) a pressure transducer (Gefran, Mod. TK-E-7-E-

B35D-M-V); 4) the temperature sensor (Gefran, Mod. TR1M-A-2-B-A-C-E).

Figure S4. 2. Bottom view of the reactor with connection ports
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An oil bath heating circulator (Julabo Magio MX BC6) with a silicone thermal oil is adopted
for temperature control. As mentioned above, the aim of designing the novel apparatus was to ensure
an optimal temperature control in terms of both temperature uniformity and minimization of the
thermal fluctuation. While thermal fluctuation minimization is assured by the oil recirculation and
bath heating circulator, temperature uniformity requires a suitable design of the pressure vessel. In
particular, sources of thermal non-uniformity are the connections to the valves and the sensors. To
study the thermal problem and the effect of cold spot on the thermal uniformity, a numerical
simulation with a finite element software (COMSOL) was in order. Figure S4.3 shows the
comparison between two different pressure vessel wall thickness and the corresponding solutions of
the thermal problem in stationary conditions when two cold spots are present, due to the connections

to the gas lines.

Figure S4. 3. Thermal stability studies by COMSOL simulations

The solutions depicted in Fig S4.3-a demonstrate how a wall thickness of 12mm is not
sufficient to attain thermal uniformity, which is in fact attained when a thicker wall of 20 mm is
utilized (see Fig.S4.3-b).

As the reactor is equipped with two customized sapphire optical windows, studies on the
effect of high pressures of CO; on the crystallization rate of PLLA and of spherulites growth rate can
be performed. The optical system allows also following the ongoing foaming as well as the sample
swelling due to CO, sorption. To use the apparatus in transmitted light optical observation mode, a

tailored design sample holder, showed in Figure S4.4, is required.
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Figure S4. 4. Sample holder rendering

The sample holder consists of a cover glass for microscopy, mounted on a round sample
holder, showed in Fig S4.4a. The round sample holder is then placed in a frame by an interlocking
system as showed in Fig S4.4b and c. This configuration satisfies the two functions to reduce mobility

of the sample and to allow light transmission.
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Chapter §

Conclusions

The research here presented provides methodologies to modulate PLLA thermal properties
and its foam morphology by inducing chain reorganization and improving crystallization rates. The
novelty of the approaches is represented from the production of a material with tunable properties
with no need to compound with external additives that can alter its biocompatibility and recycling
process. Simple modification of the polymer chain by adding side PLLA branches or by conditioning
the polymer with low pressure of CO, allows to modulate the crystallization rates; moreover, specific
thermal treatments can tailor chain reorganization and allow fine tuning of foam morphology.

To enhance the crystallization rate of PLLA by introducing pure short chain branches, a bio-
based PLLA copolymer was prepared by a radical functionalization with itaconic anhydride (IAH)
and then by nucleophilic attack with a tailor-made optically pure PLLA with a molar mass M, = 4
kDa. The efficiency of grafting was confirmed FTIR-ATR coupled to NMR analysis and to gel
permeation chromatography. The amount of grafted IAH was quantified as 0.5% via UV-Vis, which
corresponds to one IAH grafted every 24 repeating units of PLLA. The synthesized graft copolymer
displays a higher spherulites growth rate with respect not only to the commercial grade, but also to
a binary blend with the same nominal composition. The role played by the short branches in favoring
crystal growth was rationalized as enhanced molecular nucleation: the short and regular side chains
act as molecular nuclei that favor crystallization of the main chain backbone, proving the efficiency
of grafting PLLA with optically pure short branches in improving the poor crystallization kinetics of
PLLA.

The influence of chain reorganization on foam morphology was studied by inducing a local
alignment of polymer chains in the form of nano-sized aggregates, called homogeneous crystal nuclei
(HCN), with a thermal treatment at the glass transition temperature, 7, = 60 °C, for nucleation times
of 0.5, 2 and 4 hours. As expected, HCN density increases with nucleation time, and HCN can
promote the growth of crystals that can be controlled by thermal-pressure history of the experiment.
Nucleated samples were then physical foamed with scCO; at a pressure of 10 MPa and a temperature
of 120 °C and analysis of sample morphology revealed that HCN act as heterogeneous nucleation
sites not only for crystals, but also for bubbles. Increasing the nucleation time, foamed samples

display a decrease in cell size and larger bubble density. In particular, samples nucleated for 2 and 4
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hours show a bi-modal morphology, with the bulk characterized from bigger cells with an average
diameter of 50—70 pum and crystal aggregates, i.e. spherulites grow during the sorption step,
surrounded by smaller stamen-like cells of few um in diameter. These results demonstrate that
tailored foam morphology can be attained without addition of external nucleating agents. Worth also
to say that this methodology can be exploited also for other semi crystalline polymers opening up
the possibility in fine tuning the foam morphology, preserving at the same time the biocompatibility
and biodegradability of bio-based polymers.

CO; not only represents a green and low cost foaming agent for PLLA, but it can also be
exploited to induce tailored chain reorganization in the polymer chain. By conditioning PLLA with
pressures from 3 to 6 MPa of CO, at room temperature, the enhanced chain mobility induced by
solubilization of the gas results in the formation of a clathrate crystal modification that, after
degassing of CO,, transforms to o”-crystal form. The latter is a metastable mesophase whose
presence can be probed via FTIR and DSC measurements. By increasing the saturation time from 1
to 20 minutes, the amount of the formed mesophase increases and the same effect is obtained by
increasing the pressure. The enhanced mesophase formation reflects on crystallization rates, since
a"-mesophase is metastable and upon heating transforms to a-crystal. The study on the non-
isothermal cold crystallization of mesophase-containing PLLA by heating at 20 K-min™', revealed
that the crystallization/transformation rate is affected by both CO, pressure and the saturation time.
In particular, the cold crystallization temperature progressively lowers with increasing either the
saturation time or the pressure, with the two lowest 7, detected as 100°C for the sample conditioned
for 1 minute with a pressure of 6 MPa or 95°C for the saturated for 20 minutes with a pressure of 4
MPa.

If HCN are present in the sample before CO, treatment, they play a cooperative role with the
mesophase in increasing the crystallization rate. Thermal analysis of samples nucleated at 60 °C for
0.5 and 2 hours and then conditioned for 3 minutes with a CO, pressure from 3 to 5 MPa, shows that
the presence of HCN lowers the 7. by about 5 K if compared to the melt quenched sample.

Further analyses are planned to deeply clarify the influence of CO; induced mesophase on
the crystallization mechanisms and crystal morphology. Temperature dependent infrared
spectroscopy and X-ray diffraction analysis will elucidate the transformation of the mesophase in a-
crystal, while the temperature modulated calorimetry is expected to clarify the role of mesophase in
the double endothermic peak detected at 7.

This study suggests the possibility of fine-tuning the crystallization rate of PLLA by
adjusting pressure and treatment time allowing, at the same time, a tailored time/pressure balance,
depending on the processing needs, with the added value of operating at room temperature and low
CO; pressures. This appears as an easy, affordable, energy saver and low cost process to modulate

the thermal properties and crystallization kinetics of PLLA.
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